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Abstract

Solar power for electricity production comes from either photovoltaics or concentrating solar
power plants. The former has seen rapid growth and expansion due to the rapid fall in global
prices, while the latter has seen moderate growth due to ability to cheaply store thermal energy
for later use. Hybridization, or combining photovoltaics with concentrating solar power
represents a potential way for lowering cost while enabling long term storage. Over 5 GW of
capacity exist worldwide using parabolic trough style technology for concentrating solar power
which presents a unique option for optimization in the form of a photovoltaic retrofit. While it
is possible to analyze the performance with detailed physics models, it is necessary to create a
model that can handle simulating the plant level performance to fully understand the potential
performance. Here, the first utility scale plant level model of a hybrid photovoltaic-concentrating
solar power plant is developed. The model is applied to existing concentrating solar power plants
around the world utilizing RP-3 mirrors without thermal energy storage to understand the impact
on electricity production. Model results indicate that the photovoltaic retrofit can increase the
yearly electricity production by up to 30% for plants with solar multiples exceeding 1.5, and that
increasing the fraction of solar energy reflected further increases the yield. The increased
electrical production declines as the plant solar multiple is decreased. The minimum LCOE
observed was $0.07/kWh for plants with larger solar multiple and when the fraction of solar
energy reflected to the PV is 50% of the total aperture.

Keywords: concentrating solar power, photovoltaics, retrofit, simulation

Nomenclature

Symbols
Agperture Field Aperture Area
B Daily Angle
Cepy Capital Cost for PV retrofit
Cinverter Inverter Cost
Coam Operation and Maintenance Cost
Csort Soft Costs
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Wpy
Cdichroic
Cextrusion
Ccell
Ldichroic
i
N
DNInorm
EoT
EQE,
fdust
fconc
favail
fbellows
fdichroic
Fconstant,loss
FHL_AO . FHL_A6
FF
FFref
Isc
LCOE
LSCA
Pinc,CSP
Ploss
Ploss,system design
Qde.SLgn

QHCEHL

Width of PV

Cost of Dichroic

Cost of Extrusion

Cost of PV Cell

Length of Dichroic

Rate of interest

number of years

Solar Flux delivered to the CSP HCE
Equation of Time

Spectral External Quantum Efficiency
Mirror Soiling

Concentration Factor

Solar Field Availability

Bellows Shadowing

flux line fraction intercepted by the dichroic mirror
CSP system Constant Losses Factor
A0 Heat Loss Coefficient through A6 Heat Loss Coefficient
Fill Factor

Fill Factor at the reference condition
Short-Circuit Current

Levelized Cost of Electricity

Length of SCA

Solar Power Incident on HCE
Parasitic Loss

System Design Parasitic Losses

Turbine Design Cycle Thermal Energy Input

Average Integrated HCE Heat Loss
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QHCE_loss

QNet
Qub
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QPHL_DesignT
QSF,design
chermal
SCAfactor
TSF,in
TSF_out
Tamb
Tpy
Tref

tsol

Wgr,design

Wo

Wnet

xcoverage

Greek Symbols
(0]
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Y

l/)TZM

Total HCE Heat Loss

Net Solar Field Thermal Power Output

Thermal Energy to Power Block

Piping Heat Loss

Piping Heat Loss Coefficient at Design Temperature
Design Solar Field Thermal Energy

Total Solar Field Thermal Power Output

MWe power required per unit field aperture area
Solar Field HCE Receiver Inlet Temperature
Solar Field HCE Receiver Outlet Temperature
Ambient Temperature

PV Module Temperature

Reference Temperature

Solar Time

Open Circuit Voltage

Reference Open Circuit Voltage

Wind speed

Design Gross Cycle Output

Non-Dimensional Gross Cycle Output

Net Cycle Power Output

Fraction SCA length covered by PV cells

Latitude
Spectral Photon Flux
Longitude

longitude of time-zone meridian
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W Hour Angle
é Declination Angle
0, Zenith Angle
0, Solar Elevation
Ysol Solar Azimuthal Angle
Weol Collector Tracking Angle
0 Angle of Incidence
Yeol Collector Azimuthal Angle
001 Collector Tilt Angle
Nerack Tracking Error
Ngeo Geometry Defects
Pum Mirror Reflectance
Psw Solar Weighted Reflectance
N1am () Incidence Angle Modifier
Nopt Overall Optical Efficiency
Nopt_HCE Optical Efficiency of Heat Collecting Elements
Noptdichroic Optical Efficiency of Dichroic Mirrors
Te Envelope Transmittivity
a, Absorber Absorption
Bvoc Open Circuit Voltage Temperature Coefficient
Brr Fill Factor Temperature Coefficient
Bpmax Temperature Coefficient at Maximum Power Point
B)sc Temperature Coefficient of Short-Circuit Current Density
Xpc-wiring DC wiring losses of PV module
Xuppr MPPT Effectiveness Losses
Xonoduie Module Mismatch Derating
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Abbreviations

BoP Balance of Plant
CPVIT Concentrating Photovoltaic/Thermal
CSP Concentrated Solar Power
CT Cooling Tower
DNI Direct Normal Solar Irradiance
HCE Heat Collecting Element
HTF Heat Transfer Fluid
LCOE Levelized Cost of Energy
NB No Benefit
PB Power Block
PV Photovoltaic
PVR Photovoltaic Receiver
SAM System Advisor Model
SCA Solar Collector Assembly
TES Thermal Energy Storage
™Y Typical Meteorological Year

1. Introduction

Photovoltaic (PV) power plants continue to grow worldwide due to maturation of the technology, and declining costs,
but PV power input into the grid is dictated by the availability of sunlight and largely weakens the dispatchability of
the grid. Global PV installation saw an increase of approximately 392 GW from 2006 to 2017, with projected growth
up to 575 GW of additional infrastructure by 2023 (Birol, 2018). This has motivated grid scale energy storage research
for solar energy production to decouple the load and dispatchability of the operator. While grid scale batteries have
been recently introduced into the market (Penn, 2017), concentrated solar power (CSP), which converts sunlight to
thermal energy before final conversion to electrical energy, has a mature energy storage technology in thermal energy
storage (TES) which has been routinely deployed at over 100MW and 1000MWh at Solana, Crescent Dunes, Andasol,
Extresol and other sites (Variés, 2009). CSP technology has extensive infrastructure with 5.5 GW of operational
capacity installed worldwide to generate reliable power (SolarPACES, 2019). Of the total installed capacity, 3.6 GW
or 66% result from parabolic trough plants that utilize inner and outer sets of RP3 mirrors. The main drawback of CSP
is that the installed cost is on the order of two to three times higher than for PV power plants of similar capacity
(Orosz, 2015).

Because of these differences in cost, hybridization of CSP and PV is of growing interest for lowering the levelized
cost of electricity (LCOE) and for potentially enhancing power plant output. Hybrid CSP-PV has seen a number of
recent efforts for both pure power generation and for potential in the process heat industry. Hybrid receivers are
capable of utilizing all the wavelengths of the solar spectrum while providing electricity that is dispatchable (Branz et
al., 2015). A number of different approaches for the hybridization of CSP and PV exist. One common approach is to
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use spectral splitting with dichroic mirrors to focus a portion of the sunlight on a PV receiver while transmitting the
rest to a CSP receiver (Fisher and Biddle, 2011; Orosz et al., 2016a; Widyolar et al., 2018). Another approach is to
use the inherent spectrally selective nature of PV cells to partially transmit concentrated sunlight through a PV receiver
to a thermal receiver (Robertson et al., 2019; Xu et al., 2016). A third approach is to utilize the heat transfer fluid of
the receiver to act as spectrally selective element directly (An et al., 2017; Crisostomo et al., 2017; Goel et al., 2020;
Todd Otanicar et al., 2018). The majority of the previously cited work here has focused on detailed analysis and
experimental testing of these hybrid CSP-PV concepts, with limited investigation of the full powerplant level effects
of a hybrid CSP-PV system in a comprehensive side by side comparison. This is particularly relevant for one of the
approaches that is designed to act as a retrofit for existing CSP powerplants (O’Hern et al., 2018; T Otanicar et al.,
2018). The retrofit approach is particularly relevant as a number of CSP plants using parabolic trough are approaching
design lifetimes and/or the completion of their Power Purchase Agreement (PPA) effective period, motivating
operators to consider strategic options including decommissioning, upgrading or repowering, and revised commercial
arrangements such as feed in tariffs (O’Hern et al., 2018). Recently, one of the Solar Energy Generating Stations
(SEGS) plants was taken offline, torn down, and replaced with a PV powerplant (O’Hern et al., 2018). This motivates
further study about the potential for a retrofit, where understanding of power production at a plant level is needed.

Existing work in simulating hybrid CSP-CPV systems investigate dispatch strategy of the storage for physically
separated CSP and CPV systems such as shown in a recent comparison (using Matlab) for the Ottana Solar Facility
(Cocco et al., 2016) and for Ouarzazate Morocco (Petrollese and Cocco, 2016). Another study utilized TRNSY'S to
optimize the sizing of the PV field for both LCOE and capacity factor when integrated as physically separate
installations in northern Chile (Starke et al., 2018). Another study utilized TRNSY'S to simulate a trigeneration solar
collector based upon linear Fresnel concentrators focused on a PV receiver with active heat removal (Moaleman et
al., 2018). The resulting systems investigate the cooling, heating, and electrical energy (via the PV) but do not consider
spectral splitting or generation of electricity from the thermal energy (Moaleman et al., 2018). A true hybrid
concentrating photovoltaic/thermal (CPV/T) system was recently investigated for a combined heat and power in dairy
farms(Wang et al., 2019). The system employed a spectrum splitting approach to reflect light to the PV cell while
capturing thermal energy in the absorber for creation of steam for dairy farm use. The simulation was conducted over
a full year to provide detailed thermal and electrical outputs (Wang et al., 2019). Notably, no production of electrical
energy from the high temperature thermal energy was considered.

In addition to the works noted above, there are many commercial software packages available to determine the hourly
output of commercial plants using solar energy (both PV and CSP separately). The System Advisor Model (SAM) is
a free software developed by NREL (National Renewable Energy Laboratory, 2016) that is utilized for both
performance and detailed financial modeling. While SAM and other specialized tools are capable of modeling PV,
parabolic trough CSP, tower CSP, and CPV plants, there is no commercially available platform that can simulate a
hybrid of both CSP and CPV when the two systems are physically coupled. Because there are no commercial packages
that can fully handle a hybrid CSP-CPV analysis, custom models are developed that utilize first-principles in physics
and heat transfer to predict the performance of such systems. These approaches result in computationally demanding
models that are almost exclusively used for steady state single operational point performance simulation. Because of
the computational intensity of these physics-based models, yearlong yield analyses become problematic for rapid
assessment of system design, and deployment. Additionally, they rarely consider the additional losses associated with
a full-scale power plant, such as inverter losses, wiring losses, and reduction in power block effectiveness from
reduced heat load. Further, to our knowledge no prior work has studied the hourly performance potential of a hybrid
CSP-PV system using dichroic mirrors for applications in pure electricity generation.

In this work we develop a framework to assess the yearly yield of the hybrid CSP-PV system based on the retrofit
design (Orosz et al., 2016a). The model approach builds off the existing approach used for modeling the performance
of a CSP powerplant in the SAM tool (Michael J. and Gilman, 2011) and couples to this a semi-detailed model for the
performance of a PV module under concentrated spectrally split sunlight. The CSP portion of the model is validated
against existing CSP models and actual plant data. The model is then applied to a number of specific plants that utilize
RP-3 mirror geometry, as this is the mirror geometry for which the proposed retrofit is designed (O’Hern et al., 2017).
To our knowledge this is the first model built for this level of plant analysis for a hybrid CSP-PV system. The model
is used to assess the role of the originally designed plant solar multiple, and dichroic mirror coverage of the reflected
incidence to model the impact on overall yearly electricity production from the combined PV+CSP plant. XXXX
provides a schematic of the CSP-PV hybrid explored in this work and (b) shows the PV retrofit system as built and
tested.
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Figure 1: a) Schematic of CSP-PV hybrid retrofit concept for parabolic trough style powerplants. (Note only half
the primary mirror aperture is shown, and for this configuration the dichroic intercepts all of the incoming
concentrated DNI (faichroic=1)) and b) as built and tested PV retrofit for CSP.
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2. CSP Plant Model

The CSP plant model is developed from the existing empirical model used within SAM for which detailed equations
can be found in the SAM technical manual (Michael J. and Gilman, 2011). The two key pieces in a concentrated solar
power plant are the solar field (comprised of the primary optics, heat collection element, and through which the heat
transfer fluid flows), and the power block (which converts the solar generated thermal energy into electrical energy).
A detailed framework for simulation of a CSP plant is provided in Figure 2 with subsequent relevant equations in
different components in the solar field and the power block covered in detail in the subsequent sections. These
equations impact the overall plant performance and are also impacted by the addition of the PV hybridization, as
shown later.

TMY Data, Field
Aperture Area,
Net Plant Turbine

Output, Plant Geo
Location

Input TMY data,
Field Aperture

Calculate CSP Power
Block Output
CSP, = [qyce — Losses
(Piping, HCE)] x

1 *carnot

Calculate CSP Power
Output

CSP,,; = Net Turbine
Capacity

Area

Calculate Losses

(Piping, HCE)
Calculate CSP Net Calculate CSP Power
Calotiate Anle Power Output CSP,,; > Net Output
e Calculate Thermal €SP,y = CSP, — Turbine CSPoyt = CSPye;
of Incidence & e S Capacity
3 R Energy to HCE Parasitic Losses P
Optical Efficiency
of Primary Pmc,cs;= DNl
Mirrors (1op¢) SpeANe,

Calculate DNI,,, CsP IZ;D:‘IE:'"Block
DNIo;m = DNI x Nopt o P= ’
out

Figure 2: Framework of hourly simulation of CSP collector for existing parabolic trough style powerplants.

The algorithm uses geographical information, meteorological data, and the solar field specifications to calculate the
corresponding solar time and angle of incidence of the solar radiation on a collector operating on sun-tracking mode
(detailed calculations are provided in Supplemental Material). The solar flux thus obtained is used with the field optical
efficiency (Section 0), and the field thermal losses (Section 0) to obtain the useful thermal power delivered by the
solar field. These results are then used to calculate the gross electric power generated (Section 0), the plant’s parasitic
losses (Section 0) and, finally, the net electricity production.

2.1. Geographical Location and Meteorological Data

The geographical location of the plant is used to calculate the solar time, which is the time based on the angular motion
of the sun with respect to the location of the site. The geographical location is the latitude (¢), and longitude ( ) at
the site, and the longitude of the corresponding time-zone meridian (W¥1zu)-

Typical Meteorological Year (TMY) data for the chosen locations was downloaded from NSRDB (Sengupta et al.,
2018) database for the US and India based locations, and the PVGIS-SARAH (Huld et al., 2012) database was used
for locations in Europe and Africa. TMY data provides the hourly values of direct normal solar irradiance (DNI, in
W/m2), ambient temperature (Tams, in °C), and wind speed (vw, in m/s), for each day of the year
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2.2. Field Optical Losses and Optical Efficiency

The model developed in SAM takes determines the optical efficiency of parabolic trough solar collectors by taking
into account both the losses that are a function of solar position as well as fixed loss multipliers. These fixed losses
include tracking error (n;yqcx), geometry defects (n4,,), mirror reflectance (py,), dust on the envelope from mirror
soiling (fzuse), concentration factor (f,,,c), and solar field availability (f,,q:)- The multipliers used for these losses
assume Solargenix SGX-1 solar collector and are provided in Table 1 below.

Table 1: Fixed loss multipliers for Solargenix SGX-1 solar collector used in CSP model

Ntrack 7lgeo Pm fdust fconc favail

0.994 0.98 0.935 0.98 1.0 0.99

For greater detail on each of these losses, we refer the readers to SAM technical manual (Michael J. and Gilman,
2011). The overall optical efficiency, n,,., of the parabolic trough collectors is calculated as:

Tlopt = nIAM(g) X Nerack X ngeo X Py X Nsoir X fdust X fconc X favail X nopt_HCE (1)

In the above equation, 1;4,,(8) is the incidence angle modifier that accounts for losses that are a function of solar
position, as well as collector aperture foreshortening, glass envelope transmittance, selective surface absorption.
Equation (2) provides the empirical formula for calculating 7, 4,,(8) (Wagner and Gilman, 2011). The coefficients
ay, a4,and a, used in this work were obtained from the SAM library and correspond to the Solargenix SGX-1 solar
collector assemblies (SCA) with a, = 1.0, a; = 0.0506, and a, = —0.1763 respectively.

6? 2
% cos(0)

0
Nam(6) = ag +a; c0s(0) +a

Nopt_nce 1 the optical efficiency of heat collecting elements (HCEs). This term accounts for the HCE optical losses
due to the different states that the receivers might be in. In this work, the model is built for 2008 Schott PTR70 HCE
receivers, with field assumptions that 98.5% of the HCEs are assumed to be working as designed, 1% are assumed to
have a glass-to-metal seal compromised, and remaining 0.5% are assumed to have the glass tube broken (resulting in
an increased heat transfer between tube and atmosphere). These varied states result in some differences in the heat
lost to atmosphere from the HCEs (refer section 0), and also the efficiency with which HCEs receive solar flux.
Nopt_nce 1S calculated by taking a summation of the impact of bellows shadowing (fyeiows), €nvelope transmittivity
(t.), and absorber absorption («,) over the percentage field fraction of each state the receivers are in as follows:

, . 3
Nopt_ HCE = Z fbellows,i Tei Agji field_fraction; )

i=state

The multipliers for each of the three different states for HCEs are provided in Table 2:
Table 2: 2008 Schott PTR70 HCE optical efficiency coefficients for different receiver states

Vacuum Lost Vacuum Broken Glass
foetiows 0.963 0.963 0.963
T, 0.963 0.963 1.0
Qg 0.96 0.96 0.8
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2.3. Field Heat Losses and Net Thermal Power Output

Thermal losses in CSP plant have a significant impact on the total power output of the plant, and therefore need to be
modeled as accurately as possible. Field losses in a CSP plant are primarily comprised of piping heat losses from the
flow of heat transfer fluid (HTF) in the pipes across the solar field, and heat losses in the HCEs. In this work, we use
the empirical results obtained by NREL through heat-loss testing of 2008 Schott PTR70 HCE receivers (Burkholder
and Kutscher, 2009). We define HCE losses as a function of Tamn, Vw, and DNI. The average integrated heat loss
(Quceny) In W/m is given by:

Qucenr = (Qucenrr + Qucenrz + Qucenis + Qucenra) * Freatross (4)
Qucenrr = Fur ao + Fui_as *\/Vw ()
Tsr out + Tsrin — Tamp (6)
Quceniz = (FHL_Al + Fyi_a6 " +/ Uw) = ) — S
Té out + Tsr out * Tsrin + T ¢ (7)
QucenLs = (FHL_AZ + Fup, a4 QDNI) = _ou3 — -
] (TSZF_out + TSZF_in) ' (TSF_out + TSF_in) (8)

QucenLa = FHL_A3 4

Tsr our and Tgp i, are the solar field HCE receiver tube inlet and outlet temperatures. We assume Therminol VP-1 as
the HTF and therefore Tsr inand Tsk out are kept fixed within the temperature limits of the vapor phase temperature
limits for Therminol VP-1(Eastman, n.d.). More specifically, the HTF inlet and outlet temperatures are 293°C and
393°C respectively. These values are also used as the design-point conditions for the basis Rankine cycle in SAM
technical manual. The coefficients used in the equations (4) to (8) are obtained from SAM and provided in Appendix
A

Similar to the calculation of HCE optical efficiency, equations (4) to (8) are applied to each state of the HCE receivers
and summed over the states to calculate the total HCE heat losses (W/m?) with the length of the SCAs (Lgc,) assumed
to be 100 m:

Lsca ©)

aperture

QHCE 1oss = Z Qucenw,i " field_fraction;

i=state

Besides the heat loss in the receivers, there is some heat loss to the atmosphere as the HTF fluid circulates through
pipes connecting different components in the CSP plant. These losses are calculated using an empirical equation
developed by Patnode et al. (Patnode, 2006) with some minor modifications as indicated in SAM technical manual.
The coefficients used in the equation (10) are obtained from SAM and provided in Appendix A, and Qpyy, pesignr 1S
the piping heat loss at the CSP design point temperature:

Qpipe_loss = (FPHL_AlAT + Fpup a20T? + FPHL_A3AT3) " QpHL_DesignT * Aaperture (10)
AT = Tavg — Tamp (ll)

_ Tsp out + Tsp in (12)
Tavg = 2

10
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The solar flux delivered to the CSP HCE, referred to as DNInorm in this work, can be calculated from the hourly solar
flux obtained from the meteorological data and the optical efficiency of the parabolic trough collectors:

DNILyorm = DNI - nopt (13)

The total solar field thermal power output can then be calculated from the total solar field aperture area and the
normalized DNI as:

chermal = DNInorm 'Aaperture (14)

Building off of the general assumption that CSP systems are economical only for locations with DNI above 1800
kWh/(m?yr), we use an average hourly minimum DNInom requirement of 200 W/m? before the plant can be assumed
to operate on part/full load (Bishoyi and Sudhakar, 2017; Kaygusuz, 2011). As such, during the hours when the
DNlnorm is below the minimum required DNInorm, it is assumed that no heat is absorbed by the HCEs. Furthermore,
due to the non-operational condition of the plant during the said hours, any HCE and piping losses are also ignored.
The net thermal power output of the solar field can therefore be calculated as:

Qnet = Qthermar — QHCEZOSS - Qpipe_loss (15)

2.4. Power Block Calculations

Given that the focus of the work is to highlight the potential enhancements to a CSP plant by hybridizing it with PV
arrays, we bypass the calculation of hourly temperature of the HTF, and instead use a coefficient based equation that
determines the cycle thermal to electric efficiency for the concentrated solar power plant based on the thermal cycle
part load at any hour, as described in the SAM model. A non-dimensional gross cycle output (I/I/;,r) is calculated using
the ratio of calculated thermal energy delivered to the power block (Q;gb) and the design cycle thermal energy input to
the turbine (Qgesgn) as follow:

——  Qp (16)
Qpb Qdeis‘lgn
_ ——2 ——3 —— (17)

Wyr =Fo+F - Quy+Fo-Qup +F3-Qpp +Fy-Qpp

Where the coefficients F, — F, are obtained from SAM library assuming a dry cooled 80MWe SEGS turbine, and are
provided in Table 3 below:

Table 3: Coefficients for calculating cycle thermal to electric efficiency for 80 MWe SEGS turbine
Fo F1 F, Fs Fs

-0.037726 1.0062 0.076316 -0.044775 0.0

The net cycle power output from the power block was subsequently calculated as:

Whet = 0.9 X VV:gr ) Wgr,design ) (1 - Fconstant_loss) (18)

Here Feonstant 10ss 1S @ 10ss term incorporated in the SAM model to account for the losses that prevent the system from
operating as designed. These losses include partial or complete system outages for maintenance, as well as any forced
outages due to grid constraints, or other unplanned situations and are assumed to be 4%. Additionally, it is assumed
that the net power generated by the power block is 90% of the design power output of the power block.

11
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Similar to minimum DNI requirements for operation of the plant, real plants also experience high solar radiation
conditions that can result is HTF temperatures much higher than the design values. In such situations, a number of
collectors within a loop are deliberately de-focused to control the HTF loop outlet temperatures. We account for this
real-world control effect by applying an upper limit to the hourly power that can be generated from the CSP plant, set
to the design turbine net power output.

2.5. Parasitic Losses

Similar to field thermal losses, parasitic losses also have a major impact on the overall plant performance and can be
as much as 10-15% of the gross electric output of the CSP plant. However, unlike thermal losses, parasitic losses refer
to the electrical power required to run the critical components in the power system such as drive motors, electronic
circuits, and pump motors. More specifically, we have taken into account the electrical losses from electric or
hydraulic SCA drives that position the collector to track the sun (Pj,ss,sc4), €lectrical losses from cold HTF pumping
in the solar field (Pyyssurrpump), electrical losses from HTF pump operation to prevent the HTF from freezing
(Pross,antifreeze), fixed losses from the power block (P, p5), €lectrical losses from the balance of plant (Pyoss gop).
and electrical usage from operating the cooling towers (P, cr). The CSP plants considered in this work do not have
a thermal energy storage system and are also assumed to not have an auxiliary heater and boiler. As such, the parasitic
losses from these last two systems is not modeled. To model parasitic losses, we use coefficient-based equations as
used in SAM.

2
, _p oo g Qe o[ One (19)
loss,system — !loss,system design o + 2
QSF,design QSF,design

Here Qsr qesign IS the design solar field thermal energy, Fo — F- are the coefficients obtained from SAM for SEGS
VIl as a reference, and Py system aesign 1S the maximum value or the design point value of the parasitic loss for the
system evaluated. The calculation of design point values is explained in great detail in the SAM documentation.
Equation (19) is used for calculating the HTF pump losses and the Balance of Plant losses only, with Pyyss yrrpump
doubled in the CSP-PV hybrid systems due to additional cooling requirements for the PV modules. The coefficients
used for these losses are provided in Appendix A. Py, sc4 is calculated using Equation (20) where SCAgactor is the
MWe power required per unit field aperture area and is assumed to be 2.66e-07 MWe/m?.

Ploss,SCA = SCAfactor 'Aaperture - Load Factorgcy (20)

Pyoss,cr is modeled slightly differently compared to the losses described above. It is modeled as either 50% or 100%
of the cooling tower design losses depending on the plant load factor. Lastly, Pyyss antifreeze @Nd Pioss pp are modeled
as 10% of Py, sc4 and 0.55% of the gross turbine power output respectively. It must be noted here that the anti-freeze
pump is operational only when the solar field load is zero, i.e., the plant is not operating. Furthermore, all other losses
with the exception of Py, pp are assumed to be zero when the plant is not operating.

The net electrical power generated from the plant is the difference between power block power output and the parasitic
losses.

3. CSP-PV Hybrid Plant Model

The hybrid retrofit system uses the design proposed in previous work (T Otanicar et al., 2018) based on a retrofit that
installs a beam splitting dichroic mirror in the flux line between the primary mirror and the HCE. As can be seen in
Figure 2 the dichroic mirror reflects a portion of the spectrum to the PV receiver (PVR) while transmitting the
remaining flux to the original HCE element on the existing parabolic trough. The proposed retrofit utilizes high
efficiency monocrystalline silicon solar cells, SunPower MAXEON cells were used in prior experiments. This retrofit
approach allows for the overall width of the dichroic mirror to be changed (see Figure 2) to intercept lesser or greater
fractions of the reflected light from the primary.
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The hybrid plant model builds upon the CSP plant model by incorporating three major modifications. First, the optical
properties of the dichroic mirrors must be determined such that the flux to CSP HCE and PVR can be determined.
Second, the reduced flux to the CSP HCEs must be considered. Third, the electrical power output from the PVR needs
to be determined. For the determination of the power output, a geometric concentration ratio of 30.2 is assumed
(Otanicar et al., 2011). Each of these three components is discussed in detail below and can be seen in the modified
simulation framework in Figure 3.

Calculate Angle

TMY Data, Field Input TMY data,

* of Incidence & Calculate Energy
Aperture Area, Field Aperture Optical Efficiency ,| Calculate DNl »|  Weighted Dichroic
Net Plant Turbine Area, Percent of Primary DNlygrm = DNIX 1gp¢ Reflectance | )
Output, Plant Geo PV Cover MiFrors (nopc) Pichroie
Location o
¥ Calculate Open
Calculate DNIgsp Circuit Voltage V¢
DNIED = DNImrm pdichrclicx 1
Fenraie + DNIgrrn {1 ichreic)
ichroic rerm Lokl Calculate Short Circuit
Current |,
CSP Power Block Calculate Fill Factor FF
Qutput
€SP, =0 l
Calculate C5 Calculate PV Power Output
Calculate CSP Power TSP, > Net EUED a{;et r-'tPower PVt = lsc % Vo x Fill_Factor
Block Output Torbi AL x PV,
€SP, = [quce— Losses Clill CSP,, = Net Turbine i
Calculate Thermal Energy —Fe = Quce Capacity Yes Capacity
to HCE (Piping, HCE)] X Ncarnot J
Pinc,csp = DNlesp X Aperture 1 Calculate Total Power
l Calculate CSP Net PR * Output
alculate CSP Power |
oo Power Output Pigtal = PVgyy + CSPoys
(Piping, HCE) CSPoy = C5P. — Output
. Parasitic Losses CSPout = CSPret

Figure 3: Framework of hourly simulation of hybrid CSP-PV retrofit collector for existing parabolic trough style
powerplants.

3.1. Dichroic Mirror Properties

Dichroic mirrors are typically composed of highly controlled thicknesses of differing materials to achieve the desired
wavelengths of transmission/reflection. A number of previous works have looked at optimization of potential filters
for hybrid PV/T applications (Bierman et al., 2016; Brekke et al., 2016; Orosz et al., 2016b) and is not considered
here. It should be noted that the wavelengths selected depend upon both PV cell bandgap and operating temperature
of the thermal receiver. Here, a dichroic mirror coating provided by Deposition Sciences Inc. for use with silicon PV
cells and conventional parabolic trough powerplants, see Figure 4 for the spectral transmission and reflection as
measured by the manufacturer.
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Figure 4: Measured spectral transmittance (Tx) and reflectance (Rx) (near normal) for the dichroic mirrors
supplied by Deposition Sciences.

Using this data, the first step in the hybrid model is to calculate the solar weighted reflectance, as outlined
below(Otanicar et al., 2009):

~ Jy” RyExdA (21)

pSW - fooo E/«Ldﬂ

Knowing the solar weighted reflectance, the normalized DNI (including losses on the primary mirrors) can be used to
find the solar flux component that would be directed to the PVR and the HCE respectively.

3.2. Modified Solar Flux to the CSP HCE

The solar flux delivered to the CSP HCE is modified by the inclusion of the retrofit through two main ways. First, the
dichroic mirror intercepts a portion of the reflected sunlight based on the overall width of the mirror, see Figure 2.
This method allows for the mirror to be designed to intercept some fraction of the reflected flux line up to 100% of
the flux line. The second way the flux to the HCE is impacted is from partial spectral transmission to the HCE based
on the previously determined solar weighted reflectance. The total solar power incident at the HCE is then found
through:

Pinc,CSP = DNlnormAaperture(1 - fdichroic + fdichroicpsw) (22)

Where Aagerture 1S the solar field aperture areas, and faichroic iS the fraction of the flux line intercepted by the dichroic
mirror of the retrofit. Using the updated total power incident on the HCE the electrical power output from the
thermal portion of the plant follows the same calculation as the CSP model outlined in section 2.

3.3. Electrical Power Output from PV Receiver

The next major addition to the model for the hybrid system is to include hourly electrical power output calculations
for the PVR that is installed as a retrofit to the existing CSP plant.

This portion of the model calculates the baseline cell performance, particularly the short circuit current, open circuit

voltage, and fill factor. The open circuit voltage for a typical cSi solar cell accounting for temperature can be found
(Markvart, 2009) a simplification that allows for simple cell property knowledge:

14




This is an author-produced, peer-reviewed version of this article. The final, definitive version of this document can be found online at Solar
Energy, published by Elsevier. Copyright restrictions may apply. https://doi.org/10.1016/j.solener.2020.09.081.

Voc = Voc,ref[1 + ﬁVOC(TPV - Tref)] (23)

Where Vo et is the cell open circuit voltage at the reference condition (0.635 V), Bvoc is the open circuit voltage
temperature coefficient (-0.0035 1/K), Tpv is the estimated PV module temperature, and T is the reference
temperature (25 °C). Determining the short circuit current is found through the following relationship which
considers the cell external quantum efficiency, and the concentration ratio on the PVR:

_ DNlLyorm [ (24)
Isc - xcoverage X Aaperture X fdichroic X nopt,dichroic X DNI q RxEQE/'Ld)Ad;{
AM1.5 0

Where Xcoperage 1S the fraction of the SCA length covered by the cells (0.92), 1oyt aichroic 1S the optical efficiency of

the dichroic secondary mirrors found in earlier modeling (92%), q is the electron charge, EQE. the spectral external

quantum efficiency (see figure 5), DNIamus is the standard DNI in the AM1.5D spectrum (900 W/m?), and ¢, is the
spectral photon flux for the standard AM1.5D spectrum.
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Figure 5: Spectral external quantum efficiency of the cSi cells analyzed in the PV receiver.

The fill factor is found using:
FF = FFoof[1 4 Ber(Toy — Trer)] (25)

Where FFtis the fill factor at the reference condition (0.79), and Ber is the fill factor temperature coefficient found
through the following relationship (Dupré et al., 2015):

Brr = .BP,max = Bvoc — .B]SC (26)
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Where Bp max is the temperature coefficient of the maximum power point (-.0046 1/K), and B;sc is the temperature
coefficient of the short circuit current density, taken to be zero (Markvart, 2009). The total hourly electrical power
output can be determined using the equation below taking into consideration losses from DC wiring, MPPT losses,
and module mismatch.

PVour = IscVocXiosses FF (27)

Xlosses = XDC—wiringXMPPTXmodule (28)

Where Xpc_wiring 1S the losses associated with DC wiring of the module (0.99), Xweer the losses associated with the
MPPT effectiveness (0.995), and Xmodule the derating for module mismatch along the SCA length (0.98). The total
output electrical power output for each hourly simulation of the full retrofit is simply the sum of the PV receiver output
and the CSP net power output:

Piotar = PVour + CSPyyt (29)

As mentioned in Section 0, for the hybrid model, the pumping losses for HTF are assumed to be twice as much as the
CSP model to account for the additional pumping required to keep the PV cells cool.

3.4. Levelized Cost of Energy Calculation

To determine the feasibility of CSP-PV hybrid system, Levelized Cost of Energy (LCOE) was estimated using
equation (30) (Ho et al., 2018). It is assumed that the cost of retrofit is driven exclusively by cost of PV cells and the
existing capital cost is tied to the existing CSP plant.

CCPV + Cinverter + CO&M + Csoft " i(l + i)n (30)

LCOE = -
Eyearly a+ir-1

In the above equation, the interest rate (i) is assumed to be 8% (Ho et al., 2018), the number of years (n) is taken to be
25, and Cepy, Cinperter» Coam aNd Cyq 5, are the capital cost of the CPV retrofit, the inverter cost, the operations and
maintenance cost of the plant and the costs associated with installation, developer cost, overhead etc., respectively.
Eyearty 1S the estimated increase in yearly energy production.

Cinverter 1S Calculated from the maximum DC watts output from the PV retrofit assuming that the inverters will be
sized based on the design PV output and Ci, s, is determined based on the maximum energy output from the PV retrofit
in 1 year for 50% PV coverage area. It is subsequently assumed constant for other percentage PV coverage cases as
labor and other costs should not change. 50% coverage case was selected as it was observed to be the most beneficial
among the CSP plants analyzed in this work. Operation and Maintenance cost, Cpg, IS based on inverter, module and
component replacement only whereas all other costs are shared with the original CSP. The capital cost of the CPV
receiver retrofit includes the cost of the PV cells as well as the cost of extrusion and the dichroic mirrors. The cost of
the dichroic is based on the cost Low-emissivity glass, while the extrusion cost is based upon the cost of aluminum
extrusion available online (Otanicar et al., 2020).

CCPV = CcellWPVLSCA + CextrusionLSCA + CdiChTOiCZLdiChTOiCLSCA (31)

where C,,,; is the cell cost on a per unit area basis and wpy, is the width of PV cell. The assumed values of constants
in (30) and (31) are provided in
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Table 4: Constants for LCoE Calculation.
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Table 4: Constants for LCoE Calculation.
Parameter Value Units Source
Cinverter 0.06 $/Wdc (Fu et al., 2018)
Cogm 9.1 SIKWIYT (Fuetal., 2018)
Csoft 0.41 $/Wdc (Fuetal., 2018)
Wpy 0.02 m As built
Caichroic 28 $/m? Online prices
Coxtrusion 18 $/m Online aluminum prices
Ceent 0.28 $wW (Woodhouse et al., 2019)
Laichroic 0.2075 m Assumed
i 8 % (Ho et al., 2018)
n, number of years 25 Years Assumed

4. Results and Discussion

4.1. CSP Model Validation

The simulations are carried out using the hourly meteorological data and the net power output is summed over an
entire month before comparing the results with those obtained from SAM. For the purpose of validation of the CSP
model, the Genesis Solar Energy Project was used as the reference plant with field aperture area of 1,928,320 m? and
a net turbine power output of 250 MW. The standard length of each SCA is assumed to be 100m aligned parallel to
the horizontal (8.,; = 0) and the torque tube along the N-S axis (y.,; = 0). The results from the CSP model are
validated against the simulation results obtained from SAM using 2017 meteorological data for the site as shown in
Figure 6. The results are also compared with the actual energy generation on record for the power plant in 2017 (“EIA:
Plant level data for Genesis Solar Energy Project,” n.d.). For better comparison, it is noted that the results from the
CSP model are comparable with those from both SAM as well as the actual generation on record for the months March
through October. Some deviations were observed over the winter months, for both the CSP model as well as SAM
results. These deviations are primarily due to the fixed temperature assumption for the HTF fluid at the solar field
inlet and outlet (Refer Section 0). Furthermore, the CSP model does not account for the additional heating that might
be required to get the HTF fluids to the service temperature during the winter months resulting in lower parasitic
losses. Per EIA, the overall net energy generated on record between March and October 2017 was 541,158 MWh for
the Genesis Solar Energy Project. In comparison, the predicted net energy generation between the same months from
CSP model and SAM are 551,197 MWh and 560,188 MWh respectively, which are both within 3.5% of the actual
observed power generation. Based on the results in Figure 6 the CSP model is capable of providing a high-level
prediction of plant level production from a parabolic trough CSP plant.
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Figure 6: Net energy output from CSP model compared with those from SAM simulation and the actual
generation on record for Genesis solar power project in 2017.

4.2. Simulation of Retrofitted CSP Plants

The CSP model was subsequently modified to include a PV retrofit. The starting assumption for the modeling of the
PV retrofit simulation is that the dichroic covers 50% of the fluxline reflected by the primary optics (faicnroic=0.5) with
the optical properties outlined in Figure 4. The Genesis Solar Power project was again used as the reference plant,
simulations for the hourly net power generated were run using the meteorological data from 2017. The hourly net
energy generated was summed over each month to compare the net monthly energy generated as shown in Figure 7.
For a value of faichroic=0.5, the retrofit model consistently indicated an increase in monthly net energy generated for
the Genesis Solar Power project.
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Figure 7: Comparison of net energy output from CSP model and CSP-PV hybrid model for Genesis solar power
project in 2017.

The reasons for the increased electrical power output are two-fold. First, the efficiency of the PV cells under the
resulting spectrum reflected from the dichroic is higher than that of the power block. The second reason results from
the operational constraints associated with a typical CSP facility: no output at low flux levels and defocusing of the
mirrors during peak solar flux to not exceed the net power block output. While the original CSP model restricted the
maximum net power generated to 250 MW for Genesis project (the net power block output) to reflect the defocusing
that occurs in real facilities without thermal energy storage, this limitation only applies for the CSP component of the
hybrid system whereas the PV component continued to generate power from the redirected flux from the dichroic
mirrors. This results in a significant boost from the overall plant as defocusing is not required as the thermal load to
the power block never exceeds the net power block design output and the PV can take what is normally excess power
and generate electricity. Over the course of the year this results in 17% increase in the total electrical energy output.
To better understand this reason for performance improvement, the energy generated from both the models was broken
down into the gross CSP energy generated, parasitic losses, and the PV energy generated as shown in Figure 8.
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Figure 8: Comparison between different component of CSP model (solid lines) and CSP-PV hybrid model
(dashed lines) for Genesis solar power project in 2017.

It was noted that due to reduction in total flux to the HCE in the hybrid model, the gross energy generated by the CSP
component in the CSP-PV hybrid model was consistently lower than that in the CSP model. However, this also
resulted in lower parasitic losses in the hybrid CSP-PV model as the parasitic losses were a function of the net solar
field thermal energy available to the CSP component of the model. For the CSP Model, parasitic losses were calculated
to be 14.7% of the annual net energy generated, whereas in the CSP-PV hybrid model, the parasitic losses dropped to
11.4% of the new annual net energy generated. While this is counterintuitive it is driven by the reduction in the
parasitic losses to the CSP facility from substantial operation at part design thermal load. These effects combined with
the additional power generated by the PV component in the hybrid model resulted in an overall increase in the net
energy generated. It is also noted that with a value of fgichoic=0.5, the net energy generated from the CSP component
remained the dominant source of energy for any given month. Figure 9 focuses on the results from the CSP-PV hybrid
model with net energy output broken down into individual components. From Figure 9 it can be observed that in the
summer months the CSP and PV electricity generated increases substantially, while the losses mainly remain nearly
constant over the year in comparison to total energy production.
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Figure 9: Individual contributions from the CSP and PV components of CSP-PV hybrid model for Genesis Solar
Power project in 2017.

In order to further understand the behavior of the hybrid CSP-PV model, the energy generated for the summer and
winter solstices are compared. Figure 10 and Figure 11 show the breakdown between the CSP and PV components
(stacked together to show the total energy output) for the CSP-PV hybrid model, and the CSP only model for summer
and winter solstice in 2017 respectively. It can be seen in Figure 10 that for the peak sun hours on the summer solstice,
the net energy generation from CSP system is limited to the net energy generation to the turbine net capacity to reflect
system defocus during high solar flux hours resulting in lost energy. Conversely, the CSP component of CSP-PV
hybrid model does not reach the peak capacity at any of those hours and is still generating an average 200 MW power.
Additionally, the power generated from the PV component pushes the total electrical energy generated from the hybrid
plant by nearly 20%. In the early morning hours and late afternoon, the CSP model typically outperforms the CSP-PV
hybrid model.
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Figure 10: Hourly energy generation breakdown between CSP and PV components in CSP-PV hybrid model for
Summer Solstice 2017.

On the winter solstice, see Figure 11, it is noted that the minimum DNI requirement is met for fewer hours during the
day, and observations from the summer solstice day continue to hold during the wintertime as well.
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Figure 11: Hourly energy generation breakdown between CSP and PV components in CSP-PV hybrid model for
Winter Solstice 2017.

4.3. Effect of Solar Multiple

To determine the full potential of the hybrid retrofit on parabolic trough powerplants, the previously validated hybrid
CSP-PV model was used to simulate hourly performance across a full year for existing operational parabolic trough
powerplants using RP-3 mirrors. Plants with RP-3 mirrors were selected as the designed optical platform was designed
for the focal point of RP-3 mirrors as well as the fact that of the 3.62 GW of installed CSP capacity 66% is comprised
of RP-3 primary mirrors (National Renewable Energy Laboratory, 2017). Seven different CSP plants without thermal
energy storage were picked from different geographical locations and the hourly meteorological data for these
locations for the year 2014 was used for the analysis. Furthermore, the simulations were conducted at dichroic intercept
fractions of faichroic= 25%, 50%, and 75%. The selected plants for simulation are provided in
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Table 5.
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Table 5: List of parabolic trough CSP plants evaluated using CSP-PV hybrid model

Aperture Net Turbine Solar DNIa
. . verage
Plant Name Location Area (m?) Capacity Multiple (KWh/m2-Day)
(MW)
ISCC Ain Beni Ain Beni Mathar, 183.120 20 296 6.36
Mathar Morocco
Solacor 1 El Carpio Cordoba, | 444 59 50 1.48 5.93
Spain
Godava.rl Solar Nokh, Ra;asthan, 392,400 50 193 471
Project India
Solar Electric
Generating Harper Dry Lake,
Station VIII California 464,340 80 1.43 8.02
(SEGS VIII)
Shams 1 United Arab 627,840 100 155 6.63
Emirates
Genesis Solar | gy 1o California | 1,928,320 250 1.9 7.63
Energy Project
Mojave Solar | Harper Dry Lake, | 4 ggg 447 250 154 8.02
Project California

In the Table above, solar multiple is calculated by assuming a design DNI of 1000 W/m?, design field solar thermal
efficiency (Msoiar thermar,aesign) OF 73%, and a design cycle thermal efficiency (ncycie gesign) OF 33.74%, as follows:

DN]design ) Aaperture *Neycle,design ™ Msolar thermal,design (32)
Wnet

Solar Multiple (SM) =

The results from the simulations for the different plants and corresponding solar multiples as shown in Figure 12. As
can be seen, CSP plants with a solar multiple of 1.6 or less, an increase in faichroic lowers the net electrical energy
generated. In some cases, for low values of solar multiple the installation of the PV retrofit is detrimental to the plant.
At low values of solar multiple (less than 1.6) the percent change in electrical energy output varies from -10 to 6%.
At solar multiples exceeding 1.6 the increase in overall electrical energy output from the plan ranges from 10% to
greater than 27%. An exception is observed for the Godavari Solar Project, where despite a solar multiple of 1.96, a
decrease in net energy generated is observed from the CSP-PV hybrid model. Upon further comparison, it is seen that
the average daily DNI for Nokh, Rajasthan, India (location for Godavari Solar Project) is only 4.71 kWh/m?-Day
compared to 7.63 kWh/m2-Day for Genesis Solar Energy Project that has a similar solar multiple of 1.9 (Refer
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Table 5). Furthermore, while the benefits for installing PV retrofit on plants with solar multiple greater than 1.6 are
evident from Figure 12, it is also important to note that a balance must be maintained between the percentage aperture
area covered by the PV retrofit as the gain in annual energy generated appears to decline as the coverage area increases
from 75% to 100%. It must be noted that the case with 100% PV coverage area is also a CSP-PV hybrid plant where
a small fraction of incident solar flux, that is not reflected by the dichroic mirrors, goes to the CSP component.

* PV 25% ) 4
R 5] ¥ PV50%
S 1+ pPv75%
c [
o ® PV100%
had J
© 20
- ]
3 v
] *
O 5]
> 4
(@)]
-
o ]
© ]
2 1 *
£ °
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o ] w2 v
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Figure 12: Change in annual energy generated for different CSP plants across the globe plotted against
corresponding solar multiple and different PV coverage area.

LCOE calculations were done for the different PV coverage area percentage using the values identified in
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Table 4: Constants for LCoE Calculation.

. It was observed that the LCOE for genesis plant decreased as the PV coverage increased from 25% to 50% and
subsequently started rising again with further increase in PV coverage, driven by the cell cost and dichroic mirror cost.
If the retrofit provided no increase in plant output, the LCOE was not calculated as there would be no benefit (NB).
The results from LCOE calculation are summarized in Table 6. As can be seen the minimum LCOE occurs near the
50% coverage case at a LCOE of ~$0.07/kWh. Reductions in cell costs and dichroic mirror costs could lead to
substantial LCOE recutions.

Table 6: LCOE for different percentage PV coverage of parabolic trough CSP plants evaluated using CSP-PV
hybrid model (NB- No benefit)

Percentage PV Coverage
Solar Multiple

25% 50% 5% 100%
1.9 $0.094 $0.078 $0.103 $0.143

1.54 $0.190 $0.381 NB NB

1.43 $0.543 NB NB NB

1.93 NB NB NB NB
2.26 $0.113 $0.074 $0.083 $0.105

1.48 NB NB NB NB

To illustrate the potential impact of a hybrid CSP-PV system retrofit in the field, the current total installed capacity
for RP-3 parabolic trough CSP plants without thermal storage for different solar multiples is presented in Figure 13.
The majority of the CSP installed capacity is around a solar multiple of 1.4 — 1.5, likely meaning that only small gains
in annual energy output could be achieved for those plants. Figure 12 also indicates that the retrofit hybridization
needs to be considered on a plant-by-plant basis to fully understand the interaction of the existing plant design, plant
location, and retrofit design on overall plant operation.
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Figure 13: Current total installed capacity for CSP plants using RP-3 parabolic troughs and no thermal storage.
5. Conclusions

This work develops a modeling framework for analyzing concentrating solar thermal power and photovoltaic hybrids
at the plant level over an entire year. The model builds upon the existing and well validated System Advisor Model
with modifications to handle the spectral beam splitting and the addition of a photovoltaic receiver. The concentrating
solar power portion of the model is validated against SAM and actual data for the Genesis Solar Power project on
record. While from March through October the results from CSP code are within 1.8% and 1.6% of the electrical
energy output from actual data on record and SAM respectively, the model overpredicts by 15.4% and 5.9%
respectively over the course of the entire year. Adding the proposed retrofit to the same powerplant with 50% intercept
fraction by the dichroic mirrors results in an increased yearly electrical energy output of 16.7% compared to that from
the CSP model. Further investigation demonstrates that the majority of the increase is the result of not requiring the
total plant to defocus when the thermal output exceeds the net power block output, in the absence of any thermal
storage. To further demonstrate the role of excess solar power, the model was used to simulate 6 additional existing
concentrating solar power plants with various geographic locations and with varied levels of solar multiples. Results
indicated that higher levels of solar multiple resulted in an increased amount of electrical energy production when a
system level retrofit, up to a 30% increase. In general, the magnitude of the increase is also tied to the fraction of the
original aperture that the dichroic intercepts. At low levels of solar multiple, less than 1.6, this effect is reversed, and
the addition of the retrofit can be detrimental to plant performance. The LCOE of the retrofit in cases where an increase
in yearly production was observed was minimized at the 50% coverage case, with an LCOE of ~$0.07/kWh. Future
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work should focus on the impact of a retrofit in the presence of thermal energy storage particularly where the excess
thermal energy can be dispatched to the thermal storage and not capped because of thermal load exceeding net turbine
capacity.
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Appendix A

The coefficients used in the equations for HCE heat losses and piping heat losses are provided in Table A.1 and Table
A.2 below:

Table A.1: HCE heat loss coefficients for different operational states.

Vacuum Lost Vacuum Broken Glass

FHeatLoss 1 1 1

Fur a0 4.05 50.8 -9.95

Fur a1 0.247 0.904 0.465

Fur a2 -0.00146 0.000579 -0.000854

Fup 43 5.65€-06 1.13e-05 1.85e-05

Fui as 7.62e-08 1.73e-07 6.89e-07

FuL as 1.7 -432 24.7

Fus a6 0.0125 0.524 3.37

Table A.2: Piping heat loss coefficients.

Frri_a 0.001693

Fpyr a2 -1.683e-05

Fpui_az 6.78e-08
QpHL_pesignT 10 W/m?
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The coefficients used in calculating parasitic losses in heat transfer fluid pump and the balance of plant are provided
in Table A.3.

Table A.3: Parasitic loss coefficients for heat transfer fluid pump and balance of plant.

Ploss,system design F() Fl F2
Pioss HTFpump 1.052e-05 MWe/m? -0.036 0.242 0.794
Pyoss pop 0.02467 MWe/MWe 0.483 0.517 0.0
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