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Solar Advisor Model Disclaimer

© 2010 National Renewable Energy Laboratory

The Solar Advisor Model is provided by the National Renewable Energy Laboratory ("NREL"), which is operated by
the Midwest Research Institute ("MRI") for the Department Of Energy ("DOE").

Access to and use of the Solar Advisor Model shall impose the following obligations on the user. The useris
granted the right, without any fee or cost, to use the Solar Advisor Model for any purpose whatsoever, except
commercial purposes or sales, but not to modify, alter, enhance or distribute. Further, the user agrees to credit
DOE/NREL/MRI in any publications that result from the use of the Solar Advisor Model. The names
DOE/NREL/MRI, however, may not be used in any advertising or publicity to endorse or promote any products or
commercial entity unless specific written permission is obtained from DOE/NREL/MRI. The user also
understands that DOE/NREL/MRI is not obligated to provide the user with any support, consulting, training or
assistance of any kind whatsoever with regard to the use of the Solar Advisor Model or to provide the user with any
updates, bug-fixes, revisions or new versions.

The Solar Advisor Model is provided by DOE/NREL/MRI "as is" and any express or implied warranties, including
but not limited to, the implied warranties of merchantability and fithess for a particular purpose are hereby
disclaimed. In no event shall DOE/NREL/MRI be liable for any special, indirect or consequential damages or any
damages whatsoever, including but not limited to claims associated with the loss of data or profits, which may
result from an action in contract, negligence or other tortious claim that arises out of or in connection with the
access, use or performance of the Solar Advisor Model.

Microsoft and Excel are registered trademarks of the Microsoft Corporation.

While every precaution has been taken in the preparation of this document, the publisher and the author assume
no responsibility for errors or omissions, or for damages resulting from the use of information contained in this
document or from the use of programs and source code that may accompany it. In no event shall the publisher and
the author be liable for anyloss of profit or any other commercial damage caused or alleged to have been caused
directly or indirectly by this document.

Produced: April 2010
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1 About the Solar Advisor Model

Contents

» Oveniew describes the Solar Advisor Model's capabilities in general terms.
» Photowoltaic Systems describes the model's capabilities for modeling photowoltaic
systems with flat-plate and concentrating photowoltaic modules.

» Concentrating Solar Power Systems describes the model's capabilities for modeling
parabolic trough, power tower, and dish-Stirling systems.

» Generic (Fuel-based) Systems describes Solar Advisor's simple thermal model.
» Solar Water Heating describes the domestic water heating model.

» Einancial and Incentive Models describes Solar Advisor's economic modeling
capabilities.

Overview

The Solar Advisor Model Version 2010.4.12 is a performance and economic model designed to
facilitate decision making for people involved in the solar energy industry, ranging from project
managers and engineers to incentive program designers, technology developers, and researchers.
Solar Advisor makes performance predictions and economic estimates for grid-connected solar
power projects in the distributed and central generation markets. The model calculates the cost of
generating electricity based on information you provide about a project's location, installation and
operating costs, type of financing, applicable tax credits and incentives, and system specifications.

The Solar Advisor Model can be downloaded for free from the Solar Advisor website https://www.nrel.gov/
analysis/sam/.

Solar Advisor is based on an hourly simulation engine that interacts with performance, cost, and finance
models to calculate energy output, energy costs, and cash flows. The software can also account for the
effect of incentives on project cash flows. Solar Advisor's spreadsheet interface allows for exchanging data
with external models developed in Microsoft® Excel. The model provides options for parametric studies,
sensitivity analysis, optimization, and statistical analyses to investigate impacts of variations and
uncertainty in performance, cost, and financial parameters on model results.

Solar Advisor models system performance using the TRNSYS software developed at the University of
Wisconsin combined with customized components. TRNSYS is a validated, time-series simulation program
that can simulate the performance of photowltaic, concentrating solar power, water heating systems, and
other renewable energy systems using hourly resource data. TRNSYS is integrated into Solar Advisor so
there is no need to install TRNSYS software or be familiar with its use to run Solar Advisor.

The Department of Energy's Solar Energy Technologies Program (SETP) initially developed Solar Advisor for
analysis to support the implementation of the SETP Systems Driven Approach. The model also has
applications for the solar industry for planning research and development programs, and developing project
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cost and performance estimates. Solar Advisor is being used as part of the solicitation and evaluation
process for SETP funding programs.

The current version of the Solar Advisor Model models photowltaic and concentrating solar power
technologies for electric applications in several markets. Solar Advisor also includes a simple model of fuel-
based electric generation that can be used to model baseline systems for comparison with the solar
technologies. The current version of the Solar Advisor Model does not model solar heating and lighting
technologies.

Photovoltaic Systems

Solar Advisor models grid-connected photowoltaic systems that consist of a photowltaic array and inverter.
The array can be made up of flat-plate or concentrating photowoltaic (CPV) modules with one-axis, two-axis,
or no tracking. The current version of the software includes simple models of loads and storage for grid-
connected systems with electric storage batteries.

e See Photowltaic Systems for a detailed description of the photowoltaic models.

Flat-plate Module Options

e Simple efficiency

e Sandia PV Array Performance Model

e CEC Performance Model

e PVWatts Solar Array (models a complete system)

Concentrating Photovoltaic (CPV) Module Options
¢ Simple efficiency

Inverter Options
® Single-point efficiency
e Sandia Performance Model for Grid-Connected PV Inverters

Storage and Loads Options
¢ A prototype model is available for testing

The simple efficiency models are simplified representations of either modules or inverters based on rated
capacities in Watts or kilowatts and efficiency values. The flat-plate PV simple efficiency model also
includes a simple representation of module temperature effects. The Sandia and CEC models include
parameter libraries for commercially available PV modules and inverters maintained by Sandia National
Laboratories and the California Energy Commission (CEC), respectively. Modules and inverters only
recently introduced to the market may not be available in the parameter libraries.

Concentrating Solar Power Systems

Solar Advisor models parabolic trough, power tower, and dish-Stirling concentrating solar power systems.
The trough model is based on NREL's Excelergy model. The dish-Stirling and power tower models are
based on research at the University of Wisconsin.
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Parabolic Trough

A parabolic trough system is a type of concentrating solar power (CSP) system that collects direct normal
solar radiation and converts it to thermal energy that runs a power block to generate electricity. The
components of a parabolic trough system are the solar field, power block, and in some cases, thermal
energy storage and fossil backup systems. The solar field collects heat from the sun and consists of
parabolic, trough-shaped solar collectors that focus direct normal solar radiation onto tubular receivers.
Each collector assembly consists of mirrors and a structure that supports the mirrors and receivers, allows
it to track the sun on one axis, and can withstand wind-induced forces. Each receiver consists of a metal
tube with a solar radiation absorbing surface in a vacuum inside a coated glass tube. A heat transfer fluid
(HTF) transports heat from the solar field to the power block (also called power cycle) and other
components of the system. The power block is based on conventional power cycle technology, using a
turbine to convert thermal energy from the solar field to electric energy. The optional fossil-fuel backup
system delivers supplemental heat to the HTF during times when there is insufficient solar energy to drive
the power block at its rated capacity.

Solar Advisor includes two parabolic trough models:

e The physical trough model represents system component performance based on heat transfer and
thermodynamic principles.

¢ The empirical through model uses a set of equations to represent system component performance based
on empirical data obtained from analysis of the performance of installed systems.

Dish-Stirling

A dish-Stirling system is a type of concentrating solar power (CSP) system that consists of a parabolic
dish-shaped collector, receiver and Stirling engine. The collector focuses direct normal solar radiation on the
receiver, which transfers heat to the engine's working fluid. The engine in turn drives an electric generator. A
dish-Stirling power plant can consist of a single dish or a field of dishes.

¢ See Dish Stirling for information about the dish-Stirling model.

Power Tower

A power tower system (also called a central receiver system) is a type of concentrating solar power (CSP)
system that consists of a heliostat field, tower and receiver, power block, and optional storage system. The
field of flat, sun-tracking mirrors called heliostats focus direct normal solar radiation onto a receiver at the
top of the tower, where a heat-transfer fluid is heated and pumped to the power block. The power block
generates steam that drives a conventional steam turbine and generator to convert the thermal energy to
electricity.

Solar Advisor models power tower systems similar to the Solar Two system that use molten salt as the
heat transfer fluid with external, cylindrical receivers. It models two-tank thermal energy storage systems.

* See Power Tower for details about the power tower model.

Generic (Fuel-based) Systems

The generic system model is a basic representation of a conventional fossil-fuel power plant. The Generic
technology option makes it possible to compare analyses of photowltaic and concentrating power systems
to a base case conwentional fossil fuel plant in the residential, commercial and central generation markets.

e See Generic Fossil for details about the generic fossil model.

Solar Advisor Model 2010



10 Solar Advisor Model Help

Solar Water Heating

The solar water heating model calculates the hourly thermal output and energy savings of a two-tank glycol
system with an auxiliary electric heater with storage tank for residential or small commercial applications.
Solar Advisor allows you to vary location, hot water load profiles, and the characteristics of the collector,
heat exchanger, and solar tank. Future versions of the model include more system types for residential,
commercial, and industrial applications. With some knowledge of solar water heating systems and
modeling, you can use the current version to model a natural gas auxiliary heater.

See Solar Water Heating for details about the solar water heating model.

Financial and Incentive Models

Solar Advisor's economic model calculates a project's cash flow over an analysis period that you specify.
The cash flow captures installation and operating costs, taxes, incentives, and the cost of debt. Solar
Advisor uses the system's hourly output for a single year generated by the performance model, and then
calculates a series of annual cash flows for revenues from electricity sales and incentive payments, tax
liabilities (accounting for any tax credits for which the project is eligible), and loan principal and interest
payments. Solar Advisor reports a set of economic metrics such as the lewelized cost of energy that it
calculates from the cash flow. Solar Advisor also generates a detailed cash flow table that you can use to
evaluate a project's value.

The economic model can represent projects in the residential, commercial, and utility markets, and account
for a wide range of incentive payments and tax credits, which can be based on investment amounts,
capacity ratings, and annual electricity production. Residential and commercial projects are assumed to be
financed through either a loan or cash payment, and to recover investment costs by selling electricity
through either a net metering or time-of-use pricing agreement. For these projects, SAM reports a payback
period and net present value in addition to the detailed cash flow table.

Utility and commercial third-party projects are assumed to sell electricity through a power purchase
agreement at a fixed price with optional annual escalation, and to be required to meet a set of financing
constraints. For utility projects, SAM calculates an electricity sales price, internal rate of return, and
minimum debt senice coverage ratio. Projects with commercial and utility financing can be modeled with or
without depreciation using MACRS depreciation schedules or customized schedules.

Solar Advisor includes a set of sample templates that contain default cost values that can be used as a
starting point for analyses. The default cost values are representative of average U.S. costs at the time of
the model's release, but of course do not capture the actual costs for any specific project.

For more information about Solar Advisor's cost inputs, see the system costs page for each technology:
e PV System Costs

e Trough System Costs for the empirical trough model, and for the physical trough model

e Dish System Costs

e Tower System Costs

e Fossil System Costs
e Solar Water Heating System Costs

For more details about the financial and incentive modeling see:
¢ Financing

e Tax Credit Incentives

e Payment Incentives
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11

2 Getting Started

Welcome to the Solar Advisor Model Version 2010.4.12! To read a general description of the model and its
capabilities, see About the Solar Advisor Model.

To begin using the model, keep reading below.

If you hawe just installed the software and are running it for the first time, the best place to start is with one
of the sample templates. Each template demonstrates either a feature of the software or one of the
technologies. When you open a template, Solar Advisor creates a project. A project is a .zsam file and
contains a complete set of inputs and results copied from the template.

Choose a sample template for the technology that most interests you:

If you are interested in... Choose this sample template...
photowoltaic systems: residential, commercial, Sample PV Systems
utility-scale
concentrating photowoltaic systems Sample PV Systems
the PVWatts model for photowoltaic systems Sample PV Systems
parabolic trough systems Sample Parabolic Trough Systems
dish-Stirling systems Sample Dish Stirling Systems
power tower or central receiver systems Sample Power Tower Systems
domestic hot water systems Sample Solar Hot Water System in CA

To open a sample template:

1. On the Welcome page, scroll through the list of sample files, and double-click the file name for a
system or analysis example.
Start from a sample template

= Sample Files -
62 Combined Multiple PV Systems Example
B Custom HTF Example
GE Detailed CSP Trough Model
BE Excel Sample
GZ PV Battery Storage Sample
B2 PV Shading Examiple
52 Sample Dish Stirling Systems

m

BZ Sample Geothermal Systems

=Y Sample PV Systems
BE Sample F'aral::u:uliccuugh Systems

BEr Sample Power Tower Systems
BZr Scripting With SamUL Example
BZ Solar Hot Water System in CA -

Once the file is open, you can open other sample templates by clicking Open Sample Template
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12 Solar Advisor Model Help

on the File menu:
File | Case Results Developer Help

Mew Project

Open... Ctrl-O
Open Sample Template *
Open 5CIF File...

Import Case...

When you open the sample template, Solar Advisor creates a new project file with the .zsam extension
using the name of the sample template. Solar Advisor displays the software version and the project file
name in the main window's title bar.

The main window gives you access to the input pages for each of the cases in the project:

= SAM 2000.9.10:
File Case Results Developer Help

&3 Single 25 KW Dish Stickng Unit | 3 100MW Digh Stirtkng Fekd

[ sebect Tedhnolagy and Merket.., | [ €SP Dish Stirkng, Utility 1PP ] 7

=] - |
Navigation Technology and Market e
Menu for Current Case
Dish System Costs ""_.|
Total: § 21377233 “—‘ u:: m.'m(
I'H'ITHCDrﬂJI:h'.ﬂ.'r‘ . LU
System Libra g
ry ,-E
‘ Amsarber Mmsorplance o8
| Absorber Surface Area LA mg
Reflactving 0,84 AE’[WE mpUt Page Cavity Absompitance: g
Pregecind Areai I7.7 ml Cavty Surface Area 0LE m2
[riternal Digseter of Cavily Penp, 1o Apsrire 0.4 m
Inbernal Cavity Prassung With Aperiung Coversd 01 kFa
Internal Depth of Cawity Ferp, o Aperiure 0L m

| Input Page I

e The case tabs display different cases in the project. A project may consist of a single case, or may
contain more than one case. Click a tab to display the case. Click the 'x' on a tab to delete the case.

¢ The navigation menu displays a list of input pages available for the technology and market of the current
case. Click an item in the navigation menu to display an input page. The active input page is indicated on
the menu in blue. When the menu is too long to fit in the window, use the wertical scroll bar to mowe
through the menu, or resize the Main window to make the entire menu \isible. Each item on the
navigation menu also displays key data the input pages. For example, the system costs item in the
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navigation menu shows the system's total installed cost.

Next: Manage Cases

21 Manage Cases

A case is a complete set of input data and results. A project file contains at least one case. Solar Advisor
uses tabs to display each case in the project, analogous to the way Excel displays worksheets in a
workbook.

Solar Advisor indicates the active case name in bold type:

% SAM 2009

File Case

Tab for Active Case

4 | ¥} Residential Flat Plate System ommercial Flat Plate System > | ¥} Utility Flat Plate =

Note. The number of cases that a project file can contain depends on the storage and computing
resources available on your computer. Solar Advisor displays a warning if you try to add more than six
cases to your project. Your computer may be able to handle projects with more than six cases, but for
the model to run efficiently, it is best to keep the number of cases to less than sewven.

By creating more than one case in a file, you can easily compare the assumptions and results of different
analysis scenarios. For example, you could use cases to compare the cost and performance of a
residential photowoltaic system in several locations by defining a separate case for each location, or you
could compare a utility-scale photowltaic and concentrating solar power systems.

To add, remowve, and rename cases, used the four commands on the Case menu:
Results Developer Help
Create Case... Ctrl-M

Rename Case...
Duplicate Case
! Delete Case i

Create Case
Adds a new case to the project file. Solar Advisor displays the Technology and Market window for you
to choose options for the case.

Rename Case
Change the label identifying the case that appears on the case tab.

Duplicate Case
Creates a copy of the active case, with a duplicate set of input parameters and results.

Delete Case
Deletes the active case. You can also delete a case by clicking the 'x' on the case's tab.
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14 Solar Advisor Model Help

% SAM 2009.9.11: Sample PV Systems.zsam

|Fi|e Case Results Developer Help

Delete Case

|4 &3 Residential Flat Plate System | #3 Commercial Flat Plate System

For projects with more cases than can be displayed on tabs, the scroll and list controls allow you to access

all of the cases in the project.
\ | Choose Case

Select Technaiogy and Market... | [ Photowoltaics, Residential Loan/Mortgage ] W v Residential Flat Plate System
Commercial Flat Plate System

LCOE (Base Cascual Energy Flow | Jmm e )

P¥Watts Exarnple

Liility Concentrating Systerm

an\D ‘_41-.'

Scroll Left

s Cormmercial Flat Plate System

Scroll Rught

93 Uity Flat Plate Systesn (PP

i 1
Locatiors PRSOENIN, AT LCOE [real) 8 Array MNan
Lae: 334 Long: -112.0 LICOE fram]) Array Grol

2.2 Review and Modify Inputs

File Case PResubts Developer Help

& 100 MW Baseline w Ghes TES 3 %mmam.um--mm 3 100 Ml Basshne - Parameterized Storage Ll
.S&EETMNM.- [ CSP Farabolic Trough, Utility IPF ] [7)

| s apme
i 34,9 Lorg: -116.8

0 [FheM Layout Solar Multiple (Design Point) -
Inanong -
Anabyi 30 )ﬁ @ Option 1: Solar Multiple 2 rCalculabed Values
na it VRS
- Oplion 2: Solar Field res BE7ETS m2 Soler Multiple (csic) 2
- " #j Solar Field Area (cakc) A0 =7
- Diitance between SCAS in R im
ce Conditions
Row Spacing, cender-bo -certer
Muriber of SCAS per Row Ambierit Temg. 5T
Direct Mormal Radabon 950 W)
Depiny Angle fm2
Wind 5
St Aregle ooty mfs
 Reference Conditson {SM=1)
| Exact drea 435178 m7
) |—| Exact Mum, SCAS 525,32 |
Property table for user-defined HTF Edt.. E
Solar Faekd Tnket Temp. 23 Vadies From Other Pages
i Salar Field Cutiet Temp. »c Aperture Area per 5CA 4.3 mIfECA
r Solar Fisld Iritisl Temp. 00 ¢ HCE Thermal Lnsses IS Wimz
— Figing Heat Losses & Design Tesp. 10 Wisz Onbeal Effcency 0754473
harmal Storage )
- Fiping Heat Logs Coeff | 0001633 Design Turbine Thermal Tnput 291468 HWE
Parasitics Piping Heat Logs Coaff 2 -1.683e-005
Fiping Heat Loas Coeff 31 £, THe-008
— Collertor Tt 0 deg
User Variables Saiar Field Pping Heat Lasses W05 vifm2
- Callertor Anmuth 0 deg
_ — Mirsmum HTF Temp. 5 C N
HTF Galans per hrea 0.614 galjm2

Solar Advisor's input pages provide access to the input variables and options that define the assumptions of
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Review and Modify Inputs 15

your analysis. When you start a project, whether from a sample template, by creating a new project, or
opening an existing project, Solar Advisor populates all of the input variables with default values. This means
that you can get started with your analysis even before you have final values for all of the input variables.
Refer to the Input Page Reference for detailed descriptions of the input variables on each page.

The text and data box colors on the input pages indicate the kind of information they contain:

Note. The appearance of text and text boxes depends on whether you are running Solar Advisor on
Windows or Mac OS. The screenshots below are for Windows.

¢ White data boxes display input variables that you can modify by typing values in the box:

Modules per String 10
Strings in Parallel 4

¢ Blue data boxes are for reference values that Solar Advisor either displays from other input pages, or
calculates from other input variables. Data in blue cannot be modified. Press the F1 key on your
keyboard (Command-? on a Mac) to see the Help topic with descriptions of the equations Solar Advisor
uses to calculate these values:

~Direct Capital Costs

Site Improvements 225 m2
Collector Cost (Projected Area) 87.7 m2junit

e Gray data boxes show values for your reference. For example, these input variables on the Climate page
show annual averages calculated from data stored in the weather file. You cannot modify data in gray:
~Weather Data Information (Annual Averages)

Direct Marmal 97.8 Whjmz2

Diffuse Horizontal 56.0 Wh/m2

¢ Blue underlined text indicates links to websites with useful information related to the input page:
Web Links

EnergyPlus Weather Data (EPW)
T4 3 Data in EPW Format for .S, Locations
Mational Solar Radiation Database TMY 3 Data

¢ Informational text describing the input variables appears in orange font:
MNote:

e Library buttons populate input variables with values from a library of stored parameters. Modifying a value
on an input page does not change the value stored in the library. See Working with Libraries for to learn
more about libraries:
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~Heat Collection Element (HCE)

Receiver 1

| Library...

Current HCE inputs: 2008 Schott FTR70,

Percent of Solar Field: 0,985

Optical Parameters:

Bellows Shadowing 0,963

Envelope Transmissivity 0.963

2.3 Run Simulations

After reviewing and modifying inputs on the input pages, click the Run all Simulations button to run
simulations:

Run all simulations |

Solar Advisor runs simulations based on the values of input variables that appear on the input pages and
reports those values as "base case" results. It also runs any simulations defined on the Configure
Simulations pages.

You can also run simulations from the Case menu:
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% SAM 2010.2.18: Sample PV Systems.zsam -‘
File | Case | Results Developer Help
& Create Case... Ctrl-M
Sele Rename Case... 1

Duplicate Case

Sys Delete Case

Run All Simulations l,} Ctrl-G
Run All Saving Hourly Data

Lat: Run Base Case Only Ctrl-B
Run Base Case Saving Hourly Data

Reset to Tech/Market Default Inputs
Clear Case Results

Tai Advanced ¥

Run All Simulations

Runs all of the simulations configured in the current case. Equivalent to clicking the Run button. This option
does not save hourly results.

Run All Saving Hourly Data

Runs all of the simulations configured in the current case. Creates a single set of hourly performance
results based on the input values shown on the input pages. See Viewing Hourly Performance Data for
information about saving hourly results.

Run Base Case Only

Runs a single simulation based on the input values shown on the input pages, ignoring any parametric,
sensitivity, optimization or other configurations requiring multiple simulation runs, and does not save hourly
results.

Run Base Case Saving Hourly Data

Runs a single simulation based on the input values shown on the input pages and saves hourly performance
data. Ignores any parametric, sensitivity, optimization or other configurations requiring multiple simulation
runs. See Viewing Hourly Performance Data for information about saving hourly results.

Next: Review Results
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24 Review Results

After running simulations, Solar Advisor displays key metrics and a set of default graphs on the Results
page:
* Review economic and performance metrics in the Metrics table:

Metric

Annual Energy (kWh) 6,530.9
LCOE{nom) 18.89 ¢kh
LCOE(real) 14,66 ¢kwh
Met Present Value £-2,545.37
Payback 28,7268 years
Capacity Factor (%) 19.7

kwh kW - Year 1 1,728.6
System Performance Factor 0.74

¢ Click Configure sliders to set up and display sliders that allow you to dynamically change the value of
an input variable and observe the effects on tables and graphs. See Working with Sliders for details

¢ Click Display results to switch from viewing an input page to viewing results. Note that Solar Advisor will
display results without running simulations whether or not any input values have changed since it last
generated results.

¢ Click Export and view data to export data in different formats and view hourly performance data. See
Exporting Data and Graphs, Viewing Time Series Data in DView, and Working with the Case Summary
Spreadsheet for details.

Configure sliders Display results

Export and view dataj

Getting Started Working with Graphs

Solar Advisor displays a set of standard graphs whenever you run simulations. You can add your own
graphs, edit the default graphs, and delete graphs. See below to get started working with graphs. See

Working with Graphs for details.
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& SAM 201035 Sample Parabol Trough Systems.zsam =8| =
File Case Results Developer Help
& 100 MW Baseline w Ghes TES 5 #3100 M Baseire w 6hvs - vy Cooled B3 100 MW Basthne - Paramelecized Shorage =
| Sefect Technokogy and Market.,. | [ C5P Parabolic Trough, Utiity TP | 9
P
System i - Z T Annial Energy Fiow (Base Case)
2.400.000 000 =
(Clmate
Loaons DWGGETT, Gh 2.200.000.000 Irmdentsd-rﬁ:ﬁnn:’,m -
Thermal Ensngy From 5P, Annuasl
L2 34.5 Long) ~116.8 L 200,500,000 | Thesmal Energy to Pomer Bock, Al 4
Fe —y b Gross Becinc Cutput (Kth), Annual
- Lan.sonseo |- biet Blactric Output (W], Annual i
Anakoym: W years
Tax Credit Incentives h _ LE00.900.000 =
£
e = LA0K0R0 =
Payment Incentives 3
& L200.000.000 -
Annual Performance E 15000001090 - B
Cegracmon: 4 % - i
Export and View

Data

Control Graphs and
Display Tables

18,13 gam N
19,56 gl
15,50 &

15.00 % [ . | BPA LCOE (Base Case) LOOE (Base Case)  LCOE (Base Case) Moathly Ourpet (Basa ¢ Annual Outpir (Basa €~
—= (1 Tl TALT il W
Display Results ==~ = : S s e—

Note. In some cases, Solar Advisor displays graphs and tables for the "base case." In the context of
displaying results, the "base case" is the set of results for the current case calculated from only values
from the input pages and ignoring any results from additional simulations for parametric, sensitivity, or
other simulation configurations that involve sets of multiple inputs.

The graph lists and results tabs allow you to determine how data are displayed on the Results page:

e By default, Solar Advisor displays a set of four graphs on the Results page. You can display a
single graph, or up to four graphs by clicking the graph images in the tray at the bottom of the
page:
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| S — R
13 D 4
. .

Monthly Output (Base Case)

LECE il B reak-wi'n ingent vl E{rd8D B rom-wn inpentives] ! Jan Feb Mar Apr May b & Aug Sep Do Mow Dec
U Annual Energy Flow |Base Case) After Tax Cashflow (Base Case)

- :mmm;. Thermal Enesgey From SF, And Hold Down the 4

= | Thermal Energry b Povess Bl

i 1.500.000.000 | porovis Bleciric D'-Imél.{l'ﬁ;‘."- Ctrl KE‘].I’ tU ShOW ________ pEEEEEEEEm
] it Eciric Cutput (kih), As .

8 Lomssocsa)- = Multiple Graphs

E ,mummc-_ ﬂ A
ol Click to Show or ! FETECET N CESTOIC AT RET

1iiii
81213456789 100341 S8 S TN D00 TS

Hide A Graph

Griﬂfnﬂ Daka Tabie Base Case

Hoachiby !BH-H Annual Durpur (Base ! Afer Tax Cashflow (Bas _ Seached Costs |Base v imu:IEn
::E::Eﬂ
=} N LD [
| Rarcr Al | 2
e Right-click a graph to change its properties or export either an image of the graph or the graph data:
LCOE (Base Case)
T T - 1
e . 6,000
- Edit... L L
Copy data to clipboard
Save data to C5V
10+ o
To clipboard (as shown)
To clipboard (400:300)
1] ]
LCOE(r=zl) To clipboard (800:500) Jar
After Tax Ca Export (as shown)...
G201 | LI L L L L EKFIIDI't (400:{300]... 000
Export (800:4500]...
50,000 1 e 000

e Click the Data Table tab to display the data for all graphs visible on the Results page. Click and
drag the border abowe the tabs to expand the table:
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T
Graphing Data Table I Base Case Cashflow ]

A B C D E F G| H I |-
1 LCOE(real) LCOE{nom) Month | AC Power Qutput (kWh), Maonthly Year |After Tax Cashflow
2 |1 |29.63 38.18 1 417.23 0 0
3 2 453.65 1 700,53
4 3 567.11 2 -1,303.45 E
5 4 543.8 3 -1,307.94
L 5 5825 4 -1,312.99
7 B 529.61 5 -1,318.62 L4
B 7 529.67 B -1,324.88
9 3 009.77 7 -1,331.8
10 9 567.83 3 -1,339.42
11 10 541.7 9 -1,347.79
12 11 433.84 10 -4,196.95
13 12 394.2 11 -1,366.95
14 12 -1,377.85
15 13 -1,389.7
16 14 -1,402.55 7
< | m | b

¢ Click the Base Case Cashflow tab to display the cash flow for the current case:

[ Graphing ] Data Table I Base Case Cashflow
1] 1 2 3 -
Federal ITC 04,1317
State ITC 0]
Sales Tax 10,544,065
Tax Effect on Equity (State) L
State Depreciation 0| 683,597.27| 47,243.69 28,346.2 3
State Incentive Income Less Deductions 0| -66,063.63| -39,042.57 -20,011.1:
State Taxable Income Less Deductions 0 -66,063.63 -39,042.57 -20,011.1
State Income Taxes 0 -5,285.09 -3,123.41 -1,500.8¢
State Tax Savings 0 5,285.09 3,123,491 1,600,8¢
Tax Effect on Equity (Federal)
Federal Depreciation 0| 63,597.27| 47,243.69| 28,346.2. ™
4 n b
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2.5 Get Help
For information about any page in the software, do one of the following:

Press the F1 key (Command-? on a Mac).

0 Click the help button at the top right corner of each input page.
.[—FHchmu-.u a | Click Help Contents from the Help menu.
[ Hel ‘ In secondary windows, click the Help button for information about the
P... window.
For additional help, try:
[Hielp |
I B 1 Click User Guide on the Help menu to open a user guide in PDF format.
User Guide

For general information about the model, including a discussion of project

g costs, references to related publications and a list of frequently asked
questions, and other information visit the Solar Advisor Model website:
https://www.nrel.gov/analysis/sam/.

- To participate in the Solar Advisor Model discussion board, join Google
JJ;' Groups using your email address (a Gmail account is not required) at
http://groups.google.com/group/sam-user-group.
If you have questions comments about the software, please send an email
to the support team at solar.advisor.support@nrel.gov. You can also use
the User Support command on the Help menu to contact the support
team.

3 General Reference

Start a Project describes the options for starting a new Solar Advisor project.

Convert from Version 3.0 explains the differences between pre-October 2009 versions of Solar Advisor
and the newer versions, and how to convert old project files to the new version.

Work with Notes explains how to store text notes in your project files.
e File Formats describes the file formats that Solar Advisor recognizes.
Menus describes each of the menus in the user interface.
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3.1 Start a Project

When you start Solar Advisor, it displays a Welcome window with three options for starting a project. A
Solar Advisor project is a .zsam file that contains all of the inputs and results for one or more cases:

e Start from a sample template creates a project file by copying data from a template. When you open a
template, Solar Advisor creates a project file that contains a complete set of inputs and results from the
template. Each template demonstrates either a feature of the software or one of the technologies.

e Start a new project displays the technology and market window where you choose options for a new
project file. When you start a new project in this way, all of the variables on the input pages are
populated with default values, but no results are displayed on the Results page until you configure and
run simulations.

* Open a recent file allows you to choose from a list of project files. The list contains project files that
were saved during previous Solar Advisor sessions.

Note. When you install Solar Advisor, it creates the SAM Projects folder in your default documents
folder and uses this as the default location for storing project files. You can change the default project
file location by clicking Preferences in the File Menu.

Photowoltaic systems: Choose Sample PV Systems

Parabolic trough systems: Choose

You can choose from one of the

You can also start a project by choosing a command from the File menu:
Case Results Developer Help

Mew Project

Open... Ctrl-0
Dpen Sample Template *
Open 5CIF File...

Import Case...

New Project
Start a new project using default input values. Solar Advisor creates a zsam file with a single case and no

results.

Open
Open an existing zsam file.

Open Sample Template

Start a new project based on a sample template that contains a complete set of inputs and results. The
Submenu lists the available sample templates. Solar Advisor creates a zsam file with inputs and results for
one or more cases.

Open SCIF File
Open a SCIF file created in Version 3.0 or 2.5 of the model. See Switching from Earlier Versions for details.
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Import Case
Import one or more cases from another project file. You must open a file to make the Import Case command
active.

3.2 Convert from Version 3.0

Contents

» Oveniew describes some of the changes in the user interface's appearance and
organization.

» Working with Files from Version 3.0 explains how to import SCIF files from Solar
Advisor Model Version 3.0 into the current version.

> Results Graphs and Tables explains some of the differences between the two
versions' results pages.

» General Model Improvements describes some changes to the cost, financing, and
performance models that will cause results to differ between the two models.

» Improvements to Parametric Analysis explains how the parametric analysis feature
has changed in the new version.

» Improvements to Linked Spreadsheet Functionality explains the differences
between Version linked spreadsheets and Excel Exchange in the current version.

» Weather Data Enhancements explains weather data handling improvements in the
current version.

Overview

The release of Solar Advisor Model Version 2009 in October 2009 involved a redesigned user interface and
porting of the software to a new dewelopment platform that improved the computational efficiency of the
model. This topic describes the major differences between the new version and Version 3.0, and is intended
for people who are switching from Version 3.0 to the new version. For details about differences between
releases since October 2009, see the release notes on Solar Advisor's Help menu.

Note. You can run multiple versions of the Solar Advisor Model on a single computer. You do not need
to uninstall Version 3.0 to install and run the current version. You can also start and run the two versions
simultaneously.

Solar Advisor Model 2009 maintained the same capabilities as the Version 3.0, but added seweral new
capabilities with a new look and feel, and more efficient simulations.

One conceptual difference between the two versions is that in the new version, the input variables on the
input pages are separate from the simulation configurations. In Version 3.0, you configure parametric
analyses and set up linked spreadsheets directly from the input pages. In the newer versions, all simulation
configurations are handled in one place: The Configure Simulations page. The input pages only contain input
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variables, and each variable has a single "base case" value, or in the case of variables with annual
schedules, a series of annual base case values.

The current version uses a redesigned user interface that preserves the general layout of Version 3.0 and
earlier versions, but runs more efficiently. You still access input pages using the navigation menu just like in
Version 3.0, but the menu has been slightly reorganized.

* The navigation menu buttons in Version 3.0 have been removed. In the current version, you can click an
item on the menu to open the input page.

e The Program page in Version 3.0 where you define the project's technology and market has been
replaced by the Technology and Market window.

¢ Right-clicking variables no longer displays the Input Type window. The Parametric Analysis and Excel
Exchange (linked spreadsheets) features that were available by right-clicking variables in Version 3.0 are
now handled as simulation configuration options. Variables that can be entered as Annual Schedules
display a button next to the label that you can click to edit the annual schedule.

¢ A new Annual Performance page displays annual degradation and availability variables, which are used
consistently across all technologies to facilitate comparison.

e The Costs page in Version 3.0 has been replaced with the system costs page for each technology, and
its position on the navigation menu has been moved.

Working with Files from Version 3.0

You can open a project file created in Version 3.0 by saving it as a SCIF file and opening it the current
version.

A SCIF file contains a complete set of input values for one or more cases in a project file. Note that the
current version cannot save files in the SCIF format. Because the new .zsam project file format is much
more compact than the old .sam format, the SCIF format has been deprecated in the new version.

Note. Solar Advisor does its best to import data from the SCIF file into a .zsam file. Because of some
file format and other differences between the new and old versions of Solar Advisor, after importing a
SCIF file, you should review the input variables to make sure the data imported correctly. The current
version does not convert parametric variables or variables linked to spreadsheets from SCIF files. If your
Version 3.0 project files includes those features, you will need to set up the parametric analysis or
Excel exchange in the current version. See Parametric Analysis and Excel Exchange for details. If you
need help converting your old files, please contact solar.advisor.support@nrel.gov.

To convert a project from Version 3.0 (.sam) to the current version (.zsam):

1. Start both Version 3.0 and the current version. The two versions can run simultaneously on your
computer without interfering with each other.

2. In Version 3.0, on the File menu, click Save As SCIF.

3. Inthe Savwe As SCIF window, choose the cases from the file that you want to include in the SCIF
file.

4. Click the Browse button |_| to open the Save As window.

5. Navigate to the location on your computer where you want to save the file.

6. In File name, type the name of the file, including the .scif extension. For example, type the
complete name "MySolarProject.scif"

7. Click Save. It may take several seconds to convert and sawe the file.
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8. In the current version, on the File menu, click Open SCIF File.

9. In the Choose a SCIF File window, browse to the folder containing the SCIF file.

10. In the Save Converted File As window, choose a location to save the project in the .zsam format.
You can sawe the file to any location on your computer or a network.

11. When Solar Advisor finishes converting the project to the .zsam format, click Yes to open the file.
If the SCIF file uses a weather file that is not included in the current version's standard library,
before going to the next step, you will need to add the folder containing the weather file to the

library of weather file locations on the Climate page. See Adding and Removing Weather File Paths
for details.

12. Click Run all simulations to generate a set of SAM 2009 results. See Getting Started for help
getting around the new user interface.

Results Graphs and Tables

The current version of Solar Advisor displays tables and graphs of results on the Results page, whose
appearance has significantly changed from Version 3.0. See Reviewing Results for help getting started with
the Results page, and see Results Page Reference for more details.

Some key differences include:

e The run and results buttons still appear on at the bottom of the navigation menu, but their appearance
has changed. See Running Simulations and Reviewing Results for details.

Version 3.0 Version 2010.4.12

Hesults

Summary ﬂ

Spreadsheet

Time Series Graphs

e The Metrics table and sliders appear under the navigation menu instead of on the Results page, freeing
up space for graphs on the Results page.
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Version 3.0 Version 2010.4.12
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e Choose graphs to display from the Graphing tab at the bottom of the Results page instead of from the list
at the top.

Version 3.0 Version 2010.4.12

Graphs Edit | Add | Delete | LCOE (Base Case) Monthly Output (Base ¢ Annual Output [
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General Model Improvements

The current version of Solar Advisor uses the same cost, financing, and performance models to simulate
systems as SAM 3.0, with some improvements that may cause results from the two versions to differ:

¢ The photowoltaic single-point efficiency models for flat-plate and concentrating photowoltaic modules have
been replaced by the simple efficiency models, which allow you to enter efficiency values for a range of
standard incident radiation levels, and to define the reference radiation used to calculate the module's
rated power.

e For CSP parabolic trough and power tower systems the storage dispatch logic has been improved.

e For CSP power tower systems, the input variables have been reorganized, and duplication of variables in
the input pages and optimization wizard removed.

e For CSP trough and power tower systems, the backup boiler fuel cost is tracked and included in the
cash flow and other economic metrics displayed on the Results page.

e The photowoltaic technology option includes a new implementation of NREL's PVWatts model, which
includes preliminary test versions of battery storage and electric load models.

¢ Input variable libraries use the same format across all technologies and input variable types. The library
format is text-based, and the library editor allows for data to be added to libraries without modifying the
standard libraries. See Working with Libraries for details.
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e For projects with utility financing, the financial variable optimization no longer requires excel.

Improvements to Parametric Analysis

The new parametric analysis simulation configuration option makes setting up and managing parametric
analyses much simpler than in Verion 3.0 and earlier:

e Parametric variables are defined on the Parametric_Analysis Configuration page instead of by right-
clicking variable names on the input pages.

e The new optimization option uses a search algorithm to find optimal values of variables. providing an
automated alternative to the manual method using parametric analyses and graphs.

e The new Sensitivity Analysis option allows you to define ranges of variable values using upper and lower
limits so that you can perform sensitivity studies without specifying individual values.

e Parametric simulation configurations can be enabled or disabled for each model run, allowing you to set

up as many parametric analyses as you like and choose which ones to include in a simulation run to
save time.

Improvements to Linked Spreadsheet Functionality

The new Excel Exchange simulation option allows you to manage data exchange between Solar Advisor
input variables and Excel worksheet cells. The new implementation provides seweral advantages over
Version 3.0:

e The Excel Exchange configuration page allows you to manage data sharing with Excel in a central
location.

e Excel can run simultaneously with Solar Advisor without causing any interference. You can edit the
Excel workbook while Solar Advisor is running. Solar Advisor exchanges values with the saved copy of
the workbook.

® You can store Excel workbooks in any folder on your computer. They no longer have to be stored in the
Worksheets folder.

e User-defined variables (UDVs) from Version 3.0 have been replaced by user variables.

Weather Data Enhancements

By default, the new project files do not include data from weather files to minimize file size and improve the
model's efficiency. During simulations, Solar Advisor reads data from the weather files rather than from a
database stored within the project file. The new weather file location library helps you manage weather file
locations.

e Solar Advisor reads the new TMY 3 weather format, as well as the TMY2 and EPW formats recognized by
Version 3.0.

e The new TMY3 file creator on the Climate page allows you to create a TMY3 file using your own weather
data.

¢ If you are sharing a project file with another person and want to include weather data in the file rather than
sharing the weather file separately, you can copy the weather data to the project.

e For Version 3.0 or earlier project files with parametric variables or variables linked to Excel, you have to
configure the simulations, see Configuring Simulations.
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3.3 Work with Notes

The Notes feature allows you to store text associated with each input page and with the Results page.

To create notes:

1. From any input page or the Results page, click the Show Notes button at the top right of the
window.

o).

o

2. Type your text in the notes window.
3. Click the Notes window's close button to hide the window and save your notes.

For input page notes, Solar Advisor displays a Notes icon in the navigation menu indicating that
there are notes associated with the input page.

ﬁ Motes Icon ' .

For Results page notes, Solar Advisor opens the notes whenever you navigate to the page and after
running simulations.

To delete notes:

1. Open the Notes window containing the notes you want to delete.
2. Select all text in the Notes window and press the Delete key.

3. Close the Notes window. Solar Advisor will remove the appropriate Notes icon from the navigation
menu.

3.4 File Formats

Solar Advisor uses the following types of files to store and transfer data. The file formats are listed below by
file extension in alphabetical order.

Contact solar.advisor.support@nrel.gov for more information.

e BAS is a text file containing VBA code for use with Excel.
e BMP is a graphics file format used to export graph images.
e Cis a text file containing ANSI C code for use in a C program.

e CSV is a text file containing a table comma-delimited columns that the model uses to export results data
from graphs and tables. Weather files in TMY 3 format also use the CSV extension.

e DVIEW is a file format used by Solar Advisor's time series data viewer, DView.
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EPW is a weather file format that Solar Advisor can read directly.
M is a text file containing MATLAB code.
OUT is a text file format generated by Solar Advisor's simulation engine (TRNSYS) to store hourly

performance data.
SAMLIB is a text file used to store data for a Solar Advisor library.

SCIF (SAM compressed inputs file) is an obsolete compressed file format used in Solar Advisor Model
versions 2.5 through 3.0. The current version of Solar Advisor can open SCIF files created by older
versions of the model.

SUL is a text file containing SamUL script for automating Solar Advisor analyses.
TM2 and TM3 are weather file formats that Solar Advisor can read directly.

XLS are Excel files used to export data from Solar Advisor and to exchange data between the model and
Excel. Note that Excel files must be in Excel 2003-2007 XLS format, and not in the newer XLSX format.

ZSAM files store project data, which includes inputs and results for one or more cases.

3.5 Menus

Solar Advisor's menus provide access to commands for managing projects, running simulations, exporting
results, and getting more information about the model.

Contents

» Eile menu commands allow you to manage files, access component libraries, clear
the simulation cache (advanced feature) and close Solar Advisor

» Case menu commands apply to the current case, which indicated by the active
case tab in the main window.

» Results menu commands allow you to export results for the current case

» Dewveloper commands for managing SamUL scripts.

> Help for accessing help and version information.

File

New Project

Start a new project using default input values. Solar Advisor creates a zsam file with a single case and
no results.

Open
Open an existing zsam file.

Open Sample Template

Start a new project based on a sample template that contains a complete set of inputs and results. The
Submenu lists the available sample templates. Solar Advisor creates a zsam file with inputs and results
for one or more cases.
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Open SCIF File
Open a SCIF file created in Version 3.0 or 2.5 of the model. See Switching from Earlier Versions for
details.

Import Case

Import one or more cases from another zsam file.

Save
Sawe the project as a zsam file in its current location.

Save As
Save the project as a zsam file in a different location or with a new name.

Close
Close the zsam file without exiting Solar Advisor.

Clear Cached Simulations
Clears stored results and other data from computer memory. Use this command if the program
becomes sluggish after running a very large number of simulations, or if you are setting up very complex
simulations and want to clear the cache before running them.

Libraries
Open the library editor to view or modify component libraries. See Working with Libraries for details.

Preferences
Open the Preferences window.

Recent Files
Open a zsam file from the recent files list.

Quit

Close the zsam file and exit Solar Advisor.

Case

Create Case
Create a new case in the project. Solar Advisor opens the Technology and Market window where you
choose options for the case. The new case will open with default input values and no results.

Rename Case
Change the name of the current case.

Duplicate Case
Create a copy of the current case.

Delete Case
Delete the current case. You can also delete a case by clicking the X' in the case's tab.

Run All Simulations
Runs all of the simulations configured in the current case. Equivalent to clicking the Run button. This
option does not save hourly results.
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Run All Saving Hourly Data
Runs all of the simulations configured in the current case. Creates a single set of hourly performance
results based on the input values shown on the input pages.

Run Base Case Only
Runs a single simulation based on the input values shown on the input pages, ignoring any parametric,
sensitivity, optimization or other configurations requiring multiple simulation runs, and does not save
hourly results.

Run Base Case Saving Hourly Data
Runs a single simulation based on the input values shown on the input pages and saves hourly
performance data. Ignores any parametric, sensitivity, optimization or other configurations requiring
multiple simulation runs.

Reset to Tech/Market Default Inputs
Replaces all values on input pages with default values.

Clear Case Results
Clears results from the current case. Solar Advisor removes any graphs and sliders you may have
created for the case.

Advanced
The advanced options create lines of code in Excel VBA, ANSI C, or for MATLAB that you can use in
your own programs to call the Solar Advisor Model. If you would like to use these features, please
contact Solar.Advisor.Support@nrel.gov.

Results
The Results menu commands allow you to export results for the current case to:
¢ The clipboard for pasting into documents.
¢ Comma-delimited text files.
e Excel files (PC computers running Windows only).
¢ The built-in DView data viewer for graphing hourly data (PC computers running Windows only).

Note. If the current case includes simulations that involve multiple input values, such as for parametric and
sensitivity analyses, Solar Advisor only exports results for input values shown on the input pages, not for
ranges of values defined in simulation configurations.

Graph Data
Exports data from the graphs currently displayed on the Results page.
Cashflows
Exports cash flow data for the current case.
Case Summary Data
Exports all performance and cash flow data for the current case.
View Hourly Time Series (DView)
Opens the DView data viewer and displays graphs of hourly data. See Time Series Graphs for details.
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Developer

New SAMUL Script
Opens the script editor to create a program in the Solar Advisor Model User Language (SamUL) to
automate Solar Advisor modeling tasks. See the Sam UL guide (on the Help menu) for more
information, or contact Solar.Advisor.Support@nrel.gov.

Help

Help Contents
Opens the Solar Advisor Model help system.

User Guide
Opens the user guide, which is a version of the help system in PDF format.

SamUL Guide
Opens the instructions in PDF format for using the Solar Adviosr Model User Language, a scripting
language that allows you to automate Solar Advisor modeling tasks.

Release Notes
Displays the Solar Advisor Model's version history.

Web Site
Opens the Solar Advisor Model website in your computer's default browser. (Requires an internet
connection.)

User Group
Opens the Solar Advisor Model discussion board on the Google Groups website in your computer's
default browser. (Requires an internet connection.)

User Support
Opens your computer's default email program to compose an email that you can send to the Solar
Advisor Model support team at solar.advisor.support@nrel.gov. (Requires an internet connection.)

Check for updates
Checks for updates to the software, component libraries, and help system, and allows you to update
your software when updates are available. (Requires an internet connection.)

About
Displays the Solar Advisor Model legal disclaimer and information about the version of your copy of the
software.
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4

Input Page Reference

Solar Advisor's input pages display input variables and options. The navigation menu on the main window
provides access to the input pages. For an introduction to input pages, see Review and Modify Inputs in the
Getting Started chapter.

The following input pages are available in all Solar Advisor cases:

System Summary: Displays key characteristics of the system based on input variables on other pages.
Climate: Choose a weather file for the system's location.

Utility Rate (residential or commercial projects only): Define the electricity sales price as a flat rate or
using a time-of-use schedule.

Financing: Define the project's debt structure and rate of return constraints as appropriate for the type of
project.

Tax Credit Incentives: Define incentives in the form of tax credits that apply to the project.
Payment Incentives: Define incentives in the form of cash payments that apply to the project.

Annual Performance: Define an annual degradation rate and availability factor to account for expected
reductions in system output over time due to equipment aging or due to system down times.

The remaining input pages depend on the system's technology, and are described in the following sections:

Photowoltaic Systems: Input pages for photowoltaic flat-plate and concentrating photowoltaic systems, and
for systems modeled using the PVWatts array performance model.

Parabolic Trough Systems: Input pages for parabolic trough systems for either the physical _trough model
or empirical trough model.

Dish Stirling Systems: Input pages for dish-Stirling systems.

Power Tower Systems: Input pages for power tower or central receiver systems.
Generic Fossil Systems: Input pages for the simple fossil-fuel system model.
Solar Water Heating: Input pages for the solar water heating model.

4.1 Technology and Market

Contents

» Choosing_options_in_the Technology and Market Window describes the steps for
choosing options in the Technology and Market window.

» Owveniew_of Technology_ Options explains the three technology groups and the
models available for each.

» Oweniew of Financing Options explains the financial options available for residential,
commercial, and utility market options.
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Choosing Options in the Technology and Market Window

The Technology and Market window allows you to choose the technology and financing options for a new
case, or to modify the options for the current case. The technology options determine whether the project is
based on a photowoltaic, concentrating solar power, or generic fossil-fuel system. For each technology
option, a different set of financing options is available, determining whether the project is a residential,
commercial, or utility project. Solar Advisor displays a different set of input pages and variables based on
the options defined on the Technology and Market window.

If you are starting a new project, you should open a sample template that most closely resembles the
configuration you are modeling instead of changing options in the Technology and Market window. Starting
from a sample template helps to ensure that the values of input variables are reasonable for a given
combination of technology and market. This is important because, due to the large number of input variables
in the model, most analyses will depend on using default values for at least some of the variables.

For some comparative analyses, it may be useful to change the technology or market options. For
example:

e To compare projects based on the same set of technology assumptions but using a different set of
financing options. For example, to compare a 3 kW residential photowltaic system with a 3 kW
commercial photowoltaic system, you might start with the Residential Flat Plate System case from the
Sample PV Systems template, modify input variables as needed to define a 3 kW system, and then
create a copy of the case and change the market option to Commercial - Standard Loan. That would
create two cases with the same set of technology assumptions, but with different financing options.

e To compare projects that use the same set of financial assumptions but use a different technology. For
example, to compare a utility-scale photowoltaic system to a utility-scale parabolic trough system, you
might start with a case from the Sample Parabolic Troughs template and change the technology option
to a photowoltaic option to preserve the financial options from the trough template.

Whenever you make changes in the Technology and Market window, verify the variables on each input page
to make sure that they are appropriate for your analysis.

To choose or modify technology and financing options:

1. Open the Technology and Market window:
If you are working in an existing file, click Select Technology and Market.

@ SAM 2009.9.8: Custom HTF Example.zsam

e [ase Results LUeveloper

Elp

&2 parabolic Trough Custom HTF 3 &% r

| Select Technology and Market. . | [ CSP Parab

ICIimatE

If you are starting from a new file, click New Project on the File menu.

2. In the Technology and Market window, select a technology and financing option. See the tables
below for descriptions of the options.

3. Check Reset to Tech/Market-specific default inputs to populate variables on the input pages
with the default values used in sample templates. This will replace any values that may have been
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saved in previous model runs and is the default option.

Clear Reset to Tech/Market-specific default inputs to use values stored from previous model
runs. This is useful if you are switching between technologies and want to revert to input values that
you saved in an earlier analysis.

4. Click OK to return to the main window. Solar Advisor displays the technology and market option in
brackets for your reference.

& SAM 2009.9.8: Sample Dish Stirling Systems.zsam

File Case Results Developer Help

&3 single 25 kW Dish Stirling Unit 3 | #Z 100MW Dish Stirling Field

| Select Technology and Market. .. | (EP Dish Stirling, Utility IP@

- .
lCIlm ate | I —

Overview of Technology Options

The technology option you choose determines what kind of system Solar Advisor models for the current
case.

Photovoltaics

Photowoltaic_systems convert sunlight into electricity, based either on flat-plate photowoltaic modules or
concentrating photowiltaic (CPV) modules. Photowltaic systems can be modeled as residential,
commercial, or utility projects. In Solar Advisor, photowltaic systems are grid-connected and may or may
not include storage batteries. The two options allow you to model the photowltaic system using separate
models for the module and inverter, or to model the entire system using a single model:

¢ Component-based models represent the module and inverter as separate components, and allow you to
choose from four module performance models (including a CPV model) and two inverter performance
models.

e The PVWatts System model represents the entire photowltaic system using a simple set of parameters.

Concentrating Solar Power

Concentrating solar power systems (CSP) conwert solar radiation to thermal energy for use in a conventional
steam generation plant. Solar Advisor models three types of CSP systems: Parabolic trough, power tower,
and dish-Stirling systems.

e Physical_Trough System uses mathematical models that represent component geometry and energy
transfer properties of a parabolic trough system.

e Empirical Trough System uses a set of curve-fit equations derived from regression analysis of data
measured from real systems to model parabolic trough systems.

e Power Tower System (central receiver systems) models a field of heliostats that focus light on a central,
tower-mounted receiver and drive a power cycle with or without storage.

e Dish Stiring System models a field of dish-shaped collectors, each equipped with a dish-Stirling engine
that converts solar energy into electricity.Concentrating solar power systems convert solar energy to heat
to drive a thermal power plant.
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Generic Fossil Systems

Generic fossil systems convert a fuel to electricity. This simple model allows you to compare the energy
costs of a fossil fuel based system with those of solar technologies using a consistent set of financial
assumptions. Generic systems can be modeled as residential, commercial, or utility projects.

Solar Water Heating

Solar water heating systems use solar energy to heat water for domestic applications. Solar water heating
systems can be modeled as residential projects.

Overview of Financing Options

The financing options determine the set of variables that Solar Advisor displays on the Financing page, and
whether or not the Utility Rate page is available. See the table below for details.

Note. The electricity sales price is an input on the Utility Rate page for commercial projects with cash or
loan financing. For utility and third-party ownership projects, the electricity sales price is a result
reported as the first year PPA Price on the Results page. The Utility Rate page is not available for utility
and third-party ownership projects.

Residential Market

Available for photovoltaic, generic fossil, and solar water heating systems.

A small-scale project developed and owned by a residential homeowner with no depreciation tax deductions
or investment return constraints. Residential projects sell electricity through a net metering agreement with
an electric senvice provider at either a fixed rate or a rate based on a time-of-use pricing schedule defined on
the Utility Rate page. The two residential financing options with parameters defined on the Financing page
are:

e Cash, where the total installation cost is incurred in year zero of the cash flow.

* Loan or Mortgage, where a portion of the installation cost is incurred in year zero, and the rest is spread
over the analysis period, with annual capital and interest payments.

Residential projects may or may not benefit from tax credits or payment incentives

Commercial Market
Available for photowoltaic, parabolic trough, dish-Stirling, and generic fossil systems.

A mid-scale project dewveloped and owned by a commercial entity that qualifies for a depreciation deduction
under U.S. federal tax code. Commercial projects sell electricity through a net metering agreement with an
electric service provider at either a fixed rate or a rate based on a time-of-use pricing schedule defined on
the Utility Rate page. The two commercial financing options with parameters defined on the Financing page
are:

e Cash, where the total installation cost is incurred in year zero of the cash flow.
® Loan, where a portion of the installation cost is incurred in year zero, and the rest is spread over the
analysis period, with annual capital and interest payments.

The Third-party Ownership option is for a project that is installed, owned and operated by a party separate
from the commercial entity that owns the property on which the project is installed. Third-party ownership
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projects sell electricity through a power purchase agreement with the property owner at a fixed price with
optional annual escalation, are financed through a loan, and must meet a minimum internal rate of return
target. The financing parameters and constraints are defined on the Einancing page. The electricity sales
price is reported as the first year PPA price in the Metrics table on the Results page.

Commercial projects may or may not benefit from tax credits or payment incentives.

Utility and IPP
Available for all systems.

A large-scale power generation project financed through a loan that sells electricity to an electricity off-taker
through a power purchase agreement at a fixed price with optional annual escalation. Utility projects must
meet minimum debt senice coverage ratio and internal rate of return targets.

Utility projects may or may not benefit from tax credits or payment incentives.

No Financials
Available for all systems except power tower.

This option is for analyses of system performance that do not inwlve cost or financial modeling.

4.2 Climate

Tao view the Climate page, click Climate in the main window's
navigation menu.

System Summary Z

Contents

» Owveniew of the Climate Page describes the options for choosing weather data and
the variables displayed on the Climate page.

» Input Variable Reference describes the variables and buttons on the Climate page.

» Adding and_Removing Weather_File. Search_Paths explains how to add your own
weather files to the Location list.

» Copying Weather Data to a_Project explains how to embed weather data in your
project file for sharing with other people.

» Creating a TMY 3 Weather File describes Solar Advisor's TMY3 weather file creator
to use your own weather data in Solar Advisor.

» Using_Location Lookup explains how to automatically download satellite-derived
data for any location in the United States using a street address, zip code, or
latitude and longitude.
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» Downloading Weather Files from the Internet explains how to download TMY3,
EPW, and satellite-derived data from the internet.

Overview

The Climate page allows you to choose the weather file that Solar Advisor uses for simulations in the
current case. The Climate page displays a summary of the weather data, and also allows you to view all of
the data in the time series data viewer (DView).

A Solar Advisor weather file is a text file that contains hourly data describing the solar resource at a
particular location in one of three formats:

e TMY3 comma-delimited text file format (.csv)
o TMY2 non-delimited text file format (.tm2)
e EPW comma-delimited text file format (.epw)

Files in each of these formats may contain typical year data or data for a single year.

The National Renewable Energy Laboratory's typical year data represents average weather data over a
range of years: 1961-1990 for TMY2 data, and 1991-2005 for TMY 3 data. Each typical year file may contain
data from different years within the range, for example a TMY 3 file might contain 1995 data for the month of
February, 2001 data for March, 1998 data for April, etc. The NREL typical year data is based on analysis of
weather data measured at each location and is appropriate for economic and performance predictions of a
project over a long analysis period.

Single year data represents the weather at a location for a specific year. Single year data is appropriate for
analysis of a project's economics and performance in a particular year, and for analyses inwlving rate
structure or load data for a given year. Single-year weather data can be deweloped from on-site
measurements or from satellite-derived measurements. The weather files available from the Solar
Prospector website using Solar Advisor's Location Lookup feature contain single-year data. NREL also
publishes the specific-year data used to dewvelop the TMY2 and TMY 3 data sets on its website.

To learn more about the three file formats, and about NREL's typical year methodology, visit the following
websites:

e TMY3: comma-delimited text file format (.csv). http://rredc.nrel.gov/solar/old _data/nsrdb/1991-2005/tmy 3/
e TMY2: non-delimited text file format (.tm2). http://rredc.nrel.gov/solar/old_data/nsrdb/tmy2/

e EPW: comma-delimited text file format (.epw). http://www.eere.energy.gov/buildings/energyplus/
weatherdata format def.html

Solar Advisor may not be able to read weather files that contain formatting errors or erroneous data
elements. In some cases, you can use a text editor to compare a problematic file with one in the same
format that works correctly in Solar Advisor to find problems with the file.

The time convention for Solar Advisor hourly simulations is determined by the convention used in the
weather data. For example, TMY2 and TMY3 data both use local standard time, and the radiation data
values represent energy received during the 60 minutes preceding the indicated hour. The global horizontal
radiation shown for hour 1 represents the total radiation incident on a horizontal surface between midnight
and 1:00 a.m. of the first hour of the year. Both data sets assume that there are 8,760 hours in one year
and do not account for leap years.
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Note. You can simulate a system using more than one weather file in a single case by using Solar
Advisor's parametric simulation option.

To choose a weather data file:

1. In the Location list, click a file name. Solar Advisor comes with a complete set of the 239 TMY2
files for U.S. locations.

Chioose Climate fLocation

Localon ISA"I.'JG‘. Phoeno. tm2 | Refresh S lrigs
SAMIAT Py, T "
SAMICA Oaggett. tm2 Copy to user file

If the location you are modeling is not in the list, or if you would like to use different data for one of the
locations in the list, try the following options:

® Use one of the web links on the Climate page to download data from the internet. TMY 3 files are available
for 1020 U.S. locations and are based on more recent data than the TMY2 data. For locations outside of
the U.S., EPW files are available for over 1000 locations in 100 countries. The Solar Prospector website
provides access to satellite-derived weather data for the entire U.S. in TMY2 format. You can also use
Solar Advisor's Location Lookup feature to download this data by typing a location's address or
coordinates.

* Add your own weather file in either TMY2, TMY3, or EPW to the Location list.
¢ |f your own data is in a different format, use the built-in TMY 3 creator to create your own weather file.

e Purchase the Meteonorm database and software package, which contains climatological data for over
7,700 global weather stations and can convert weather data between different formats. For a link to the
Meteonorm website, see References, Weather Data.

Input Variable Reference

Choose Climate/Location
Location

The name of the weather file. A filename preceded by "SAM/" is a standard weather data file included
with Solar Advisor and stored in the \exelib\climate_files folder. A filename preceded by "USER/" is a
file in a folder that you have added to the weather file search path list.

Add/Remove
Add or remowve a folder on your computer from the list of folders Solar Advisor searches for files with the

TMY2, TMY3, or EPW file extension. Solar Advisor will list all weather files in folders that you add to
the search list in the location list. See Adding and Removing Weather File Search Paths for details.

Refresh List

Refreshes the list of files in the location list. Solar Advisor automatically refreshes the list each time
you visit the Climate page. If you add a weather file to one of the folders in the search list, you may
need to refresh the list for the file to be visible in the location list.

Copy to project

Embeds the data from a weather file to the project (.zsam) file. This useful when you share your project
file with another person and do not want to send the weather file separately. Embedding weather data in
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a project increases the size of the project file. When you copy data to a project, Solar Advisor indicates
the data with "USER/" in the location list. See Copying Weather Data to a Project for details.

Remove from project

Remove embedded weather data. The button is only active when the active location in the location list is
preceded by "USER/."

Create TMY3 file

Use the TMY3 Creator to convert your own weather data into the TMY3 format. See Creating a TMY3
file From Your Own Data for details.

Location Lookup

Type an address or coordinates for a U.S. location to download specific-year satellite-derived data from
the Solar Prospector website. See Using Location Lookup for details.

Location Information

The location information variables display data from the weather file header that describes the location. An
empty variable indicates that the information does not exist in the weather file's header. The location
information variables cannot be edited.

City

The name of the city.
State

The state abbreviation.
Timezone

The location's time zone, relative to Greenwich Mean Time (GMT). A negative number indicates the
number of time zones west of GMT. A positive number indicates the number of time zones east of
GMT.

Elevation (m)

The location's elevation above sea lewvel in meters.
Latitude (degrees)

The location's latitude in degrees. A positive number indicates a location north of the equator.
Longitude (degrees)

The location's longitude in degrees. A negative number indicates the number of degrees west of the
Prime Meridian.

Weather Data Information (Annual Averages)

Solar Advisor calculates and displays the annual awerage of four of the hourly data columns from the
weather file in the weather data information variables. Weather data information variables cannot be edited.

Direct Normal (Wh/m?2)

The annual average of the direct normal radiation data in the weather file, expressed in watt-hours per
square meter.

Diffuse Horizontal (Wh/m?2)
The annual average of the diffuse horizontal radiation data in the weather file, expressed in watt-hours
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per square meter. Note that the annual average global horizontal radiation is the sum of the direct
normal and diffuse horizontal components.

Dry-bulb Temp (°C)

The annual average of the ambient temperature data in the weather file in degrees Celsius.
Wind Speed (m/s)

The annual average wind speed in meters per second.
View hourly data

Displays graphs of data from the weather file in Solar Advisor's built-in data viewer, DView. See Data

Viewer (DView) for details.
Web Links

Links to websites with weather files on the internet. Each link opens one of three website in your computer's
default web browser:

¢ Best weather data for the U.S. (1200 + locations in TMY3 format) takes you to NREL's National
Solar Radiation Data Base (NSRDB) page for the Typical Meteorological Year 3 data.

¢ Best weather data for international locations (in EPW format) takes you to the EnergyPlus weather
file page.

¢ U.S. satellite-derived weather data (10 km grid cells in TMY2 format) takes you to NREL's Solar
Power Prospector website.

Adding and Removing Weather File Search Paths

A weather file search path is a folder name and path on your computer that Solar Advisor searches for
weather files in one of the three formats that it recognizes: TMY3, TMY2, and EPW. Solar Advisor
populates the Location list from the default path and any paths that you add to the path list.

The default path for the complete set of TMY2 weather files included with Solar Advisor is
\exelib\climate_files in the Solar Advisor installation folder. Solar Advisor can read weather files stored in
any folder on your computer. Because the default location can be difficult to find, if you plan to use weather
files other than the default TMY?2 files, we recommend that you create an easy-to-find folder to store your
weather files. You can then add the location to the weather file search path using the instructions below,
and Solar Advisor will automatically find all weather files that you add to the folder.

To add and remove Location list weather file paths:
1. On the Climate page, click Add/Remove.
2. Inthe Library Settings window, click Add.
3. Navigate to the location on your computer where the weather file is stored.
You can add as many file search paths as you wish.
4. Click Close to return to the Climate page.
Solar Advisor displays the search paths you added in the Location list.

To remowve a search path from the list, click Add/Remove to open the Library Settings window,
select the search path and then click Remove. Note that removing a search path does not delete
any weather files.
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Note. You can also add and remove weather file paths in the SAM Preferences window, by clicking
Preferences on the File menu.

Copying Weather Data to a Project

When you want to share a Solar Advisor Model project with another person, and the project uses one or
more weather files that the other person does not have, you can include a copy of the data from the weather
files in the Solar Advisor Model file. Including weather data in a Solar Advisor Model file increases the size
of the file, but also makes it more portable. For example, the size of the photowltaic sample file with no
weather files is 35 kB, with one weather file 274 kB, and with two weather files is 503 kB.

To copy data from a weather file to the project file:

1. On the Climate page, choose the weather file from the Location list.
2. Click Copy to project.

Solar Advisor adds the file to the location list with the "USER/" prefix, indicating that the data is
included in the Solar Advisor project file. To remowe a file from the list, select it, and click Remove
from project.

Creating a TMY3 File from Your Own Data

If you have hourly weather data that is not in one of the three formats (TMY3, TMY2, EPW) that Solar
Advisor can read, you can use the Create TMY3 File feature to create your own weather file in the TMY3
format. TMY3 files are comma-separated text files and use the ..csv extension, e.g., my_weather_file.csv.

Note. Unless you have a complete set of weather data for your location that you can use with
confidence, using your own data introduces uncertainty into your analysis, and may result in inaccurate
results or even simulation errors.

The TMY 3 file creator modifies a base file that you specify by replacing only the columns that Solar Advisor
needs for simulations. To use the feature, you must have the following:

e A base file in TMY3 format to use as a starting point. If possible, the base file should be for the same
location or a nearby location with similar weather characteristics. If you have a complete data set that
includes all of the columns shown in the table below, then you can use any TMY3 file as a base file. For
a link to the TMY3 website and documentation, see References, Weather Data.

e Hourly data (8,760 rows) for each of the data columns shown in the table below.

The TMY 3 file creator replaces columns of data in the base file with data that you provide. If you do not hawe
data for one or more of the columns, you can choose to not replace data for those columns. This will result
in a data set that Solar Advisor can read but with mismatched elements that may cause inaccurate results
or errors in the simulation.

To create a TMY3 weather file:

1. On the Climate page, click Create TMY3 file.

2. In the TMY3 Creator window, click Open base TMY3 file, and navigate to the folder containing the
base file.

3. Edit the header fields as appropriate, using the table below for reference.
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9.

10.
1.
12.

Open the file containing your weather data.

In your weather data file, copy the column of global horizontal radiation data. Be sure to copy all
8,760 rows of data, but do not include the row header. The column should contain 8,760 rows of
numbers.

In the TMY3 Creator window, click the GHI (W/m”w) column heading. Solar Advisor should
highlight the entire column in dark gray.

Click Paste.

Repeat the copy and paste procedure for each column until you have pasted all of your data into
the table.

Click Save as new TMY3 file. You can saw it to any folder on your computer.

Click Close to return to the Climate page.

Click Refresh list. Solar Advisor may take a moment or two to refresh the location list.

In the Location list, select the new TMY3 file. You should find it toward the end of the list.

After creating and loading your weather file, run some test simulations and examine the hourly results to
see if there are any problems with the data.

Table 1. Header data for TMY3 weather files

Data Element Name Description Units

Site Identifier Code A number identifying the location.

Station Name A text description identifying the location.

Station State A two-letter text abbreviation for the location's state.

Site Time Zone (GMT) Time zone of the location in GMT, for example 0, 1, 6, -
7, -9.

Latitude Degrees north or south of the equator of the project site.| decimal degrees
For example, 34.65, -8.0.

Longitude Degrees east or west of the prime meridian. For decimal degrees
example, -112.42, 1.6.

Elevation Location's height above sea level. m
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Table 2. Hourly data used for different technologies.

Data Element Name Description Units
Date Date of current hour. MM/DD/YYYY
Time Time of current hour in local standard time. HH:MM
Global Horizontal Total amount of direct and diffuse solar radiation received on Wh/m?
Radiation a horizontal surface for the hour.

Direct Normal Radiation Ampunt of solar radiation received in one hour within a Wh/m?
limited field of view centered on the sun.

Diffuse Horizontal Amount of solar radiation received in one hour from the sky, 2

o . . . Wh/m

Radiation excluding the solar disk on a horizontal surface.

Wind Velocity Awverage velocity of the wind for the hour. m/s

Dry Bulb Temperature |Awverage dry bulb temperature for the hour. °C

Dew Point Temperature |Average dew point temperature for the hour. °C

Relative Humidity Average relative humidity for the hour. %

Pressure Station pressure or measured atmospheric pressure mbar
corrected for temperature and humidity for the hour.

Albedo Ratio of reflected solar radiation to global horizontal -
radiation. Use -99 for null.

Using Location Lookup

Solar Advisor's Location Lookup feature allows you to type an address, zip code, or latitude and longitude to
download weather data for any location in the United States. Location Lookup uses the Google Maps API
Geocoding Senvice senice to identify the geographic coordinates of a location, and downloads data from
NREL's Solar Power Prospector database. To use the Location Lookup feature, your computer must be

connected to the Internet.

To download data from Solar Power Prospector:

1. On the Climate page, click Location Lookup.
2. Type a street address zip code, or latitude and longitude, for example:
1617 Cole Boulevard, Golden CO

80401

3944 N10509 W

35.75-105.15

Solar Advisor will search the Solar Power Prospector database for a weather file and download it to the
weather file folder specified on the Preferences page.

To change the default weather file folder for downloaded files:

1. On the File menu, Click Preferences.

2. Under Folder for automatically downloaded weather files, type a path name or click _| to
navigate to the folder.

Note that the folder for automatically downloaded weather files is different from the weather file
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search path.
3. On the Climate, page click Add/Remove.
4. In the Library Settings window, click Add to add the folder to the weather file search path list.
5. Click Close to return to the Climate page.

Downloading Weather Files from the Internet

NSRDB Typical Meteorological Year 3 (TMY3) data: Best data for U.S. Locations

The NSRDB maintains two sets of TMY data. The TMY2 data represent data from 1961 to 1990. The
complete TMY2 data is included with Solar Advisor: To use TMY2 data, you simply select a location from
the list on the Climate page.

The updated TMY3 data set is based on data from 1991 to 2005. To use TMY3 data in Solar Advisor, you
must download the data from the NSRDB website.

To download a TMY3 file:
1. Click the Best weather data for the U.S. (1200 + locations in TMY3 format) link to open the
NSRDB TMY 3 database page.
On the NSRDB website, click the In alphabetical order by state and city link.
Scroll to the state and city at or nearest your location.
Click the identification code link for the location to download the TMY 3 file.

Sawe the file to your Solar Advisor weather folder. See Adding and_Removing Weather Files for
instructions.

o ke Dd

EnergyPlus Weather (EPW) Files

You can download weather data in EPW format for locations around the world at no cost from the
EnergyPlus weather data website at http://www.eere.energy.gov/buildings/energyplus/cfm/weather_data.cfm

To download an EPW file:
1. Click Best weather for international locations (in EPW format) and navigate to the region and
location you want to model.
2. Download the EPW file for the location you are modeling.
If there is not an EPW file for the location, download the ZIP file and extract the EPW file.

3. Sawe the file to your Solar Advisor weather folder. See Adding and Removing Weather Files for
instructions.

For some regions, you can download an EPW file directly for a location. For example, for Bangladesh, you
can download the data for Dhaka by right-clicking the blue square next to the word EPW for Dhaka. Be sure
to sawve the file with the .epw extension.
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All Regions : Asia WMO Region 2 : Bangladesh

Bogra {SWERA) W Epw - Earhg H zip
Chittagong-Patenga {SWERA) W Erw M sTaT H zip
Coxs Bazar {SWERA) P W sTAT W zip
Dhaka [SWERA) W STAT W zip
Ishurdh [SWERA) W e W STAT H zip

For other regions, you must first download a zip file containing the EPW file and then extract the EPW file.
For example, for Malaysia, you can download the data for Kuala Lumpur by right-clicking the red square
next to the word ZIP for Kuala Lumpur. After downloading the zip file, you can extract the EPW file.

All Regions : Southwest Pacific WMO Region 5 : Malaysia
George Town (TWEC) W sTaT M zip

Kota Baharu (IWEC) W STAT | Wrdls
Kuala Lumpur [TWEC) M STAT

Satellite-derived (NREL Solar Prospector) Weather Data

The NREL Solar Prospector website provides access to satellite-derived data in TMY2 files for specific
years between 1998 and 2005 for locations in the U.S. at a resolution of 10 km.

To download satellite-derived data:

e The easiest way to download a satellite-derived data is with Location Lookup. You can also visit the
NREL Solar Prospector website to download data manually by clicking U.S. satellite-derived
weather data (10 km grid cells in TMY2 format).

4.3 System Summary

To view the System Summary page, click System Summary in the
main window's navigation menu.

Lt 3.4 Long: -1020

)

Fanancing

The System Summary page displays variables that describe the system's capacity and capital costs. Solar
Advisor displays the variables so that you can quickly see some key properties of the system. The variables
on the System Summary page are copies of variables from other input pages.

Solar Advisor displays the same set of summary variables for all of the technologies to facilitate quick
comparisons of different cases using different technologies.

System Summary
System Nameplate Capacity (kW)

The system's rated or nominal capacity in kilowatts. For photowiltaic systems, the value is equivalent to
the total array power calculated on the Array page. For concentrating solar power systems, the value is
equivalent to the power block's rated capacity, which is an input on the Power Block or Power Cycle,
Power Cycle, or Stirling Engine page for trough, tower, or dish systems, respectively.
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The nameplate capacity is the value that Solar Advisor uses to calculate cost per kilowatt values
displayed on the cost pages and used for economic modeling.

Total Direct Cost ($)

The total cost of installation equipment and senices, calculated on the system cost page.
Total Installed Cost ($)

The project's total capital cost, including direct and indirect costs, calculated on the system cost page.
Total Installed Cost per Capacity ($/kW)

The total installed cost divided by the system nameplate capacity, also displayed on the system cost
page.

Analysis Period (years)
Number of years cowered by the analysis. Typically equivalent to the project or investment life, also
displayed on the Einancing page.

Inflation Rate (%/year)

Annual rate of change of prices, typically based on a price index. Solar Advisor uses the inflation rate to
calculate costs in the cash flows for years after year one, also displayed on the Financing page.

Real Discount Rate (%/year)

A measure of the time value of money expressed as an annual rate. Solar Advisor uses the real
discount rate to calculate the present value (value in year one) of cash flows over the analysis period
and to calculate annualized costs, also displayed on the Einancing page.

4.4 Utility Rate

ysLem Summary > To view the Utility Rate page, open a case with residential or commercial
L“ financing, and then click Utility Rate in the main window's navigation
" menu.

Uitility Rate

Financ T
g 54

Contents

» Ovenview defines the utility rate and describes how to choose a utility rate structure.

» Utility Flat Rate describes how to define the price of electricity for distributed
energy projects that buy and sell electricity under a net metering agreement with
the electric service provider.

» Utility Time-of-Use_Rate describes how to define an electric rate schedule for
projects that buy and sell electricity under a time-of-use pricing agreement with the
electric senice provider.
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Overview

The Utility Rate page allows you to choose the rate structure for distributed energy projects with residential
or commercial financing. Those projects may both purchase electricity from and sell electricity to an electric
senvice provider. Solar Advisor assumes that projects with utility or commercial third party financing sell all
of the electricity they produce at a fixed or escalating rate negotiated through a power purchase agreement.
For such projects, Solar Advisor calculates an electricity sales price as a result, and ensures that it covers
project costs and meets financial constraints

|Note. A project's financing type is defined in the Technology and Market window.

The utility rate is the price per kilowatt-hour available to distributed energy projects for electricity sold or
purchased by the project. Solar Advisor displays electricity payments and revenue in the project cash flow,
and accounts for them in the net present value reported in the Metrics table, but not in the levelized cost of

energy (LCOE) calculations.

To choose the utility rate structure:
1. In the rate type list, choose a rate type.

[ty Flat Feate |
Litiity Flat Rate
Flat R ha N i

Solar Advisor allows two options for modeling the utility rate: utility flat rate and utility time-of-use
rate.

Utility Flat Rate

For the utility flat rate option, a single rate applies to every hour of the year. If you specify a non-zero
escalation rate, Solar Advisor escalates the utility rate annually. The flat rate option assumes net-metering,
where electricity is purchased and sold by the project at the same rate.

Rate Information
Flat Rate ($/kWh)

The electricity price for sales and purchases of electricity under a net-metering agreement in dollars per
kilowatt-hour.

Rate Escalation (%/yr)
The annual rate of increase of the electricity price above the inflation rate defined on the Financing page.

In some cases, it may be useful to assign a different flat utility rate to each year in the analysis period. (The
analysis period is defined on the Financing page.) For example, you could model a flat rate that increases
every five years by assigning one value to years 1 through 5, a second one to years 6 through 10, and so
on.

To enter the flat rate as an annual schedule:

1. Choose Utility Flat Rate for the rate type.
The "Value" label is blue indicating that the single value mode is active for the variable.
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0.12

2. Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.
el Edit.. |

3. Click Edit.

4. In the Edit Schedule window, type values for each year in the analysis period. Use the horizontal
scroll bar to mowve through the years.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid.

5. When you hawe finished editing the schedule, click Accept.

Utility Time-of-use

The utility time-of-use (TOU) option allows you to apply a TOU schedule in order to define electricity prices
that vary with the time of day and month. Solar Advisor stores time-of-use schedules in a library, so you can
either choose a schedule from the library, or create your own schedule.

Schedule Library
Choose schedule from library

Solar Advisor includes schedules for four U.S. regions. You can choose a schedule from the library to
automatically populate the time-of-use periods rates and the schedule matrices. See the instructions
below for details.

Time-of-Use Periods

Each time-of-use schedule can have up to nine periods, each with a different electricity price and annual
escalation rate.

Period (1-9)
The period number and color corresponds to the number and color in the schedule matrix.
Name

The name of the time-of-use period. The name is a description of the period to help you identify the
different periods. Solar Advisor does not use the name.

Rate ($/kWh)

The electricity price in dollars per kilowatt for the time-of-use period.
Esc (%lyr)

The annual escalation rate that applies to the electricity price for the time-of-use period.
Weekday Schedule

The time-of-day and month-of-year matrix that assigns the time-of-use periods to a given schedule that
applies to the five working days of the week: Monday through Friday. Solar Advisor assumes that the
year begins on Monday, January 1, in the hour ending at 1:00 a.m.
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Weekend Schedule

The time-of-day and month-of-year matrix that assigns the time-of-use periods to a given schedule that
applies to the two weekend days of the week: Saturday and Sunday. Solar Advisor assumes that the
year begins on Monday, January 1, in the hour ending at 1:00 a.m.

To choose a schedule from the library

1.

In the Schedule Library list, click a schedule name.

Schedules with "SAM/" in the name are predefined schedules that you cannot modify. Schedules
with "USER/" in the name are schedules that you can modify in the library manager. See Working
with Libraries for details.

Click Apply Schedule.

Solar Advisor displays the time-of-use schedule in the weekday and weekend schedule matrices,
using colors and numbers that correspond to those in the list of Periods 1 through 9 in the time-of-
use periods list.

You can modify values and times for the schedule. See the instructions for creating your own schedule
below for details.

To create your own schedule

1.

4.5

In the Schedule Library list, click a schedule name for a schedule similar to the one you want to
create, if applicable.

In the time-of-use periods list, type a name, rate, and escalation rate for up to nine periods in the
time-of-use schedule.

See the descriptions in the table above for details about the variables.

In the weekday schedule matrix, use your mouse to select the blocks to which Period 1 applies,
and type a '1' to populate the blocks.

The block color changes to match the Period 1 color and the number 1 appears in the block.

Select the squares for the next period, type the period's number, and repeat until the schedule is
complete.

Repeat Steps 3 and 4 in the weekend schedule matrix to define the weekend schedule.

Financing

2. To view the Financing page, click Financing in the main window's

navigation menu.

=

'H('-_'i

Tax Credit Incentives ﬁ

Note. If the Financing button does not appear in the main window's navigation menu, check that the No
Financials option is not the active option on the Technology_and Market window. The Financials page is
available only for projects with an active financing option.
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Contents

» Financing Options describes the project financing options available in Solar Advisor
and specified in the Technology and Market window.

> Input Variable Reference describes the input variables on the Financials page.

» Calculated Values describes the equations used to calculate the Principal Amount
and WACC variables.

Overview

The Financing page displays the variables that Solar Advisor uses to calculate the project cash flow and
other related financial metrics that appear on the Results page. The variables that appear on the Financing
page depend on the financing option specified in the Technology and Market window.

For more details on financing options, please refer to the list of publications under Project Economics and
Financing in the References section. You can also download an Excel workbook for each financing type
that includes formulas emulating Solar Advisor's financial calculations. The workbooks are available on the

Solar Advisor website's support page, https://www.nrel.govanalysis/sam/support.html.

Financing Options

The six financing options specified on the Technology and Market window represent the financing options
typically available to projects in the residential, commercial and utility markets for renewable energy
projects.

Solar Advisor assumes that residential and commercial projects are on the customer's side of an electric
utility's meter, and that the electricity they produce offsets electricity purchased from the utility to meet the
customer's electric load. Residential and commercial projects can buy and sell electricity at a flat rate (with
or without annual escalation) or at rates determined by a time-of-use pricing schedule. For these projects,
the electricity price is an input defined on the Utility Rate page.

Utility projects are revenue generating projects that sell electricity at a rate determined through a power
purchase agreement. Utility projects sell electricity at a fixed rate with our without annual escalation. For
utility projects, the electricity price is a result.
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Table 3. Financing options for different project types. The financing options are also
discussed in the Technology and Market topic.

Financing Option

Description

Residential Cash

The owner pays cash in the amount of the total installed cost in year zero of
the project cash flow.

Residential Loan

The owner pays cash for the equity portion of the total installed cost in year
zero of the cash flow, and makes an interest and principal payments in
subsequent years.

Commercial Cash

The owner pays cash in the amount of the total installed cost in year zero of
the project cash flow.

Commercial Loan

The owner pays cash for the equity portion of the total installed cost in year
zero of the cash flow, and makes an interest and principal payment in
subsequent years.

Commercial Third Party

The commercial project is owned by a third party that earns revenues through
electricity sales at a fixed or escalating annual rate determined through a
power purchase agreement to cover project costs. The owner pays cash for
the equity portion of the total installed cost in year zero of the cash flow, and
makes an interest and principal payment in subsequent years. Solar Advisor
calculates a first year power purchase price that meets internal rate of return,
minimum debt senice coverage ratio and positive cash flow requirements.

Utility IPP

The project earns revenues through electricity sales at a fixed or escalating
annual rate determined through a power purchase agreement to cover project
costs. The owner pays cash for the equity portion of the total installed cost in
year zero of the cash flow, and makes an interest and principal payment in
subsequent years. Solar Advisor calculates a first year power purchase price
that meets internal rate of return, minimum debt senice coverage ratio and
positive cash flow requirements.

The variable groups that appear on the Financing page depend on the financing option displayed in the
Technology and Market window. For example, residential loan financing does not include the Depreciation
group of variables, which is only available for the commercial and utility financing types. The variable groups
are described in the input reference below.
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Table 4. Financing variable groups for each type of financing. Variable groups are
described in the input variable reference below.

Financing Option Available Variable Groups
Residential Cash General
Taxes and Insurance
Residential Loan General
Taxes and Insurance
Loan Type

Residential Loan Parameters
Weighted Average Cost of Capital

Commercial Cash General

Taxes and Insurance
Federal Depreciation
State Depreciation

Commercial Loan General

Taxes and Insurance
Commercial Loan Parameters
Federal Depreciation

State Depreciation

Commercial Third Party General

Taxes and Insurance

Third Party Ownership Financing
Power Purchase Agreement
Constraining Assumption
Financial Optimization

Federal Depreciation

State Depreciation

Utility IPP General

Taxes and Insurance

Utility IPP Financing Parameters
Power Purchase Agreement
Constraining Assumption
Financial Optimization

Federal Depreciation

State Depreciation

Note. To model a utility project with cash financing when sufficient cash is available to fund the project
with no debt, use the Commercial Cash financing option. Financing constraints do not apply to projects
with cash financing.

Input Variable Reference

The groups of variables that appear on the Financing page depend on the financing option defined on the
Technology and Market window.
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General (applies to all financing options)
Analysis Period
Number of years covered by the analysis. Typically equivalent to the project or investment life.
Inflation Rate

Annual rate of change of prices, typically based on a price index. Solar Advisor uses the inflation rate to
calculate costs in the cash flows for years after year one.

Real Discount Rate

A measure of the time value of money expressed as an annual rate. Solar Advisor uses the real
discount rate to calculate the present value (value in year one) of cash flows ower the analysis period
and to calculate annualized costs.

Taxes and Insurance (applies to all financing options)

Tax and insurance values are expressed as a percentage of the total installed costs shown on the system
costs page. The Federal, state and property tax percentages apply applied in each year of the cash flow,
and the sales tax and insurance is applied to year one of the cash flow.

Federal Tax, State Tax

Federal and state income tax rate. Applies to annual income from incentives for all projects, and to
revenues from electricity sales for utility projects.

Property Tax

Annual tax paid on project property, expressed as a percentage of total installed costs. Solar Advisor
treats property tax as a tax-deductible operating expense for each year. In each year, the property tax
expense is the property tax rate multiplied by the annualized installation cost.

Sales Tax

A one-time tax paid in year one on equipment purchases during installation, expressed as a percentage
of the taxable portion of installed costs. Solar Advisor treats sales tax as a deductible expense. The
taxable portion of installed costs is defined on the Costs page.

Insurance
An annual operating expense expressed as a percentage of total installed costs.

Loan Parameters (applies to all financing options except residential cash and
commercial cash)
Principal Amount

The amount of money borrowed to cower installation expenses. Solar Advisor calculates the loan
amount based on the Loan (Debt) Fraction and the Total Installed Costs on the system costs page.
See below for a description of the calculation.

Loan (Debt) Fraction, or Debt Fraction

Percentage of the total installed cost to be borrowed. For projects with IPP Utility or Commercial Third
Party Financing, when the financial optimization option is checked, the debt fraction is a result instead
of an input variable.
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Loan Term

Number of years required to repay a loan. Can be more or less than the analysis period.
Loan Rate

Annual loan interest rate.
WACC

The weighted average cost of capital (WACC) is defined as the minimum return that the project must
earn to cover financing costs. See below for a description of the calculation. Solar Advisor does not use
this value in its economic calculations.

Loan Type (applies to residential loan or mortgage projects only)
Standard Loan
Loan interest payments are not tax deductible.
Mortgage
Loan interest payments are tax deductible.

Federal Depreciation and State Depreciation (applies to commercial and utility IPP
projects only)

No Depreciation
The project does not claim a depreciation tax deduction.
MACRS Mid-Quarter Convention

Modified Accelerated Cost Recovery System depreciation schedule offered by the Federal government
and some states. This tax deduction, expressed as a percentage of the total installed cost, applies to
the first years of the project life as follows: 35%, 26%, 15.6%, 11.01%, 11.01%, and 1.38%.

MACRS Half-Year Convention

Modified Accelerated Cost Recovery System depreciation schedule offered by the Federal government
and some states. This tax deduction, expressed as a percentage of the total installed cost, applies to
the first years of the project life as follows: 20%, 32%, 19.2%, 11.52%, 11.52%, and 5.76%.

Straight Line (specify years)

A depreciation schedule offered by the Federal government and some states. This tax deduction is 20%
of the of total installed cost and applies to the number of years you specify, starting with year one of the
project life.

Custom (specify percentages)

Allows you to assign a depreciation deduction as a percentage of the total installed cost for each year
in the project life. Click Edit to assign the values, and see Editing Annual Schedules for details on
entering the values.

Power Purchase Agreement (applies to utility IPP and commercial third party
projects only)

PPA Escalation Rate
An escalation rate applied (above inflation) to the first year PPA price to calculate the electricity sales

April 2010



Financing 57

price in years two and later in the project cash flow. When the financial optimization option is checked,
the PPA escalation rate is a result instead of an input variable.

Constraining Assumptions (applies to utility IPP and commercial third party
projects only)

The constraining assumptions only apply to systems with IPP and Utility financing. Solar Advisor calculates
the actual IRR, actual minimum DSCR, first year PPA price and LCOE that meets the constraints and
reports them in the Metrics table on the Results page.

Minimum Required IRR

The lowest value of the internal rate of returned required for the project to be financially feasible. The
internal rate of return is the discount rate that results in a project net present value of zero.

Require a minimum DSCR
A requirement that the debt-senice coverage ratio not be allowed to fall below the specified level.
Minimum Required DSCR

The lowest value of the DSCR required for the project to be financially feasible. The DSCR is the ratio of
operating income to expenses in a given year.

Require Positive Cashflow
A requirement that the annual project cash flow be positive throughout the project life.

Financial Optimization (applies to utility IPP and commercial third party projects
only)
Automatically minimize LCOE with respect to Debt Fraction

Instead of entering a value for the debt fraction, allow Solar Advisor to find the debt fraction value that
results in the lowest lewvelized cost of energy.

Automatically minimize LCOE with respect to PPA Escalation Rate

Instead of entering a value for the PPA Escalation Rate, allow Solar Advisor to find the debt fraction
value that results in the lowest levelized cost of energy.

Calculated Values

Solar Advisor calculates two values displayed for reference on the Financials page. The calculated variables
appear on the page in blue type with a blue background.

Principal Amount
The loan's principal amount is calculated as follows:

At pantmomnt = CTotallnstatled ~ FDabtFraction
Where,

$) Principal Amount

LoanAmount

Corosatinstaniea ¥ Total Installed Costs (on the system costs page)

F o obiEraction Loan (Debt) Fraction, or Debt Fraction
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WACC

The Weighted Average Cost of Capital (WACC) is defined as the minimum return that the project must earn
to cover financing costs.

WACC = FRatyrmOnEqity * (1 — FDebtFraction) T (1 — FEsfectiveTaxRate) * FLoanRate ~ F DebtFraction

The effective tax rate is a single number that includes both the federal income tax rate and state income tax
rate. Solar Advisor uses the effective tax rate for several calculations requiring a total income tax value.

The effective tax rate calculation is:
FEffectiveTaxRate = FFederalTasRate " (1 — FStateTazRate) + FStateTazRate

The federal and state tax rates are input variables on the Financing page. For residential and commercial
projects, the return on equity is equal to the discount rate, which is an input on the Financials page:

FRatumDrLE.quity = FDia:umtRata

For utility and commercial third party projects, the return on equity is the required internal rate of return,
also an input on the Financials page:

FRetornOnEquity = FRequir=dIRR
Where,

FFedemlTaxRate Federal Tax

FrateTaxkate State Tax

F DebtFraction Loan (Debt) Fraction, or Debt Fraction
F panRate Loan Rate

r DiscountRate Real Discount Rate

F RequiredIRR Required Internal Rate of Return (IRR)

4.6 Tax Credit Incentives

To view the Tax Credit Incentives page, click Tax Credit Incentives in

- the main windows navigation menu.

Fayment Incentives E

Contents

» Oveniew describes the tax credit incentives and how to define them using the
inputs on the Tax Credit Incentives page.

» Input Variable Reference describes the input variables on the Tax Credit Incentives
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page.
» Using Annual Schedules to Specify Incentives explains how to assign incentive

values to individual years instead of using a single value for all years.

» Tax_Credit Calculations describes how Solar Advisor uses the tax credit input
variables to calculate the tax credit amounts.

» Viewing Tax Credits in Results explains where to find results that show the effect of
tax credits on the project metrics and cash flow.

Overview

The Tax Credit Incentives page allows you to define the parameters of investment tax credits (ITC) or
production tax credits (PTC) provided by either the federal government, a state government, or both. For
each tax credit that you define, you can specify whether the tax credit amounts are taxable, and how the
tax credits affect the depreciation basis.

A tax credit is an amount that is deducted from the project's income tax. Solar Advisor displays tax credits
and income tax payments in the project cash flow and in results graphs and tables.

For a description of tax credits and incentives available to solar and other renewable energy projects in the
United States, see the Database of State Incentives for Renewables and Efficiency at http://www.dsireusa.

org.

To define a project's tax credits:

1.
2.

For each tax credit that applies to the project, check the federal and state options that apply.

For each checked tax credit, enter values for parameters describing the tax credit, including the
amount, term, limits, and escalation rate as applicable.

Solar Advisor only applies tax credits that are checked, regardless of the values assigned to each
tax credit. For example, the image below shows tax credit options for a project that benefits from
the 30% federal tax credit, but does not benefit from the 10% state tax credit.

Percentage Maximum
| Federal 30 % & 1e+099
State 10 %% £ le-+099

Check the tax implication options that apply to each tax credit. If you are unsure of a credit's tax
implication, use the default options from an appropriate project template.

Note. The tax credit variables and options are designed to be as flexible as possible to accommodate
the wide variety of existing credit programs available to renewable energy projects in the U.S. and
worldwide, and to allow for modeling of theoretical tax credit structures. It is possible to define
combinations of tax credits and options that may be unrealistic, such as making a federal tax credit
payment subject to federal income tax.
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Input Variable Reference

Investment Tax Credit (ITC)

An investment tax credit reduces the project's annual tax liability in year one of the project cash flow. Solar
Advisor allows the ITC to be expressed either as a fixed amount or as a percentage of the project's total
installed cost with a maximum limit.

For each ITC that applies to the project, check an option and enter values to specify the credit amount and
limit. If you specify a federal or state tax credit as both a fixed amount and a percentage of the total
installed cost, Solar Advisor includes both amounts in the total tax credit amount.

Amount ($)
The fixed dollar amount of the tax credit.
Percentage (%)

The amount of the tax credit expressed as a percentage of the total installed cost displayed on the
system costs page.

Maximum ($)
The upper limit of the tax credit in dollars. For tax credits with no limits, type the value 1e+099.

Production Tax Credit (PTC)

A production tax credit reduces the project's annual tax liability in year one of the cash flow and subsequent
years up to and including the year specified in the term variable. The PTC is a dollar amount per kilowatt-
hour of annual electric output. If you specify an escalation rate, Solar Advisor increases the annual tax
credit amount in years 2 and later in the cash flow by a percentage of the previous year's payment.

Check an option for each production tax credit that applies to the project, and enter values to specify the
credit amount, term, and annual escalation rate.

Amount ($/kWh)

The amount of the production tax credit as a function of the system's total electrical output in the first
year expressed in dollars per kilowatt-hour of AC output.

Term (years)

The number of years, beginning with year 1 on the project cash flow, that the tax credit applies. For
example, a credit with a 10-year term would apply to years 1 through 10 of the project cash flow.

Escalation (%/year)

The annual escalation rate that applies to the tax credit. Solar Advisor applies the escalation rate to
years 2 and later in the cash flow. For example, for a tax credit with a ten year term and two percent
escalation rate, the tax credit in year 2 would be 2% greater than in year 1, and in year 3, 2% greater
than in year 2, and so on.

Tax Implications

The tax implication options determine how Solar Advisor treats income from tax credits. None of the tax
credits are taxable or reduce the basis used to calculate the investment tax credit, so those options are
disabled. For commercial and utility projects (which are eligible for depreciation), the ITC may reduce the
basis used to calculate the depreciation amount. The "reduces depreciation basis" options are only enabled
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for projects with commercial or utility financing.
Taxable Incentive

Determines whether the tax credit is subject to federal or state income tax. Not relevant for tax credit
incentives.

Reduces ITC Basis

Applies only to projects that benefit from an investment tax credit. Determines whether the basis used
to calculate the investment tax credit from the federal or state government should be reduced by the
present value of the tax credit payments made over the analysis period defined on the Einancing page.
Not relevant for tax credit incentives.

Reduces Depreciation Basis

Applies only to commercial and utility projects when one of the depreciation options is active on the
Financing page. Determines whether the basis used to calculate federal depreciation, state
depreciation, or both should be reduced by the tax credit payment amount. Solar Advisor reduces the
depreciable base by 50% of the present value of the tax credits over the analysis period defined on the
Financing page. Not relevant for the production tax credit.

Using Annual Schedules to Specify Incentives

You can specify each incentive as either a single value (amount or percentage) that applies to all years in
the analysis period defined on the Financing page, or you can assign a different value to each year in the
analysis period using an annual schedule.

To specify an incentive using an annual schedule:

1. Note the blue "Value" label on the blue and gray button next to the input variable indicating that the
single value mode is active for the variable.

0.12

2. Click the button to change the mode to schedule and activate the Edit button. The button will show
"Sched" in blue indicated that the schedule mode is active for the variable.

gl Edit.. |

3. Click Edit.

4. In the Edit Schedule window, type values for each year in the analysis period. Use the horizontal
scroll bar to move through the years.
Solar Advisor will ignore any values for years after the end of the analysis period. You can change
the value in Number of values to a number less than or equal to the analysis period to shorten the
length of the table.
To delete a value, select it and press the Delete key on your keyboard.
You can use the Copy and Paste buttons to copy values from the table to your clipboard, or paste
them into the table from the clipboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid.

5. When you hawe finished editing the schedule, click Accept.
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Tax Credit Calculations

Solar Advisor provides three options for entering the tax credit amounts: As a fixed amount, percentage of
the total installed cost shown on the system costs page for investment tax credits, or as a cost per unit of
the system's electricity output calculated by the performance model for production tax credits.

The table below shows how Solar Advisor calculates the tax credit amount for each option, and the cash
flow year to which the tax credit applies.

Table 5. Summary of tax credits.

credit, PTC

tax Credit Name Type Tax Credit Calculation Applies in year
Amount Amount ($) 1
Investment tax Total Installed Cost ($)
credit, ITC Percentage x Percentage (%) 1
Up to Maximum value
. Amount ($/kWh)
Production tax Amount x Annual Energy in Year n (kWh) All, or

x [1 + Escalation (%)] * Year n

Year 1 thru term

Viewing Tax Credits in Results

The options you select on the Tax Credit Incentives page affect the financial metrics displayed in the

results, including the levelized cost of energy, net present value, and payback.

You can see the tax credit amounts and their impact on income tax and depreciation in graphs and in the

project cash flow.

To display tax credit amounts in a graph:

2 o

After running simulations, click the Graph button.
On the Graphing tab, click Add.
Choose the simulation for which you want to see tax credit amounts.
For X Value, choose Single Value.
For Y1 Values, check the name of each tax credit you want to display in the graph.
Clear the LCOE check boxes.

Solar Advisor displays the graph as you choose graphing options. You can adjust the properties of
the graph as needed.

7. Click Accept to return to return to the main window.

To display tax credit amounts in the project cash flow:
1. After running simulations, click the Graph button.
2. Click Base Case Pro-Forma to display the cash flow in a table.
3. Either drag the graph area border up or scroll down until the tax credits are visible in the table.
You can also export the base case cash flow to a csv file or to Excel by clicking the Export button.
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4.7 Payment Incentives

. To view the Payment Incentives page, click Payment Incentives in the main
—\ViNdOWS navigation menu.

Annual Performa s
nual Pe nce E

Contents

» Oveniew describes payment incentives and general procedures for defining them.

> Input Variable Reference describes the input variables on the Tax Credit Incentives
page.

» Using Annual Schedules to Specify Incentives explains how to assign incentive
values to individual years instead of using a single value for all years.

» Tax_Credit Incentives Calculations describes how Solar Advisor uses the input
variables to calculate the incentive amounts based on the input variables.

» Impact of Tax Credits on Income Tax describes the "Taxable Incentive," "Reduces
ITC Basis," and "Reduces Depreciation Basis" options.

» Viewing Tax Credit Incentives in Results explains where to find results that show
the effect of tax credits on the project metrics and cash flow.

Overview

The Payment Incentives page allows you to define the parameters of investment based incentives (IBl),
capacity based incentives (CBI), or production based incentives (PBI) provided by either the federal or state
government, an electric utility, or other institution.

An incentive payment is an amount paid to the project that contribute's to the projects annual income in one
or more years of the cash flow. Solar Advisor displays payment incentives in the project cash flow and in
graphs.

For each payment incentive that you define, you can specify whether the incentive payments are taxable,
and how the payments affect the depreciation basis.

For a description of incentives available to solar and other renewable energy projects in the United States,
see the Database of State Incentives for Renewables and Efficiency at http://www.dsireusa.org.

To define a project's payment incentives:

1. For each incentive that applies to the project, check the federal, state, utility, or other option that
applies.

2. For each checked incentive, enter values for parameters describing the incentive, including the
amount, term, limits, and escalation rate as applicable.

Solar Advisor only applies incentives that are checked, regardless of the values assigned to each
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incentive. For example, the image below shows incentive options for a project that benefits from a
30% federal incentive, and does not benefit from the 10% state incentive.

Percentage Maximum
| Federal 30 % £ 124099
State 10 % £ le-+099

3. Check the tax implication options that apply to each incentive. If you are unsure of an incentive's
tax implication, use you can the default options from an appropriate project template.

Note. The payment incentives variables and options are designed to be as flexible as possible to
accommodate the wide variety of existing incentive programs available to renewable energy projects in
the U.S. and worldwide, and to allow for modeling of theoretical incentive structures. It is possible to
define combinations of incentives and options that may be unrealistic, such as making a federal
payment incentive subject to federal income tax.

Input Variable Reference

Investment Based Incentive (IBI)

An investment-based incentive reduces the project's annual expenditures in year one of the project cash
flow. Solar Advisor allows the IBI to be expressed either as a fixed amount or as a percentage of the
project's total installed cost with a maximum limit.

For each IBI that applies to the project, check an option and enter values to specify the credit amount and
limit. Note that if you specify two incentives from the same source (federal, state, utility, other) as both a
fixed amount and a percentage of the total installed cost, Solar Advisor includes both amounts in the total
incentive amount.
Amount ($)
The fixed dollar amount of the incentive.
Percentage (%)

The amount of the investment tax credit expressed as a percentage of the total installed cost displayed
on the system costs page.

Maximum ($)
The upper limit of the incentive in dollars. For incentives with no limits, type the value 1e+099.

Capacity Based Incentive (CBI)

A capacity-based incentive reduces the project's annual expenditures in year one of the project cash flow.
Solar Advisor allows the CBI to be expressed as a function of the system's rated capacity in watts. The
system's rated capacity depends on the technology:

¢ Photowltaic systems: DC watts of array capacity.

e Concentrating solar power systems: AC watts of power block nameplate capacity.

® Generic fossil: AC watts of power block nameplate capacity.

Check an option for each capacity based incentive that applies to the project, and enter values to specify
the credit amount, percentage, term, and annual escalation rate as applicable.
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Amount ($/W)

The amount of the incentive as a function of the system's nameplate electric capacity expressed in
dollars per watt.

Maximum ($)
The upper limit of the incentive in dollars. For incentives with no limits, type the value 1e+099.

Production Based Incentive (PBI)

A production-based incentive reduces the project's annual tax liability in year one of the cash flow and
subsequent years up to and including the year specified in the term variable. The PBl is a dollar amount per
kilowatt-hour of annual electric output. If you specify an escalation rate, Solar Advisor increases the annual
incentive payment amount in years two and later in the cash flow by a percentage of the previous year's
payment.

Check an option for each production based incentive that applies to the project, and enter values to specify
the credit amount, term, and annual escalation rate.

Amount ($/kWh)

The amount of the incentive as a function of the system's total electrical output in the first year
expressed in dollars per kilowatt-hour of AC output.

Term (years)

The number of years, beginning with year one of the project cash flow, that the incentive applies. For
example, an incentive with a 10-year term would apply to years one through 10 of the project cash flow.

Escalation (%/year)

The annual escalation rate that applies to the incentive. Solar Advisor applies the escalation rate to
years two and later in the cash flow. For example, for an incentive with a ten year term and two percent
escalation rate, the incentive in year two would be two percent greater than in year one, and in year
three, two percent greater than in year two, and so on.

Tax Implications

The tax implication options determine how Solar Advisor treats the income from tax incentive payments.
You can choose to make the payments taxable, reduce the basis used to calculate the investment tax
credit, or reduce the basis used to calculate depreciation.

Check one or more options for each incentive.
Taxable Incentive
Determines whether the incentive payment is subject to federal or state income tax.
Reduces ITC Basis

Applies only to projects that benefit from an investment tax credit. Check an option if the basis used to
calculate the investment tax credit from the federal or state government should be reduced by the
amount of the incentive payment.

Reduces Depreciation Basis

Applies only to commercial and utility projects with one of the depreciation options active on the
Financing page. Check an option if the basis used to calculate federal depreciation, state depreciation,
or both should be reduced by the incentive payment amount.
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Using Annual Schedules to Specify Incentives

You can specify each incentive as either a single value (amount or percentage) that applies to all years in
the analysis period defined on the Financing page, or you can assign a different value to each year in the
analysis period using an annual schedule.

To specify an incentive using an annual schedule:

1. Note the blue "Value" label on the blue and gray button next to the input variable indicating that the
single value mode is active for the variable.

0.12

2. Click the button to change the mode to schedule and activate the Edit button. The button will show
"Sched" in blue indicated that the schedule mode is active for the variable.

gl Edit.. |

3. Click Edit.

4. In the Edit Schedule window, type values for each year in the analysis period. Use the horizontal
scroll bar to move through the years.
Solar Advisor will ignore any values for years after the end of the analysis period. You can change
the value in Number of values to a number less than or equal to the analysis period to shorten the
length of the table.
To delete a value, select it and press the Delete key on your keyboard.
You can use the Copy and Paste buttons to copy values from the table to your clipboard, or paste
them into the table from the clipboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid.

5. When you hawe finished editing the schedule, click Accept.

Impact of Tax Credit on Taxes

Tax credits may or may not be taxable by either the federal or state government. Solar Advisor allows you
to control which tax credits, if any, are taxable.

Taxable Incentive: When you check a "Taxable Incentive" option for a tax credit, Solar Advisor applies a
tax at either the federal or state tax rate to each annual tax credit payment. Solar Advisor multiplies the
applicable tax rate by the tax credit amount and adds it to the income tax amount the applicable years of
the project cash flow. The state and federal tax rates are inputs on the Financing page.

Reduces ITC Basis: This option applies only to projects with one or more checked ITC options. When you
check a "Reduces ITC Basis" option for a tax credit, Solar Advisor subtracts the amount of the tax credit
payment from the total installed cost shown on the system costs page before calculating the ITC amount.
The total installed costs is shown on the system costs page.

Reduces Depreciation Basis: This option applies only to projects with commercial or utility financing with
one or more depreciation option selected on the financials page. When you check a "Reduces Depreciation
Basis" option for a tax credit, Solar Advisor subtracts 50 percent of the tax credit amount from the
depreciation basis in each applicable year of the project life.
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Incentive Calculations

Solar Advisor provides three options for entering the incentive amounts: As a fixed amount, percentage of
the total installed cost shown on the system costs page for investment-based incentives, cost per unit of
installed capacity for capacity-based incentives, or as a cost per unit of the system's electricity output
calculated by the performance model for production-based incentives.

The table below shows how Solar Advisor calculates the incentive amount for each option, and the cash flow
year to which the incentive applies.

Table 6. Summary of incentive calculations.

Incentive Name Type Incentive Calculation Applies in year
Amount Amount ($) 1

Investment-based Total Installed Cost ($)

incentive, IBI Percentage x Percentage (%) 1

Up to maximum value
System Rated Capacity (W)
Amount x Amount 1
Up to maximum value

Amount ($/kWh)

Amount x Annual Energy in Year n (kWh)
x [1 + Escalation (%)] * Year n

Capacity-based
incentive, CBI

Production-based
incentive (PBI)

All, or
Year 1 thru term

Note. The CBI is calculated based on the array's rated capacity in DC watts for photowltaic systems,
and on the power block's rated capacity in AC watts for concentrating solar power and generic fossil
systems.

The PBI is calculated based on the system's annual energy output in AC kilowatt-hours.

Viewing Incentives in Results

The options you select on the Payment Incentives page affect the financial metrics displayed in the results,
including the lewelized cost of energy, net present value, and payback.

You can see the incentive amounts and their impact on income tax and depreciation in graphs and in the
project cash flow.

To display incentive amounts in a graph:

After running simulations, click the Graph button.

On the Graphing tab, click Add.

Choose the simulation for which you want to see investment amounts.

For X Value, choose Single Value.

For Y1 Values, check the name of each incentive you want to display in the graph.
Clear the LCOE check boxes.

Solar Advisor displays the graph as you choose graphing options. You can adjust the properties of
the graph as needed.

R o
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7. Click Accept to return to return to the main window.

To display incentive amounts in the project cash flow:

1. After running simulations, click the Graph button.
2. Click Base Case Pro-Forma to display the cash flow in a table.

3. Either drag the graph area border up or scroll down until the incentive payments are visible in the
table.

You can also export the base case cash flow to a csvfile or to Excel by clicking the Export button.

4.8 Annual Performance

To view the Annual Performance page, click Annual Performance in
the main windows navigation menu.

(A8

Tower System Cosls

The Annual Performance page displays input variables that impact the system's total annual electric output.

Solar Advisor applies the annual performance factors to the total annual electric output calculated by the
hourly simulation model.

You can enter the annual performance factors either as a single value, or as a series of values that apply to
each year in the project life. See Editing Annual Schedules for details.

Note. The output data reported in the hourly results and case summary workbook does not take into
consideration the system degradation or availability factor on the Annual Performance page. The annual
energy quantity reported in the metrics table and graphs on the Results page does take the factors into
account. The annual energy quantity on the Results page is equal to the total annual energy output
reported in the hourly outputs and case summary spreadsheet multiplied by the availability factor.

Annual System Performance
System Degradation (%)

The system degradation rate can be used to account for annual reduction in electrical output due to
aging system components. Solar Advisor applies the degradation rate to the electric output in year 2
and later. The default value of 1 % results in full output in year 1, 99% of the year 1 output in year 2,
99% of the year 2 output in year 3, and so on.

Availability (%)

The availability factor accounts for downtimes due to forced and scheduled outages. Solar Advisor
multiplies each hour's calculated electrical output by the system availability factor. The default value of
100 % results in no reduction in output.
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4.9 Photovoltaic Systems

Solar Advisor models grid-connected photowoltaic systems that consist of a photowltaic array and inverter.
The array can be made up of flat-plate or concentrating photowoltaic (CPV) modules with one-axis, two-axis,
or no tracking. The current version of the software includes simple models of loads and storage for grid-
connected systems with electric storage batteries.

Component-based Models

The Component-based Models option represents the performance of a photowltaic system using separate
models to represent the performance of the module and inverter. This is in contrast with the PVWatts
System Model, which represents the entire system using a single model.

You can choose the Photowltaic Component-based Models option in the Technology and Market window.

For examples of projects based on the component-based models, open the sample template Sample PV
Systems: On the File menu, click Open Sample Template and select the template from the list. The
template contains four cases demonstrating the component-based models for projects based on
residential, commercial, utility financing assumptions, and for a system using concentrating photowltaic
modules (CPV).

The SAM Performance Models option allows you to choose between the Sandia, CEC, and single-point
efficiency models for photovoltaic modules, and between the Sandia and single-point efficiency models for
inverters. The photowoltaic system input pages for this option described in this section are:

e PV System Costs: Define installation and other capital costs, and operation and maintenance costs.

e Array: Define the system's total capacity, number of inverters, array orientation, derating factors, and
radiation model options.

e PV Array Shading: Assign shading factors to hours of the day for each month.
® Module: Choose the performance model and define characteristics of a single module.
¢ Inverter: Choose the performance model and define characteristics of a single inverter.

e PV Loads: Import a text file of 8,760 hourly load values, or create a load data set using daily load profiles
for each month. (Preliminary model for testing.)
e PV Storage: Define a battery storage system. (Preliminary model for testing.)

PVWatts System Model

The PVWatts System Model represents the entire photowltaic system using a single model. This is in
contrast with the Component-based Models option, which uses separate models to represent the
performance of the module and inverter

You can choose the PVWatts System Model option in the Technology and Market window.

For an example of a project based on the PVWatts System Model, open the sample template Sample PV
Systems: On the File menu, click Open Sample Template and select the template from the list. The
template contains one case demonstrating the PVWatts System Model for a residential project.

The PVWatts Performance Model option allows you to use Solar Advisor's implementation of NREL's web-
based PVWatts model. This implementation includes a preliminary test versions of models for loads and
battery storage designed for investigations the potential benefits of including storage in a grid-connected
project that benefits from time-of-use electricity pricing. The system input pages for the PVWatts option
described in this section are:

e PV System Costs: Define installation and other capital costs, and operation and maintenance costs.
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PVWatts Solar Array: Enter parameter values for the PVWatts model.
PV Array Shading: Assign shading factors to hours of the day for each month.

PV Loads: Import a text file of 8,760 hourly load values, or create a load data set using daily load profiles
for each month. (Preliminary model for testing.)

PV Storage: Define a battery storage system. (Preliminary model for testing.)

491 PV System Costs

To view the PV System Costs page, select a photowltaic technology,
and click PV System Costs on the main window's navigation menu. Note
that for the Array page to be available, the technology option in the
Lir Technology and Market window must be Photowltaics - SAM
Performance Models or Photowltaics - PVWatts Performance Model.

PYWalts Solar Array Fllr
Walk

Contents
» Oveniew describes the purpose of the PV System Costs page and the cost variable
categories.

» Input Variable Reference describes the input variables on the PV System Costs
page.

» Entering Periodic Costs explains how to use annual schedules to assign operation
and maintenance costs to particular years in the project cash flow.

Overview

Solar Advisor uses the variables on the PV System Costs page to calculate the project investment cost and
annual operating costs reported in the project cash flow and used to calculate cost metrics.

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.

The PV System Costs page is divided into four main categories. The first two, Direct Capital Costs and
Indirect Capital Costs, are summed in the third category, Total Installed Costs. Because only the Total
Installed Cost value affects the cash flow calculations, you can assign capital costs to the different cost
categories in whatever way makes sense for your analysis. For example, you could assign the cost of
designing the array to the module cost category or to the engineer-procure-construct category with
equivalent results. The categories are provided to help you keep track of the different costs, but do not affect
the economic calculations. After assigning costs to the categories, verify that the total installed costs value
is what you expect. The fourth category of costs covers Operation and Maintenance.
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Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will, of course,
vary. Because of price wlatility in solar markets, the cost data in the sample files is likely to be out of
date. For more information see the Solar Advisor Model website, https://www.nrel.govanalysis/sam/
cost_data.html.

Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Module ($/Wdc or $/Unit)

For the SAM Performance model options, the cost is expressed per unit or per DC Watt. The total
module cost is calculated as either:

¢ Dollars per watt multiplied by Total Array Power on the Array page, or
e Dollars per unit multiplied by Total Modules on the Array page.

For the PVWatts Performance Model, the cost is expressed per unit or per DC Watt. the total module
cost is calculated as either:

¢ Dollars per watt multiplied by DC Rating on the PVWatts Solar Array page, or
¢ Dollars per unit multiplied, where the number of modules is assumed to be one.
Inverter ($/Wac or $/Unit)

For the SAM Performance Model options, the cost of inverters in the system expressed in dollars per
AC Watt or dollars per inverter. The total inverter cost is either:

¢ Dollars per watt multiplied by Total Inverter Capacity on the Array page, or
¢ Dollars per unit multiplied by Number of Inverters on the Array page.

For the PVWatts Performance Model, the cost of an inverter in the system in dollars per watt or dollars
per inverter. The total cost is calculated as either:

e Dollars per watt multiplied by DC Rating on the PVWatts Solar Array page, or
¢ Dollars per unit where the number of inverters is assumed to be one.
Battery ($ and $/kWh)

The cost of batteries in the system, expressed as the sum of a fixed cost and cost per kilowatt-hour of
storage capacity. The total storage capacity is equal to Total Battery Capacity on the PV Storage page.

Balance of System, Fixed ($)

A fixed cost that can be used to account for costs not included in the module, inverter and battery cost
categories, for example, the mounting racks, junction boxes, and wiring.
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Installation, Fixed ($)

A fixed cost that can be used to account for labor or other costs not included in the other cost
categories.

Contingency (%)

A percentage of the sum of the module, inverter, battery, balance of system, and installation costs to
account for expected uncertainties in direct cost estimates.

Total Direct Cost ($)

The sum of module, inverter, battery, balance of system, installation, and contingency costs.

Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.

Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.

Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.

Total Indirect Cost ( $)

The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Total Installed Cost per Capacity ($/Wdc or $/kW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only and not used in cash flow calculations.
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Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.

For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Financing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
schedule to assign costs to individual years. See below for details.

Fixed Annual Cost ($/yr)

A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)

A fixed annual cost proportional to the system's rated or nameplate capacity.
Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conwersion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)

Entering Periodic Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash flow, and Solar Advisor will account for them in the other
economic metrics including the lewvelized cost of energy and net present value.
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Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.

To assign component replacement costs to particular years:

1.

In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost = 284.00 s§fyr

Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.

el Edit.. |
Click Edit.

In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you hawe finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.

49.2

P Sysbem Cosls

Total: § M. 114.73

Prar Capuiity

Array
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» Oveniew explains how to specify the photowoltaic array.

> Input Variable Reference describes the input variables and options on the Array
page.

» Choosing Numbers of Modules and Inverters describes how to choose values for the

Modules per String, Strings in Parallel and Number of Inverters variables to awid
mismatching the array and inverter.

» About Derate Factors describes how Solar Advisor uses the derate factors in
calculations, and provides guidelines for choosing appropriate values.

Overview

The Array page displays variables and options that describe the array layout, derating factors, array tracking
and orientation, and allows you to choose from several radiation model options.

The variables on the Array page specify the properties of the photowltaic array, number of inverters, and the
model options for the solar radiation data processor. Solar Advisor uses the array properties to calculate the
array's DC output and the system's AC output.

Note. Before specifying the array, you should specify the module characteristics on the Module_ page,
and the inverter characteristics on the Inverter page.

To specify the photovoltaic array:

1.
2.

Verify that the input variables on the Module and Inverter pages are correct.

Type a number of modules per string that results in a maximum power point woltage (Vmp) level
close to the inverter's AC wltage lewvel. Skip this step if you are using the inverter single-point
efficiency model.

Type a number of strings in parallel that results in a total array power value close to the system's
rated DC capacity.

Type a number of inverters that results in a total inverter capacity close to the total array power
value. See Choosing Numbers of Modules and Inverters below for details.

Type values for the derate factors. To use the derate factor calculator, click Edit Detailed Derates.
For help calculating a derate factor, click See About Derate Factors below for details.

Choose a tracking option: Fixed, one-axis tracking, or two-axis tracking.

If you use a tracking system, be sure that the Balance of System cost category on the PV_System
Costs page includes the cost of installing the tracking system, and that the Operation and
Maintenance cost includes the cost of maintaining the system.

Type a value for the array tilt angle in degrees from horizontal. Zero degrees is horizontal, 90
degrees is vertical.

If you are unsure of a value, use the location's latitude (displayed in the navigation menu under
Climate and on the Climate page).

If the array is oriented away from due south in the northern hemisphere (or oriented away from due
north in the southern hemisphere), change the default azimuth angle to the desired value. An
azimuth angle of 0 (facing the equator) normally maximizes energy production. For the northern
hemisphere, increasing the azimuth angle favors afternoon energy production, and decreasing the
azimuth angle favors morning energy production. The opposite is true for the southern hemisphere.
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9. Unless you have a reason to change the radiation model or tilt radiation type options, use the
default options (Total and Beam, and Perez Model). See Input Variable Reference below for
descriptions of the options.

Input Variable Reference

Layout
Modules per String

The number of modules connected in series in a single string. Solar Advisor assumes that all strings in
the array have the same number of modules connected in series. Press the Enter or Tab key after
changing a value to update variables that depend on these values.

Note. When the module type on the Module page is an array from the Sandia database (indicated by
the word "array" in its name), the Modules per String variable represents the number of arrays rather
than number of modules.

Strings in Parallel

The number of module strings connected in parallel. Press the Enter or Tab key after changing a value
to update variables that depend on these values.

Total Modules

The number of modules in the array, equal to the product of the number of modules per string and the
number of strings.

Total Area (m?2)

The array's total area, not including space between modules, equal to the product of the module area
from the Module page and the number of modules

Array Power at reference conditions (Wdc)

The maximum DC power output of the array, equal to the product of the module's maximum power at
reference conditions as specified on the Module page and the number of modules in the array.

Voc, string at 1000 W/m2 Tc=25'C (Vdc)

The open circuit DC woltage of each string of modules, equal to the product of the number of modules
per string and the module's open circuit wltage at 1,000 W/m2 incident radiation and 25 °C cell
temperature. Solar Advisor displays an open circuit wltage of zero for the simple efficiency module
performance model because the model does not include voltage ratings.

Vmp, string at reference conditions (Vdc)

The maximum power point DC wltage of each string of modules, equal to the product of the module's
maximum power point woltage at reference conditions as specified on the Module page and the number
of modules per string. Solar Advisor displays a maximum power point woltage of zero for the simple
efficiency module performance model because the model does not include wltage ratings.

Vdco, dc-inverter (Vdc)

The inverter's rated input DC wltage displayed on the Inverter page. Solar Advisor displays an inverter
woltage of zero for the single-point efficiency inverter performance model because the model does not
include woltage ratings.
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Number of Inverters
The total number of inverters in the system.
Total Inverter Capacity (kWac)

The total inverter capacity in AC kilowaatts, equal to the product of the inverter's nominal AC power
rating on the Inverter page and the number of inverters.

System Derates
Pre-Inverter Derate

Applies to the array DC power output in the hourly simulation. A derate factor of 100% is equivalent to
no derating. A derate factor of 75% would reduce the calculated array DC output by 25%.

Post-Inverter Derate

Applies to the inverter AC power output in the hourly simulation. A derate factor of 100% is equivalent to
no derating. A derate factor of 75% would reduce the calculated inverter AC output by 25%.

Total Derate Factor

The product of the pre- and post-inverter derate factors. This value is useful for comparing to hand-
calculated performance estimates, but is not used by Solar Advisor.

Tracking and Orientation

Fixed
The array is fixed at the tilt and azimuth angles defined by the Tilt and Azimuth variables.

1 Axis
The array is fixed at the angle from the horizontal defined by the Tilt variable and rotates about the tilted
axis from east in the morning to west in the evening to track the daily movement of the sun across the
sky.

2 Axis
The array rotates from east in the morning to west in the evening to track the daily movement of the sun
across the sky, and north-south to track the sun's seasonal movement throughout the year.

Azimuth Axis
The array rotates in a horizontal plane to track the daily movement of the sun.

Tilt (degrees)

Applies only to fixed arrays and arrays with one-axis tracking. The array's tilt angle in degrees from
horizontal, where zero degrees is horizontal, and 90 degrees is vertical. As a rule of thumb, system
designers often use the location's latitude (shown on the Climate page) as the optimal array tilt angle.
The actual tilt angle will vary based on project requirements.

Force Tilt = Latitude

Populates the array tilt value with the latitude value stored in the weather file and displayed on the
Climate page.
Azimuth (degrees)

Applies only to fixed arrays with no tracking. The array's east-west orientation in degrees. An azimuth
value of zero is facing the equator in both the northern and southern hemispheres. Positive 90 degrees
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is facing due west and negative 90 degrees is facing due east in both hemispheres. As a rule of thumb,
system designers often use an array azimuth of zero, or facing the equator.

Ground Reflectance

The ground reflectance value for hours when the weather data indicate that there is no snow on the
ground. A value of zero means that the ground is completely non-reflective, and a value of 1 means that
it is completely reflective. A typical value for grassy ground is 0.2.

Ground Reflectance with Snhow

The ground reflectance value for hours when the weather data indicate that there is snow on the ground.
A value of zero means that the ground is completely non-reflective, and a value of 1 means that it is
completely reflective. A typical value for snowy ground is 0.6.

Radiation Model

Note. The radiation model and tilt radiation type options are for advanced users. Use the default Total
and Beam and Perez Model options unless you hawe a reason to change them.

The radiation model options determine how Solar Advisor uses the global horizontal radiation, direct normal
radiation, and diffuse horizontal radiation data in the weather file in radiation calculations.

Beam and Diffuse

This option tells Solar Advisor to use the direct normal radiation (beam) and diffuse horizontal radiation
data, and to ignore the global horizontal radiation data. Solar Advisor calculates the global horizontal
radiation as the sum of the direct normal and diffuse horizontal radiation.

Total and Beam

This option tells Solar Advisor to use the global horizontal radiation (total) and direct normal radiation
(beam) data, and to ignore the diffuse horizontal radiation.

Tilt Radiation Type

Note. The radiation model and tilt radiation type options are for advanced users. Use the default Total
and Beam and Perez Model options unless you have a reason to change them.

Solar Advisor allows you to choose the method it uses to conwert global horizontal solar radiation data to
global solar radiation incident on the array. Each method uses information about the global horizontal solar
radiation and either the direct normal or diffuse solar radiation, and about the sun's position and orientation
of the array. The four methods differ in how they estimate the diffuse radiation incident on the array.

The isotropic sky model tends to under-predict the global radiation on a tilted surface, and is included as an
option for analysis wanting to compare Solar Advisor results with those from other models using this
approach. The remaining three methods provide comparable estimates of the incident global radiation.

Isotropic Sky Model
Assumes that diffuse radiation is uniformly distributed across the sky, called isotropic diffuse radiation.
Hay and Davies Model

Accounts for the increased intensity of diffuse radiation in the area around the sun, called circumsolar
diffuse radiation, in addition to isotropic diffuse radiation.
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Reindl Model
Accounts for the effect of horizon brightening, in addition to circumsolar diffuse radiation.
Perez Model

Accounts for horizon brightening, circumsolar and isotropic diffuse radiation using a more complex
computational method than the Reindl and Hay and Davies methods.

Choosing Numbers of Modules and Inverters

To ensure that the array and inverter are properly sized, choose a number of modules and inverters that
results in the array power and total inverter capacity being as close as possible.

For analyses using the Sandia or CEC module performance models and the Sandia inverter performance
model, Solar Advisor displays rated woltages on Array page to help you choose appropriate values for the
array layout variables. Note that Solar Advisor does not calculate woltage values during simulations, it
displays the woltage ratings only to help you size the system.

Some recommendations for the array layout are:

¢ The inverter nominal wltage (Vdco) should be as close as possible to the array's maximum power point
woltage (Vmp String).

e The PV array maximum power point woltage (Vmp String) should be between the minimum inverter
wltage (MPPT-low) and the maximum inverter wltage (MPPT-hi) shown on the Inverter page.

Solar Advisor assumes that multiple inverters are connected in parallel so that the inverter array woltages are
equivalent to the single inverter woltages shown on the Inverter page.

If the inverter and array capacities or wltages are mismatched, Solar Advisor displays a warning message
before starting simulations. The message appears under the following conditions:

¢ The total inverter capacity is less than the array power.

¢ The total inverter capacity is greater than 1.3 times the array power.

e The string maximum power point wltage (Vmp String) is less than the inverter minimum woltage (MPPT-
low) or greater than the inverter maximum woltage (MPPT-hi).

e The array open circuit wltage (Voc String) is greater than the inverter maximum woltage (MPPT-hi).

About Derate Factors

An AC photowltaic system typically consists of a DC side that includes modules, diodes, and DC wiring
and fuses, and an AC side that includes AC wiring and fuses, and transformers. Solar Advisor allows you to
enter two derate factors, a pre-inverter derate factor to account for electrical losses on the DC side of the
system, and post-inverter derate factor to account for losses on the AC side.

Solar Advisor uses the derate factors in the hourly simulation calculations to account for reductions in
photowoltaic array and system performance that are not accounted for by either the module or inverter
performance models.

Note. The total array power shown on the Array page is the array's rated power based on the module's
power from the Module page and the number of modules shown on the Array page. Solar Advisor does
not apply the derate factor to this rated capacity value.
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Derate Factors in Performance Simulation Calculations

During simulations, Solar Advisor multiplies the array's DC power output by the pre-inverter derate factor to
calculate the inverter's DC input power for each hour of the simulation:

PDC‘hrartsr = PDC,—";H&}-‘ * FPmlnvesterDesste
Similarly, to calculate the system's gross hourly output, it multiplies the inverter's output by the post-inverter
derate factor:
P.—";C_S}-‘staﬂ'less = P.—";C_lﬂfeﬂar ' FPDS[].‘[‘ITH[HDH&[B

To calculate the system's net annual energy output, Solar Advisor adds up the 8,760 hourly gross system
output values and adjusts this gross annual energy output value using the degradation and availability
factors from the Annual Performance page.

Choosing Derate Factors

One source of information on derate factors is the website for NREL's PVWatts model, which includes a
table of derate factor components for various sources of losses. Because Solar Advisor's performance
model already accounts for some of the losses listed in the PVWatts table, it is not appropriate to use
some of the PVWatts derate factor components in your Solar Advisor Model analysis.

Note. The PVWatts derate factors are described at http://www.nrel.gov/rredc/pwvatts/
changing_parameters.html

If you are in doubt about the value to use for the derate factors, you can use the default values supplied with
the Solar Advisor sample files. The following information is based on the information provided on the
PVWatts website, and can be used as a reference for choosing values for the derate factors in Solar
Advisor.

To calculate the pre-inverter derate factor to use in Solar Advisor, multiply the values of all of the pre-inverter
derate factor components. Similarly, to calculate the post-inverter derate factor, multiply the values of all of
the post-inverter derate factors.

The following derate factor components described on the PVWatts website are accounted for by Solar
Advisor and should not be included in the pre- or post-inverter derate factors.

* PV module nameplate DC rating: The PV module nameplate DC rating is the manufacturers estimate of
power production for a module under standard testing conditions. Solar Advisor's module performance
models calculate the module output based on solar resource data from the weather file and the
parameters defined on the Module page, and not based on a derate factor. (The performance model used
to determine module output is defined on the Module page.)

¢ Inverter and Transformer: Solar Advisor's inverter performance models calculate the inverter output based
on the output of the module (as determined by the performance model) and parameters defined on the
Inverter page, and not based on a derate factor.

e System availability: The system availability is an input variable on the Annual Performance page, and
should not be included as a derate factor.

e Shading: Solar Advisor accounts for shading based on the parameters specified on the PV Array Shading
page.

e Age: Solar Advisor's degradation factor on the Annual Performance page accounts for performance
losses over time due to aging of modules.

The following derate factor components described on the PVWatts website are not accounted for by Solar
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Advisor. The user may wish to include these factors in the pre- or post-inverter derate factors.

Table 7. Pre-inverter (DC) derate factors not accounted for by the module performance

model.
PVWatts
Derate Factor Default PVWatts
Component Cause of Loss Value Range
Mismatch Slight differences in performance of different modules in the 98.0 97.0-99.5
array.
Diodes and Voltage drops across blocking diodes and electrical 99.5 99.0 -99.7
Connections  |connections.
DC Wiring Resistive losses in wiring on the DC side of the system. 98.0 97.0-99.0
Soiling Dirt, snow, or other matter on the module surface blocking 95.0 30.0-99.5
solar radiation from reaching cells.
Sun Tracking |Inaccuracies in the tracking mechanisms ability to keep the 100.0 95.0 - 100.0
array oriented toward the sun. Applies only to systems with
one- or two-axis tracking arrays.
Nameplate Accounts for accuracy of the manufacturer's nameplate 0.95 0.80-1.05

rating, often for the performance degradation modules may
experience after being exposed to light.

Table 8. Post-inverter (AC) derate factors not accounted for by the inverter performance

model.
PVWatts
Derate Factor Default PVWatts
Component Cause of Loss Value Range

AC wiring Resistive losses in wiring on the AC side of the system. 99.0 98.0-99.3
Transformer Transformer efficiency. The PVWatts model combines the - -

inverter and transformer efficiencies into a single value, but

Solar Advisor models the inverter efficiency separately.
4.9.3 PVWatts Solar Array

Totak: § L4, 0. 00

Par Cagacity: § 384 par Wade

To view the PVWatts Solar Array page, click PVWatts Solar Array on

the main window's navigation menu. Note that for the PVWatts Solar

Array page to be available, the technology option in the Technology and

"

PV Loads

Market window must be Photowoltaics - PVWatts Performance Model.
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Contents

» Owveniew describes the PVWatts Solar Array model.

» Input Variable Reference describes the PVWatts input variables.

Overview

The PVWatts Solar Array page displays variables for Solar Advisor's implementation of NREL's PVWatts
model.

Solar Advisor includes an implementation of NREL's PVWatts model to facilitate comparing results
calculated by Solar Advisor's three other photowoltaic module performance models with PVWatts results,
and to generate results based on the PVWatts performance model but using Solar Advisor's cost and
financial model and assumptions.

Note. NREL's PVWatts model is a web-based simulation model for grid-connected photowoltaic
systems. To use the model or find out more about it, visit the PVWatts website at http://www.nrel.gov/
rredc/pwvatts/. The model is also described in Marion W et al, 2002. PVWatts Version 2: Enhanced
Spatial Resolution for Calculated Grid-Connected PV Performance. http://rredc.nrel.gov/solar/

codes_algs/PVWATTS/pwvatts2.pdf.

Input Variable Reference

PVWatts System Inputs

The system inputs define the size of the system, derate factor, and the array orientation. For information
about choosing values for the PVWatts input variables, see the PVWatts website at http://www.nrel.gov/
rredc/pwvatts/changing parameters.html.

DC Rating

The array's nameplate DC power rating in kilowatts under standard test conditions (STC). The DC rating
is equal to a single module's DC power rating in watts at 25°C and 1,000 W/m2 multiplied by the
number of modules in the array divided by 1,000.

DC to AC Derate Factor

A factor accounting for conwersion of the array's DC nameplate capacity to the system's AC power
rating at STC. The default value is 0.77. For help calculating the derate factor, see the PVWatts derate
factor calculator at http://rredc.nrel.gov/solar/calculators/PVWATTS/derate.cgi.

Array Tracking Mode
The three array tracking modes are:
¢ A fixed array is fixed at the tilt and azimuth angles defined by the Tilt and Azimuth variables.

¢ A one-axis tracking array is fixed at the tilt angle defined by the Tilt variable and rotates from east in
the morning to west in the evening to track the daily movement of the sun across the sky.

e A two-axis tracking array rotates from east in the morning to west in the ewening to track the daily
movement of the sun across the sky, and from north to south to track the sun's seasonal movement
throughout the year.
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Tilt (degrees)

Applies only to fixed arrays and arrays with one-axis tracking. The array's tilt angle in degrees from
horizontal, where zero degrees is horizontal, and 90 degrees is vertical. As a rule of thumb, system
designers often use the location's latitude as the optimal array tilt angle. The actual tilt angle will vary
based on project requirements.

Force Tilt = Latitude

Populates the array tilt value with the latitude value stored in the weather file and displayed on the
Climate page.

Azimuth (degrees)

Applies only to fixed arrays with no tracking. The array's east-west orientation in degrees. An azimuth
value of zero or 360 degrees is facing north, 90 degrees = east, 180 degrees = south, and 270 degrees
= west, regardless of whether the array is in the northern or southern hemisphere. For systems north of
the equator, a typical azimuth value would be 180 degrees. For systems south of the equator, a typical
value would be 0 degrees. Note that this convention is different from the convention for the other Solar
Advisor photowoltaic model options.

49.4 PV Array Shading

To view the PV Array Shading page, click PV Array Shading on the
NE— main window's navigation menu. Note that for the PV Array Shading page
Araa: 17356 m2 to be available, the technology option in the Technology and Market
P Array Shading window must be Photowoltaics - SAM Performance Models.

1

Module

LR

Contents

» Overview describes the PV array shading model and its limitations.

» Enabling and Disabling Array Shading explains how to turn on and off array
shading.

» Defining the Shading Factors explains how to edit the shading factor matrix.

» Importing and Exporting Shading Factor Data explains how to use text files to store
shading matrix data.

Overview

The PV Array Shading page allows you to enable and disable the shading model, displays the shading
factors matrix, and allows for importing and exporting the matrix as a text file.

The photowoltaic array shading model simulates the effect of structures, vegetation, or objects surrounding
the array that may block the sun at different times throughout the day and year. The shading model is not
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designed to represent inter-array (module-to-module) shading or strategies for awoiding it such as
backtracking.

The shading model uses a 24-by-12 matrix to assign a shading factor to each hour of the day for each
month of the year. Each shading factor is a value between zero and one that represents the fraction the
direct normal solar radiation allowed to reach the array in a given hour. A shading factor of one represents
no shading. A shading factor of zero represents complete blockage of direct normal radiation from the array.

Solar Advisor assumes that shading reduces the magnitude of the direct normal component of the global
radiation incident on entire array over an hour. For example, a shading factor of 0.90 for an hour when the
value of the direct normal incident radiation is 200 W/m? and the diffuse incident radiation is 10 W/m? would
result in a global incident radiation value of 0.90 x 200 W/m? + 10 W/m? = 190 W/m? for that hour.

Note that for flat-plate photowoltaic arrays, solar advisor calculates the array output based on the value of the
global incident radiation, which is equal to the sum of the normal and diffuse incident radiation
components. For concentrating photowoltaic (CPV) arrays, on the other hand, the array output is calculated
based only on the value of the direct normal incident radiation component.

Because Solar Advisor assumes that shading affects the entire array uniformly, it cannot model partial
shading of the array or of individual modules within the array. The shading model does not consider factors
such as string layout, location of blocking diodes, or cell layout in individual modules.

Enabling and Disabling Array Shading

Solar Advisor allows you to enable and disable array shading so that you can turn off array shading after
defining a shading matrix without losing the values in the matrix.

|Note. Shading factors must be enabled for Solar Advisor to use the data in the shading matrix.

| Enable Shading Factors for Direct Radiation

* Check Enable Shading Factors for Direct Radiation to turn on array shading.
e Clear Enable Shading Factors for Direct Radiation to turn off array shading.

Defining the Shading Factor Matrix

To define the shading factor matrix, you assign a value to each cell in the matrix. The shading factor in a
cell applies to a given hour for an entire month. For example, a shading factor of 0.90 in the 6 a.m. cell for
May would mean that 90% of the direct normal radiation value in the weather file for each hour beginning at
6 a.m. and ending at 7 a.m. in May would be used to calculate the global solar radiation incident on the
array.

Note. The time convention for the matrix is determined by the convention used in your weather file. For
example, TMY2 and TMY 3 data use local standard time.

As you work with the shading factor matrix, keep the following in mind:

e The first column in the matrix is for the hour beginning at 12:00 a.m. and ending at 1:00 a.m.

¢ A red cell indicates a value of zero, or full shading (direct normal radiation completely blocked).

¢ A white cell indicates a value of one, or no shading.

¢ A dark shade of red indicates more shading (more direct normal radiation) than a light shade of red.
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To define a shading factor for a single cell:
e Click the cell and type the shading factor.
To replace the value in a cell, click the cell and type a replacement value.
To delete the value from a cell, double-click the cell and press the Delete key.

To define a single shading factor for multiple cells:

Select the cells to which you want to apply the shading factor.
Type a value between zero and one.
Press the Enter key or click Apply to selected cells.

Importing and Exporting Shading Factor Data

Solar Advisor allows you to import and export the shading factor matrix as a comma-delimited text file that
contains 12 rows of 24 hourly shading factors separated by commas. The file should not have row or column
headings.

e Each row contains the 12 shading factors for each hour of a day in that month separated by columns.
To export the shading matrix as a text file, click Export.

To import a data from a comma-delimited text file, click Import

49.5 Module

To view the Module page, click Module on the main window's navigation

menu. Note that for the Module page to be awvailable, the technology
- option in the Technology and Market window must be Photowoltaics -
SAM Performance Models.

Imverter "J

Contents

» Oveniew describes the Module page options and general guidelines for choosing a
photowoltaic module model.

» Sandia_PV_Array_Performance_Model describes the Sandia model in more detail,
explains the model parameters, and suggests resources for learning more about
the model.

» CEC_Performance_Model describes the CEC model in more detail, explains the
model parameters, and suggests resources for learning more about the model.

» Simple_Efficiency Module describes the input variables and algorithms for the
simple efficiency model for flat-plate modules.
» Concentrating PV_Module describes the concentrating photowoltaic (CPV) model and its

input variables and algorithms. It also explains how to use the Sandia model the CPV
modules included in the Sandia database.
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» Temperature Correction describes how Solar Advisor calculates module
temperature and a temperature correction factor for each of the model options.

Overview
The Module page allows you to choose a photowoltaic module performance model from four options:

e Simple Efficiency Module
e CEC Performance Model
e Sandia PV Array Performance Model
e Concentrating PV Module

Note. To model a photowoltaic system using the PVWatts model, you must choose PVWatts System
Model in the Technology and Market window.

To specify a photovoltaic module model:
1. Choose the model name from the list.

[Sandia PV Array Performance Madel v]

Simple Efficiency Module

CEC Performance Model
Sandia PV Array Performance Model
Concentrating PV Module

2. For the Sandia or CEC models, choose a module from the database of available models.

For the simple efficiency model and concentrating PV Module, enter module characteristics.
Each of the four module performance models calculates the hourly DC electrical output of a single module
based on the hourly incident solar radiation (plane-of-array irradiance) calculated by the Climate model
using data in the weather file and array orientation and tracking information from the Array page. The
photowoltaic array output depends on the number of modules and the pre-inverter derate factor specified on
the Array _page. Solar Advisor passes the array's hourly DC power output to the inverter model, whose
characteristics appear on the Inverter page.

Note. Solar Advisor does not track woltage and current lewels in the system and assumes that the array
operates at its maximum power point.

Each model uses a different algorithm to predict module performance. In general, if you are modeling a
system that uses a particular brand and type of flat-plate PV module, you should first look for the module in
the Sandia database, and then in the CEC database. If you do not find the module in either database, you
can either choose a similar module, or use the simple efficiency model. The simple efficiency and
concentrating PV models are ideal for analyses involving explorations of the relationship between module
efficiency and the system's performance and cost of energy. Both models allow you to define a curve of the
module's efficiency versus incident radiation. The Sandia and CEC models do not allow you to modify the
module parameters, although advanced users with and understanding of the model algorithms can add their
own modules to the database.

e The Sandia PV_Array Performance Model calculates hourly efficiency values based on data measured
from modules and arrays in realistic outdoor operating conditions. The Sandia model tends to produce
more accurate predictions of module performance than the CEC model. Howewver, because of the time
and effort required to make the field measurements, the Sandia module database is less up-to-date than
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the CEC database.

e The California Energy_ Commission (CEC) Performance Model predicts module performance based on a
database of module characteristics determined from module ratings. Like the Sandia model, the CEC
model calculates hourly efficiency values, and allows you to select from a list of a commercially-available
modules. The CEC module database tends to be more up-to-date than the Sandia database. For some
types of modules, the CEC model predictions may be less accurate than the Sandia model.

e The Simple Efficiency Module model is a simple representation of module performance that requires you
to provide the module area, a set of conversion efficiency values, and temperature correction parameters.
The simple efficiency model is the least accurate of the three models for predicting the performance of
specific modules. It is useful for preliminary performance predictions before you have selected a specific
module, and allows you to specify a module efficiency and temperature performance parameters, which
is useful for analyses inwlving sensitivity or parametric analysis.

e For concentrating photowvoltaic (CPV) modules, use the concentrating PV Module model unless you are
modeling one of the concentrating modules available in the Sandia model, in which case, you can
choose the module from the database in the Sandia model. The concentrating PV module model is
similar to the simple efficiency model, except that it uses only the direct normal component of the
incident solar radiation instead of the total radiation for performance predictions.

Table 9. Guidelines for choosing a photovoltaic module performance model.

Use this model... ...if your analysis involves... Comments

Sandia estimates of module performance |If your module is in both the
Model based on field test for crystalline or thin-film modules. |Sandia and CEC lists, use the
data. Sandia model.

CEC estimates of module performance |Use the CEC model when your
Model based on module for crystalline-silicon modules or |analysis involves a particular
ratings. for new modules recently available |module that is not available in the

on the market. Sandia database.

Simple Efficiency Module sensitivity or parametric studies on
Simple efficiency curve with | module efficiency or temperature
temperature correction. coefficients, or for preliminary

analyses before you have chosen
a specific module.

Concentrating PV Module Modeling concentrating See Modeling Concentrating
Simple efficiency curve with | photowvoltaic modules. Photowoltaic (CPV) Modules for
temperature correction. details.

Sandia PV Array Performance Model

The Sandia PV Array Performance Model uses an algorithm and a database of commercially available
modules deweloped at Sandia National Laboratories.

The Sandia model is described in King et al, 2004. Photowoltaic Array Performance Model. Sandia National
Laboratories. SAND2004-3535. http://photovoltaics.sandia.govdocs/PDF/King%20SAND. pdf

To use the Sandia photovoltaic model:

1. On the Module page, choose Sandia PV Array Performance Model.

2. Choose a module from the list of available modules. Solar Advisor displays the module's
characteristics and model coefficients.

Solar Advisor Model 2010


http://photovoltaics.sandia.gov/docs/PDF/King%20SAND.pdf

88 Solar Advisor Model Help

When you choose a module from the list, Solar Advisor displays the module characteristics at
reference conditions on the Module page. Internally, the model applies a set of coefficients from the
Sandia Modules library to the simulation equations.

1. Choose a module structure from the three available options (displayed as front material / cell / back
material). See Temperature Correction for details. Module manufacturers typically include a
description of the front material, and frame or back material in a mechanical characteristics section
of module specification sheets.

Note. The current version of the database contains a single concentrating PV module, listed as Entech
22X Concentrator [1994].

The Sandia model consists of a set of equations that provide values for five points on a module's |-V curve
and a database of coefficients for the equations whose values are stored in the Sandia Modules library. The
coefficients have been empirically determined based on a set of manufacturer specifications and
measurements taken from modules installed outdoors in real, operating photowoltaic systems.

Note. If you are a module manufacturer and would like to add your module to the Sandia database, you
should contact Sandia National Laboratories directly.

Modeling Arrays

The first several items in the list are arrays instead of single modules. The arrays are indicated by the word
"Array" in the name. The array coefficients account for some losses not accounted for in the single module
parameters, including module mismatch, diodes and connections, and DC wiring losses. When you use an
array from the database, you should be sure that the Pre-Inverter derate factor on the Array page does not
include these losses.

Modeling Thin-film Modules

For modules based on thin-film cell technology, including amorphous silicon, copper indium diselenide
(CIS), cadmium telluride (CdTe), and heterojunction with intrinsic thin layer (HIT), the Sandia model may
provide more accurate results than the CEC and simple efficiency models, which do not adequately
represent module performance at low-light lewvels. For best results, if you are modeling a thin-film module,
look for the module in the Sandia database. If the module is not available in the Sandia database, you may
want to use a module from the database with similar characteristics to the one you are modeling. Use the
table below to help identify the thin-film modules in the Sandia database.
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Table 10. Thin-film module manufacturers and model numbers available in the Sandia
module database.

Cell Type Manufacturer Model Series or Number
amorphous tandem junction (2-a- Solarex MST
Si)
amorphous silicon triple junction Uni-Solar PVL, SHR, US, USF
(3-a-Si)
cadmium telluride (CdTe) BP Solar BP980, BP990
First Solar FS
copper indium diselenide (CIS) Shell Solar ST
Siemens Solar ST
amorphous silicon heterojunction Sanyo HIP
(HIT-Si)

Module Characteristics at Reference Conditions

Solar Advisor displays the module characteristics so that you can compare modules in the database to
manufacturer specifications or to different modules in the database.

Reference Conditions

The reference conditions describe the incident solar radiation, air mass, ambient temperature, and wind
speed that apply to the module characteristics. The module efficiency, power, current, woltage, and
temperature coefficients values are those for the module operating at the reference conditions.

Efficiency (%)

The module's rated efficiency at reference conditions. Solar Advisor displays this value for reference
only. During simulations, the model calculates an efficiency value for each hour, which you can see in

the hourly output data.
Maximum Power, P_mp (Wdc)

The module rated power in DC Watts. Equal to the product of the maximum power wltage and
maximum power current.

Maximum Power Voltage, V_mp (Vdc)
Maximum power woltage in DC Volts under reference conditions.
Maximum Power Current, I|_mp (Adc)

Maximum power current in DC Amps under reference conditions. Defines the maximum power point on
the module's I-V curve.

Open Circuit Voltage, V_oc (Vdc)

Open circuit wltage under reference conditions. Defines the open circuit point on the module's |-V
curve.

Short Circuit Current, |_sc (Adc)

Short circuit current under reference conditions. Defines the short circuit point on the module's |-V
curve.
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Temperature Coefficients

Solar Advisor displays the temperature coefficients in %/°C and W/°C at the different points on the
power curve.

Module Structure and Mounting

This option determines the coefficients that Solar Advisor uses to calculate the cell temperature in each
hour of the simulation. The default option is User Database Values, which displays the coefficients
from the measured data at reference conditions. See Temperature Correction for details.

Physical Characteristics
Material

A description of the semiconductor technology used in the photowoltaic cells.

2-a-Si dual-junction amorphous silicon
3-a-Si triple-junction amorphous silicon
CdTe cadmium-telluride
CIs copper indium diselenide
HIT-Si amorphous silicon heterojunction
c-Si single-crystal silicon
mc-Si multi-crystalline silicon

Vintage

The year that module coefficients were added to the database. The letter "E" indicates that the
coefficients were estimated from a combination of published manufacturer specifications and data from
the outdoor testing of a similar module. Entries without an "E" are for modules whose coefficients were
derived entirely from outdoor tests involving one more or more modules of that type. Because the tested
modules (listed without an "E") may have had different average power ratings than production versions of
the same module, the database typically also includes an "E" entry for each of the tested modules that
represents the average power rating specified by the manufacturer.

Module Area (m?2)
The total area of the module, including spaces between cells and the frame.
Number of Cells

Total number of cells per module, equal to the product of the number of cells in series and number of
cell strings in parallel.

Number of Cells in Series

Number of cells connected in series per cell string.
Number of Cell Strings in Parallel

Number of cell strings connected in parallel per module.

References
A link to King et al, 2004. Photowoltaic Array Performance Model. Sandia National Laboratories. SAND2004-
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3535 document describing the Sandia PV Array Performance Model in detail. You can find links to more
documents in References.

CEC Performance Model

The California Energy Commission (CEC) Performance Model uses the University of Wisconsin-Madison
Solar Energy Laboratory's five-parameter model with a database of module parameters for modules from the
database of eligible photowoltaic modules maintained by the California Energy Commission (CEC) for the
California Solar Initiative.

The five-parameter model is described in brief in De Soto 2003, "Improvement and Validation of a Model for
Photowoltaic Array Performance," Solar 2003 Conference Proceedings, American Solar Energy Society. A
more detailed description can be found in De Soto 2004, Improvement and Validation of a Model for
Photowoltaic Array Performance, Master of Science Thesis, University of Wisconsin-Madison. http://sel.me.
wisc.edu/theses/desoto04.zip.

For information about the CEC list of eligible photowoltaic modules, see http://www.gosolarcalifornia.org/
equipment/pvmodule.html.

To use the CEC photovoltaic model:

1. On the Module page, choose CEC Performance Model.

2. Choose a module from the list of available modules. Solar Advisor displays the model's
characteristics and model coefficients.

When you select a module from the CEC database on the Module page, Solar Advisor displays
module's parameters. You can see the complete set of parameters in the Module library by using
Solar Advisor's library editor.

Note. To make sure that you hawe the latest CEC module library, on the Help menu, click Check for
updates. Solar Advisor will connect to NREL servers on the Internet and, if a more recent version of the
library is available, automatically update your current library. Updating the library only affects the
standard CEC module library, and will not affect any modules you may have added to the library.

The five-parameter model calculates a module's current and woltage under a range of solar resource
conditions (represented by an I-V curwe) using an equivalent electrical circuit whose electrical properties can
be determined from a set of five parameters. These five parameters, in turn, are determined from standard
reference condition data provided by either the module manufacturer or an independent testing laboratory,
such as the Arizona State University Photowoltaic Testing Laboratory.

Note. If you are a module manufacturer and would like to add your module to the CEC database, you
should contact the CEC directly.

If you would like to add a module to the CEC module library in your copy of Solar Advisor, please contact us
at solar.advisor.support@nrel.gov. If you can provide us with a list of the module's specifications as shown
on the Module page under Module Characteristics, we may be able to create a set of coefficients for you to
use. We provide this senice on a case-by-case basis, and cannot guarantee the quality of the coefficients
we generate.

The parameters in the CEC module library include:

¢ A set of module characteristics at standard test conditions, which may be provided by either the module
manufacturer or by an independent testing laboratory.
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¢ A set of additional parameters used in the model's equivalent circuit to calculate the module's |-V curve.
e Reference inputs required to generate the calculated model parameters.

Module Characteristics at Reference Conditions

Efficiency (%)

The module's rated efficiency at reference conditions. Solar Advisor displays this value for reference
only. During simulations, the model calculates an efficiency value for each hour, which you can see in

the hourly output data.
Maximum Power, P_mp (Wdc)

The module rated power. Equal to the product of the maximum power wltage and maximum power
current.

Maximum Power Voltage, V_mp (V)

Reference maximum power woltage at the reference conditions.
Maximum Power Current, |_mp (A)

Reference maximum power current at the reference conditions.
Open Circuit Voltage, V_oc_ref (V)

Reference open circuit wltage at the reference conditions.
Short Circuit Current, |_sc_ref (A)

Reference short circuit current at the reference conditions.
Number of Cells

Total number of cells per module.
Temperature Coefficients

Solar Advisor displays the temperature coefficients in %/°C and W/°C at maximum power, open circuit,
and short circuit.

Physical Characteristics

Material
A description of the semiconductor technology used in the photowltaic cells.
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1-a-Si single-junction amorphous silicon

2-a-Si dual-junction amorphous silicon

3-a-Si triple-junction amorphous silicon

a-Si/nc amorphous silicon - microcrystalline silicon tandem module
CdTe cadmium-telluride

CIGS copper indium gallium sulfide

CIs copper indium diselenide

HIT-Si amorphous silicon heterojunction

Mono-c-Si single-crystal silicon

Multi-c-Si multi-crystalline silicon

Module Area

The total area of the module, including spaces between cells and the frame.

Number of Cells

Number of cells per module.

Reference Conditions

T_Amb_NOCT

Ambient temperature at NOCT

T_REF

Module temperature at reference conditions

FFV_Wind

Correction factor for wind speed (FFV_wind = 0.51 if lowest part of the array is less than 22 feet from
the ground FFV_wind = 0.61 if lowest part of the array is 22 feet or more from the ground)

I_NOCT

Irradiance at NOCT

|_REF

Irradiance at reference conditions

Tau_alpha

Transmittance-absorptance product

KL

Extinction coefficient

Eta_MPPT

Maximum power point correction factor
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EG

Band gap at reference temperature

Additional Parameters

T_NOCT

Cell temperature at NOCT
A_REF

Modified ideality factor at reference conditions
I_L_REF

Photocurrent at reference conditions
I_O_REF

Reverse saturation current at reference conditons
R_s

Series resistance (constant)
R_sh_ref

Shunt resistance at reference conditions

References

A link to De Soto W, 2004. Improvement and Validation of a Model for Photowltaic Array Performance.
Master of Science Thesis. University of Wisconsin-Madison. http://sel.me.wisc.edu/theses/desoto04.zip.
You can find links to more documents in References.

Simple Efficiency Module

The flat-plate photowoltaic simple efficiency module model calculates the module's hourly DC output
assuming that the module efficiency varies with radiation incident on the module as defined by the radiation
level and efficiency table. The model makes an adjustment for cell temperature, See Temperature Correction
for details.

To use the simple efficiency module model:

1. On the Module page, choose Simple Efficiency Module.

2. Enter a temperature coefficient. This is the number typically reported on manufacturer specification
sheets as the maximum power coefficient. See Temperature Correction for suggested values.

3. Choose a module structure from the three available options (displayed as front material / cell / back
material). See Temperature Correction for details.

Module manufacturers typically include a description of the front material, and frame or back
material in a mechanical characteristics section of module specification sheets.

4. Enter the module's total cell area in square meters, equivalent to the product of the cell area and
number of cells.

5. In the Radiation Level and Efficiency Table, enter an efficiency value for each of the five incident
global radiation reference values in increasing order. If you are defining the efficiency curve with
fewer than five efficiency values, you must include five radiation values, but you can assign the
same efficiency value to more than one radiation value. For example, to represent a module with
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13.5% constant efficiency, you would assign the value 13.5 to each of the five radiation values 200,
400, 600, 850, 1000.

6. Choose the radiation level that represents the reference value, often 1000 W/m? for flat-plate
modules.

Solar Advisor uses the reference value to calculate the module's rated power, displayed as the
Power variable on the Module page.

Characteristics
The module characteristics define the module's capacity, efficiency, and thermal characteristics.
Maximum Power, Pmp (Wdc)

The module's rated maximum DC power at the reference radiation indicated in the radiation level and
efficiency table. Solar Advisor uses this value to calculate the array cost on the PV System Costs
page, but not in simulation calculations. The module power is the product of the reference radiation,
reference efficiency, and area.

Temperature Coefficient, Pmp (%/°C)

The rated maximum-power temperature coefficient as specified in the module's technical specifications.
See Temperature Correction for details.

Area (m?)
The module collector area in square meters. To calculate the area for a given module power rating at a
given reference radiation lewel, divide the power rating by the module efficiency and radiation level. For
example, a module with a 100 W rating and 13.5% efficiency at 1000 W/m? would requires an area of
100 W / (0.135 x 1000 W/m?) = 0.74074 mZ.

Module Structure and Mounting

The module's front and back materials (front material/cell/back material) used in the temperature
correction algorithm described below. See Temperature Correction for details.

Radiation Level and Efficiency Table
Radiation (W/m2)
The incident global (beam and diffuse) radiation level at which the given efficiency value applies.
Efficiency (%)

The module conwersion efficiency at a given incident global radiation level. Solar Advisor calculates an
efficiency value for each hour in the simulation using linear extrapolation to determine the value based
on radiation data from the weather file. The efficiency values represent the efficiency of conversion from
incident global radiation to DC electrical output.

Reference

Indicates the value to use for the reference calculations. Solar Advisor uses the reference values to
calculate the module's rated power on which module costs are based.

For each hour of the year, the flat-plate single-point efficiency model calculates the module DC output as
the product of the total incident global radiation, module area, and temperature correction factor:

Pup nodute = ETotalncident * “Aodute ~ Thiodute ~ £ TempCorr
Where,
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ETotallncident

A

2
Module (m )

(W/m?) Total incident radiation from the Climate model.

The module area in square meters.

M todule Module efficiency at a given incident global radiation level, calculated by
extrapolating values from the Radiation Level and Efficiency Table.
F TempCorr Temperature correction factor. See Temperature Correction for details.

Concentrating PV Module

The Concentrating PV Module model uses a simple algorithm that calculates the module's hourly DC output
by multiplying the hourly direct normal component of the solar radiation data from the weather file by the
module's area and efficiency as specified on the Module page, and makes a correction for the cell's
temperature.

Note.

Performance model instead of the Simple Efficiency model. The Entech module is modeled using a set
of coefficients determined by analyzing field test measurements. To use the Entech module, choose the
Sandia_model option and select the Entech 22X Concentrator [1994] module from the list of available
modules.

If you are modeling the Entech 22X Concentrator (c-Si), you can use the Sandia PV Array

To use the Concentrating PV module model:

1.
2.

On the Module page, choose Concentrating PV Module.

Enter a temperature coefficient. This is the number typically reported on manufacturer specification
sheets as the maximum power coefficient. See Temperature Correction for suggested values.

Enter the module's total collector area in square meters.

If you have a set of temperature correction coefficients, enter values for a, b, and dT. If you do not
have a set of values, use the default values (click Default Temperature Inputs to populate the
variables with their default values). See Temperature Correction for details.

In the Radiation Level and Efficiency Table, enter an efficiency value for each of the five incident
global radiation reference values in increasing order. If you are defining the efficiency curve with
fewer than five efficiency values, you must include five radiation values, but you can assign the
same efficiency value to more than one radiation value. For example, to represent a module with
20% constant efficiency, you would assign the value 20 to each of the five radiation values 200,
400, 600, 850, 1000.

Concentrating PV Module Characteristics

Maximum Power, Pmp (Wdc)

The

module's rated maximum DC power at the reference radiation value indicated in the efficiency table

below. Solar Advisor uses this value to calculate the array cost shown on the PV System Costs page,

but

not in simulation calculations. The rated module power is the product of the reference radiation,

reference efficiency and area.

Temperature Coefficient, Pmp (%/°C)

The
The

rated maximum-power temperature coefficient as specified in the module's technical specifications.
default value is -0.15. See Temperature Correction for details.
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Area (m2)
The module collector area in square meters.

a, b, and dT
Temperature correction coefficients, a=-3.2, b=-0.09, dT=17 by default. See Temperature Correction for
details.

Default Temperature Inputs

Resets the a, b, and dT coefficients to their default values.

Radiation Level and Efficiency Table
Radiation (W/m2)
The incident beam radiation level at which the given efficiency value applies.
Efficiency (%)

The module conversion efficiency at a given incident global radiation level. Solar Advisor calculates an
efficiency value for each hour in the simulation using linear extrapolation to determine the value based
on radiation data from the weather file. The efficiency values represent the efficiency of conwversion from
incident global radiation to DC electrical output.

Reference
Indicates which value to use for the reference calculations.

The module's hourly DC output is the product of the hour's direct normal solar radiation from the weather file
as defined on the Climate page, collector area, and module efficiency from the Module page:

Pup cPModule = EDirectNormal * A Collector * Thiogute £ TempCorr
Where,

Pmp, CPVModule (Wdc) The module's average DC electric output for the hour.

DirectNormal (W/m?)  The direct normal solar radiation from weather processor.

Acollecmr (m?) The collector area in square meters.

Mrtodule The module's conwersion efficiency at the incident beam radiation for the current
hour, extrapolated from the efficiency curve defined by the table on the Module
page.

F TempC Temperature correction factor. See Temperature Correction for details.

empLorr

Temperature Correction

The Sandia, Simple Efficiency, and Concentrating PV models all use the temperature correction algorithm
originally developed for the Sandia model to calculate a temperature correction factor that accounts for
efficiency losses due to heating of the module during the day when the sun is shining. The algorithm
calculates an hourly module temperature as a function of the solar radiation, ambient temperature, and wind
speed in a given hour. The algorithm uses a set of three coefficients (a, b, and d7T, described below), whose
values depend on the module's construction and how air circulates around the module when it is installed in
the system.

For more details about the algorithm, see King et al, 2004. Photovoltaic Array Performance Model. Sandia
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National Laboratories. SAND2004-3535. http://photovoltaics.sandia.gov/docs/PDF/King%20SAND. pdf

The CEC model uses a different temperature correction algorithm. For a description of the CEC temperature
correction approach, see De Soto 2004, Improvement and Validation of a Model for Photovoltaic Array
Performance, Master of Science Thesis, University of Wisconsin-Madison. http://sel.me.wisc.edu/theses/

desoto04.zip.

Note. The Solar Advisor temperature correction algorithms do not account for cooling strategies used in
some innovative photowltaic systems.

Temperature Correction for Sandia, Simple Efficiency, and Concentrating PV
Models

Solar Advisor uses the method described below to calculate a module and cell temperature and temperature
correction factor for the Sandia, Simple Efficiency and Concentrating PV models. The model uses the
temperature correction factor to adjust each hour's module efficiency value: The higher the module's
temperature in a given hour, the lower the module's efficiency in that hour.

You can explore temperature effects on the array's performance in the hourly output data. The data shows
the hourly cell temperature, along with the solar radiation, wind speed, and ambient temperature.

The temperature correction equations use the following input values from the Module page:

* Temperature coefficients. The Sandia model uses the four values listed in the Temperature Coefficients
column. The Simple Efficiency and Concentrating PV models use the single temperature coefficient of
power value.

e Temperature correction coefficients: a, b, and dT. For the Sandia and Simple Efficiency models, the

three values appear under the Module Structure - Mounting option. For the Concentrating PV model, the
values appear below the temperature coefficient variable.

The equations use four hourly data sets from the weather file. You can see the hourly data by either viewing
the climate data from the Climate page, or viewing the hourly results data after running simulations:

¢ Incident direct normal radiation

¢ Incident diffuse radiation

e Ambient temperature

e Wind speed

Guidelines for choosing the Module Structure - Mounting option for the Sandia and Simple
Efficiency models:

e For most analyses inwlving modules mounted on open racks, choose Use Database Values.
These are the values determined empirically during testing of the module. Most of the modules in
the database were tested on open racks.

¢ Choose a different option to see how the module would perform under different mounting conditions.
Be sure to choose a module structure and mounting option that is consistent with the module you
are modeling. You may need to refer to the module's specification sheet for information about its
structure.

e If you understand the Sandia model well enough to generate your own temperature correction
coefficients, choose User Defined, and type your own values for the three coefficients.
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Table 11. Description of the module structure and mounting options.

Module Structure
and Mounting

Description

Glass/Cell/Polymer Sheet
Open Rack

Solar cells are between a glass front and polymer back, and the module
is mounted on an open rack allowing air to circulate freely around the
module.

Glass/Cell/Glass
Open Rack

Solar cells are between a glass front and glass back, and the module is
mounted on an open rack allowing air to circulate freely around the
module.

Polymer/Thin Film/Steel
Open Rack

Solar cells are between a transparent polymer front and steel back, and
the module is mounted on an open rack allowing air to circulate freely
around the module.

Glass/Cell/Polymer Sheet
Insulated Back

Solar cells are between a glass front and polymer back, and the module
is mounted directly to a building surface in a building-integrated PV
(BIPV) application preventing air from flowing over the module back.

Glass/Cell/Glass
Close Roof Mount

Solar cells are between a glass front and glass back, and the module is
mounted on a rack with little clearance between the building surface and
module back allowing little air to flow over the module back.

Table 12. Empirically-determined coefficients from the Sandia database for each of the
module structure and mounting options available on the Module page.

Module Structure dT
and Mounting a b °C

Glass/Cell/Polymer Sheet 356 -0.0750 3
Open Rack
Glass/Cell/Glass
Open Rack -3.47 -0.0594 3
Polymer/Thin Film/Steel .3.58 -0.113 3
Open Rack
Glass/Cell/Polymer Sheet 281 -0.0455 0
Insulated Back
Glass/Cell/Glass
Close Roof Mount 2.98 0.0471 !
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Table 13. Sample temperature coefficient values for different cell types based on an

informal survey of manufacturer module specifications.

Cell Type Maximum Power Temperature Coefficient (%/°C)
Monocrystalline Silicon -0.49
Polycrystalline Silicon -0.49
Amorphous Silicon -0.24
Amorphous Silicon Triple Junction -0.21
Copper Indium Gallium DiSelenide (CIGS) -0.45
Cadmium Telluride (CdTe) -0.25

The temperature correction algorithm first calculates the module back temperature based on the incident

solar radiation, a and b coefficients, and the ambient temperature and wind speed:

a+5Viring
TBack = Elncident * € Wind 4 T'a rbient

Next, the cell temperature is calculated based on the module back temperature, incident radiation, and dT:

The temperature correction factor F

Where,
2
Incident (W/m )
E() (W/mz)
T (0)
7 (%/°C)
a, b

dT

Vitind (m/s)

TAmbient (OC)

E .
Teett = TBack + Clncident g7
E,

TempCorr IS

FrempCorr = 1 + ) " (Tcen — TRer)

The sum of the direct normal and diffuse radiation for the current hour in the
weather data. Solar Advisor determines this value based on the data in the weather
file.

The reference total incident radiation, equal to 1000 W/m?2.
The reference temperature in degrees Celsius, equal to 25°C.

The maximum power temperature coefficient from Module page.

Values from the Module page. They are empirically-determined coefficients
accounting for the effect of wind on the module temperature: a defines the module
temperature upper limit (at low wind speed and high solar radiation levels), and b
defines the rate at which module temperature decreases as wind speed increases.
The values depend on the module's construction, which determines its ability to
absorb and shed heat. See the table abowe for typical values.

Value from the Module page. The temperature difference between the cell and
module back surface at the reference incident radiation of 1000 W/m?. The value
depends on how the module is mounted in the system, which determines how
much air comes into contact with the module back surface. See the table above
for typical values.

Wind speed from the weather file in meters per second.

Ambient temperature from weather file.
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49.6 Inverter

To view the Inverter page, click Inverter on the main window's navigation

ks 1620 menu. Note that for the Inverter page to be awailable, the technology
v’ option in the Technology and Market window must be Photowoltaics -
SAM Performance Models.
User Varables h
Contents
» Owveniew describes the two inverter model options and how to choose one for your
analysis.
» About _the Sandia_Inverter Performance Model describes the Sandia describes the
model in more detail and explains the meanings of the input variables.
» About the Single-point Efficiency Inverter Model describes in the input variables and
algorithms for the single-point efficiency model for inverters.
Overview

The Inverter page allows you to choose an inverter performance model from two options, and displays the
characteristics of the of the inverter.

On the Inverter page, you specify the characteristics of a single inverter. To enter the number of inverters in
the system, use the input variables on the Array_page. Solar Advisor calculates the AC output of the total
number of inverters in the system based on the DC output of the photowltaic array calculated by the
module performance model.

The current version of Solar Advisor includes two inverter performance models, the Sandia Performance
Model for Grid-Connected PV Inverters model and the single-point efficiency model. The Sandia model
allows you to choose an inverter from a list of commercially-available inverters. The single-point efficiency
model allows you to model inverters that are not in the list.

To specify an inverter model:

1. Choose the model name from the list.

[Sandia Performance Madel for Grid Connected PV Inverter -
Single Point Efficency Inverter
L

r]nverter Characteristics

2. For the Sandia model, choose an inverter from the database of available models.
For the Single Point Efficiency Model, enter inverter characteristics.

About the Sandia Inverter Performance Model

The Sandia Performance Model for Grid-Connected PV Inwerters is an empirically-based performance model
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that uses parameters from a database of commercially available inverters maintained by Sandia National
Laboratory. The parameters are based on manufacturer specifications and laboratory measurements for a
range of inverter types.

The Sandia inverter model is described in King D et al, 2007. Performance Model for Grid-Connected
Photovoltaic Inverters. Sandia National Laboratories. SAND2007-5036. http://www.prod.sandia.gov/cgi-bin/

techlib/access-control.pl/2007/075036. pdf

To use the Sandia inverter model:

1. On the Inverter page, choose Sandia Performance Model for Grid Connected PV Inverters.

2. Choose an inwerter from the list of available inverters. Solar Advisor displays the inverter's
characteristics and model coefficients for your reference.

If you are modeling an inverter not included in the database and want to use the Sandia model, you
can try to find an inverter with similar characteristics to your inverter's specifications.

The Sandia model consists of a set of equations that Solar Advisor uses to calculate the inverter's hourly
AC output based on the DC input (equivalent to the derated output of the photowoltaic array) and a set of
empirically-determined coefficients that describe the inverter's performance characteristics. The equations
involve a set of coefficients that have been empirically determined based on data from manufacturer
specification sheets and either field measurements from inverters installed in operating systems, or
laboratory measurements using the California Energy Commission (CEC) test protocol.

The CEC inverter test protocol is described in Bower W et al, 2004. Performance Test Protocol for
Evaluating Inverters Used in Grid-Connected Photovoltaic Systems. http://bewengineering.com/docs/index.
htm

Because Solar Advisor does not track woltage lewvels in the system, it assumes that for each hour of the
simulation, the inverter operates at the photowoltaic array's maximum power point woltage, given the solar
resource data in the weather file for that hour.

Inverter Characteristics

When you select an inverter from the Sandia database on the Inverter page, Solar Advisor displays the
inverter's parameters for your reference. You can see the complete set of parameters in the Inverter library
by using Solar Advisor's library editor.

The Sandia inverter library includes parameters for modules that have been tested by Sandia National
Laboratory. Manufacturers wishing to add their inverters to the Sandia database should contact Sandia
National Laboratory directly. Because the parameters involve data from field and test measurements, it is
not possible to generate parameters based only on manufacturer specifications.

The following table describes the parameters in the Sandia inverter library, which are explained in more
detail in the King 2004 reference cited above.

AC Voltage (Vac)
Rated output AC woltage from manufacturer specifications.
Power ACo (Wac)

Maximum output AC power at reference or nominal operating conditions. Available from manufacturer
specifications.

Power DCo (Wdc)

Input DC power level at which the inverter's output is equal to the maximum AC power level. Available
from manufacturer specifications.
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PowerSo (Wdc)

DC power required for the inverter to start converting DC electricity to AC. Also called the inverter's self-
consumption power. Sometimes available from manufacturer specifications, and not to be confused with
the nighttime AC power consumption.

PowerNTare (Wac)

AC power consumed by the inverter at night to operate woltage sensing circuitry when the photowltaic
array is not generating power. Available from manufacturer specifications.

Vdcmax (Vdc)

The maximum DC woltage input, typically at or near the photowltaic array's maximum power point
woltage.

Idcmax (Adc)

The maximum DC woltage input, typically at or near the photowltaic array's maximum power point
current.

Coefficient 0 (1/V)

Empirically-determined coefficient that defines the relationship between AC and DC power lewels at the
reference operating condition.

Coefficient 1 (1/V)

Empirically-determined coefficient that defines the value of the maximum DC power level.
Coefficient 2 (1/V)

Empirically-determined coefficient that defines the value of the self-consumption power level.
Coefficient 3 (1/V)

Empirically-determined coefficient that defines the value of Coefficient O.
MPPT-low (Vdc)

Manufacturer-specified minimum DC woltage, as described in CEC test protocol (see reference abowe).
Vdco (Vdc)

The average of MPPT-low and MPPT-high, as described in the CEC test protocol (see reference abowe).
MPPT-hi (Vdc)

Manufacturer-specified maximum DC woltage, as described in CEC test protocol (see reference above).
The test protocol specifies that the inverter's maximum DC wltage should not exceed 80% of the
array's maximum allowable open circuit voltage.

About the Single Point Efficiency Inverter Model

The inverter single-point efficiency model calculates the inverter's AC output by multiplying the DC input
(equivalent to the array's derated DC output) by a fixed DC-to-AC conversion efficiency that you specify on
the Inverter page. Unlike the Sandia inverter model, the single-point efficiency model assumes that the
inverter's efficiency does not vary under different operating conditions.

To use the single-point efficiency inverter performance model:

On the Inverter page, choose Single Point Efficiency Inverter.
1. Enter the inverter's rated AC power output in Watts. This information is available on manufacturer
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specifications sheets.
2. Enter the inverter's conversion efficiency as a percentage.

Note that manufacturer specifications may include both a peak efficiency, which is the inverter's
maximum efficiency; and a CEC weighted efficiency value, which is an awerage value that better
represents the efficiency over a range of operating conditions.

Solar Advisor calculates the inverter's rated DC power input using the following equation:
_ Plavarterac

PI‘L‘[TEE[EEDC -
Hln'rartar

Where,
P[nvmer AC (Wye) Rated AC output power in Watts.

PlnvmerDC Wpe) Rated DC output power in Watts, calculated based on Power (dc)

(%) Efficiency

’7111 verter

49.7 PV Storage

To view the PV Storage page, click PV Storage on the main window's
2 navigation menu. Note that for the PV Storage page to be available, the

Ry technology option in the Technology and Market window must be
Photowoltaics - Component-based Models or Photowltaics - PVWatts
User Varabies o Performance Model.

Note. Solar Advisor's PV storage feature is currently under development. The current implementation is
intended for testing purposes. Feel free to experiment with the feature. If you have questions or feedback
about modeling battery storage in Solar Advisor, please contact Solar.Advisor.Support@nrel.gov.

Contents

» Oveniew describes the PV storage model.
» Input Variable Reference describes the variables on the PV Storage page.
> Battery Dispatch Control explains how to define the dispatch control schedule.

Overview

The PV Storage page allows you to specify the characteristics of a battery storage system for a grid-
connected photowltaic system with batteries and an electric load. When you model a system with
batteries, you should also specify a load on the PV_Loads page.Solar Advisor does not model stand-alone
photowoltaic systems.
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Solar Advisor's battery storage model is a simple representation of energy flows into and out of a "battery,"
which it models as a single device, whether your system uses a single battery or a bank of multiple
batteries. The battery can store up to the maximum capacity of electric energy that you specify. When the
battery's capacity in a given hour is less than its maximum capacity, either the grid or solar array can
charge the battery depending on the dispatch control schedule that you specify on the PV Storage page.
The photowltaic array can only charge the battery during hours when the array output is greater than the
electric demand, and the dispatch control schedule allows for the array to charge the battery. The battery
discharges during hours when its state of charge is greater than the minimum value you specify, the array
cannot meet the load, and the dispatch control schedule allows the battery to discharge. Each charge-
discharge cycle of the battery incurs losses defined by the roundtrip efficiency value that you specify. The
battery charges and discharges at the same rate, defined by the total capacity and hours to charge and
discharge that you specify.

To model a system with no storage, set the total battery capacity to zero. When the capacity is equal to
zero, the value of other parameters on the PV Storage page have no effect on the model's calculations.

The following information will help you experiment with the PV storage feature:

e The battery parameters determine the basic charging characteristics of the battery system including its
size, efficiency, and rate of charge and discharge.

e The timing control options and schedule matrices determine how the battery operates: You must specify
the times of day for each month that the battery can charge and discharge, and whether the battery is
charged by the grid or photowoltaic array.

e You can visually explore the hourly results in DView to see how the model dispatches energy from the
photowoltaic array, and to and from the grid and battery. Note that negative battery power values in the
hourly results indicate battery discharging, and positive values indicate the battery charging. Negative
grid power values indicate the grid delivering electricity to the battery or load, and positive grid power
values indicate the system delivering electricity to the grid.

Input Variable Reference

Battery Parameters
Total Battery Capacity (kWh)

The total battery bank storage capacity in kWh (kWh = Ah x V + 1000). The default value is zero for a
photowoltaic system with no storage.

Roundtrip Efficiency (%)

The battery's round-trip efficiency. Typically between 70% and 85% for batteries used in photowltaic
systems.

Initial Stored Energy (kWh)

Battery state of charge at the beginning of the simulation. A fully charged battery would have an initial
stored energy equal to the total battery capacity. A fully discharged battery would have an initial value of
zero.

Min. Allowable State of Charge (%)
The minimum battery capacity as a percentage of the total battery capacity.
Hours to Fully Charge/Discharge (hours)

The time to fully discharge the battery bank at the maximum discharge rate.
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Max. Charge/Discharge Power (kWh/h)

The maximum charge and discharge rate. Calculated by dividing the total battery capacity by the hours
to fully charge/discharge.

Solar Array Operation
Disable Solar Array Power Output

Choose this option to model a system with a load served by the grid and a battery, but no photowoltaic
array. This option makes it possible to isolate the lewlized cost of energy of the battery storage
system.

Battery Dispatch Timing Control
The dispatch timing control options apply to each of up to four periods. See below for details.
Force charging from the grid

Energy from the grid charges the battery during hours when the battery capacity is less than 100% of
the total battery capacity.

Allow discharging of the battery?
Energy can be drawn from the battery bank.
Allow charge (from excess solar)?

Energy can be delivered to the battery bank from the solar array during hours when the solar array
power exceeds the load requirement.

Battery Dispatch Control

The battery's operation is determined by the three timing control options and how you assign them to the
dispatch schedule matrices. The following tips will help you experiment with the dispatch controls:

e For each of the four periods, you can assign any combination of the three timing control options, which
are defined abowve. For example, you might only allow the battery to discharge during night hours, and
allow the grid to charge the battery during early evening hours to ensure the battery is fully charged
before it begins sening the load.

e The two matrices allow you to define a separate battery dispatch control schedule for weekdays and
weekends.

e To assign a period to a month and hour of day, select cells in a matrix and type a period number. For
example, to assign Period 3 to 6 am through 5 pm from June through July, select the cells in the June
and July rows and 6 am through 5 pm columns and type the number 3.

e When you assign a period to a matrix, Solar Advisor applies the timing controls that you checked for the
period to the times indicated in the matrix.
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49.8 PV Loads

To view the PV Loads page, click PV Loads on the main window's
R . navigation menu. Note that for the PV Loads page to be available, the
Par Capariny: 5 154 pur i technology option in the Technology and Market window must be
PIE Photowoltaics - Component-based Models or Photowltaics - PVWatts

1 Performance Model.

PV Loads

Note. Solar Advisor's load feature is currently under dewelopment. The simple implementation is
intended for testing purposes. Feel free to experiment with the feature. If you have questions or feedback
about modeling loads in Solar Advisor, please contact Solar.Advisor.Support@nrel.gov.

Contents

> Ovenview describes the PV loads data and when Solar Advisor uses the data.

» Working with Load Data Files explains how to import data from text files and
spreadsheets.

» Creating Load Data from Daily Profiles explains how to define daily load profiles for
each month of the year and use Solar Advisor to convert them to an 8,760 load data
set.

Overview

The PV Loads page allows you to define an electric load for a grid-connected photowltaic system with
storage. When you define a load for your system, you should also define a storage system on the PV
Storage page. A load data set must consist of 8,760 hourly awerage demand values in kilowatts,
representing the electric demand of a building or other load center for a single year.

When you have defined load data, Solar Advisor displays the mean, minimum and maximum values from
the data set in the small box next to the Edit button.

The following information will help you experiment with the loads feature:

¢ You can use load data stored in a text file, or use the Edit Hourly Data window to create a load data set
from data in a spreadsheet or other file, or by defining a set of daily load profiles for each month of the
year.

e Solar Advisor comes with a set of load data files for sewveral cities in the United States. The files are
located in the \samples\Residential Load Data folder.

* The PV load feature works in conjunction with the PV _Storage model. Solar Advisor only uses load data
when the total battery capacity on the PV Storage page is greater than zero.

e The load data appears in DView as "P_LOAD," and on the hourly tab of the results workbook as "Load
Demand (kWh), Hourly."
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Working with Load Data Files

You can use one of the load data files supplied with Solar Advisor, or prepare your own load data file.

A load data file is a text file with 8,761 rows: The first row is a text header that Solar Advisor ignores, and
the remaining 8,760 rows must contain average hourly electric demand data in kilowatts. The first data
element represents the hour beginning at midnight and ending at 1 a.m. on January 1.

To import load data from a properly formatted text file:

1.
2.
3.

On the PV Loads page, click Edit.
In the Edit Hourly Data window, click Import.

Navigate to the folder containing the load data file and open the file. To use U.S. load data supplied
with Solar Advisor, navigate to the \samples\Residential Load Data folder.

Solar Advisor displays the data in the data table. Use the scroll bars to see all of the data.
Click OK to return to the PV Loads page.

To import load data from a spreadsheet or other file:

1.
2.

On the PV Loads page, click Edit.

Open the spreadsheet containing the load data. The data must be in a single column of 8,760 rows,
and expressed in kilowatts.

In the spreadsheet, select the load data and copy it.
In the Edit Hourly Data window, click Paste.

You can also copy data from the Edit Hourly Data window by clicking Copy, or export the data to a
text file by clicking Save.

Creating Load Data from Daily Profiles

If you do not have a complete 8,760 set of load data, you can use a set of daily load profiles for each month,
and use Solar Advisor to create a set of 8,760 values.

To create a load data set using daily load profiles:

1.
2.
3.

On the PV Loads page, click Edit.

In the Edit Hourly Data window, check Use monthly grid to generate 8760 data.

For each month of the year, define a daily load profile by typing a kilowatt electric demand for each
of the 24 hours of the day. The first column represents the first hour of the day, beginning at
midnight and ending at 1:00 a.m.

If you want to specify separate load profiles for weekdays and weekends, click Weekend Values to
define profiles that apply to two days each week. Solar Advisor arbitrarily assumes that the first day
in the data set is a Monday, and that weekends fall on Saturday and Sunday.

If you do not specify separate weekend profiles, Solar Advisor applies the weekday profile to all
days of the week.

When you have specified all of the daily load profiles, click To 8760 to transfer the data to the User
Specified data table. You must complete this step for Solar Advisor to use the profile data in
simulations.

When you define a load with daily load profiles, Solar Advisor assumes that all days in a given
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month hawe identical load profiles.

5. If you want to export the 8,760 data to a text file, click Save. You can also copy the data to a
spreadsheet or other file by clicking Copy, and then pasting the data in to the file.

4.10 Parabolic Trough Empirical

A parabolic trough system is a type of concentrating solar power (CSP) system that collects direct normal
solar radiation and conwerts it to thermal energy that runs a power block to generate electricity. The
components of a parabolic trough system are the solar field, power block, and in some cases, thermal
energy storage and fossil backup systems. The solar field collects heat from the sun and consists of
parabolic, trough-shaped solar collectors that focus direct normal solar radiation onto tubular receivers.
Each collector assembly consists of mirrors and a structure that supports the mirrors and receivers, allows
it to track the sun on one axis, and can withstand wind-induced forces. Each receiver consists of a metal
tube with a solar radiation absorbing surface in a vacuum inside a coated glass tube. A heat transfer fluid
(HTF) transports heat from the solar field to the power block (also called power cycle) and other
components of the system. The power block is based on conventional power cycle technology, using a
turbine to convert thermal energy from the solar field to electric energy. The optional fossil-fuel backup
system delivers supplemental heat to the HTF during times when there is insufficient solar energy to drive
the power block at its rated capacity.

The empirical parabolic trough model uses a set of equations based on empirical analysis of data collected
from installed systems to represent the performance of parabolic trough components. The model is based
on Excelergy, a model initially developed for inernal use at at the National Renewable Energy Laboratory.
For a description of the type of parabolic systems that Solar Advisor can model, see About the Solar
Advisor Model. For information about the physical parabolic trough model, see Parabolic Trough Physical.

Note. Many of the input variables in the parabolic trough model are interrelated and should be changed
together. For example, the storage capacity, which is expressed in hours of thermal storage, should not
be changed without changing the tank heat loss value, which depends on the size of the storage
system. Some of these relationships are described in this documentation, but not all. If you have
questions about parabolic trough input variables, please contact Solar Advisor Support at solar.advisor.

support@nrel.gov.

To use the parabolic trough empirical model:
e Open the sample parabolic trough sample template: On the File menu, click Open Sample
Template and choose Sample Parabolic Trough Systems from the list, or
® In the Technology and Market window, choose Concentrating Solar Power, Empirical Trough
System.

The sample template contains four cases. The first three cases use the physical_trough _model, and the
fourth case uses the empirical model. The fourth case represents a 100 MW baseline system with a
medium temperature heat-transfer fluid and an indirect 2-tank thermal energy storage system.

The parabolic trough input pages for this option described in this section are:

e Trough System Costs
e Solar Field
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SCA / HCE (solar collector assembly / heat collection element)
Power Block

Thermal Storage
e Parasitics

User Variables

410.1 Trough System Costs

To view the Trough System Costs page, click Trough System Costs on

the main window's navigation menu. Note that for the trough input pages
= to be awailable, the technology option in the Technology and Market
window must be Concentrating Solar Power - Parabolic Trough System.

Contents

» Owveniew describes the trough system costs.

» Input Variable Reference describes the input variables on the Trough System Costs
page.
» Entering Periodic_Operation_and_Maintenance Costs explains how to use annual

schedules to assign operation and maintenance costs to particular years in the
project cash flow.

» About_the Trough System_ Default Cost Assumptions describes the assumptions
and sources of the default parabolic trough system costs.

Overview

Solar Advisor uses the variables on the Trough System Costs page to calculate the project investment cost
and annual operating costs reported in the project cash flow and used to calculate cost metrics reported in
the Metrics table.

Because only the Total Installed Cost value affects the cash flow calculations, you can assign capital costs
to the different cost categories in whatever way makes sense for your analysis. For example, you could
assign the cost of designing the solar field to the solar field cost category or to the engineer-procure-
construct category with equivalent results. The categories are provided to help you keep track of the
different costs, but do not affect the economic calculations. After assigning costs to the categories, verify
that the total installed costs value is what you expect.

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.
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Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will vary
depending on the market, technology and geographic location of a project. Because of price wolatility in
solar markets, the cost data in the sample files is likely to be out of date. For more information see the

Solar Advisor Model website, https://www.nrel.gov/analysis/sam/cost_data.html.

Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Site Improvements ($/m?2)

A cost per square meter of solar field area to account for expenses related to site preparation and other
equipment not included in the solar field cost category.

Solar Field ($/m?)

A cost per square meter of solar field area to account for expenses related to installation of the solar
field, including labor and equipment.

HTF System ($/m?2)

A cost per square meter of solar field area to account for expenses related to installation of the heat
transfer fluid pumps and piping, including labor and equipment.

Storage ($/kWht)

Cost per thermal megawatt-hour of storage capacity to account for expenses related to installation of
the thermal storage system, including equipment and labor.

Fossil Backup ($/kWe)

Cost per electric megawatt of power block nameplate capacity to account for the installation of a fossil
backup system, including equipment and labor.

Power Plant ($/kWe)

Cost per electric megawatt of power block nameplate capacity to account for the installation of the
power block, including equipment and labor.

Contingency (%)

A percentage of the sum of the site improvements, solar field, HTF system, storage, fossil backup, and
power plant costs to account for expected uncertainties in direct cost estimates.
Total Direct Cost ($)

The sum of improvements, solar field, HTF system, storage, fossil backup, power plant costs, and
contingency costs.
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Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.

Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.

Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.

Total Indirect Cost ( $)

The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Total Installed Cost per Capacity ($/Wdc or $/kW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only and not used in cash flow calculations.

Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.

For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Financing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
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schedule to assign costs to individual years. See below for details.
Fixed Annual Cost ($/yr)
A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)
A fixed annual cost proportional to the system's rated or nameplate capacity.
Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conwersion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)

Note. For information on water consumption and other operation and maintenance costs and
requirements for concentrating parabolic trough systems, see the Troughnet website: http://www.nrel.
govicsp/troughnet/power_plant_systems.html. For information on operation and maintenance costs for
photowltaic systems, see the California Energy Commission's online Distributed Energy Resource

guide http://www.energy.ca.gov/distgen/economics/operation.html.

Entering Periodic Operation and Maintenance Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash_flow, and Solar Advisor will account for them in the other
economic metrics including the lewvelized cost of energy and net present value.

Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.
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To assigh component replacement costs to particular years:

1. In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost — 284.00 sfyr

2. Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.
gl Edit.. |

3. Click Edit.

4. In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you hawe finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.

About the Trough System Default Cost Assumptions

The default values on the Trough System Costs page reflect the National Renewable Energy Laboratory's
best estimate of representative system costs for the United States in the second quarter of 2009. The
values are based on a cost study for 100-MWe reference plant cost performed by the WorleyParsons Group
under NREL contract KAXL-9-99205-00, and on conversations with dewelopers and industry insiders. The
costs are composite values and do not represent a specific location or market within the United States.

Note. Always review all of the inputs for your Solar Advisor project to determine whether they are
appropriate for your analysis.

Major points of note include:
¢ Site improvement cost estimates have been increased from earlier estimates to better account for the
cost of access roads, drainage, and land grading.

e The HTF System category includes the cost of the heat transfer fluid (HTF) and header piping costs. The
HTF and header piping account for most of the HTF System category.

e The Power Plant cost for the dry-cooled case is higher than for the wet-cooled case to account for the
higher cost of an air-cooled condenser compared to a cooling tower.

* The Storage cost estimate is based on a two-tank molten salt system, and accounts for the cost of
nitrate salts in 2009

* Contingency has been rounded to 10%
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¢ The operation and maintenance cost category, Variable Cost by Generation includes the cost of water for

wet-cooled case.

Table 14. Comparison of Trough System Costs in Solar Advisor versions 3.0 (June 2009)

and 2009 (October 2009).
Parabolic Trough Costs SAM 3.0 SAM 2009 units
Site Improvements 3 20 $/m?
Solar Field 300 350 $/m?
HTF System 150 50

($/kWe) ($/m?)
Storage 40 70 $/kWht
Fossil Backup 0 0 $/kWe
Power Block (wet-cooled) 850 880 $/kWe
Power Block (dry-cooled) 850 960 $/kWe
Contingency 8.85 10 %
Engineer, procure, 16 15 %
construct
Project, land, 3.5 3.5 %
management
Sales tax applies to 80 80 %
Fossil Fuel Cost 0 0 $/MMBTU
O&M Fixed Annual cost 0 0 Slyr
O&M Fixed cost by 50 80 $/KW-yr
capacity
O&M Variable cost by 0.7 3 $/MWh
gen.

Note. Solar Advisor does not account for the capacity value of storage. Some utilities apply a capacity
credit to systems with storage that can affect overall project economics.

4.10.2 Solar Field

¥4l

To view the Solar Field page, click Solar Field on the main window's
navigation menu. Note that for the Solar Field page to be available, the
technology option in the Technology and Market window must be
Concentrating Solar Power - Parabolic Trough System.
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Contents

» Owveniew describes the Solar Field page and where to find more information about
the solar field model.

» Input_Variable Reference describes the input variables and options on the Solar
Field page.

» Choosing the Field Layout Mode explains the two field layout options: Solar
multiple and solar field area.

» About_the Solar_Multiple_Reference _Conditions explains how to choose an
appropriate reference direct normal radiation value for a given location.

> About the Heat Transfer Fluid Properties explains the role of the heat transfer fluid
in the system and describes the properties of the HTFs available in the default
library.

» Equations_for_Calculated Values describes the equations used to calculated the
calculated values on the Solar Field page.

Overview

The Solar Field page displays variables and options that describe the size and properties of the solar field,
properties of the heat transfer fluid, reference design specifications of the solar field, and collector
orientation.

For a more detailed description of the model, please download the CSP trough reference manual from the
Solar Advisor website's support page: https://www.nrel.gov/analysis/sam/support.html.

Input Variable Reference

Field Layout
Option 1: Solar Multiple and Option 2: Solar Field Area

For option 1, (solar multiple mode), SAM calculates the solar field area and displays it in Solar Field
Area (calc). For option 2 (solar field area mode), SAM calculates the solar multiple and displays it in
Solar Multiple (calc). Note that SAM does not use the value that appears dimmed for the inactive
option.

Distance Between SCAs in Row (m)
The end-to-end distance in meters between SCAs (solar collection elements, or collectors) in a single
row, assuming that SCAs are laid out uniformly in all rows of the solar field. SAM uses this value to

calculate the end loss. This value is not part of the SCA library on the SCA / HCE page, and should be
verified manually to ensure that it is appropriate for the SCA type that appears on the SCA / HCE page.

Row spacing, center-to-center (m)

The centerline-to-centerline distance in meters between rows of SCAs, assuming that rows are laid out
uniformly throughout the solar field. SAM uses this value to calculate the row-to-row shadowing loss
factor. This value is not part of the SCA library, and should be verified manually to ensure that it is
appropriate for the SCA type that appears on the SCA / HCE page.
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Number of SCAs per Row

The number of SCAs in each row, assuming that each row in the solar field has the same number of
SCAs. SAM uses this value in the SCA end loss calculation.

Deploy Angle (degrees)

The SCA angle during the hour of deployment. A deploy angle of zero for a northern latitude is vertical
facing due east. SAM uses this value along with sun angle values to determine whether the current hour
of simulation is the hour of deployment, which is the hour before the first hour of operation in the
morning. SAM assumes that this angle applies to all SCAs in the solar field.

Stow Angle (degrees)

The SCA angle during the hour of stow. A stow angle of zero for a northern latitude is vertical facing
east, and 180 degrees is ertical facing west. SAM uses this value along with the sun angle values to
determine whether the current hour of simulation is the hour of stow, which is the hour after the final
hour of operation in the evening.

Heat Transfer Fluid
Solar Field HTF Type

Name of the heat transfer fluid type. The Minimum HTF Temp value depends on the HTF type. The
available fluid types are limited to those described in the HTF Properties section.

Property table for user-defined HTF
When the Solar Field HTF type is "User-defined," click Edit to enter properties of a custom HTF.
Solar Field Inlet Temp (°C)

Design temperature of the solar field inlet in degrees Celsius used to calculate design solar field
average temperature, and design HTF enthalpy at the solar field inlet. SAM also limits the solar field
inlet temperature to this value during operation and solar field warm up, and uses this value to calculate
the actual inlet temperature when the solar field energy is insufficient for warm-up.

Solar Field Outlet Temp (°C)

Design temperature of the solar field outlet in degrees Celsius, used to calculate design solar field
average temperature. It is also used to calculate the design HTF enthalpy at the solar field outlet,
which SAM uses to determine whether solar field is operating or warming up. SAM also uses this value
to calculate the actual inlet temperature when the solar field energy is insufficient for warm-up.

Solar Field Initial Temp (°C)

Initial solar field inlet temperature. The solar field inlet temperature is set to this value for hour one of the
simulation.

Piping Heat Losses @ Design Temp (W/m?2)

Solar field piping heat loss in Watts per square meter of solar field area calculated based on design
variables. Used in solar field heat loss calculation.

Piping Heat Loss Coeff (1-3)

These three values are used with the solar field piping heat loss at design temperature to calculate solar
field piping heat loss.

Solar Field Piping Heat Losses (W/m?)
Design solar field piping heat losses. This value is used only in the solar field size equations. This
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design value different from the hourly solar field pipe heat losses calculated during simulation.
Minimum HTF Temp (°C)

Minimum heat transfer fluid temperature in degrees Celsius. SAM automatically populates the value
based on the properties of the solar field HTF type, i.e., changing the HTF type changes the minimum
HTF temperature. The value determines when freeze protection energy is required, is used to calculate
HTF enthalpies for the freeze protection energy calculation, and is the lower limit of the average solar
field temperature.

HTF Gallons Per Area (gal/m?2)

Volume at 25°C of HTF per square meter of solar field area, used to calculate the total mass of HTF in
the solar field, which is used to calculate solar field temperatures and energies during hourly
simulations. The wolume includes fluid in the entire system including the power block and storage
system if applicable. Example values are: SEGS VI: 115,000 gal VP-1 for a 188,000 m2 solar field is
0.612 gal/m2, SEGS VIII 340,500 gal VP-1 and 464,340 m2 solar field is 0.733 ga/m2.

Solar Multiple (Design Point)

Note. The ambient temperature, direct normal radiation, and wind velocity reference variables differ from
the hourly weather data that Solar Advisor uses for system output calculations. Solar Advisor uses the
reference ambient condition variables to size the solar field. Hourly data from the weather file shown on
the Climate page determine the solar resource at the site.

Solar Multiple (calc)

The solar field area expressed as a multiple of the exact area (see "Exact Area" below). SAM uses the
calculated solar multiple value to calculate the design solar field thermal energy and the maximum
thermal energy storage charge rate.

Solar Field Area (calc) (m?)

The solar field area expressed in square meters. SAM uses this value in the delivered thermal energy
calculations. The solar field area is the total collection aperture area, which is less than the mirror area.
The solar field area does not include space between collectors or the land required by the power block.

Ambient Temp (°C)

Reference ambient temperature in degrees Celsius. Used to calculate the design solar field pipe heat
losses.

Direct Normal Radiation (W/m?2)

Reference direct normal radiation in Watts per square meter. Used to calculate the solar field area that
would be required at this insolation level to generate enough thermal energy to drive the power block at
the design turbine thermal input level. SAM also uses this value to calculate the design HCE heat
losses displayed on the SCA / HCE page. The appropriate value depends on the system location. For
example, 950 W/m2 is an appropriate value for the Mohave Desert and typical locations under
consideration for development in the U.S., and 800 W/m2 is appropriate for southern Spain. See below
for more information.

Wind Velocity (m/s)

Reference wind \elocity in meters per second. SAM uses this value to calculate the design HCE heat
losses displayed on the SCA / HCE page.
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Exact Area (m?)

The solar field area required to deliver sufficient solar energy to drive the power block at the design
turbine gross output level under reference weather conditions. It is equivalent to a solar multiple of one,
and used to calculate the solar field area when the Layout mode is Solar Multiple.

Exact Num. SCAs

The exact area divided by the SCA aperture area. SAM uses the nearest integer greater than or equal
to this value in the solar field size equations to calculate value of the Solar Field Area (calc) variable
described above. The exact number of SCAs represents the number of SCAs in a solar field for a solar
multiple of one.

Aperture Area per SCA (m2)

SCA aperture area variable from the SCA / HCE page. SAM uses this value in the solar field size
equations to calculate the value of the Solar Field Area (calc) variable described above.

HCE Thermal Losses (W/m2)

Design HCE thermal losses based on the heat loss parameters from the SCA / HCE page. SAM uses
this value only in the solar field size equations. This design value is different from the hourly HCE
thermal losses calculated during simulation.

Optical Efficiency

Weighted optical efficiency variable from the SCA / HCE page. SAM uses this design value only in the
solar field size equations. This design value is different from SCA efficiency factor calculated during
simulations.

Design Turbine Thermal Input (MW}t)

Design turbine thermal input variable from the Power Block page. Used to calculate the exact area
described abowe.

Orientation
Collector Tilt (degrees)

The collector angle from horizontal, where zero degrees is horizontal. A positive value tilts up the end of
the array closest to the equator (the array's south end in the northern hemisphere), a negative value tilts
down the southern end. Used to calculate the solar incidence angle and SCA tracking angle. SAM
assumes that the SCAs are fixed at the tilt angle.

Collector Azimuth (degrees)

The azimuth angle of the collector, where zero degrees is pointing toward the equator, equivalent to a
north-south axis. Used to calculate the solar incidence angle and the SCA tracking angle. SAM
calculates the SCAs' tracking angle for each hour, assuming that the SCAs are oriented 90 degrees
east of the azimuth angle in the morning and track the daily movement of the sun from east to west.

Choosing the Field Layout Mode

Solar Advisor provides two options for defining the size of the solar field: Solar Multiple (Option 1) and Solar
Field Area (Option 2).

In Solar Multiple mode, Solar Advisor calculates the solar field area based on the solar multiple, the power
block's rated thermal input capacity, reference weather conditions, and design heat loss parameters. For a
solar multiple of one, Solar Advisor calculates the solar field area that, under reference weather conditions
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and accounting for heat losses from the field, generates a thermal energy amount equal to the design
turbine thermal input value from the Power Block page.

In Solar Field Area mode, SAM uses the user-defined solar field area, and calculates the equivalent solar
multiple.

The solar multiple mode is useful for determining the optimal solar field area for a given location. By varying
the solar multiple, you can find the value that minimizes the levelized cost of energy for a given power block
capacity. The lewelized cost of energy metric captures the tradeoff between the benefit of higher annual
electricity output and the cost of increased capital expenditures associated with increasing the solar field
area.

Using the Solar Multiple mode is best for analyses involving a known or fixed power block capacity because
Solar Advisor automatically calculates the solar field area based on the power block capacity. The Solar
Field Area mode is best for analyses involving a known or fixed solar field area, but requires that the power
block capacity be manually adjusted to match the solar field output.

The third case in the Sample Parabolic Trough System template "Phys Trough - Parameterized Storage,"
illustrates this approach using the physical trough model. The case compares the lewelized cost of energy
for systems with different solar multiple values with and without storage. You can use the same approach
with the empirical model. For a description of the case, see Solar Multiple Optimization.

About the Solar Multiple Reference Conditions

The three reference condition variables, ambient temperature, direct normal radiation, and wind velocity, are
the ambient conditions at which the solar field thermal output is equal to the power block's design thermal
input multiplied by the solar multiple. In other words, under reference conditions, the system operates at the
system's design capacity. Note that these reference condition variables are system design parameters, and
do not describe the weather conditions at the project site. Weather conditions are determined by the data in
the weather file shown on the Climate page.

The reference ambient temperature and reference wind velocity variables are used to calculate the design
heat losses, and do not have a significant effect on the solar field sizing calculations. Reasonable values for
those two variables are the average annual measured ambient temperature and wind velocity at the project
location.

The reference direct normal radiation value, on the other hand, does hawe a significant impact on the solar
field size calculations. For example, a system with reference conditions of 25°C, 950 W/m?, and 5 m/s
(ambient temperature, direct normal radiation, and wind speed, respectively), a solar multiple of 2, and a
100 MWe power block, requires a solar field area of 871,940 m?. The same system with reference direct
normal radiation of 800 W/m? requires a solar field area of 1,055,350 m?. Note that with a solar multiple of 2,
both systems would produce two times the thermal energy required to drive the power block at its rated
capacity during hours in which the direct normal radiation, temperature, and wind speed from the weather
file are equal to the reference conditions.

For systems in the Mohave Desert of the United States, a value of 950 W/m? is reasonable, and for
southern Spain, a value of 800 W/m? is reasonable.

Four factors affect the choice of a reference direct normal radiation value for a given system:

e Location defined on the Climate page.

e Storage capacity defined on the Thermal Storage page.

* Maximum storage charge rate defined on the Thermal Storage page.

April 2010



Parabolic Trough Empirical 121

¢ Variability of the solar resource over the year, determined by the weather data as defined on the Climate
page.

Using too low of a reference direct normal radiation value results in excessive dumped energy: The actual
direct normal radiation from the weather data is frequently greater than the reference value so that the solar
field sized for the low reference radiation value often produces more energy than required by the power
block, and excess thermal energy is either dumped or put into storage. On the other hand, using too high of
a reference direct normal radiation value results in an undersized solar field that produces sufficient thermal
energy to drive the power block at its design point only during the few hours when the actual direct normal
radiation is at or greater than the reference value.

Method 1 for Choosing the Reference Direct Normal Radiation Value

The first approach to choosing a value for the reference direct normal radiation value is to set the value to
the maximum value of the incident direct normal radiation (Q_nipCosTh) reported in the hourly results.

To display the cumulative distribution function for the direct normal radiation data:

1. On the Solar Field page, choose the collector tilt and azimuth values you plan to use for your
analysis.

2. Click Run. The values you use for the other inputs are not important at this stage, so you can use
default or preliminary values.

3. On the Results menu, click View Hourly Time Series.

4. In the data viewer (DView), click the CDF tab and choose Q_nipCosTh in the variable list to display
the "CDF of Q_nipCosTh" graph.

You can either read the maximum value off of the graph as the right-most value on the x-axis, or
right-click the graph to export values to a text file and read the maximum value there.

You can also find the maximum Q_nipCosTh in the simulation output file (.out) as described in
Viewing Hourly Output Data. Use this option if you are running Solar Advisor on a Mac.

Method 2 for Choosing the Reference Direct Normal Radiation Value

Another approach to determine the reference direct normal radiation value for a given location is to find the
value that minimizes the amount of thermal energy that the system dumps.

To minimize dumped thermal energy:

1. Use Option 1 (Solar Multiple) for the field layout option and set the value to one.

2. Enter an arbitrary value for the reference direct normal radiation, such as 950 W/mZ.
3. Run a simulation.
4

In the hourly results, examine the amount of dumped thermal energy QDump. You can view the
variable's hourly values either in the time series data viewer or in Excel.

5. If the amount of dumped thermal energy is excessive, try a lower value for the reference direct
normal radiation value and repeat the above steps.

To determine the reference solar radiation value based on dumped thermal energy:

1. On the Solar Field page use the Solar Multiple option under Layout and set its value to one.
2. Enter an arbitrary value for the reference solar radiation value.
3. Run a simulation.
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4. In the hourly results, examine the amount of dumped thermal energy QDump. You can view the
variable's hourly values by clicking either Spreadsheet or Time Series Graph.

5. If the amount of dumped thermal energy is excessive, try a lower value for the reference solar
radiation and repeat the above steps.

About the Heat Transfer Fluid Properties

The solar field heat transfer fluid (HTF) absorbs heat as it circulates through the heat collection elements in
the solar field and transports the heat to the power block where it is used to run a turbine. Sewveral types of
heat transfer fluid are used for trough systems, including hydrocarbon (mineral) oils, synthetic oils, silicone
oils and nitrate salts.

When you choose a heat transfer fluid, Solar Advisor populates the minimum HTF temperature variable with
that oil's minimum operating temperature value. Solar Advisor will not allow the system to operate at a
temperature below the minimum HTF temperature. Electric heaters in the system maintain the fluid
temperature. Solar Advisor accounts for the electric power requirement for heating on the Parasitics page.

The remaining heat transfer fluid parameters describe characteristics of the solar field that affect the
performance of the heat transfer fluid. The two area-related parameters refer to square meters of solar field
area. If you are unsure of what values to use for these parameters, refer to the Solar Field page for the case
in Sample Parabolic Trough Systems.zsam.

Note. Solar field outlet temperature and solar field area data for U.S. parabolic trough power plants are
available on the Troughnet website at http://www.nrel.gov/csp/troughnet/power_plant_data.html.

Table 15. Heat transfer fluids.

Max Operating
Min HTF Temp Temp
Name Type °Cc °Cc Freeze Point Comments
Solar Salt Salt 260 600 220
Caloria mineral -20 300 -40 used in first Luz
hydrocarbon oil trough plant,
SEGS |
Hitec XL Nitrate salt 150 500 120 New generation
Therminol VP-1 [mixture of 50 400 12 Standard for
biphenyl and current
diphenyl oxide generation oil
HTF systems
Hitec Nitrate salt 175 500 140 For high-
temperature
systems
Dowtherm Q Synthetic oil -30 330 -50 New generation
Dowtherm RP | Synthetic oil -20 350 -40 New generation
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Equations for Calculated Values

Calcualted values appear on the Solar Field page in blue type with blue backgrounds.

Solar Multiple and Solar Field Area

When the Layout option is Solar Multiple (Option 1), Solar Advisor calculates the solar field area based on
the value you enter for the solar multiple:

A solarFisldCalontated = F SolarMultiple * < ExactArea

When the Layout option is Solar Field Area (Option 2), Solar Advisor calculates the solar multiple based on
the value you enter for the solar field area:
AsgolasFislé

FsolarultipleCaleutated =
A ExactArea

Where,

Fractdrea (m?) Exact Area

2 .
Asozarpield (m?) Solar Field Area

2 .
ASolarFieldCalculated (m*) Solar Field Area (calc)
FSolarMultiple Solar Multiple
F Solar Multiple (calc)

SolarMultipleCalculated

Exact Area and Exact Number of SCAs
The exact area is the solar field area for a solar multiple of one calculated as follows:

QDaai enTurbineThermallnput

AFxactArea = _ 0
QDi.ta{:tZ‘CmnaJRa.{.’.iatim ‘?Dpti{:aJEfﬁ:iawy - %CEThmnalLGssas — X BolarFieldPipingHeat] osses

The values used for these equations are displayed under Solar Multiple Reference Conditions and Values
From Other Pages, except for the five FET factors, which are on the Power Block page.

Where,
2
ExactArea (m ) Exact Area
Ferp-Fery Turb. Part Load Elec to Therm from the Power Block page

TopticalEfficiency Optical Efficiency from the SCA / HCE page

QDesignwameTherma”npm (W) Design Turbine Thermal Input from the Power Block page

O pireciNormalRadiation (VM) Direct Normal Radiation

W/m?) HCE Thermal Losses from the SCA / HCE page

QHCE ThermalLosses (

5 . -
QSOlarFieldPipingHeatLosses (W/m?)  Solar Field Piping Heat Losses
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Note. Direct Normal Radiation does not represent weather conditions at the site, but is the reference
radiation value used to calculate the solar field area when the solar multiple is one.

W _ A ExactArea
NExactNomberOSCAs =
‘{.-'Lpartua-".:aﬁarmi
Where,
2 .
AApertureAreaPerSCA (m?) Aperture Area per SCA, equivalent to SCA Aperature Area on SCA / HCE
bage
2
ExactArea (m*) Exact Area
ExactNumberOfSCAs Exact Number of SCAs

Solar Field Piping Heat Losses

The solar field piping heat losses are calculated using parameters of the heat transfer fluid and the reference
ambient temperature:

_ 3 2 3
OSolarFicliPipstiaatloses = (FPHL3 AT + Fprro - AT+ Fpur1 - AT) - Qsppipetl Desien
AT = T.—'L‘raraga - -T_-'L:mbiant

TSF-i.nDaaign + E—SFuutDaaign

T pverase = 3
Where,
FPHLI FPHL3 Piping Heat Loss Temp Coeff 1 through 3
QSFPipeHLDesign (W/m?) Solar Field Piping Heat Losses @ Design T

) . -
QSOlarFieldPipeHealLosses (W/m?)  Solar Field Piping Heat Losses

TAmbiem (°C) Ambient Temperature

TSFl.nDeSl.gn (°C) Solar Field Inlet Temperature

TSFoutDesign (°C) Solar Field Outlet Temperature

410.3 SCA/HCE

To view the SCA / HCE page, click Solar Field on the main window's
navigation menu. Note that for the SCA / HCE page to be available, the

Q technology option in the Technology and Market window must be
—_— Concentrating Solar Power - Parabolic Trough System.
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Contents

» Owveniew describes the SCA and HCE components and where to find more
information about the components.

» Input_Variable Reference describes the input variables and options on the SCA /
HCE page.

» About the SCA Parameters describes the physical charateristics of the four SCAs
included in the default library.

» About the HCE _Parameters describes the four HCE (receiver) types and five HCE
conditions included in the default library.

» Equations_for_Calculated Values describes the equations used to calculated the
calculated values on the SCA / HCE page.

Overview

The SCA / HCE page displays the characteristics of the solar collector assembly (SCA) and heat collection
elements (HCE) in the solar field. Note that the SCA is often referred to as the collector. The HCE is often
referred to as the receiver.

A solar collector assembly (SCA) is an individually tracking component of the solar field that includes
mirrors, a supporting structure, and heat collection elements or receivers.

A heat collection element (HCE) is a metal pipe contained in a vacuum within glass tube that runs through
the focal line of the trough-shaped parabolic collector. Seals and bellows ensure that a vacuum is
maintained in each tube. Anti-reflective coatings on the glass tube maximize the amount of solar radiation
that enters the tube. Solar-selective radiation absorbing coatings on the metal tube maximize the transfer of
energy from the solar radiation to the pipe.

Note. See httip://www.nrel.gov/csp/troughnet/solar_field.html for more information on solar collector
assemblies and heat collection elements. Also see relevant articles in the list of publications on the
Troughnet website.

For a more detailed description of the model, please download the CSP trough reference manual from the
Solar Advisor website's support page: https://www.nrel.govanalysis/sam/support.html.

Input Variable Reference

Solar Collector Assembly (SCA)

The solar collector assembly (SCA) input variables describe the dimensions and optical characteristics
of the SCA or collector.

Current SCA inputs
The name of the collector in the SCA library
SCA Length (m)
Length of a single SCA. Used in SCA end loss calculation.
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SCA Aperture (m)

Mirror aperture or width of a single SCA. Used in the row-to-row shadowing loss factor and HCE thermal
loss calculations.

SCA Aperture Area (m?2)
The net aperture area of a single SCA. Used in the solar field size calculations.

Average Focal Length (m)
Average trough focal length. Used in end gain and end loss factor calculations.
Incident Angle Mod Coeff (1-3)

Incident angle modifier coefficients. Used to calculate the incident angle modifier factor, which is used
to calculate the HCE absorbed energy and the solar field optical efficiency.

Tracking Error and Twist

Accounts for errors in the SCA's ability to track the sun. Sources of error may include poor alignment of
sun sensor, tracking algorithm error, errors caused by the tracker drive update rate, and twisting of the
SCA end at the sun sensor mounting location relative to the tracking unit end. A typical value is 0.985.
Used to calculate SCA field error factor.

Geometric Accuracy

Accounts for SCA optical errors caused by misaligned mirrors, mirror contour distortion caused by the
support structure, mirror shape errors compared to an ideal parabola, and misaligned or distorted HCE.
A typical range of values is between 0.97 and 0.98. Used to calculate SCA field error factor.

Mirror Reflectance

The mirror reflectance input is the solar weighted specular reflectance. The solar-weighted specular
reflectance is the fraction of incident solar radiation reflected into a given solid angle about the specular
reflection direction. The appropriate choice for the solid angle is that subtended by the receiver as
viewed from the point on the mirror surface from which the ray is being reflected. For parabolic troughs,
typical values for solar mirrors are 0.923 (4-mm glass), 0.945 (1-mm or laminated glass), 0..906
(silvered polymer), 0.836 (enhanced anodized aluminum), and 0.957 (silvered front surface).

Mirror Cleanliness Factor (avg)

Accounts for dirt and dust on the mirrors that reduce their effective reflectivity. Typically, mirrors are
continuously cleaned, but a single mirror may be cleaned once each one or two weeks. The expected
overall effect on the total solar field would be an average loss of between one and two percent. A typical
value would be 0.985. Used to calculate SCA field error factor.

Dust on Envelope (avg)

Accounts for dust on the HCE enwelope that affects light transmission. A typical value would be 0.99.
Used to calculate HCE heat loss.

Concentrator Factor

A additional error factor to make it possible to adjust the SCE performance without modifying the other
error factors. Useful for modeling an improved or degraded SCE. The default value is 1. Used to
calculate SCA field error factor.

Solar Field Availability

Accounts for solar field down time for maintenance and repairs. Used to calculate absorbed energy.
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Heat Collection Element (HCE)

The HCE variables describe the properties of up to four HCE types that can make up the solar field. This
makes it possible to model a solar field with HCEs in different states. Each set of properties applies to one
of the HCE types. The Fraction of Field variable determines what portion of the solar field is made up of a
given HCE type.

Current HCE inputs

The name of the receiver and its condition. Vacuum refers to an HCE in good condition, lost vacuum,
broken glass, and hydrogen refer to different problem conditions. You can define up to four HCE
(receiver) conditions.

Fraction of Field

Fraction of solar field using this HCE type and condition. Used to calculate HCE field error factor and
HCE heat loss.

Bellows Shadowing

The portion of the HCE tube that does not absorb solar thermal radiation. Used to calculate HCE field
error factor.

Envelope Transmissivity

Used to calculate HCE field error factor.
Absorber Absorption

Accounts for inefficiencies in the HCE black coating. Used to calculate HCE field error factor.
Unaccounted

Allows for adjustment of the HCE performance to explore effect of changes in performance of the HCE
without changing the values of other correction factors. A typical value is 1. Used to calculate HCE field
error factor.

Optical Efficiency (HCE)

The design optical efficiency of each of the four receiver type and condition options. SAM uses the
values to calculate the design weighted optical efficiency.

Optical Efficiency (Weighted)

The design weighted optical efficiency, representing the average optical efficiency of all receivers in the
field (see equation for calculated values below). SAM uses the value to calculate the solar field area.
Note that SAM also calculates a separate HCE optical efficiency value for each hour during simulation
that counts for the loss factors on the SCA / HCE page that also accounts for the incident angle
modifier factor, which depends on the time of day and collector orientation.

Heat Loss Coefficient A0...A6

Used to calculate the HCE heat loss. The default values are based on NREL modeling and test results.
(See Forristall R, 2003. Heat Transfer Analysis and Modeling of a Parabolic Trough Solar Receiver
Implemented in Engineering Equation Solver. National Renewable Energy Laboratory NREL/TP-550-
34169. http://www.nrel.gov/csp/troughnet/pdfs/34169.pdf.)

Heat Loss Factor

The design heat loss factor that applies to the active HCE type and condition. Used to calculate design
HCE heat loss that is part of the solar field area equation. The heat loss factor scales the heat loss
equation and can be used to fine tune the results when measured heat loss data are available. The
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default value of 1.0 is valid for the current version of SAM using the default heat loss coefficients.

Min windspeed (m/s)
Used to calculated the HCE heat loss for hours when the wind speed from the weather file is lower than
the minimum wind speed.

HCE Heat Losses (W/m), Thermal Losses (Weighted W/m), Thermal Losses (Weighted W/m2)

These values are provided for reference. SAM calculates the HCE heat loss for each hour during
simulation based on the loss factor coefficients on the SCA / HCE page and other values from the
weather data.

About the SCA Parameters

The default SCA library includes a set of parameters for four types of SCAs described in the table below.
These SCA types are either installed in currently operating systems, or were used in past system designs.
See Working with Libraries for information about managing libraries.

Table 16. Default collector types.

Name Description Location
Euro Trough ET150 | Torque box, galvanized steel SEGS V, Kramer Junction, California
Luz LS-2 Torque-tube, galvanized steel SEGS I - VII, Kramer Junction, California
Luz LS-3 Bridge truss, galvanized steel SEGS VIl - IX Kramer Junction, California
Solargenix SGX-1 Organic hubbing structure, Nevada Solar One, Boulder City, Nevada
extruded aluminum

The values of input variables on the SCA / HCE page are stored in libraries. See Working with Libraries for
information about managing libraries.

About the HCE Parameters

The HCE library includes four HCE types, and for each HCE type, five HCE conditions. See Working with
Libraries for information about managing libraries.

For each HCE type and condition, you can assign a Percent of Field value. For example, in the figure
below, the receiver type is Schott PTR70, and 98.5% percent of the HCEs are in normal condition, 1.0%
have lost vacuum, 0.5% hawve glass damage, and 0% have allowed hydrogen to enter the tube.

When you select a name from the Receiver Type and Condition list, Solar Advisor populates the optical and
heat loss parameters using values stored in the library. When you change one or more of these values,
Solar Advisor creates a copy of the parameter set and adds it to the library under the name "CUSTOM
CUSTOM."

The four HCE types are described in the table below.
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Table 17. Default HCE types.

HCE Type Description
Luz Cermet Original HCE design. Low reliability of seals.
Schott PTR70 Vacuum Newer design with improved reliability. Two versions are available.
Solel UVAC2 Newer design with improved reliability.
Solel UVAC3 The newest HCE available as of May 2008.

The performance of the HCE is highly dependent on the quality of the vacuum in the glass tube. Solar
Advisor models the HCE under the five conditions described in the following table.

Table 18. HCE conditions.

HCE Condition Description
Broken glass Glass tube is damaged, increasing heat transfer between tube and atmosphere.
Fluorescent Selective coating on metal tube is compromised, reducing absorption of solar
radiation
Hydrogen Hydrogen from hydrocarbon-based heat transfer fluid (e.g., mineral oil) has

permeated through metal tube into the vacuum, increasing heat transfer between
metal tube and glass.

Lost vacuum Glass-to-metal seal is compromised

Vacuum HCE is not damaged and is operating as designed.

Equations for Calculated Values

Optical Efficiency (HCE)

The design optical efficiency of each receiver type and condition option is a function of the efficiency and
loss factors for each option.

FOp[Efﬂln = FSCAPiElﬂEHM‘ﬂ : FDDS[Eﬂ"EprE‘ﬂ : FBellcsxt's,‘n : FTransmis,sit*L[}-"n ' F_:LbEDIb[i.IJﬂ‘ﬂ : FUnaoccun[ed‘n
Where,

FoptEﬁD’n Optical Efficiency (HCE) for each of the four receivers types.
FSCAFieldEmrn The SCA field error factor, which is the product of Tracking Error and Twist, Geometric
' Accuracy, Mirror Reflectivity, Mirror Cleanliness Factor and Concentrator Factor. (Note

that the Dust on Enwelope factor is used for the HCE field error calculation above, not
here.)

FDulenvelope’n Dust on Envelope (avg)_speciﬁed in the SCA parameters above. The same value applies
to each of teh four receiver types.

FBeHOWS’n Bellows Shadowing for the receiver type 7.

F Enwelope Transmissivity for the receiver type n.

Transmissivity,n

&

Absorption,n Absorber Absorption for the receiver type n.

B!

Unaccounted.n Unaccounted for the receiver type n.
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n

Optical Efficiency (Weighted)

The design weighted optical efficiency is a design value that Solar Advisor uses to calculate the solar field
area. Note that the design optical efficiency equations differ from the optical efficiency factor equations
used in the hourly simulation. It is a function of the four design optical efficiency factors and fraction of field
values for each receiver type option:

Where,

FOp IEffD

FOp tEffD,n

FPercen tOfField,n
n

The receiver type number (1 through 4)

4
FopEsn = E FopEsD n * FPercentOfFicld n

Optical Efficiency (Weighted)

Receiver number (1 through 4)

HCE Heat Losses (W/m)

The heat loss for each HCE type depends on the value of the six heat loss coefficients and heat loss factor

for each HCE type, and on the solar field heat transfer fluid temperature design parameters:
Omi1+0m2+0ms +0ms

Orr2= (Fa1+Fag 2/ Viving) -

Where,

QHCELosses (W/m)

FHealLossF actor

TSFout (OC)

Tspin (C)

Fpo F g

QH’CE]_GEBEB = FHEE[LGESFE.{:I:M ’

Owmr1= (Fao+ Fas v/ Vivias) - (Tspou — Tspin)

{-TSF{H;t2 - -TSsz,:' - -T_-".mb ’ (-TSFm;t - -TSFEI:]

Percent of Solar Field for each of the four receivers

Optical Efficiency (HCE) for each of the four receivers

Tspout — Tapin

Oms=(Far+ Fas Oma)-

QH]_4 = Fps-

Receiver Heat Losses

Heat Loss Factor

Solar Field Outlet Temperature from the Solar Field page
Solar Field Inlet Temperature from the Solar Field page
A0 Heat Loss Coefficient through A6 Heat Loss Coefficient

4
-?—SFuut -

3
T SFout

q

s

— TsFin

3

Tspin

3
4

4

Reference wind velocity from the Solar Field page
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TAmb (°C) Reference ambient temperature from the Solar Field page

Thermal Losses (Weighted W/m)
The total, or weighted HCE losses are expressed both in terms of the SCA aperture length:
4
OHCEL ossesWeightadWim = Z OHCELosses n - F PercentOfFizld n

n=1
Where,

QHCELosseSWeightedWm (W/m)  Thermal Losses per SCA aperture length.

QHCELDSM " (W/m) Receiver Heat Losses for receiver number n

Fpmemomddﬂ Percent of Solar Field for each of the four receivers

Thermal Losses (Weighted W/m2)
And the SCA aperture area:

QHCELG;;E;‘.Vaightaéﬁﬁf&u

QHCELG;;E;‘.T;«'_;ME&“HW'Q =

A ECA Aperture

Where,
QHCELosseSWeigh redWim2 Thermal Losses per SCA aperture area.
(W/m?)
QHCELosseSWeigh red Win Thermal Losses per SCA aperture length
(W/m)

2
ASCAAPerWe (m?) SCA Aperture Area

410.4 Power Block

To view the Power Block page, click Power Block on the main window's
X navigation menu. Note that for the Power Block page to be available, the
m 3 technology option in the Technology and Market window must be
e Concentrating Solar Power - Parabolic Trough System.

Contents

» Oweniew describes the Power Block page and where to find more information about
the power block model.

» Input_Variable Reference describes the input variables and options on the Power
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Block page.

» Power Cycle Library Options describes the reference steam turbines included in the
default power block library.

» Equations for Calculated Values describes the equations used to calculated the
calculated values on the Power Block page.

Overview

The Power Block parameters describe the equipment in the system that converts thermal energy from the
solar field or thermal energy storage system into electricity. The power block is based on a steam turbine
that runs on a conventional Rankine power cycle and may or may not include fossil fuel backup. Power
block components include a turbine, heat exchangers to transfer heat from the solar field or thermal energy
storage system to the turbine, and a cooling system to dissipate waste heat. Solar Advisor considers the
thermal energy storage system to be a separate component, which is described on the Thermal Storage

page.
The input variables on the Power Block page are divided into two groups. The turbine ratings group

determines the capacity of the power block, and the power cycle group defines the performance parameters
of the reference turbine.

For a more detailed description of the model, please download the CSP trough reference manual from the
Solar Advisor website's support page: https://www.nrel.gov/analysis/sam/support.htmi.

Input Variable Reference

Plant Characteristics
Design gross output (MWe)

The power cycle's design output, not accounting for parasitic losses. Solar Advisor uses this value to
size system components, such as the solar field area when you use the solar multiple to

specify the solar field size.
Estimated gross to net conversion factor

An estimate of the ratio of the electric energy delivered to the grid to the power cycle's gross output.
Solar Advisor uses the factor to calculate the power cycle's nameplate capacity for capacity-related
calculations, including the estimated total cost per net capacity value on the System Costs_ page,
capacity-based incentives on the Payment_Incentives_page, and the capacity factor reported in the
results.

Estimated net output design (nameplate) (MWe)

The power cycle's nameplate capacity, calculated as the product of the design gross output and
estimated gross to net conversion factor.

Power Cycle

The variables in the power cycle group describe a reference steam turbine. SAM uses the reference turbine
specifications to calculate the turbine output, and then scales the actual output based on the turbine rating
variables. Each set of reference turbine specifications is stored in the reference turbine library.
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Current power block

Name of the reference turbine. Selecting a reference system determines the values of the other power
cycle variables.

Design Turbine Thermal Input (MW}t)

The thermal energy required as input to the power block to generate the design turbine gross (electric)
output. SAM uses the design turbine thermal input to calculate several power block capacity-related
values, including the solar field size, power block design point gross output, and parasitic losses.

Design Turbine Gross Efficiency

Total thermal to electric efficiency of the reference turbine. Used to calculate the design turbine thermal
input.
Max Over Design Operation

The turbine's maximum output expressed as a fraction of the design turbine thermal input. Used by the
dispatch module to set the power block thermal input limits.

Minimum Load

The turbine's minimum load expressed as a fraction of the design turbine thermal input. Used by the
dispatch module to set the power block thermal input limits.

Turbine Start-up Energy

Fraction of the design turbine thermal input required to bring the system to operating temperature after a
period of non-operation. Used by the dispatch module to calculate the required start-up energy.

Boiler LHV Efficiency

The back-up boiler's lower heating value efficiency. Used by the power block module to calculate the
quantity of gas required by the back-up boiler.

Max Thermal Input (MW}{)

The maximum thermal energy that can be delivered to the power block by the solar field, thermal energy
storage system or both.

Min Thermal Input (MWt)

The minimum thermal energy that can be delivered to the power block by the solar field, thermal energy
storage system or both.

Turb. Part Load Therm to Elec

Factors for the turbine thermal-to-electric efficiency polynomial equation. Used to calculate the design
point gross output, which is the portion of the power block's electric output converted from solar energy
before losses.

Turb. Part Load Elec to Therm

Factors for turbine's part load electric-to-thermal efficiency polynomial equation. Used to calculate the
energy in kilowatt-hours of natural gas equivalent required by the backup boiler. SAM dispatches the
backup boiler based on the fossil-fill fraction table in the thermal storage dispatch parameters on the
Thermal Storage page.

Cooling Tower Correction

Cooling tower correction factor. Used to calculate the temperature correction factor that represents
cooling tower losses. To model a system with no cooling tower, set FOto 1, and F1 = F2 = F3 = F4 =0.
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Temperature Correction Mode

In the dry bulb mode, SAM calculates a temperature correction factor to account for cooling tower
losses based on the ambient temperature from the weather data set. In wet bulb mode, SAM calculates
the wet bulb temperature from the ambient temperature and relative humidity from the weather data.

Power Cycle Library Options

The power cycle library includes six reference turbines. See Working with_Libraries for information about
managing libraries.

The reference turbines include five conventional Rankine-cycle steam turbines in a range of sizes, and one
organic Rankine-cycle turbine. Conwventional Rankine-cycle turbines are similar to those used in coal,
nuclear, or natural gas power plants. A heat exchanger transfers energy from the solar field's heat transfer
fluid to generate steam that drives the turbine. The organic Rankine-cycle turbine operates on the same
principle as the conwentional turbine, but uses an organic fluid, typically butane or pentane, to run the
turbine instead of water.

Table 19. Power cycle reference systems.

Approximate Solar |Approximate Operating
Field Size Range Temperature Suggested Modeling
Reference System m?2 °Cc Application

APS Ormat 1 MWe 300C 10,000 300 Organic Rankine-cycle
power block

Nexant 450C HTF - 450 High-temperature heat
transfer fluid (molten salt)
High-temperature heat

Nexant 500C HTF ) 500 transfer fluid (molten salt)

SEGS 30 MWe Turbine 180,000 - 230,000 300 - 400 Typical applications

SEGS 80 MWe Turbine 460,000 - 480,000 400 Typical applications

Siemens 400C HTF 400 High-temperature heat
transfer fluid

When you choose a turbine from the reference system library, Solar Advisor changes the values of the
Power Cycle variables. The following table of shows the power cycle parameters for the standard reference
systems. Note that you can use any value for the Rated Turbine Net Capacity and Design Turbine Gross
Output variables, Solar Advisor will use the reference system parameters with the rated and design turbine
parameters.
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Table 20. Reference system parameters.

Parameter Name SEGS 30 | SEGS80 | APSORC Nexant Nexant Siemens
450 500 400
Rated Turbine Net Capacity 30 80 1 100 100 50
Design Turbine Gross Output 35 89 1.160 110 110 55
Design Turbine Thermal Input 93.3 235.8 5.600 278.0 269.9 147.2
Design Turbine Gross Efficiency 0.3749 0.3774 0.2071 0.3957 0.4076 0.3736
Max Over Design Operation 1.15 1.15 1.15 1.15 1.15 1.15
Minimum Load 0.15 0.15 0.15 0.15 0.15 0.15
Turb. Part Load Therm to Elec FO -0.0571910 | -0.0377260 | -0.1593790 | -0.0240590 | -0.0252994 -0.0298
Turb. Part Load Therm to Elec F1 1.0041000 | 1.0062000 | 0.9261810 | 1.0254800 | 1.0261900 0.7219
Turb. Part Load Therm to Elec F2 0.1255000 | 0.0763160 | 1.1349230 | 0.0000000 | 0.0000000 0.7158
Turb. Part Load Therm to Elec F3 -0.0724470 | -0.0447750 | -1.3605660 | 0.0000000 | 0.0000000 -0.5518
Turb. Part Load Therm to Elec F4 0.0000000 | 0.0000000 | 0.4588420 | 0.0000000 | 0.0000000 0.1430
Turb. Part Load Elec to Therm FO 0.0565200 | 0.0373700 | 0.1492050 | 0.0234837 | 0.0246620 | 0.044964
Turb. Part Load Elec to Therm F1 0.9822000 | 0.9882300 | 0.8521820 | 0.9751230 | 0.9744650 1.182900
Turb. Part Load Elec to Therm F2 -0.0982950 | -0.0649910 | -0.3247150 | 0.0000000 | 0.0000000 | -0.563880
Turb. Part Load Elec to Therm F3 0.0595730 | 0.0393880 | 0.4486300 | 0.0000000 | 0.0000000 0.467190
Turb. Part Load Elec to Therm F4 0.0000000 | 0.0000000 | -0.1256020 [ 0.0000000 | 0.0000000 | -0.130090
Equations for Calculated Values
Design Turbine Thermal Input
QDEiig‘tlTHbiﬂaﬁfﬂ-ii
O DesienTurbinaThermallngut =
N Desizn TurbinaGross

Where,

7Design TurbineGross

QDesign TurbineGross

Design Turbine Gross Efficiency

(W) Design Turbine Gross Output

0 Design Turbine Thermal Input

DesignTurbineThermallnput
(W)

Max Thermal Input

4 3
OropBMax = OpBDesion * (FET2 - FeBMax + FET3 " FoBMax™ +

2
FET2 - FeeMax” + FET1 * FPBMax + FET0)

Where,
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0. pertax (W) Max Thermal Input
QPBDesign Design Turbine Thermal Input
(W)
FET(0_4) Turbine Part Load Elec To Therm coefficients
FPBMM Max Over Design Operation
Min Thermal Input
OtoPBMin = UPBDesign ° (FETs - Frentin” + FeTs - FeMin- +
FeT2 - FeeMin” + FET1 - FrBMin + FETo)
Where,
Q.. pavin, W) Min Thermal Input
O pppesign W) Design Turbine Thermal Input
FET(0_4) Turbine Part Load Elec To Therm coefficients
FPBMax Minimum Load

4.10.5 Thermal Storage

To view the Thermal Storage page, click Thermal Storage on the main
s window's navigation menu. Note that for the Thermal Storage page to be
- available, the technology option in the Technology and Market window
— must be Concentrating Solar Power - Parabolic Trough System.

Contents

» Oveniew describes thermal energy storage systems and explains where find more
information about them.

» Input Variable Reference describes the input variables and options on the Thermal
Storage page.

» Estimating Tank Heat Loss Values describes how to choose values for the tank
heat loss variable for different thermal energy storage capacities.

» Storage and Fossil Backup Dispatch Controls describes the dispatch controls that
determine the timing of energy releases from the storage and fossil back up
systems.

» Defining Dispatch Schedules explains how to assign dispatch periods to weekday
and weekend schedules.
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» Equations for Calculated Values describes the equations used to calculated the
calculated values on the Thermal Storage page.

Overview

A thermal energy storage system (TES) stores heat from the solar field in a liquid medium. Heat from the
storage system can drive the power block turbine during periods of low or no sunlight. A TES is beneficial in
many places where the peak demand for power occurs after the sun has set. Adding TES to a parabolic
trough system allows the collection of solar energy to be separated from the operation of the power block.
For example, a system might be able to collect energy in the morning and use it to generate electricity late
into the evening.

In direct systems, the heat transfer fluid itself serves as the storage medium. In indirect systems, a
separate fluid is the storage medium, and heat is transferred from the HTF to the storage medium through
heat exchangers. The TES system consists of one or two tanks, pumps to circulate the liquids, and
depending on the design, heat exchangers. A thermocline system stores both the hot and cold storage
medium in one tank. The zone in the tank where hot and cold fluids meet is called a thermocline. The
storage tank in a thermocline system contains low-cost filler materials such as sand and rock. A two-tank
system consists of a hot tank to store heat from the solar field, and a cold tank to store the cooled storage
medium after the power block has extracted its energy.

Note. For more information on thermal energy storage systems for parabolic trough systems, see http://
www.nrel.gov/csp/troughnet/thermal energy storage.html.

The user inputs on the Thermal Storage page are divided into two groups. The thermal energy storage (TES)
group defines the thermal energy storage capacity and type along with some efficiency parameters. The
thermal storage dispatch controls group variables determine the the operation of the storage and fossil back
up systems.

For a more detailed description of the model, please download the CSP trough reference manual from the
Solar Advisor website's support page: https://www.nrel.govanalysis/sam/support.html.

Input Variable Reference

Thermal Energy Storage (TES)
Equiv Full Load Hours of TES hours

The thermal storage capacity expressed in number of hours of thermal energy delivered at the power
block's design thermal input level. The physical capacity is the number of hours of storage multiplied by
the power block design thermal input. Used to calculate the TES maximum storage capacity.

Storage System Configuration

The current version of Solar Advisor models a two-tank TES consisting of a cold storage tank and hot
storage tank.

Storage Fluid Type

The Storage fluid used in the TES. When the storage fluid and solar field heat transfer fluid (HTF) are
different, the system is an indirect system with a heat exchanger. When the storage fluid and solar field
HTF are the same, the system is a direct system that uses the solar field HTF as the storage medium.
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Used to calculate the heat exchanger duty.
Turbine TES Adj Efficiency

SAM applies the TES efficiency adjustment factor to the turbine efficiency for trough systems with
storage to account for the lower steam temperature that results from imperfect heat exchange in the
storage system. Used to calculate maximum TES discharge rate. Also used to calculate a TES
correction factor.

Turbine TES Adj Gross Output
Efficiency adjustment factor. Used to calculate maximum TES discharge rate.
Initial Thermal Storage (MWht)

The amount of energy in storage when the simulation starts, at midnight on January 1. The default value
is zero.

Tank Heat Losses (MWht)

Storage tank thermal losses. Solar Advisor subtracts value from the total energy in storage at the end of
each simulation hour. See the table below for suggested values.

Maximum Energy Storage (MWht)
The maximum thermal energy storage capacity of the TES.
Design Turbine Thermal Input (MW1t)

The thermal input requirement of the power block to operate at its design point. Used to calculate the
following dispatch parameters: power block input limits, power block load requirement, TES maximum
storage capacity, and the start-up requirement

Max Power to Storage (MWHt)

Maximum TES charge rate. Used in the dispatch calculation when energy from the solar field exceeds
the power block load requirement.

Max Power From Storage (MW1)

Maximum TES discharge rate. Used in the dispatch calculation when energy from the solar field is less
or equal to than the power block load requirement.

Heat Exchanger Duty

Applies only to indirect thermal storage systems that use a different storage fluid and solar field HTF.
Used to calculate the maximum TES charge rate.

Thermal Storage Dispatch Control

The storage dispatch control variables each hawe six values, one for each of six possible dispatch periods.
They determine how SAM calculates the energy flows between the solar field, thermal energy storage
system, and power block. The fossilfill fraction is used to calculate the energy from a backup boiler.

Storage Dispatch Fraction with Solar

The fraction of the TES maximum storage capacity (see table abowe) required for the system to start
when the solar field energy is greater than zero. A value of zero will always dispatch the TES in any
hour assigned to the given dispatch period; a value of one will never dispatch the TES. Used to
calculate the storage dispatch levels.

Storage Dispatch Fraction without Solar

The fraction of the TES maximum storage capacity (see table abowe) required for the system to start
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when the solar field energy is equal to zero. A value of zero will always dispatch the TES in any hour
assigned to the given dispatch period; a value of one will never dispatch the TES. Used to calculate the
storage dispatch lewels.

Turbine Output Fraction

A fraction of the design turbine thermal input adjusted by the turbine part load electric-to-thermal
efficiency factors. Used to calculate the power block load requirement.

Fossil Fill Fraction

A fraction of the power block design turbine gross output from the Power Block page that can be met by
the backup boiler. Used by the power block module to calculate the energy from the backup boiler.

Estimating Tank Heat Loss Values

An increase in the hours of thermal storage requires a both an increase in the solar field size to minimize
the levelized cost of energy for the system, and an increase in the tank heat losses to account for the larger
tank. The "100 MW Baseline - Parameterized Storage" case in Sample Parabolic Trough Systems.zsam
illustrates these relationships. See Solar Multiple Optimization for a description of the case.

The following table shows suggested tank heat loss values for three sample systems over a range of
thermal storage capacities. The relationship between tank heat losses and hours of thermal storage is
linear, so you can extrapolate to estimate values for storage capacity values not on the table.

Table 21. Suggested Tank Heat Losses (MWt) values for different thermal storage
capacities (hours).

Hours of Thermal Storage
System Description 3 6 9 12 15

100 MW Two Tank Indirect

VP-1/Nitrate Salt 0.62 0.96 1.23 1.56 1.87
200 MW Two Tank Indirect

VP-1/Nitrate Salt 1.0 1.61 2.21 2.81 3.56
200 MW Two Tank Direct 0 0.34 0.64 0.93 1.24 1.52
Hitec Salt

Storage and Fossil Backup Dispatch Controls

The thermal storage dispatch controls determine the timing of releases of energy from the thermal energy
storage and fossil backup systems to the power block. When the system includes thermal energy storage
or fossil backup, Solar Advisor can use a different dispatch strategy for up to six different dispatch periods.

Storage Dispatch

Solar Advisor decides whether or not to operate the power block in each hour of the simulation based on
how much energy is stored in the TES, how much energy is provided by the solar field, and the values of the
thermal storage dispatch controls parameters. You can define when the power block operates for each of
the six dispatch periods. For each hour in the simulation, if the power block is not already operating, Solar
Advisor looks at the amount of energy that is in thermal energy storage at the beginning of the hour and
decides whether it should operate the power block. For each period, there are two targets for starting the
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power block: one for periods of sunshine (w/solar), and one for period of no sunshine (w/o solar).

The turbine output fraction for each dispatch period determines at what load level the power block runs using
energy from storage during that period. The load level is a function of the turbine output fraction, design
turbine thermal input, and the five turbine part load electric to thermal factors on the Power Block page.

For each dispatch period during periods of sunshine, thermal storage is dispatched to meet the power block
load lewvel for that period only when the thermal power from the solar field is insufficient and available storage
is equal to or greater than the product of the storage dispatch fraction (with solar) and maximum energy in
storage. Similarly, during periods of no sunshine when no thermal power is produced by the solar field, the
power block will not run except when the energy available in storage is equal to or greater than the product
of storage dispatch fraction (without solar) and maximum energy in storage.

By setting the thermal storage dispatch controls parameters, you can simulate the effect of a clear day
when the operator may need to start the plant earlier in the day to make sure that the storage is not filled to
capacity and solar energy is dumped, or of a cloudy day when the operator may want to store energy for
later use in a higher value period.

Fossil Backup Dispatch

When the fossil fill fraction is greater than zero for any dispatch period, the system is considered to include
fossil backup. The fossil fill fraction defines the solar output level at which the backup system runs during
each hour of a specific dispatch period. For example, a fossil fill fraction of 1.0 would require that the fossil
backup operate to fill in every hour during a specified period to 100% of design output. In that case, during
periods when solar is providing 100% output, no fossil energy would be used. When solar is providing less
than 100% output, the fossil backup operates to fill in the remaining energy so that the system achieves
100% output. For a fossil fill fraction of 0.5, the system would use energy from the fossil backup only when
solar output drops below 50%.

The boiler LHV efficiency value on the Power Block page determines the quantity of fuel used by the fossil
backup system. A value of 0.9 is reasonable for a natural gas-fired backup boiler. Solar Advisor includes the
cost of fuel for the backup system in the lewelized cost of energy and other metrics reported in the results,
and reports the energy equivalent of the hourly fuel consumption in the hourly results. The cost of fuel for the
backup system is defined on the Trough System Costs page.

Defining Dispatch Schedules

The storage dispatch schedules determine when each of the six periods apply during weekdays and
weekends throughout the year. You can either choose an existing schedule from one of the schedules in
the CSP trough TES dispatch library or define a custom schedule. For information about libraries, see

Working with Libraries.

The TES dispatch library only assigns period numbers to the weekday and weekend schedule matrices.
The dispatch fractions assigned to each of the six periods are not stored in the library.

To choose a schedule from the library:
1. Click Dispatch schedule library.
2. Choose a schedule from the list of four schedules. The schedules are based on time-of-use pricing
schedules from four California utilities.
3. Click OK.
You can modify a schedule using the steps described below. Modifying a schedule does not affect
the schedule stored in the library.
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4. For each of the up to six periods used in the schedule, enter values for the dispatch fractions
described above. Use the period number and color to identify the times in the schedule that each

period applies.

To define a dispatch schedule:

1. In the weekday schedule, select the times to which Period 1 applies.
2. Type the number 1.

3. Repeat Steps 1 and 2 for each of the up to six dispatch periods that you want to define, typing the

period number to assign each period to times in the schedule.
4. Repeat Setps 1 through 3 for the weekend schedule.

5. For each of the up to six periods used in the schedule, enter values for the dispatch fractions
described above. Use the period number and color to identify the times in the schedule that each

period applies.

Equations for Calculated Values

Maximum Energy Storage
QlIaxi.mumSturaga = ‘?H'THGHBD;SIDHL—'E ’ QDa;ignTurbi.nﬂnput
Where,

QMaximum Storage Maximum Energy Storage

(Wh)

QDesignwamdnpu , Design Turbine Thermal Input

(W)

NHomoﬁmmge Equiv. Full Load Hours of TES

(hours)

Design Turbine Thermal Input

The thermal energy required by the power block to operate at its rated capacity, described on the Power

Block page.

Maximum Power To and From Storage

The maximum power to and from storage depends on whether the TES includes a heat exchanger. When
the TES fluid is different from the solar field fluid, the TES includes a heat exchanger. When the fluids are

the same, there is no heat exchanger.
For a TES with heat exchanger (TES fluid and solar field fluid are different):

PlIui:numTuS-tnfaga = FHaatExd'La.ngarDuty' QDasi_mTubinﬂnp‘ut

FTESAdjustOutput

PlIa.xi:rntﬂﬂ’rmS-tmaga = PlIa.xi.mumTGE-mra_F'

For a TES with no heat exchanger (TES fluid and solar field fluid are the same):

" FTESAdjustEfficiency
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ProcimmmiTostorage = ¥ SolarMultiple ~ F TudbineMaximumOverDesign ~ ' Design Twrbinelnget

PlIa.xi.mumFru-mE-mﬂga = Q]:}E;i_gl‘j['ubi_ﬂﬂnpu ; FTub-i.nikIaxi.mumDvarDaaiy ’

Where,

FHea tExchangerDuty

B!

SolarMultiple

B!

TESAdjustEfficiency

T

TESAdjustOutput

D

TurbineMaximum OverDesign

=

HoursOfStorage

~

Maximum FromStorage (W)
PMaxim umToStorage (W)
QDesign Turbinelnput W)

QMaxim umStorage (W)

FTEsAdjustOutput

FTESAdjustEfficiency

Heat Exchanger Duty

Solar Multiple from Solar Field page
Turbine TES Adj. - Efficiency

Turbine TES Adjustment - Gross Output

Max Ower Design Operation from Power Block page

Equiv. Full Load Hours of TES
Maximum Power From Storage
Maximum Power To Storage

Design Turbine Thermal Input from Power Block page

Maximum Energy Storage

Heat Exchanger Duty

The heat exchanger duty depends on the value of the solar multiple. When the solar multiple is greater than

one:

FHeatExchangerDuty = I SolarMiltiple — 1

When the solar multiple is equal to or less than one:

Where,

FHea tExchangerDuty

FSolarMultiple

FHaatExd'La.ngarDuty =0

Heat Exchanger Duty
Solar Multiple from Solar Field page

4.10.6 Parasitics

To view the Parasitics page, click Parasitics on the main window's
navigation menu. Note that for the Parasitics page to be available, the

technology option in the Technology and Market window must be

1)

Concentrating Solar Power - Parabolic Trough System.
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Contents
» Input Variable Reference describes the input variables and options on the Parasitics
page.

» Equations_for_Calculated Values describes the equations used to calculated the
calculated values on the Parasitics page.

Overview

The Parasitics page displays parameters describing losses due to parasitic electrical loads, such as drive
motors, electronic circuits, and pump motors. Solar Advisor includes a set of default parasitic parameters
for a range of solar trough power systems. Choose a reference parasitic system option that is the same or
similar to the system you are modeling. Solar Advisor will automatically adjust the total parasitic load to
match the size of the solar field and power block in the system you are modeling.

The design point parasitic values are the maximum possible values for each parasitic loss category. Solar
Advisor calculates the hourly parasitic loss value for each category during simulation based on the design
point, the PF and FO-F2 coefficients, and the solar field thermal output and power block load in each hour,
and reports them in the hourly results. The calculated parasitic loss values are never as high as the total
design point parasitic losses.

For a more detailed description of the model, please download the CSP trough reference manual from the
Solar Advisor website's support page: https://www.nrel.gov/analysis/sam/support.html.

Input Variable Reference

The values of input variables on the Parasitics page are stored in a library of reference solar fields. You can
change the parameter values without changing the values stored in the library. For information about

libraries, See Working with Libraries.

Parasitic Electric Energy Use
Current reference parasitic system

The reference system from the CSP trough parasticis library. SAM stores a set of parasitic parameters
for reference systems.

Solar Field Area (m?)

The calculated solar field area from the Solar Field page. Used to calculate parasitic losses that are
based on the solar field size with units of MWe/m?.
Gross Turbine Output (MWe)

The design turbine gross output value from the Power Block page. Used to calculate parasitic losses
that are based on the power block capacity with units of MWe/Mwe.

SCA Drives and Electronics (MWe)

Electrical losses from electric or hydraulic SCA drives that position the collector to track the sun and
from electronic SCA tracking controllers and alarm monitoring devices. Calculated as a function of the
solar field area.
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Solar Field HTF Pumps

Electrical losses from cold HTF pumping in the solar field. Calculated as a function of the solar field
area. These losses are calculated only in hours when the solar field is operating, which is defined as
when the solar field load is greater than zero.

TES Pumps

Electrical losses from pumps in the TES system. Calculated as a function of the design turbine gross
output.

Antifreeze Pumping (MWe)

Electrical losses from HTF pumps in the solar field. Calculated as a function of the solar field area.
These losses are used only in hours when the solar field is not operating, which is defined as when the
solar field load is zero.

Power Block Fixed (MWe)

These fixed losses apply 24 hours per day, for all of the 8,760 hours of the year.
Balance of Plant (MWe)

Electrical losses that apply in hours when the power block operates at part or full load.
Heater and Boiler (MWe)

Losses that apply only when the back-up boiler is in operation.
Cooling Towers (MWe)

The cooling tower parasitic losses are electrical losses that occur when the power block operates at
part or full load. Calculated either as a function of power block load or at a fixed 50% or 100% of the
design cooling tower parasitic losses.

Cooling Tower Operation Mode

Determines how cooling tower parasitic losses are calculated. For "Cooling Tower at 50% or 100%,"
parasitic losses are calculated as 50% of the design cooling tower parasitic losses when the power
block load is 0.5 or less, and as or 100% of the design parasitic losses when the power block load is
greater than 0.5. For "Cooling Tower parasitics a function of load," cooling tower parasitic losses are
calculated as a function of power block load.

Total Design Parasitics (MWe)

The sum of collector drives and electronics, solar field HTF pump, night circulation pumping, power
block fixed, balance of plant, heater/boiler, and cooling towers design loss values. This value represents
the maximum possible value if all parasitic losses were to occur simultaneously in a given hour, and is
typically greater than the actual parasitic losses. Solar Advisor displays the value for reference only,
and does not use it in simulation calculations.

Equations for Calculated Values

Each parasitic loss type has a set of parameters that includes a factor, PF and FO, F1, and F2 coefficient.
The design point values are maximum values and are calculated using the factor and PF coefficient. Solar
Advisor uses the FO-F2 coefficients in calculations for the hourly simulations, which are described in the
reference manual.
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Table . Design point parasitic loss equations for each parasitic loss category.

Source of Parasitic Loss Equation

SCA Drives and Electronics Factor x PF x Solar Field Area
Solar Field HTF Pumps Factor x PF x Solar Field Area
TES Pumps Factor x PF x Gross Turbine Output
Antifreeze Pumping Factor x Solar Field HTF Pump losses
Power Block Fixed Factor x Gross Turbine Output
Balance of Plant Factor x PF x Gross Turbine Output
Heater and Boiler Factor x PF x Gross Turbine Output
Cooling Towers Factor x PF x Gross Turbine Output

The Total Design Point Parasitics is the sum of the the design point parastic loss categories:

e SCA Drives and Electronics
e Solar Field HTF Pumps
TES Pumps

Power Block Fixed
Balance of Plant

Heater and Boiler

Cooling Towers

4.11 Parabolic Trough Physical

A parabolic trough system is a type of concentrating solar power (CSP) system that collects direct normal
solar radiation and conwerts it to thermal energy that runs a power block to generate electricity. The
components of a parabolic trough system are the solar field, power block, and in some cases, thermal
energy storage and fossil backup systems. The solar field collects heat from the sun and consists of
parabolic, trough-shaped solar collectors that focus direct normal solar radiation onto tubular receivers.
Each collector assembly consists of mirrors and a structure that supports the mirrors and receivers, allows
it to track the sun on one axis, and can withstand wind-induced forces. Each receiver consists of a metal
tube with a solar radiation absorbing surface in a vacuum inside a coated glass tube. A heat transfer fluid
(HTF) transports heat from the solar field to the power block (also called power cycle) and other
components of the system. The power block is based on conventional power cycle technology, using a
turbine to convert thermal energy from the solar field to electric energy. The optional fossil-fuel backup
system delivers supplemental heat to the HTF during times when there is insufficient solar energy to drive
the power block at its rated capacity.

The physical trough system model is a new parabolic trough model for Solar Advisor introduced in March
2010. The model approaches the task of characterizing the performance of the many of the system
components from first principles of heat transfer and thermodynamics, rather than from empirical
measurements as in the empirical trough system model. The physical model uses mathematical models
that represent component geometry and energy transfer properties, which gives you the flexibility to specify
characteristics of system components such as the absorber emissivity or envelope glass thickness. The
empirical model, on the other hand, uses a set of curve-fit equations derived from regression analysis of
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data measured from real systems, so you are limited to modeling systems composed of components for
which there is measured data. While the physical model is more flexible than the empirical model, it adds
more uncertainty to performance predictions than the empirical model. In a physical model, uncertainty in
the geometry and property assumptions for each system component results in an aggregated uncertainty at
the system lewel that tends to be higher than the uncertainty in an empirical model. The empirical model
can make more accurate performance predictions for systems similar to those on which the model was
originally derived, but limits the range of components that you can include in the system. We've included
both models in Solar Advisor so that you can use both in your analyses.

The following are some key features of the physical model:
* Includes transient effects related to the thermal capacity of the heat transfer fluid in the solar field piping,
headers, and balance of plant.

¢ Allows for flexible specification of solar field components, including multiple receiver and collector types
within a single loop.

e Relatively short simulation times to allow for parametric and statistical analyses that require multiple
simulation runs.

As with the other Solar Advisor models for other technologies, the physical trough model

makes use of existing models when possible:

o Collector model adapted from NREL's Excelergy model.

e Receiver heat loss model by Forristall (2003).

¢ Field piping pressure drop model by Kelley and Kearney (2006).

e Power cycle performance model by Wagner (2008) for the power tower (also known as a central receiver)
CSP system model in SAM.

For publications describing the subcomponent models, see References, Parabolic_Trough Technology and

Modeling.

To use the parabolic trough physical model:

e Open the sample parabolic trough sample template: On the File menu, click Open Sample
Template and choose Sample Parabolic Trough Systems from the list, or

e In the Technology and Market window, choose Concentrating Solar Power, Physical Trough
System.

The sample template contains four cases. The first three cases use the physical trough model, and the
fourth case uses the empirical model. The first case represents a 100 MW baseline system with a medium
temperature heat-transfer fluid and an indirect 2-tank thermal energy storage system. The second case
represents a similar 100 MW system with dry cooling. The third case shows how to optimize the solar field
thermal energy storage system size to minimize the system lewelized cost of energy, and is described in

Solar Multiple Optimization.
The parabolic trough input pages for this option described in this section are:

e Trough System Costs
e Solar Field

e Collectors (SCAs)
e Receivers (HCEs)

e Power Cycle
e Thermal Storage

e Parasitics
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e User Variables

4111 Trough System Costs

Amnuzl Performancs L To view the Trough System Costs page, click Trough System Costs on
pensm the main window's navigation menu. Note that for the physical trough
input pages to be available, the technology option in the Technology and
Market window must be Concentrating Solar Power - Physical Trough
System.

Al %

Salar Field

Wil -

Gl Motz 1

Contents

» Oveniew describes the trough system costs.
» Input Variable Reference describes the input variables on the Trough System Costs
page.

» Entering Periodic Operation and Maintenance Costs explains how to use annual
schedules to assign operation and maintenance costs to particular years in the

project cash flow.

» About the Trough System Default Cost Assumptions describes the assumptions
and sources of the default parabolic trough system costs.

Overview

Solar Advisor uses the variables on the Trough System Costs page to calculate the project investment cost
and annual operating costs reported in the project cash flow and used to calculate cost metrics reported in
the Metrics table.

Because only the Total Installed Cost value affects the cash flow calculations, you can assign capital costs
to the different cost categories in whatever way makes sense for your analysis. For example, you could
assign the cost of designing the solar field to the solar field cost category or to the engineer-procure-
construct category with equivalent results. The categories are provided to help you keep track of the
different costs, but do not affect the economic calculations. After assigning costs to the categories, verify
that the total installed costs value is what you expect.

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.

Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will vary
depending on the market, technology and geographic location of a project. Because of price volatility in
solar markets, the cost data in the sample files is likely to be out of date. For more information see the

Solar Advisor Model website, https://www.nrel.gov/analysis/sam/cost_data.html.
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Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Site Improvements ($/m?)

A cost per square meter of solar field area to account for expenses related to site preparation and other
equipment not included in the solar field cost category.

Solar Field ($/m?2)

A cost per square meter of solar field aperture area to account for expenses related to installation of the
solar field, including labor and equipment.

HTF System ($/m?2)

A cost per square meter of solar field aperture area to account for expenses related to installation of the
heat transfer fluid pumps and piping, including labor and equipment.

Storage ($/kWht)

Cost per thermal kilowatt-hour of storage capacity to account for expenses related to installation of the
thermal storage system, including equipment and labor.

Fossil Backup ($/kWe)

Cost per electric kilowatt of power block nameplate capacity to account for the installation of a fossil
backup system, including equipment and labor.

Power Plant ($/kWe)

Cost per electric kilowatt of power block hameplate capacity to account for the installation of the power
block, including equipment and labor.

Contingency (%)

A percentage of the sum of the site improvements, solar field, HTF system, storage, fossil backup, and
power plant costs to account for expected uncertainties in direct cost estimates.

Total Direct Cost ($)

The sum of improvements, solar field, HTF system, storage, fossil backup, power plant costs, and
contingency costs.

Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.
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Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.

Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.

Total Indirect Cost ( $)

The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash_flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Estimated Total Installed Cost per Capacity ($/kW)

The total estimated installed cost divided by the total system rated or nameplate capacity from the
Power Cycle page. This value is provided for reference only and not used in cash flow calculations.

Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.

For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Einancing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
schedule to assign costs to individual years. See below for details.

Fixed Annual Cost ($/yr)
A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)
A fixed annual cost proportional to the system's rated or nameplate capacity.
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Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conversion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)

Note. For information on water consumption and other operation and maintenance costs and
requirements for concentrating parabolic trough systems, see the Troughnet website: http://www.nrel.
gov/csp/troughnet/power_plant_systems.html. For information on operation and maintenance costs for
photowltaic systems, see the California Energy Commission's online Distributed Energy Resource

guide http://www.energy.ca.gov/distgen/economics/operation.html.

Entering Periodic Operation and Maintenance Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash flow, and Solar Advisor will account for them in the other
economic metrics including the levelized cost of energy and net present value.

Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.

To assign component replacement costs to particular years:

1. In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost — 284.00 sfyr
2. Click the button with the "Sched" label to change the mode to schedule and activate the Edit

April 2010


http://www.nrel.gov/csp/troughnet/power_plant_systems.html
http://www.nrel.gov/csp/troughnet/power_plant_systems.html
http://www.energy.ca.gov/distgen/economics/operation.html

Parabolic Trough Physical 151

button.

el Edit.. |

3. Click Edit.

4. In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you have finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.

About the Trough System Default Cost Assumptions

The default values on the Trough System Costs page reflect the National Renewable Energy Laboratory's
best estimate of representative system costs for the United States in the second quarter of 2009. The
values are based on a cost study for 100-MWe reference plant cost performed by the WorleyParsons Group
under NREL contract KAXL-9-99205-00, and on conversations with dewelopers and industry insiders. The
costs are composite values and do not represent a specific location or market within the United States.

Note. Always review all of the inputs for your Solar Advisor project to determine whether they are
appropriate for your analysis.

Major points of note include:
e Site improvement cost estimates have been increased from earlier estimates to better account for the
cost of access roads, drainage, and land grading.

¢ The HTF System category includes the cost of the heat transfer fluid (HTF) and header piping costs. The
HTF and header piping account for most of the HTF System category.

e The Power Plant cost for the dry-cooled case is higher than for the wet-cooled case to account for the
higher cost of an air-cooled condenser compared to a cooling tower.

e The Storage cost estimate is based on a two-tank molten salt system, and accounts for the cost of
nitrate salts in 2009

e Contingency has been rounded to 10%

¢ The operation and maintenance cost category, Variable Cost by Generation includes the cost of water for
wet-cooled case.
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Table 22. Comparison of Trough System Costs in Solar Advisor versions 3.0 (June 2009)

and 2009 (October 2009).
Parabolic Trough Costs SAM 3.0 SAM 2009 units
Site Improvements 3 20 $/m?
Solar Field 300 350 $/m?
HTF System 150 50

($/kWe) ($/m?)
Storage 40 70 $/kWht
Fossil Backup 0 0 $/kWe
Power Block (wet-cooled) 850 880 $/kWe
Power Block (dry-cooled) 850 960 $/kWe
Contingency 8.85 10 %
Engineer, procure, 16 15 %
construct
Project, land, 3.5 3.5 %
management
Sales tax applies to 80 80 %
Fossil Fuel Cost 0 0 $/MMBTU
O&M Fixed Annual cost 0 0 Slyr
O&M Fixed cost by 50 80 $/kW-yr
capacity
O&M Variable cost by 0.7 3 $/MWh

gen.

Note. Solar Advisor does not account for the capacity value of storage. Some utilities apply a capacity
credit to systems with storage that can affect overall project economics.

4.11.2 Solar Field

Trough System Costs

|

Collectors [SCAs)

Q"_,'

To view the Solar Field page, click Solar Field on the main window's
navigation menu. Note that for the physical trough input pages to be
available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Physical Trough System.

Contents
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» Oveniew describes the Solar Field page.

» Input Variable Reference describes the input variables and options on the Solar
Field page.

> About the Solar Multiple and Field Aperture Modes describes how to specify the
solar field size using either a solar multiple or by specifying the field aperture

explicitly.
» Solar Field "H" and "I" Layout Options describes the two available header piping
layout configurations with diagrams.

» Choosing a Design Irradiation Value suggests an approach for choosing the design
irradiation value for a given location.

» Specifying a Custom Heat Transfer Fluid describes the steps for creating your own

heat transfer fluid

» Specifying the Loop Configuration describes the single loop configuration diagram
and how to specify collector-receiver assemblies in the loop.

» Defining Collector Defocusing describes the collector defocusing options

» Equations for Calculated Values describes the equations used to calculate values
on the Solar Field page.

Overview

The Solar Field page displays variables and options that describe the size and properties of the solar field,
properties of the heat transfer fluid. It also displays reference design specifications of the solar field. See
Input Variable Reference for a description of the solar field input variables.

Solar Advisor provides two options for specifying the size of the solar field: Option 1 specifies the field area
as a multiple of the area required to drive the power cycle at its rated capacity under design conditions, and
Option 2 specifies the field area as an explicit value in square meters. See Input Variable Reference for
details.

You can specify the heat transfer fluid by choosing from a list of pre-defined fluids, or by creating your own
fluid. See Specifying a Custom Heat Transfer Fluid for details.

Solar Advisor assumes that all collectors in the field use single-axis tracking with the collector tilt and
azimuth defined by the collector orientation input variables. See the variable descriptions in Input Variable
Reference for details.

The mirror washing variables determine the quantity of water required for mirror washing. See the variable
descriptions in Input Variable Reference for details.

Input Variable Reference

Solar Field Parameters
Option 1 and Option 2

For Option 1 (solar multiple mode), Solar Advisor calculates the total required aperture and number of
loops based on the value you enter for the solar multiple. For option 2 (field aperture mode), Solar
Advisor calculates the solar multiple based on the field aperture value you enter. Note that Solar Advisor
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does not use the value that appears dimmed for the inactive option.
Solar multiple

The field aperture expressed as a multiple of the aperture required to operate the power cycle at its
design capacity.

Field aperture

The total solar energy collection area of the solar field in square meters. Note that this is less than the
total mirror surface area.

Row spacing (m)

The centerline-to-centerline distance in meters between rows of collectors, assuming that rows are laid
out uniformly throughout the solar field.

Stow angle (degrees)

The collector angle during the hour of stow. A stow angle of zero for a northern latitude is vertical facing
east, and 180 degrees is vertical facing west.

Deploy angle (degrees)
The collector angle during the hour of deployment. A deploy angle of zero for a northern latitude is
vertical facing due east. Default is 10 degrees.

Solar Field
Describes how collectors and header pipes are laid out in the solar field. See Solar Field "H" and "I"
Layout Options for details.

Header pipe roughness (m)

The header pipe roughness is a measure of the internal surface roughness of the header and runner
piping. Solar Advisor uses this value in calculation of the shear force and piping pressure drop in the
headers.

HTF pump efficiency
The electrical-to-mechanical energy conwersion efficiency of the field heat transfer fluid pump. This value
accounts for all mechanical, thermodynamic, and electrical efficiency losses.

Freeze protection temp (°C)

The temperature at which freeze protection equipment is activated. The fluid temperature is maintained
at this value during hours that freeze protection is operating.

Irradiation at design (W/m?2)

The design point direct normal radiation value, used in solar multiple mode to calculate the aperture
area required to drive the power cycle at its design capacity. Also used to calculate the design mass
flow rate of the heat transfer fluid for header pipe sizing. See Choosing a Design Irradiation Value for
details.

Allow partial defocusing

Partial defocusing assumes that the tracking control system can adjust the collector angle in response
to the capacity of the power cycle (and thermal storage system, if applicable). See Defining Collector
Defocusing for details.
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Heat Transfer Fluid
Field HTF fluid

The heat transfer fluid (HTF) used in the heat collection elements and headers of the solar field. Solar
Advisor includes the following options in the HTF library: Solar salt, Caloria, Hitec XL, Therminol VP-1,
Hitec salt, Dowtherm Q, Dowtherm RP. You can also define your own HTF using the user-defined HTF
fluid option

User-defined HTF fluid

To define your own HTF, choose User-defined for the Field HTF fluid and specify a table of material
properties for use in the solar field. You must specify at least two data points for each property:
temperature, specific heat, density, viscosity, and conductivity. See Specifying a Custom Heat Transfer
Fluid for details.

Design loop inlet temp (°C)

The temperature of HTF at the loop inlet under design conditions. The actual temperature during
operation may differ from this value. Solar Advisor sets the power cycle's design outlet temperature
equal to this value.

Design loop outlet temp (°C)

The temperature of the HTF at the outlet of the loop under design conditions. During operation, the
actual value may differ from this set point. This value represents the target temperature for control of the
HTF flow through the solar field and will be maintained when possible.

Min single loop flow rate (kg/s)

The minimum allowable flow rate through a single loop in the field.
Max single loop flow rate (kg/s)

The maximum allowable flow rate through a single loop in the field.
Header design min flow velocity (m/s)

A calculated value that indicates the minimum flow velocity in the field corresponding to the specified
minimum single loop flow rate. This value is calculated using the density of the HTF at the design inlet
temperature and the maximum specified receiver diameter.

Header design max flow velocity (m/s)

A calculated value that indicates the maximum flow velocity in the field corresponding to the specified
maximum single loop flow rate. This value is calculated using the density of the HTF at the design
outlet temperature and the minimum specified receiver diameter.

Initial field temperature (°C)

Temperature of the HTF in the solar field in the first time step of the simulation (Hour one, typically the
hour beginning at midnight on January 1). The value affects the system's performance in the first hours
of the simulation, but typically has little impact on subsequent hours and total annual plant
performance.

Design Point
Single loop aperture (m?)

The aperture area of a single loop of collectors, equal to the product of aperture width, reflective area,
times the structure length times the number of collector assemblies per loop according to the
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distribution of the up to four collector types in the field. This area does not include non-reflective surface
on the collector or non-reflective space between collectors.

Loop optical efficiency

The optical efficiency when incident radiation is normal to the aperture plane, not including end losses
or cosine losses. This value does not include thermal losses from piping and the receivers.

Total loop conversion efficiency

The total conversion efficiency of the loop, including optical losses and estimated thermal losses. Used
to calculate the required aperture area of the solar field.

Total required aperture, SM=1 (m?2)

The exact mirror aperture area required to meet the design thermal output for a solar multiple of 1.0.
Solar Advisor uses the required aperture to calculate the actual aperture. The actual aperture may be
slightly more or less than the required aperture, depending on the collector dimensions you specify on

the Collectors page.
Required number of loops, SM=1

The exact number of loops required to produce the total required aperture at a solar multiple of 1.0. This
number may be a non-integer value, Solar Advisor rounds this value to the nearest integer to caculate
the value of the actual number of loops variable.

Actual number of loops

The actual number of loops in the field, equal to the solar multiple times the required number of loops at
a solar multiple of 1.0. The required number of loops is rounded to the nearest integer to represent a
realistic field layout.

Actual aperture (m2)

The actual aperture area based on the actual number of loops in the field, equal to the single loop
aperture times the actual number of loops.

Actual solar multiple

For Option 1 (solar multiple mode), the calculated solar multiple based on the actual (rounded) number
of loops in the field. For Option 2 (field aperture mode), the solar multiple value corresponding to the
thermal output of the field based at design point: The actual aperture divided by the field thermal output.

Field thermal output (MWt)
The thermal energy delivered by the solar field under design conditions at the actual solar multiple.

Collector Orientation
Collector tilt (degrees)

The angle of all collectors in the field in degrees from horizontal, where zero degrees is horizontal. A
positive value tilts up the end of the array closest to the equator (the array's south end in the northern
hemisphere), a negative value tilts down the southern end. Solar Advisor assumes that the collectors
are fixed at the tilt angle.

Collector azimuth (degrees)

The azimuth angle of all collectors in the field, where zero degrees is pointing toward the equator,
equivalent to a north-south axis. Solar Advisor assumes that the collectors are oriented 90 degrees east
of the azimuth angle in the morning and track the daily movement of the sun from east to west.
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Mirror Washing

Solar Advisor reports the water usage of the system in the results based on the mirror washing variables.
The annual water usage is the product of the water usage per wash and 365 (days per year) divided by the
washing frequency.
Water usage per wash
The wolume of water in liters per square meter of solar field aperture area required for periodic mirror
washing.
Washing frequency
The number of days between washing.

Single Loop Configuration
Number of SCA/HCE assemblies per loop

The number of individual solar collector assemblies (SCAs) in a single loop of the field. Computationally,
this corresponds to the number of simulation nodes in the loop. See Specifying the Loop Configuration
for details.

Edit SCAs

Click Edit SCAs to assign an SCA type number (1-4) to each of the collectors in the loop. Use your
mouse to select collectors, and type a number on your keyboard to assign a type number to the
selected collectors. Solar Advisor indicates the SCA type by coloring the rectangle representing the
collector in the diagram, and displaying the type number after the word "SCA." See Specifying the Loop
Configuration for details.

Edit HCEs

Click Edit HCEs to assign a receiver type number (1-4) to each of the collectors in the loop. Use your
mouse to select collectors, and type a number on your keyboard to assign a type number. Solar
Advisor indicates the HCE type by coloring the line representing the receiver, and displaying the type

number after the word "HCE." See Specifying the Loop Configuration for details.
Edit Defocus Order

Click Edit Defocus Order to manually define the defocus order of the collectors in the field. Click an
assembly to assign the defocus order. You should assign each collector a unique defocus order
number. See Defining Collector Defocusing for details.

Reset Defocus

Click to reset the defocus order to the default values, starting at the hot end of the loop and proceeding
sequentially toward the cold end of the loop. See Defining Collector Defocusing for details.

About the Solar Multiple and Field Aperture Modes

Solar Advisor provides two options for defining the size of the solar field: Option 1 (solar multiple) and Option
2 (field aperture).

For Option 1, Solar Advisor calculates the field aperture area in square meters based on the solar multiple
value you specify, along with the power cycle design gross output, irradiation at design, and the design heat
and optical loss parameters. A solar multiple of one represents the field aperture area that, under design
conditions, would deliver sufficient thermal energy to drive the power cycle at its design point, accounting for
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thermal and optical losses in the solar field. Option 1 allows you to specify the field aperture area as a
function of the power cycle's capacity -- Solar Advisor calculates the field aperture area for you.

For Option 2, you specify the field aperture explicitly, and Solar Advisor calculates the equivalent solar
multiple.

Option 1 (solar multiple) is useful for determining the optimal solar field area for a given location. By varying
the solar multiple, you can find the value that minimizes the levelized cost of energy for a given power block
capacity. The lewelized cost of energy metric captures the tradeoff between the benefit of higher annual
electricity output and the cost of increased capital expenditures associated with increasing the solar field
area.

Option 1 (solar multiple) is best for analyses involving a known or fixed power cycle capacity. Option 2 (field
aperture) is best for analyses inwlving a known or fixed field aperture, but requires that you adjust the power
cycle capacity to match the solar field output.

Solar Field "H" and "I" Layout Options

The two solar field layout options describe the location and shape of header piping that delivers heat transfer
fluid to the power block.

The "I" layout represents a field where two headers emerge from the power block in opposite directions,
each directly feeding one half of the loops in the field:

[ ]

The "H" layout represents a system where two runner pipes emerge from the power block in opposite
directions and feed into two headers each, where each header feeds one quarter of the total loops in the
field:
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Choosing a Design Irradiation Value

Solar Advisor uses the irradiation at design value to calculate the the relationship between the solar multiple
and field aperture. For systems in the Mohave Desert of the United States, a value of 950 W/m? is
reasonable, and for southern Spain, a value of 800 W/m? is reasonable.

If you are modeling a system outside of those two regions, or if you want to choose a more precise value for
the irradiation at design value, you can use the maximum annual incident direct normal radiation in watts
per square meter for the system at your location. Solar Advisor reports that value in the hourly results as
Collector_DNI-x-CosTh. See the procedure below for instructions.

The irradiation at design value has a significant impact on the field aperture that Solar Advisor calculates
based on the solar multiple. For example, if one system with an irradiation at design value of 950 W/m? and
a solar multiple of 2 requires a field aperture of 862,000 m? to drive a 110 MWe power cycle, the same
system with an irradiation at design value of 800 W/m? would require a field aperture of 1,030,000 m? to
drive the same power cycle.

Two factors affect the choice of a reference direct normal radiation value for a given system:

e Location defined on the Climate page, which determines the variability of the solar resource.
e Storage capacity defined on the Thermal Storage page, which determines the system's capacity to
absorb excess energy from the solar field.

Using too low of a reference direct normal radiation value results in an oversized solar field, which in turn will
cause the collectors to defocus excessively. On the other hand, using too high of a reference direct normal
radiation value results in an undersized solar field that can rarely drive the power cycle at its design point.

To find the maximum annual incident direct normal radiation value:

1. On the Climate page, choose a location for your system.

2. On the Solar Field page, enter values of collector tilt and azimuth for the system. See Input
Variable Reference for descriptions of the input variables.

You can use default values for the remaining inputs.
3. Click run all simulations, or press Ctrl-G.
On the Results menu, choose View Hourly Simulations, or press Ctrl-T.
5. On the Boxplot tab, choose Collector_ DNI-x-CosTh.

B
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6. Read the maximum annual value from the graph. If you want to use an exact value, right-click the
graph and click Export Data to export of values to a text file, which you can open in a text editor.

Specifying a Custom Heat Transfer Fluid

If the heat transfer fluid you want to use in the solar field is not included in the Field HTF Fluid list, you can
define a custom heat transfer fluid using the User-defined option in the list. To define a custom fluid, you
need to know the specific heat, density, viscosity, kinematic viscosity, conductivity, and enthalpy of the

fluid for at least two temperatures.

Table 23. Heat transfer fluids on the Field HTF Fluid list.

Max Operating

Min HTF Temp Temp
Name Type °C °C Freeze Point Comments
Solar Salt Salt 260 600 220
Caloria mineral -20 300 -40 used in first Luz
hydrocarbon oil trough plant,
SEGS |
Hitec XL Nitrate salt 150 500 120 New generation
Therminol VP-1 [mixture of 50 400 12 Standard for
biphenyl and current
diphenyl oxide generation oil
HTF systems
Hitec Nitrate salt 175 500 140 For high-
temperature
systems
Dowtherm Q Synthetic oil -30 330 -50 New generation
Dowtherm RP | Synthetic oil -20 350 -40 New generation

To define a custom heat transfer fluid:

1. In the Field HTF fluid list, click User-defined.

2. In the Edit Material Properties table, change Number of data points to 2 or higher. The number
should equal the number of temperature values for which you have data.
3. Type values for each property in the table.
You can also import data from a text file of comma-separated values. Each row in the file should
contain properties separated by commas, in the same the order that they appear in the Edit
Material Properties window. Do not include a header row in the file.

Keep the following in mind when you define a custom heat transfer fluid:

e Each row in the materials property fluid table must be for a set of properties at a specific temperature. No

two rows should have the same temperature value.

e Solar Advisor calculates property values from the table using linear interpolation.
e The rows in the table must sorted by the temperature value, in either ascending or descending order.
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e The physical trough model uses the temperature, specific heat, density, viscosity, and conductivity
values. It ignores the enthalpy and kinematic viscosity values (the empirical trough model does use those
values).

Specifying the Loop Configuration

The solar field consists of loops of collector-receiver assemblies. On the Solar Field page, you specify the
characteristics of a single loop in the field.

You specify the characteristics
of a single loop.

Solar Advisor calculates the
number of loops in the field.

-
L

When you configure a loop, you specify the following characteristics using the single loop configuration
diagram:

¢ Number of assembilies in a single loop.

e Collector (SCA) type of each assembly in the loop.

e Receiver (HCE) type of each assembly in the loop.

e Collector defocusing order, if applicable.

Each rectangle in the diagram represents a collector-reciever assembly. Solar Advisor allows you to specify
a single loop of up to 35 collector-receiver assemblies, and up to four different receiver and collector types.

Note. In the current version of Solar Advisor, it is not possible to specify more than one loop. If your field
consists of different types of collectors and receivers, you must represent the proportion of different
types in a single loop.

Assembly #1, at the cold end of the loop, appears at the top left corner of the diagram. Depending on the
collector defocusing option you use, you may need to know each assembly's number to assign a collector
defocusing order. See Defining Collector Defocusing for details.
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Assembly #1 at
cold end of loop

Single Loop of 12
assemblies

Assembly #12 at
hot end of loop

The color of the rectangle and SCA number indicates the collector type of each assembly. Similarly, the
color of the line representing the receiver and the HCE number indicates the receiver type. The "DF" number
indicates the collector defocusing order:

that the assembly consists of a Type 3 collector.

The brown rectangle and "SCA: 3: indicates

"DF# 2" indicates the collector's
defocus order is 2.

The green line and "HCE: 2"
indicates a Type 2 receiver.

The characteristics of each collector type are defined on the Collectors_page, and of each receiver type on
the Receivers page.

To specify the loop configuration:

1.

2.

In Number of SCA/HCE assemblies per loop, type a number between 1 and 32. Solar Advisor
displays a rectangle for each assembly in the loop.

If the loop has more than one type of collector, define each of up to four collector types on the
Collectors page. At this stage in your analysis, you can simply make note of the type number for
each collector type you plan to include in the loop and define its characteristics on the Collectors
page later.

Click Edit SCAs.

Use your mouse to select all of the collectors to which you want to assign a type number. You can
use the Ctrl key to select individual collectors.

Use your keyboard to type the number corresponding to the collector's type number as defined on
the Collectors page. Solar Advisor displays the collector (SCA) type number and color in the
rectangle representing the collector type.

Repeat Steps 4-5 for each collector type in the loop.
If the loop includes more than one receiver type, click Edit HCEs, and follow Steps 4-6 for each
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receiver (HCE) type. You can define up to four receiver types on the Receivers page.

Defining Collector Defocusing

During hours when the solar field delivers more thermal energy than the power cycle (and thermal storage
system, if available) can accept, or when the mass flow rate is higher than the maximum single loop flow
rate defined on the Solar Field page, Solar Advisor defocuses collectors in the solar field to reduce the solar
field thermal output. Mathematically, the model multiplies the radiation incident on the collector by a
defocusing factor. In a physical system, the collector tracker would adjust the collector angle to reduce the
amount of absorbed energy.

Solar Advisor provides three defocusing options:

e Option 1. No partial defocusing allowed: Collectors are either oriented toward the sun or in stow position.
Collectors defocus in the order you specify. You should define a defocusing order as described below for
this option.

e Option 2. Partial defocusing allowed with sequenced defocusing: Collectors can partially defocus by
making slight adjustments in the tracking angle. Collectors defocus in the order you specify. You should
define a defocusing order as described below for this option.

e Option 3. Partial defocusing allowed with simultaneous defocusing: Collectors can partially defocus by
making slight adjustments in the tracking angle. All of the collectors in the field defocus by the same
amount at the same time. You do not need to define a defocusing order for this option.

To define collector defocusing option:

¢ Inthe Solar Field Parameters options, choose a defocusing option (see descriptions abowe):
Option 1: Clear Allow partial defocusing.
Option 2: Check Allow partial defocusing, and choose Sequenced.
Option 3: Check Allow partial defocusing, and choose Simultaneous.

If you choose Option 1 or Option 2, you should define the defocus order as described in the next procedure.
If you choose Option 3, Solar Advisor ignores the defocusing order displayed in the single loop diagram.

To define the defocus order:

1. If you choose Option 1 or 2 for the defocusing option, under Single Loop Configuration, click Edit
Defocus Order.

2. Click each collector-receiver assembly in the loop, and type a number in the Defocus Order
window. Assemblies are numbered starting at the top right corner of the diagram, at the cold end of
the loop. Be sure to assign a unique defocus order number to each assembly.

Click Reset Defocus if you want the defocus order to start at the hot end of the loop and proceed
sequentially to the cold end of the loop.

Equations for Calculated Values

This section will describe equations for the calculated values on the Solar Field page. It is currently under
development. For general descriptions of the variables, see Input Variable Reference.
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Min field flow velocity

Max field flow velocity

Single loop aperture

Loop optical efficiency

Total loop conversion efficiency
Total required aperture, SM=1
Required number of loops, SM=1
Actual number of loops

Actual aperture

Actual solar multiple

Field thermal output

4.11.3 Solar Multiple Optimization

This section describes the third case in the file Sample Parabolic Trough Systems.zsam, "Phys Trough -
Parameterized Storage." The case demonstrates how to optimize the solar multiple for a parabolic trough
system with storage to minimize the system's lewelized cost of energy.

This example uses the physical parabolic trough model, but you can perform a similar analysis using the
empirical model.

For a description of the variables used for this analysis, see the Solar Field page and Thermal Storage page
descriptions. If you are not familiar with Solar Advisor's parametric variables, you may want to read
Parametric Analysis, which explains how to configure a parametric analysis.

For a parabolic trough system with no storage, the optimal lewelized cost of energy typically occurs at a
solar multiple of between 1.4 and 1.5. Because a trough system only operates at its design point (solar
multiple of one) for a very few hours of the year, over-sizing the system (solar multiple greater than one)
allows it to operate closer to the design point for more hours of the year. The system with the owersized
solar field produces more electricity, thereby reducing the system's levelized cost of energy. However, there
is a trade-off between the increased installation cost of the larger system and the increased electric energy
output: As the solar field size increases beyond a certain point, the higher cost outweighs the benefit of the
higher output. Adding storage to the system introduces another level of complexity: Systems with storage
can increase system output by storing energy from an even larger solar field for use during times when the
solar field output is below the design point, but the thermal energy storage system's cost and thermal
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losses have a negative effect on the levelized cost of energy.

The analysis in this case investigates the lewelized cost of energy (LCOE) turning point for systems with
different solar field and thermal energy storage sizes.

Note that the storage tank heat loss is an input on the Storage page and that its value depends on the
storage tank size and type. Whenever you change the value of the Equivalent Full Load Hours of TES
variable on the Thermal Storage page, you should also change the Tank Heat Losses value.

When the solar field is sized abowe its design point, the analysis should account for any energy that might
be dumped during periods when the solar field produces more energy than the power block and storage
system can handle. Typically, as long as the amount of dumped energy is less than about 10-15% of the
new energy resulting from the oversized system, you can reduce the LCOE by increasing solar field size.

To review the parametric analysis on solar multiple and thermal energy storage:
1. On the file menu, choose Open Sample Template, Sample Parabolic Trough Systems.
2. Click the Phys Trough - Parameterized Storage tab to display the case.
3. Click Configure Simulations.

4. On the Configure Simulations page, click Parametrics.

# 7 o8 &

Parametrics I/} Sensitivity COptimization Statistical Multiple Systems Excel Exchange

5. Note the three variables defined as parametric variables: Solar Multiple from the Solar Field page,
and Equiv Full Load Hours of TES and Tank Heat Losses from the Storage page.

Variables: [ Add ] [ Remove

Physical Trough Solar Field/Solar multiple
Physical Trough Thermal Storage/Full load hours of TES |

The Solar Multiple values range from 1 to 3.5 in increments of 0.25.

Variables: Add ] [ Remoye Selected Variable Values:

i ola = 1 -
Physical Trough Thermal StorageFull load hours of TES | | 1.25
1.5 =
1.75 |’ ‘
2 _5
2.25
2.5 e

The Equiv. Full Load Hours of TES values range from 0 to 12 in increments of 3.
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Variables: [ Add ] [ Remaove Selected Variable Values:

[y e S

Solar Advisor must simulate one system for each combination of values for the two variables. In this
case, 10 values for solar multiple x 5 values for hours of storage = 50 simulations.

6. Click Switch to graphs and results viewer to display the Results page without running simulations.

Solar Advisor displays the Parameterized Storage (LCOE) graph among others on the Results
page.
Parameterized Storage (LCOE)

L l

2+ —
B LcoE(nom) 4Full load hours of TES=0}

kL [ JLcoE{nom) {Full load hours of TES=3} _
[CILcoE{nom) 4Full load hours of TES=6}

=L BllLcoE(nom) 4Full load hours of TES=9} _
BLcoE{nom) {Full load hours of TES=12}

25 -

24|

LCOE(nom) {centsfkitth)

2

1 1 1 1 1 1 1 1 1 1
1 1.25 1.5 1.75 2 2,25 2.5 275 3 3.25

Solar Multiple

Each line in the graph represents a number of hours of thermal energy storage from the list we saw in the
list of parametric values for the Equivalent Full Load Hours of TES variable: 0, 3, 6, 9, and 12 hours of
storage.

For the no storage case (the dark green line, zero hours of storage), the lowest levelized cost of energy
occurs at a solar multiple of 1.25. For a given storage capacity, as the solar multiple increases, both the
area-dependent installation costs electricity output increase. The interaction of these factors causes the
levelized cost of energy to decrease as the solar multiple increases from 1, but at some point the cost
increase overwhelms the benefit of the increased electric energy output, and the lewelized cost of energy
begins to increase with the solar multiple.
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4.11.4 Collectors (SCAs)

To view the Collectors page, click Collectors (SCAs) on the main
window's navigation menu. Note that for the physical trough input pages

Q to be awailable, the technology option in the Technology and Market
—— C*) window must be Concentrating Solar Power - Physical Trough System.

Apartors hrea: 35TAIT

Contents

» Oveniew describes the Collectors page.
> Input Variable Reference describes the input variables and options on the Collectors
page.

» Equations for Calculated Values describes the equations used to calculate values
on the Collectors page.

Overview

A collector (SCA, solar collector assembly) is an individually tracking component of the solar field that
includes mirrors, a supporting structure, and receivers.

Note. See the Troughnet website at http://www.nrel.gov/csp/troughnet/solar field.html for more
information about collectors.

On the Collectors page, you can define the characteristics of up to four collector types. On the Solar Field
page, you specify how the different collector types are distributed in each loop of the field, assuming that
the field consists of identical loops. Solar Advisor only uses data for collector types that you have included
in the single loop specification on the Solar Field page

Input Variable Reference

Collector Type and Configuration Name

Collector Type

Choose the active SCA type (1-4). Solar Advisor displays the properties of the active SCA type on the
Collectors page. You can assign different properties to each of the up to four collector types. See
Specifying the Loop Configuration for details on including different SCA types in the solar field.

Configuration Name

The name of library entry for the receiver type.

Collector Geometry
Reflective aperture area (m?)
The total reflective area of a single collector, used to calculate the loop aperture area of a loop, and
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number of loops required for a solar field with the aperture area defined on the Solar Field page.
Aperture width, total structure (m)

The structural width of the collector, including reflective and non-reflective area. Solar Advisor uses this
value to calculate row-to-row shadowing and blocking effects.

Length of collector assembly (m)

The length of the collector assembly, used to calculate the length of a single assembly, and for a solar
field with an "H" layout, the length of runner pipes.

Number of modules per assembly
The number of individual collector-receiver sections in a single collector.
Average surface-to-focus path length (m)

The average distance between the collector surface and the focus of the parabola. This value is not
equal to the focal length of the collector. To calculate the value when you know the focal length and
aperture width, use the following equation, where Favg is the average surface-to-focus path length:

| (4'a2+{§}2)2 12-a%+ (%)°

a? .lz-w- (4.az+{§}2)

Where a is the focal length at the vertex, and w is the aperture width

[STES

Fre=w-

Piping distance between assemblies (m)

Length of pipes and hoses connecting collectors in a single row, not including the length of crossover
pipes.
Length of single module (m)

The length of a single collector-receiver module, equal to the collector assembly length divided by the
number of modules per assembly.

Optical Parameters
Incidence angle modifier coeff 1-3

Coefficients for a polynomial equation defining the Incidence Angle Modifier equation. The equation
captures the degradation of collector performance as the incidence angle (theta) of the solar radiation
increases.

Tracking error

Accounts for reduction in absorbed radiation error in collectors tracking caused by poor alignment of
sun sensor, tracking algorithm error, errors caused by the tracker drive update rate, and twisting of the
collector end at the sun sensor mounting location relative to the tracking unit end.

Geometry effects

Accounts for errors in structure geometry caused by misaligned mirrors, mirror contour distortion
caused by the support structure, mirror shape errors compared to an ideal parabola, and misaligned or
distorted receiver.

Clean mirror reflectance

The mirror reflectance input is the solar weighted specular reflectance. The solar-weighted specular

April 2010



Parabolic Trough Physical 169

reflectance is the fraction of incident solar radiation reflected into a given solid angle about the specular
reflection direction. The appropriate choice for the solid angle is that subtended by the receiver as
viewed from the point on the mirror surface from which the ray is being reflected. For parabolic troughs,
typical values for solar mirrors are 0.923 (4-mm glass), 0.945 (1-mm or laminated glass), 0..906
(silvered polymer), 0.836 (enhanced anodized aluminum), and 0.957 (silvered front surface).

Dirt on mirror

Accounts for reduction in absorbed radiation caused by soiling of the mirror surface. This value is not
linked to the mirror washing variables on the Solar Field page.

General optical error

Accounts for reduction in absorbed radiation caused by general optical errors or other unaccounted
error sources.

Optical Calculations
Incidence angle modifier

The incidence angle modifier equation calculated as a reference for the location in question at noon on
the summer solstice. This value is not used in determining the design of the solar field.

End loss at design

Optical end loss at noon on the summer solstice due to reflected radiation spilling off of the end of the
collector assembly. This value is provided as a reference and is not used in determining the design of
the solar field.

Optical efficiency at design
The collector's optical efficiency under design conditions.

Equations for Calculated Values

This section will describe equations for the calculated values on the Collectors page. It is currently under
development. For general descriptions of the variables, see Input Variable Reference.

Incidence angle modifier

& &
TAM = Fy + F 'm + F5 - c0s(8)
Where,
IAM incidence angle modifier
F0_2 incidence angle modifier coefficients that you specify on the Collectors page
e solar incidence angle (zero at normal incidence)

End loss at design

Optical efficiency at design
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4.11.5 Receivers (HCEs)

Collectors {SCAS) N T(? view the. Repeivers page, click Receiversl (HCEs) on the main
1'.'“) window's navigation menu. Note that for the physical trough input pages

ﬁ to be awailable, the technology option in the Technology and Market
window must be Concentrating Solar Power - Physical Trough System.
Power Cycle & .

Contents

» Oweniew describes the Receivers page.

» Input Variable Reference describes the input variables and options on the Receivers
page.

» Specifying Receiver Type Variations describes an example of using variant
weighting fraction values and different receiver types.

» Equations_for Calculated Values describes the equations used to calculate values
on the Receivers page.

Overview

A receiver (HCE, heat collection element) is a metal pipe contained in a vacuum within glass tube that runs
through the focal line of the trough-shaped parabolic collector. Seals and bellows ensure that a vacuum is
maintained in each tube. Anti-reflective coatings on the glass tube maximize the amount of solar radiation
that enters the tube. Solar-selective radiation absorbing coatings on the metal tube maximize the transfer of
energy from the solar radiation to the pipe.

Note. See the Troughnet website at http://www.nrel.gov/csp/troughnet/solar field.html for more
information about receivers.

On the Receivers page, you define the characteristics of up to four receiver types. On the Solar Field page,
you specify how the different receiver types are distributed in each loop of the field, assuming that the field
consists of identical loops. Solar Advisor only uses data for receiver types that you hawe included in the
single loop specification on the Solar Field page.

For each receiver type, you also specify up to four variations. You can use the variations to describe
different conditions of the receiver type. For example, you may use one variation to describe the receiver
type in good condition, and another to describe the receiver type with a damaged glass enwelope.

Input Variable Reference

Receiver Type and Configuration Name
Receiver Type

Choose the active receiver type (1-4). Solar Advisor displays the properties of the active receiver.
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Configuration Name

The name of library entry for the receiver type.

Receiver Geometry
Absorber tube inner diameter (m)
Inner diameter of the receiver absorber tube, this surface in direct contact with the heat transfer fluid.
Absorber tube outer diameter (m)
Outer diameter of the receiver absorber tube, the surface exposed to the annular vacuum.
Glass envelope inner diameter (m)
Inner diameter of the receiver glass envelope tube, the surface exposed to the annular vacuum.
Glass envelope outer diameter (m)
Outer diameter of the receiver glass enwelope tube, the surface exposed to ambient air.
Absorber flow plug diameter (m)

A non-zero value represents the diameter of an optional plug running axially and concentrically within
the receiver absorber tube. A zero value represents a receiver with no plug. The plug allows for an
increase in the receiver absorber diameter while maintaining the optimal heat transfer within the tube
heat transfer fluid. For a non-zero value, be sure to use annular flow for the absorber flow pattern option.

Internal surface roughness

The surface roughness of the inner receiver pipe surface exposed to the heat transfer fluid, used to
determine flow shear force and the corresponding pressure drop across the receiver.

Absorber flow pattern (m)

Use standard tube flow when the absorber flow plug diameter is zero. Use annual flow with a non-zero
absorber flow plug diameter.

Absorber material type
The material used for the absorber tube. Choose from stainless steel or copper.

Parameters and Variations
Variant weighting fraction

The fraction of the solar field that consists of the active receiver variation. For each receiver type, the
sum of the four variations should equal one. See Specifying Receiver Type Variations for details.

Absorber absorptance
The ratio of radiation absorbed by the absorber to the radiation incident on the absorber.
Absorber emittance

The energy radiated by the absorber surface as a function of the absorber's temperature. You can either
specify a table of emittance and temperature values, or specify a single value that applies at all
temperatures.

Envelope absorptance

The ratio of radiation absorbed by the envelope to the radiation incident on the enwelope, or radiation
that is neither transmitted through nor reflected from the enwelope. Used to calculate the glass
temperature. (Does not affect the amount of radiation that reaches the absorber tube.)

Solar Advisor Model 2010



172 Solar Advisor Model Help

Envelope emittance
The energy radiated by the enwelope surface.
Envelope transmittance

The ratio of the radiation transmitted through the glass enwelope to the radiation incident on the
enwelope, or radiation that is neither reflected nor refracted away from the absorber tube.

Broken glass

Option to specify that the envelope glass has been broken or removed, indicating that the absorber tube
is directly exposed to the ambient air.

Annulus gas type

Gas type present in the annulus vacuum. Choose from Hydrogen, air, or Argon.
Annulus pressure (torr)

Absolute pressure of the gas in the annulus vacuum, in torr, where 1 torr = 133.32 Pa
Estimated avg. heat loss (W/m)

An estimated value representing the total heat loss from the receiver under design conditions. Solar
Advisor uses the value to calculate the total loop conversion efficiency and required solar field aperture
area for the design point values on the Solar Field page. It does not use the value in simulation
calculations.

Bellows shadowing

An optical derate factor accounting for the fraction of radiation lost after striking the mechanical bellows
at the ends of the receiver tubes.

Dirt on receiver

An optical derate factor accounting for the fraction of radiation lost due to dirt and soiling on the
receiver.

Total Weighted Losses
Heat loss at design

The total thermal loss expected from the active receiver type under design conditions accounting for the
weighting fraction of the four receiver variations. Solar Advisor uses the value to calculate the design
point total loop conversion efficiency and the solar field aperture area shown on the Solar Field page.

Optical derate

Represents the total optical losses expected from the active receiver type under design conditions
accounting for the weighting fraction of the four receiver variations. Solar Advisor uses the value to
calculate the design point total loop conwersion efficiency and the solar field aperture area shown on the

Solar Field page.

Specifying Receiver Type Variations

You can use the receiver variations to model a solar field with receivers in different conditions. If you want all
of the receivers in the field to be identical, then you can use a single variation and assign it a variant
weighting fraction of 1.

When you use more than one receiver variation, be sure that the sum of the four variant weighting fractions
is 1.
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Here's an example of an application of the receiver variations for a field that consists of a two receiver types.
The first type, Type 1, represents receivers originally installed in the field. Type 2 represents replacement
receivers installed as a fraction of the original receivers are damaged over time.

Over the life of the project, on average, 5 percent of the Type 1 receivers have broken glass enwelopes, and
another 5 percent have lost vacuum in the annulus. We'll also assume that degraded receivers are randomly
distributed throughout the field -- Solar Advisor does not have a mechanism for specifying specific locations
of different variations of a given receiver type. To specify this situation, we would start with Type 1, and use
Variation 1 to represent the 90 percent of intact receivers, assigning it a variant weighting fraction of 0.90.
We'll use Variation 2 for the 5 percent of receivers with broken glass enwelopes, giving it a weighting fraction
of 0.05, and Variation 3 for the other 5 percent of lost-vacuum receivers with a weighting fraction of 0.05.
We'll assign appropriate values to the parameters for each of the two damaged receiver variations.

Next, we'll specify Type 2 to represent intact replacement receivers. We will us a single variation for the
intact Type 2 receivers.

On the Solar Field page, we'll specify the single loop configuration (assuming a loop with eight assemblies),
using Type 2 for the first and second assembly in the loop, and Type 1 receivers (with the variant weighting
we assigned on the Receivers page) for the remaining six assemblies in the loop.

Equations for Calculated Values

This section will describe equations for the calculated values on the Receivers page. It is currently under
development. For general descriptions of the variables, see Input Variable Reference.

Heat loss at design

Optical derate

411.6 Power Cycle

To view the Power Cycle page, click Power Cycle on the main window's

Receivers [HCEs) N
‘-_":) navigation menu. Note that for the physical trough input pages to be
& available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Physical Trough System.
Thermal Storage
Sesracs Howr: & E
Contents

» Oveniew describes the power cycle model and where to find more information about
the model.

» Input_Variable Reference describes the input variables and options on the Power
Cycle page.

» Modeling a_Fossil-fired Backup_Boiler describes the steps for including a backup
boiler in the system.
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» Equations for Calculated Values describes the equations used to calculate values
on the Power Cycle page.

Overview

The power cycle model represents a power block that converts thermal energy delivered by the solar field
and optional thermal energy system to electric energy using a conventional steam Rankine cycle power
plant.

The power cycle can use either an evaporative cooling system for wet cooling, or an air-cooled system for
dry cooling.

The power cycle may include a fossil-fired backup boiler that heats the heat transfer fluid before it enters the
power cycle during times when there is insufficient solar energy to drive the power cycle at its design load.

The power cycle model for the Solar Advisor physical trough model is the same as that used for the power
tower model. For a detailed description of the power cycle model, see Chapter 4 of Wagner M, 2008.
Simulation and Predictive Performance Modeling of Utility-Scale Central Receiver System Power Plants.
Master of Science Thesis. University of Wisconsin-Madison. http://sel.me.wisc.edu/theses/wagner08.zip.

Input Variable Reference

Plant Capacity
Design gross output (MWe)

The power cycle's design output, not accounting for parasitic losses. Solar Advisor uses this value to
size system components, such as the solar field area when you use the solar multiple to
specify the solar field size.

Estimated gross to net conversion factor

An estimate of the ratio of the electric energy delivered to the grid to the power cycle's gross output.
Solar Advisor uses the factor to calculate the power cycle's nameplate capacity for capacity-related
calculations, including the estimated total cost per net capacity value on the System Costs page,
capacity-based incentives on the Payment_Incentives page, and the capacity factor reported in the
results.

Estimated net output design (nameplate) (MWe)

The power cycle's nameplate capacity, calculated as the product of the design gross output and
estimated gross to net conwersion factor.

Power Block Design Point
Rated cycle conversion efficiency
The thermal to electric conversion efficiency of the power cycle under design conditions.
Design inlet temperature (°C)
The heat transfer fluid temperature at the power cycle inlet under design conditions.
Design outlet temperature (°C)

The heat transfer fluid temperature at the power cycle outlet under design conditions.
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Boiler operating pressure (bar)

The steam pressure in the main Rankine cycle boiler at design, used to calculate the steam saturation
temperature in the boiler, and thus the driving heat transfer temperature difference between the inlet
heat transfer fluid and the steam in the boiler.

Boiler LHV efficiency

The back-up boiler's lower heating value efficiency, used to calculate the quantity of gas required by the
back-up boiler. See Storage and Fossil Backup Dispatch Controls for details.
Heat capacity of balance of plant (kWht/°C-MWhe)

A term to introduce additional thermal capacity into the solar field to account for thermal inertia effects
not directly linked to the mass of heat transfer fluid in the solar field. The units for this value are thermal
kilowatt-hours per megawatt of gross electric output capacity needed to raise the balance of plant
temperature one degree Celsius.

Steam cycle blowdown fraction

The fraction of the steam mass flow rate in the power cycle that is extracted and replaced by fresh
water. This fraction is multiplied by the steam mass flow rate in the power cycle for each hour of plant
operation to determine the total required quantity of power cycle makeup water. The blowdown fraction
accounts for water use related directly to replacement of the steam working fluid. The default value of
0.013 for the wet-cooled case represents makeup due to blowdown quench and steam cycle makeup
during operation and startup. A value of 0.016 is appropriate for dry-cooled systems to account for
additional wet-surface air cooling for critical Rankine cycle components.

Plant Control
Fraction of thermal power needed for standby

The fraction of the power cycle's design thermal input required from storage to keep the power cycle in
standby mode. This thermal energy is not converted into electric power. Solar Advisor does not
calculate standby energy for systems with no storage.

Power block startup time (hr)

The time in hours that the system consumes energy at the startup fraction before it begins producing
electricity. If the startup fraction is zero, the system will operate at the design capacity during the
startup time.

Fraction of thermal power needed for startup

The fraction of the turbine's design thermal input energy required during startup. This thermal energy is
not converted to electric power.

Minimum required startup temp (°C)

The temperature at which heat transfer fluid circulation through the power cycle heat exchangers
begins, typically near the power block design heat transfer fluid outlet temperature.

Max turbine over design operation

The maximum allowable power cycle output as a fraction of the electric nameplate capacity. Whenewver
storage is not available and the solar resource exceeds the irradiation at design value from the Solar
Field page, some collectors in the solar field are defocused to limit the power block output to the
maximum load.
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Min turbine operation

The fraction of the nameplate electric capacity below which the power cycle does not generate
electricity. Whenever the power block output is below the minimum load and thermal energy is available
from the solar field, the field is defocused. For systems with storage, solar field energy is delivered to
storage until storage is full before the field is defocused.

Cooling System
Condenser type

Choose either an air-cooled condenser system (dry cooling) or evaporative cooling system (wet
cooling).

Ambient temp at design (°C)

The ambient temperature at which the power cycle operates at its design-point-rated cycle conversion
efficiency. For the air-cooled condenser option, use a dry bulb ambient temperature value. For the
evaporative condenser, use the wet bulb temperature.

Ref. Condenser Water dT (°C)

For the evaporative type only. The temperature rise of the cooling water across the condenser under
design conditions, used to calculate the cooling water mass flow rate at design, and the steam
condensing temperature.

Approach temperature (°C)

For the evaporative type only. The temperature difference between the circulating water at the
condenser inlet and the wet bulb ambient temperature, used with the ref. condenser water dT value to
determine the condenser saturation temperature and thus the turbine back pressure.

ITD at design point (°C)

For the air-cooled type only. Initial temperature difference (ITD), difference between the temperature of
steam at the turbine outlet (condenser inlet) and the ambient dry-bulb temperature.

Condenser pressure ratio

For the air-cooled type only. The pressure-drop ratio across the air-cooled condenser heat exchanger,
used to calculate the pressure drop across the condenser and the corresponding parasitic power
required to maintain the air flow rate.

Modeling a Fossil-fired Backup Boiler

To model a system with a fossil-fired backup boiler, set the boiler LHV efficiency input variable value to an
appropriate value, and define the boiler's operating schedule on the Thermal Storage page. See Storage and

Fossil Backup Dispatch Controls for details.

Equations for Calculated Values

This section will describe equations for the calculated values on the Power Cycle page. It is currently under
development. For general descriptions of the variables, see Input Variable Reference.

April 2010



Parabolic Trough Physical 177

Estimated net output at design (nameplate)
Design inlet temperature

Design outlet temperature

4.11.7 Thermal Storage

To view the Thermal Storage page, click Thermal Storage on the main

Power Cycle -

“__m:m;____ & window's navigation menu. Note that for the physical trough input pages

Rstad iy 03774 to be available, the technology option in the Technology and Market
- window must be Concentrating Solar Power - Physical Trough System.

Parasitics 9

Contents

» Oveniew describes the thermal storage model.

» Input Variable Reference describes the input variables and options on the Thermal
Storage page.

» Storage and Fossil Backup Dispatch Controls describes the storage dispatch
options, and the control parameters for a fossil-fired backup boiler.

» Defining Dispatch Schedules explains how to assign times to the six dispatch
periods using the weekday and weekend schedules.

» Equations for Calculated Values describes the equations used to calculate values
on the Thermal Storage page.

Overview

A thermal energy storage system (TES) stores heat from the solar field in a liquid medium. Heat from the
storage system can drive the power block turbine during periods of low or no sunlight. A thermal storage
system is beneficial in many locations where the peak demand for power occurs after the sun has set.
Adding thermal storage to a parabolic trough system allows the collection of solar energy to be separated
from the operation of the power block. For example, a system might be able to collect energy in the
morning and use it to generate electricity late into the evening.

In direct storage systems, the solar field's heat transfer fluid itself serves as the storage medium. In indirect
systems, a separate fluid is the storage fluid, and heat is transferred from the solar field's heat transfer fluid
to the storage fluid through heat exchangers. The thermal storage system consists of one or more tank
pairs, pumps to circulate the liquids, and depending on the design, heat exchangers. Each tank pair
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consists of a hot tank to store heat from the solar field, and a cold tank to store the cooled storage medium
after the power block has extracted its energy.

Note. For more information on thermal energy storage systems for parabolic trough systems, see http://
www. nrel.gov/icsp/troughnet/thermal_energy_storage.html.

The storage system variables describe the thermal energy storage system. The thermal storage dispatch
control variables determine when the system dispatches energy from the storage system, and from a fossil-
fired backup system if the system includes one.

Input Variable Reference

Storage System
Full Load Hours of TES (hours)

The thermal storage capacity expressed in number of hours of thermal energy delivered at the power
block's design thermal input level. The physical capacity is the number of hours of storage multiplied by
the power cycle design thermal input. Used to calculate the system's maximum storage capacity.

Storage volume (m?3)

Solar Advisor calculates the total heat transfer fluid volume in storage based on the storage hours at full
load and the power block design turbine thermal input capacity. The total heat transfer fluid wlume is
divided among the total number of tanks so that all hot tanks contain the same volume of fluid, and all
cold tanks contain the same volume of fluid.

TES Thermal capacity (MW1t)

The equivalent thermal capacity of the storage tanks, assuming the thermal storage system is fully
charged. This value does not account for losses incurred through the heat exchanger for indirect storage
systems.

Parallel tank pairs

The number of parallel hot-cold storage tank pairs. Increasing the number of tank-pairs also increases
the wolume of the heat transfer fluid exposed to the tank surface, which increases the total tank thermal
losses. Solar Advisor divides the total heat transfer fluid volume among all of the tanks, and assumes
that each hot tank contains an equal wolume of fluid, and each cold tank contains and equal volume.

Tank height (m)
The height of the cylindrical volume of heat transfer fluid in each tank.
Tank fluid min height (m)

The minimum allowable height of fluid in the storage tank(s). The mechanical limits of the tank
determine this value.

Tank diameter (m)

The diameter of a storage tank, assuming that all tanks have the same dimensions. Solar Advisor
calculates this value based on the specified height and storage wolume of a single tank, assuming that
all tanks have the same dimensions.

Min fluid volume (m3)
The wolume of fluid in a tank that corresponds to the tank's minimum fluid height specified abowe.
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Tank loss coeff (W/m2-K)

The thermal loss coefficient for the storage tanks. This value specifies the number of thermal watts lost
from the tanks per square meter of tank surface area and temperature difference between the storage
fluid bulk temperature and the ambient dry bulb temperature.

Estimated heat loss (MWt)

The estimated value of heat loss from all storage tanks. The estimate assumes that the tanks are 50%
charged, so that the storage fluid is evenly distributed among the cold and hot tanks, and that the hot
tank temperature is equal to the solar field hot (outlet) temperature, and the cold tank temperature is
equal to the solar field cold (inlet) temperature.

Tank heater set point (°C)

The minimum allowable storage fluid temperature in the storage tanks. If the fluid temperature falls
below the set point, the auxiliary heaters deliver energy to the tanks, attempting to increase the
temperature to the set point.

Aux heater outlet set temp (°C)
The temperature set point for the auxiliary heaters, assumed to be electric heaters.
Tank heater capacity (MWt)

The maximum rate at which heat can be added by the auxiliary electric tank heaters to the storage fluid
in the tanks.

Tank heater efficiency
The electrical to thermal conversion efficiency of the auxiliary electric tank heaters.
Hot side HX approach temp (°C)

Applies to systems with a heat exchanger only (indicated by a heat exchanger derate value of less than
one). The temperature difference on the hot side of the solar-field-to-thermal-storage heat exchanger.
During charge cycles, the temperature is the solar field hot outlet temperature minus the storage hot
tank inlet temperature. During discharge cycles, it is defined as the storage hot tank temperature minus
the power cycle hot inlet temperature.

Cold side HX approach temp (°C)

Applies to systems with a heat exchanger only (indicated by a heat exchanger derate value less than
one). The temperature difference on the cold side of the solar field-to-thermal-storage heat exchanger.
During charge cycles, the temperature is the storage cold temperature (storage outlet) minus the heat
exchanger cold temperature. During discharge cycles, it is the heat exchanger cold temperature minus
the storage cold temperature (storage inlet).

Heat exchanger derate

A calculated value indicating the temperature derate caused by the heat exchanger approach
temperatures. The derate factor is for reference only and not used in performance calculations. The
derate is defined as the temperature difference between the hot and the cold field design temperatures
minus the heat exchanger approach temperatures all divided by the difference between the hot and cold
field design temperatures. A derate of one indicates a system that uses the same fluid for the solar field
heat transfer fluid and for the storage fluid and therefore does not require a heat exchanger between the
solar field and storage system.

Initial TES Fluid temp (°C)

The temperature of the storage fluid in the thermal energy storage system in the first time step of the
simulation.
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Storage HTF fluid

The storage fluid used in the thermal energy storage system. When the storage fluid and solar field heat
transfer fluid (HTF) are different, the system is an indirect system with a heat exchanger (heat
exchanger derate is less than one). When the storage fluid and solar field HTF are the same, the
system is a direct system that uses the solar field HTF as the storage medium (heat exchanger derate
equals one).

User-defined HTF fluid

When you choose user-defined from the Storage HTF fluid list, you can specify a table of material
properties of a storage fluid. You must provide values for two temperatures (two rows of data) of specific

heat, density, \viscosity, and conductivity values. See Specifying a Custom Heat Transfer Fluid for

details.

Fluid Temperature (°C)

A reference value indicating the temperature at which the substance properties are evaluated for thermal
storage.

TES fluid density (kg/m?3)

The density of the storage fluid at the fluid temperature, used to calculate the total mass of thermal fluid
required in the storage system.

TES specific heat (kJ/kg-K)

The specific heat of the storage fluid at the fluid temperature, used to calculate the total energy content
of the fluid in the storage system.

Thermal Storage Dispatch Control

The storage dispatch control variables each have six values, one for each of six possible dispatch periods.
They determine how Solar Advisor calculates the energy flows between the solar field, thermal energy
storage system, and power block. The fossil-fill fraction is used to calculate the energy from a backup
boiler.

Storage Dispatch Fraction with Solar

The fraction of the maximum storage capacity (TES thermal capacity) required for the system to start
when the solar field energy is greater than zero. A value of zero will always dispatch stored energy in
any hour assigned to the given dispatch period; a value of one will never dispatch energy from storage.
Used to calculate the storage dispatch lewels.

Storage Dispatch Fraction without Solar

The fraction of the maximum storage capacity (TES thermal capacity) required for the system to start
when the solar field energy is equal to zero. A value of zero will always dispatch stored energy in any
hour assigned to the given dispatch period; a value of one will never dispatch energy from storage. Used
to calculate the storage dispatch lewels.

Turbine Output Fraction

The fraction of the power cycle design gross output from the Solar Field page at which energy from the
storage system can drive the power cycle. See Storage and Fossil Backup Dispatch Controls_for
details.

Fossil Fill Fraction

Determines how much energy the backup boiler delivers during hours when there is insufficient energy
from the solar field (and storage system, if available) to drive the power cycle at its design output
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capacity. A value of one for a given dispatch period ensures that the power cycle operates at its design
output for all hours in the period: The boiler "fills in" the energy not delivered by the solar field or storage
system. For a fossil fill fraction less than one, the boiler supplies enough energy to drive the power
cycle at a fraction of its design point. To define a system with no fossil backup, use a value of zero for

all six dispatch periods. See Storage and Fossil Backup Dispatch Controls for details.

Storage and Fossil Backup Dispatch Controls

The thermal storage dispatch controls determine the timing of releases of energy from the thermal energy
storage and fossil backup systems to the power block. When the system includes thermal energy storage
or fossil backup, Solar Advisor can use a different dispatch strategy for up to six different dispatch periods.

Storage Dispatch

Solar Advisor decides whether or not to operate the power cycle in each hour of the simulation based on
how much energy is available in storage, how much energy is delivered by the solar field, and the values of
the thermal storage dispatch control parameters. You can define a different dispatch strategy for each of six
dispatch periods for weekdays and weekends. See Defining Dispatch Schedules for details.

For each hour in the simulation, Solar Advisor looks at the amount of energy in storage at the beginning of
the hour and decides whether or not to operate the power cycle in that hour. For each dispatch period, there
are two dispatch targets for starting or continuing to run the power cycle: one for periods of sunshine (
storage dispatch fraction w/solar), and one for periods of no sunshine (storage dispatch fraction w/o
solar). The dispatch target for each dispatch period is the product of the storage dispatch fraction for that
period and the thermal storage capacity defined by the TES thermal capacity input variable.

During periods of sunshine when there is insufficient energy from the solar field to drive the power cycle at
its load requirement, the system dispatches energy from storage only when energy in storage is greater
than or equal to the dispatch target.

During periods of no sunshine, the power cycle will not run unless energy in storage is greater than or equal
to the dispatch target.

The turbine output fraction for each dispatch period determines the power cycle output requirement for
hours that fall within the dispatch period. A turbine output fraction of one defines an output requirement
equivalent to the power cycle's design gross output defined on the Power Cycle page. For hours when the
solar field energy is insufficient to drive the power cycle at the output requirement, the power cycle runs on
energy from both the solar field and storage system. For hours when the solar field energy exceeds the
output requirement, the power block runs at the required output level, and any excess energy goes to
storage. If the storage system is at capacity, the collectors in the field defocus as specified on the Solar
Field page to reduce the field's thermal output.

By setting the thermal storage dispatch control parameters, you can simulate a dispatch strategy for clear
days when storage is at capacity that allows the operator to start the plant earlier in the day to awoid
defocusing collectors in the field, for cloudy days that allows the operator to store energy for later use in a
time period when the value of power is higher.

Fossil Backup Dispatch

When the fossil fill fraction is greater than zero for any dispatch period, the system is considered to
include a fossil-fired boiler that heats the heat transfer fluid before it is delivered to the power cycle. The
fossil fill fraction defines the backup boiler output as a function of the thermal energy from the solar field
(and storage, if applicable) in a given hour and the power cycle design gross output defined on the Power
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Cycle page. For example, for an hour with a fossil fill fraction of 1.0 when solar energy delivered to the power
cycle is less than that needed to run at the power cycle design gross output, the backup boiler would
supply enough energy to "fill" the missing heat, and the power cycle would operate at the design gross
output. If, in that scenario, solar energy (from either the field or storage system) is driving the power cycle at
full load, the boiler would not operate. For a fossil fill fraction of 0.75, the boiler would only be fired when
solar output drops below 75% of the power cycle's design gross output.

The boiler LHV efficiency value on the Power Cycle page determines the quantity of fuel used by the
backup boiler. A value of 0.9 is reasonable for a natural gas-fired backup boiler. Solar Advisor includes the
cost of fuel for the backup system in the levelized cost of energy and other metrics reported in the results,
and reports the energy equivalent of the hourly fuel consumption in the hourly results. The cost of fuel for the
backup boiler is defined on the Trough System Costs page.

Defining Dispatch Schedules

The weekday and weekend dispatch schedules determine when each of the six dispatch periods apply
during throughout the year. You can either choose an existing schedule from one of the schedules in the
dispatch schedule library or define a custom schedule. For information about libraries, see Working_with
Libraries.

The dispatch schedule library only assigns period numbers to the weekday and weekend schedule
matrices. The dispatch fractions that you specify are not stored in the library.

To choose a schedule from the library:

1. Click Dispatch schedule library.

2. Choose a schedule from the list of four schedules. The schedules are based on time-of-use pricing
schedules from four California utilities.

3. Click OK.
You can modify a schedule using the steps described below. Modifying a schedule does not affect
the schedule stored in the library.

4. For each of the up to six periods used in the schedule, enter values for the dispatch fractions (see
Storage_and_Fossil Backup_Dispatch_Controls) described above. Use the period number and color
to identify the times in the schedule that each period applies.

To define a dispatch schedule:
1. In the weekday schedule, select the times to which Period 1 applies.
2. Type the number 1.

3. Repeat Steps 1 and 2 for each of the up to six dispatch periods that you want to define, typing the
period number to assign each period to times in the schedule.

4. Repeat Steps 1 through 3 for the weekend schedule.

5. For each of the up to six periods used in the schedule, enter values for the dispatch fractions
described above. Use the period number and color to identify the times in the schedule that each
period applies.

Equations for Calculated Values

This section will describe equations for the calculated values on the Thermal Storage page. It is currently
under development. For general descriptions of the variables, see Input Variable Reference.
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Storage volume

TES thermal capacity
Tank diameter

Min fluid volume
Estimated heat loss
Heat exchanger derate
Fluid temperature

TES fluid density

TES specific heat

4.11.8 Parasitics

Thermal Storage -

Srcrage: Mours: &

Flued Wolsna: 16311

User Vamables *
-

To view the Parasitics page, click Parasitics on the main window's
navigation menu. Note that for the physical trough input pages to be
available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Physical Trough System.

Contents

» Oveniew describes the purpose of the variables on the Parasitics page.

» Input Variable Reference describes the input variables and options on the Parasitics

page.

» Equations_for Calculated Values describes the equations used to calculate values

on the Parasitics page.

Overview

The variables on the Parasitics page define electrical loads in the system. For each hour of the simulation,
Solar Advisor calculates the parasitic load and subtracts it from the power cycle's gross electrical output to
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calculate the net electrical output.

Input Variable Reference

Parasitics
Piping thermal loss coefficient (W/m2-K)

The thermal loss coefficient that is used to calculate thermal losses from piping between receivers,
crossover piping, header piping, and runner piping. The coefficient specifies the number of thermal
watts lost from the system per pipe surface area, square meter of aperture area and temperature
difference between the fluid in the piping and the ambient air (dry bulb temperature). The length of
crossover piping depends on the row spacing variable on the Solar Field page, and the piping distance
between assemblies on the Collectors page.

Tracking power (W per collector)

The amount of electrical power consumed by a single collector tracking mechanism. Solar Advisor only
calculates tracking losses during hours when collectors are actively tracking the sun. The total field
tracking power is calculated by multiplying this value by the number of loops in the field and number of
assemblies per loop specified on the Solar Field page.

Required pumping power for HTF through power block (kJ/kg)

A coefficient used to calculate the electric power required to pump heat transfer fluid through the power
cycle. Solar Advisor applies the coefficient to all heat transfer fluid flowing through the power cycle. The
coefficient can alternatively be defined as the pumping power divided by the mass flow rate kW/kg-s,
which is equivalent to the units kJ/kg.

Required pumping power for HTF through storage (kJ/kg)

A coefficient used to calculate the electric power consumed by pumps to move heat transfer fluid
through the storage heat exchanger on both the solar field side and the storage tank side (for cases
where a heat exchanger exists, specified on the Thermal Storage page). This coefficient is applied
separately to the solar field flow and the tank flow.

Fraction of rated gross power consumed at all times

A fixed electric load applied to all hours of the simulation, expressed as a fraction of rated gross power
at design from the Power Cycle page.

Balance of plant parasitic (MWe/MWcap)
A parasitic load that is applied as a function of the thermal input to the power cycle.
Aux heater, boiler parasitic (MWe/MWcap)

A parasitic load that is applied as a function of the thermal output of the auxiliary fossil-fired heaters.
Applies only when the system includes fossil backup. See Modeling a Fossil-fired Backup Boiler for
details.

Design Point Total Tracking (W)

A value displayed for reference indicating what the total tracking parasitic load would be if all collectors
in the field were actively tracking simultaneously.

Design Point Total Fixed (MWe)

The value of the fixed parasitic load applied at all times.
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Design Point Total BOP (MWe)
The value of the balance-of-plant parasitic load assuming design-point operation.
Design Point Total Aux (MWe)

The value of the auxiliary heater (for the backup gas boiler) parasitic load assuming the auxiliary heater
is providing 100% of the thermal load required for the power cycle.

Equations for Calculated Values

This section will describe equations for the calculated values on the Parasitics page. It is currently under
development. For general descriptions of the variables, see Input Variable Reference.

Tracking
Fixed
BOP

Aux

412 Dish Stirling

A dish-Stirling system is a type of concentrating solar power (CSP) system that consists of a parabolic
dish-shaped collector, receiver and Stirling engine. The collector focuses direct normal solar radiation on the
receiver, which transfers heat to the engine's working fluid. The engine in turn drives an electric generator. A
dish-Stirling power plant can consist of a single dish or a field of dishes.

Solar Advisor's dish-Stirling performance model uses the TRNSYS implementation of the energy prediction
model described in the thesis Stirling Dish System Performance Prediction Model (Fraser 2008) https://
www.nrel.gov/analysis/sam/pdfs/thesis_fraser08.pdf (4.1 MB). For a description of the type of system the
dish-Stirling model can represent, see About the Solar Advisor Model.

This user guide describes the dish-Stirling system input variables and some basic calculations in Solar
Advisor, and is intended to be used with the Fraser publication, which describes dish-Stirling systems and
the model algorithms in more detail.

This section describes the system input pages that are available when the technology option in the
Technology and Market window is Concentrating Solar Power - Dish Stirling System.

For an example of a dish-Stirling system, open the sample template Sample Dish Stirling Systems: On the
File menu, click Open Sample Template and select the template from the list. The template contains two
cases. The first case represents a 25 kW system consisting of a single collector-receiver-engine unit. The
second case represents a 100 MW field of collector-receiver-engine units.

The dish-Stirling input pages are:
e Dish System Costs

e System Library
e Solar Field

Solar Advisor Model 2010


https://www.nrel.gov/analysis/sam/pdfs/thesis_fraser08.pdf
https://www.nrel.gov/analysis/sam/pdfs/thesis_fraser08.pdf

186 Solar Advisor Model Help

e Collector

e Receiver

e Stirling Engine
e Parasitics

e Reference Inputs
e User Variables

4121 Dish System Costs

To view the Dish System Costs page, click Dish System Costs on the
main window's navigation menu. Note that for the dish input pages to be
available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Dish Stirling System.

Contents

» Oweniew describes the Dish System Costs page.

» Input Variable Reference describes the input variables on the Dish System Costs
page.

» Entering Periodic_Operation_and_Maintenance Costs explains how to use annual
schedules to assign operation and maintenance costs to particular years in the
project cash flow.

Overview

Solar Advisor uses the variables on the Dish System Costs page to calculate the project investment cost
and annual operating costs reported in the project cash flow and used to calculate cost metrics reported in
the Metrics table.

Because only the Total Installed Cost value affects the cash flow calculations, you can assign capital costs
to the different cost categories in whatever way makes sense for your analysis. For example, you could
assign the cost of designing the solar field to the site improvements cost category or to the engineer-
procure-construct category with equivalent results. The categories are provided to help you keep track of the
different costs, but do not affect the economic calculations. After assigning costs to the categories, verify
that the total installed costs value is what you expect.

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.
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Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will vary
depending on the market, technology and geographic location of a project. Because of price wolatility in
solar markets, the cost data in the sample files is likely to be out of date. For more information see the

Solar Advisor Model website, https://www.nrel.gov/analysis/sam/cost_data.html.

Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Site Improvements ($/m2)

A cost per square meter of solar field area to account for expenses related to site preparation and other
equipment not included in the solar field cost category.

Collector Cost (Projected Area) ($/m2)

A cost per square meter of projected mirror area from the Collector page to account for expenses
related to installation of the collectors, including labor and equipment.

Receiver Cost ($/kW)

A cost per kW of engine rated capacity from the Stirling Engine page to account for expenses related to
installation of the receiver, including labor and equipment.

Engine Cost ($/kW)

Cost per kW of engine rated capacity from the Stirling Engine page to account for expenses related to
installation of the Stirling engine components, including labor and equipment.

Contingency (%)

A percentage of the sum of the site improvements, solar field, HTF system, storage, fossil backup, and
power plant costs to account for expected uncertainties in direct cost estimates.

Total Direct Cost (3)

The sum of site improvements, collector cost, receiver cost, engine cost, and contingency costs.

Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.

Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.
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Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.

Total Indirect Cost ( $)
The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash_flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Total Installed Cost per Capacity ($/Wdc or $/kW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only and not used in cash flow calculations.

Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.

For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Einancing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
schedule to assign costs to individual years. See below for details.

Fixed Annual Cost ($/yr)

A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)

A fixed annual cost proportional to the system's rated or nameplate capacity.
Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
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degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conwersion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowoltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)

Entering Periodic Operation and Maintenance Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash_flow, and Solar Advisor will account for them in the other
economic metrics including the levelized cost of energy and net present value.

Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.

To assign component replacement costs to particular years:

1. In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost = 284.00 sfyr

2. Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.
gl Edit.. |

3. Click Edit.

4. In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.
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Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you hawe finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.

412.2 System Library

To view the System Library page, click System Library on the main
window's navigation menu. Note that for the dish input pages to be
available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Dish Stirling System.

=

Salar Field [

For dish-Stirling systems, a complete set of default values for the parameters on the system pages (except
costs) are stored in the system library. There is a set of default input values for two systems: SES and
WGA-ADDS. When you choose one of these systems, Solar Advisor populates the input pages with
parameters appropriate for the system. You can modify variable values on the input pages without affecting
the values stored in the library.

Note: These systems are discussed in the thesis Stirling Dish System Performance Prediction Model
(Fraser 2008) https://www.nrel.gov/analysis/sam/pdfs/thesis fraser08.pdf (4.1 MB).

412.3 Solar Field

To view the Solar Field page, click Solar Field on the main window's
navigation menu. Note that for the dish input pages to be available, the

i technology option in the Technology and Market window must be
Concentrating Solar Power - Dish Stirling System.

Contents
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» Oveniew describes the Solar Field page and lists references for more detailed
information.

> Input Variable Reference describes the input variables on the solar field page.

» Equations for Calculated Values describes the equations used to calculated the
calculated values on the Solar Field page.

Overview

The parameters on the Solar Field page define the size of the solar field and the layout of the dish network.

To explore the impact of these parameters on the system's costs and performance, change the value of the
parameter.

The relevant sections of the thesis Stirling Dish System Performance Prediction Model (Fraser 2008)
https://www.nrel.govanalysis/sam/pdfs/thesis fraser08.pdf (4.1 MB) are:

¢ 3.1 Parabolic Collector Model, p 63
* Appendix A: TRNSYS Parabolic Collector Model, p 152

Input Variable Reference

Field Layout
The solar field is assumed to be a rectangular field with collectors oriented north-south and east-west.
Number of Collectors North-South

Number of collectors oriented along north-south lines. Used to calculate the total number of collectors.
Number of Collectors East-West

Number of collectors oriented along east-west lines. Used to calculate the total number of collectors.
Number of Collectors

Total number of collectors in the field. Used to calculate the predicted system output, the shading
factor, and piping distance for pumping loss calculation.

Collector Separation North-South (m)

Center-to-center distance between collectors along north-south lines. Used to calculate the solar field
area, shading factor, and piping distance for pumping loss calculation.

Collector Separation East-West (m)

Center-to-center distance between collectors along east-west lines. Used to calculate the solar field
area, shading factor, and piping distance for pumping loss calculation.

Total Solar Field Area (m?)

The total ground area occupied by the collectors. Used in area-related cost calculations.

System Properties
Wind Stow Speed (m/s)

When the wind velocity from the weather file for the current hour is greater than or equal to this value,
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the concentrator mowves into stow position to prevent wind damage. The solar power intercepted by the
receiver is zero during this hour.

Total Solar Field Capacity (kWe)
Nominal electric output capacity of the solar field. Used in capacity-related cost calculations.

Array Shading Parameters

Solar Advisor uses the shading parameters to calculate the shading of the concentrator mirror by the dish
components and by neighboring dish systems. Solar Advisor's approach to modeling shading is different
from the Osborn approach described in the Fraser thesis.

Ground Slope, North-South (%)

Slope of the ground in percent (rise over run) along a north-south line. A positive slope indicates that for
two dishes aligned north-south, the dish to the south is lower than the dish to the north. Used to
calculate shading factor.

Ground Slope,East-West (%)

Slope of the ground in percent (rise over run) along a east-west line. A positive slope indicates that for
two dishes aligned east-west, the dish to the east is lower than the dish to the west. Used to calculate
shading factor.

Slot Gap Width (m)

Awerage width of the slot in the mirror perpendicular to the vertical support post. Used to calculate
shading factor.

Slot Gap Height (m)

Average height of the slot in the mirror parallel to the vertical support post. Used to calculate shading
factor.

Equations for Calculated Values

Number of Collectors

The total number of collectors is calculated based on the numbers of north-south and east-west oriented
collectors.

Ncot = Neott N5 * Neoll E-W

Where,
N, Coll Number of Collectors
N, CollN-S Number of Collectors North-South

N, Coll. E-W Number of Collectors East-West

Total Solar Field Area

The total solar field area is the product of the north-south and east west dish collector separation distances
and the number of collectors.

AsF = dconsep N—5 * deolisep E-W ° Neol
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Where,

Ag, (M?)  Total Solar Field Area

d

( C;”SQP’N‘S Collector Separation North-South
m

dc USep,E-W ;

( ;’ eP-£-" Collector Separation East-West
m

N, Coll Number of Collectors

Total Capacity

The total solar field capacity is the product of the number of collectors and the engine nameplate capacity
on the Stirling Engine page.

Psp = Pengine " Ncon
Where,
Py (W) Total Capacity

Engine W) Singe Unit Nameplate Capacity from the Stirling Engine page.

NCOH Number of Collectors

412.4 Collector

To view the Collector page, click Collector on the main window's
navigation menu. Note that for the dish input pages to be available, the
— technology option in the Technology and Market window must be
Lj Concentrating Solar Power - Dish Stirling System.

Contents

» Owveniew describes the Collector page and lists references for more detailed
information.

> Input Variable Reference describes the input variables on the Collector page.

» Default Parameter Values shows a table of default values for different systems.
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Overview

The collector consists of parabolic mirrors, a support structure, and two-axis tracking system. The mirrors
focus direct normal solar radiation on the aperture of the receiver. The receiver aperture size is typically
optimized to maximize the quantity of reflected solar radiation that enters the receiver and minimize
convection and radiation losses out of the aperture.

The relevant sections of the thesis Stirling Dish System Performance Prediction Model (Fraser 2008)
https://www.nrel.gov/analysis/sam/pdfs/thesis_fraser08.pdf (4.1 MB) are:

e 2.1 Parabolic Concentrator, p 7

e 3.1 Parabolic Collector Model, p 63

e Appendix A: TRNSYS Parabolic Collector Model, p 150

e Appendix A: TRNSYS Parasitic Power Model, p 158

Input Variable Reference

The parameters on the Collector page are used to calculate the power output of the collector. The
parameters are for a single dish collector, and are assumed to apply to each dish in the solar field.

Mirror Parameters
Projected Mirror Area (m?)

Area of one concentrator's mirror projected on the aperture plane. Used to calculated the solar power
intercepted by the receiver, and the shading factor.

Total Mirror Area (m?2)

Area of mirrored parabolic surface. Used to calculate collector diameter, which is used in the rim angle
calculation and in the shading factor calculation.

Mirror Reflectance

The mirror reflectance input is the solar weighted specular reflectance. The solar-weighted specular
reflectance is the fraction of incident solar radiation reflected into a given solid angle about the specular
reflection direction. The appropriate choice for the solid angle is that subtended by the receiver as
viewed from the point on the mirror surface from which the ray is being reflected. For parabolic troughs,
typical values for solar mirrors are 0.923 (4-mm glass), 0.945 (1-mm or laminated glass), 0..906
(silvered polymer), 0.836 (enhanced anodized aluminum), and 0.957 (silvered front surface).

Performance
Insolation Cut In (W/m?2)

Direct normal radiation value above which the cooling system fan operates. Used to calculated parasitic
losses.
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Default Parameter Values

Table 24. Collector default parameter values.

Variable SES WGA SBP SAIC
Projected Mirror Area 87.7 41.2 56.7 113.5
Total Mirror Area 91.0 42.9 60 117.2
Insolation Cut In 200 275 250 375
Wind Stow Speed 16 16 16 16
Receiver Aperture Diameter for Reference Intercept Factor 0.184 0.14 0.15 0.38
Reference Intercept Factor 0.995 0.998 0.93 0.90
Reference Focal Length of Mirror 7.45 5.45 4.5 12.0

412.5 Receiver

To view the Receiver page, click Receiver on the main window's
navigation menu. Note that for the dish input pages to be available, the

technology option in the Technology and Market window must be
Concentrating Solar Power - Dish Stirling System.

Contents

» Oveniew describes the Receiver page and lists references for more detailed
information.

> Input Variable Reference describes the input variables on the Receiver page.
» Default Parameter Values shows a table of default values for different systems.

Overview

The receiver absorbs thermal energy from the parabolic concentrator and transfers the energy to the working
fluid of the Stirling engine. The receiver consists of an aperture and absorber. The receiver aperture is
located at the parabolic concentrator's focal point. The current version of Solar Advisor models one receiver
type, direct illumination receivers, in which solar radiation is directly absorbed by absorber tubes containing

the working fluid. Direct illumination receivers are the receiver type most commonly used for dish-Stirling
systems.

The relevant sections of the thesis Stirling Dish System Performance Prediction Model (Fraser 2008)
https://www.nrel.gov/analysis/sam/pdfs/thesis_fraser08.pdf (4.1 MB) are:
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e 2.2 Receiver, p 14

¢ 6.1 Modifying the Receiver Aperture Diameter, p 133

® 6.2 Receiver Cover versus no Cower, p 134

e Appendix A: TRNSYS Receiver Model, p 153

Solar Advisor uses the receiver parameters to calculate thermal losses from the receiver, which typically
account for over 50% of the system's total losses. Other system losses include collector losses due to
mirror reflectivity, receiver intercept losses, and Stirling engine losses. Receiver thermal losses are due to
conduction, convection, and radiation:

® Conductive losses through the receiver housing.

e Natural convection from the cavity in the absence of wind.

¢ Forced convection in the presence of wind.

e Emission losses due to thermal radiation emitted from the receiver aperture.

Radiation losses reflected off of the receiver cavity surfaces and out of the receiver through the aperture.

Input Variable Reference

Aperture
Receiver Aperture Diameter (m)

Diameter of the opening in the receiver that allows solar radiation to reach the absorber, and radiation
and convection losses to escape the receiver cavity. Typical values range from 0.14 m to 0.20 m.

Insulation
Thickness (m)

Thickness of the receiver housing insulation. Typically about 75 mm. Used to calculate conduction
losses.

Thermal Conductivity (W/m-K)

Thermal conductivity of the receiver cavity wall at 550 degrees Celsius. For high-temperature ceramic
fiber, the value is 0.061 W/m-K. Used to calculate conduction losses.

Absorber

The absorber is a component of the receiver that absorbs solar radiation and transfers thermal energy to the
Stirling engine.

Absorber Absorptance

The ratio of energy absorbed by the receiver absorber to the solar radiation reaching the absorber. Used
to calculate radiation losses.

Absorber Surface Area (m?)

Area of the absorber surface. Used to calculate the internal cavity area.

Cavity

The cavity parameters determine the cavity's geometry. The internal cavity area is the sum of the cavity wall
surface area and absorber area and is used to calculate radiation, conduction and convection losses.
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Cavity Absorptance

The ratio of energy absorbed by the cavity wall to radiation reaching it. Used to calculated reflected
radiation losses.

Cavity Surface Area (m?)
Area of the cavity wall surface. Used to calculate the internal cavity area.
Internal diameter of the Cavity Perp. to Aperture (m)

Awerage diameter of the cavity perpendicular to the receiver aperture. Used to calculate the internal
cavity area.

Internal Cavity Pressure with Aperture covered (kPa)
Applies only to receivers with a cover. Used to calculate convection losses.
Internal Depth of the Cavity Perpendicular to the Aperture (m)
Equivalent to the cavity's characteristic length, which is used to calculate convection losses.

Default Parameter Values

Table 25. Receiver default parameter values.

Variable SES WGA SBP SAIC
Absorber Absorptance 0.90 0.90 0.90 0.90
Absorber Surface Area 0.6 0.15 0.15 0.8
Cavity Wall Absorptance 0.6 0.6 0.6 0.6
Cavity Wall Surface Area 0.6 0.15 0.15 0.8
?;ZﬁjleDiameter of the Cavity Perpendicular to the Receiver 0.46 035 0.37 05
Internal Depth of the Cavity Perpendicular to the Aperture 0.46 0.35 0.37 0.5
Receiver Insulation Thickness 0.075 0.075 0.075 0.075
Insulation Thermal Conductivity 0.06 0.06 0.06 0.06
Delta Temp. for DIR Receiver 90 70 70 90

4.12.6 Stirling Engine

To view the Stirling Engine page, click Stirling Engine on the main
[ window's navigation menu. Note that for the trough input pages to be

;’I available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Dish Stirling System.
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Contents

» Owveniew describes the Stirling Engine page and lists references for more detailed
information.

» Input Variable Reference describes the input variables on the Stirling Engine page.

» Default Parameter Values shows a table of default values for different systems.

Overview

The Stirling engine converts heat from the receiver's absorber to mechanical power that drives an electric
generator.

The relevant sections of the thesis Stirling Dish System Performance Prediction Model (Fraser 2008)
https://www.nrel.gov/analysis/sam/pdfs/thesis_fraser08.pdf (4.1 MB) are:

e 2.3 Stirling Engine Design, p 29

2.4 Stirling Engine Analysis Methods, p 40

3.3 Stirling Engine/System Models, p 82

6 TRNSYS Model Performance Predictions, p 132

Appendix A: TRNSYS Stirling Engine and Generator Model, p 156

The Stirling engine model is based on the Beale curve-fit equation with temperature correction described in
Fraser (2008). The model calculates the average hourly engine power output in Watts as a function of the
Beale curve-fit equation, pressure curve-fit equation, the engine displacement and operating speed, and
expansion space (heater head) temperatures. The Beale curve-fit equation calculates the engine's gross

output power as a function of the input power calculated by the collector and receiver models. Solar Advisor
determines the compression space temperature from the ambient temperatures in the weather data file.

Input Variable Reference

Estimated Generation
Single Unit Nameplate Capacity (kW)

The nominal electrical power output of the engine-generator set for a single dish-Stirling unit. Used for
capacity-related cost calculations.

Engine Parameters
Heater Head Set Temperature (K)
Expansion space temperature set point.
Heater Head Lowest Temperature

The expansion space temperature in an engine with multiple cylinders of the heater head with the
lowest temperature. The heater head temperature is equivalent to the expansion space temperature.

Engine Operating Speed (rpm)

The rotational speed of the engine drive shaft. Used to calculate the engine output power.
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Displaced Engine Volume (m?3)

The wolume displaced by the pistons. Used to calculate the engine output power.

Beale Curve Fit Coefficients

The Beale numbers are a set of coefficients for the Beale curve-fit equation that describes the engine's
power output as a function of its input power and the engine pressure.

Pressure Curve Fit Coefficients

The pressure curve-fit equation expresses the engine pressure as a function of engine input power for a
constant wvolume system.

Default Parameter Values

Table 26. Stirling engine default parameter values.

The following parameter values are based on values developed for the model. The SBP and SAIC engines
are not included in the Solar Advisor standard library and require a different set of equations (see Fraser 35).

Variable SES WGA SBP SAIC

H rH
eater Head Set 993 903 903 993
Temperature
Heater Head Lowest
cater riead Lowe 973 903 903 973

Temperature
Engine Operating 1800 1800 1800 2200
Speed
Displaced Engine } ; . -
VoIEme g 3.80 x 1074 160 x 1074 160 x 107 4.80x 107
Beale Constant 2 2 3 2
Coefficient 4.247 x 10 8.50686 x 10 -1,82451 x 10 -1.6x10
Beale First-order 5 5 5 5
Coefficient 1.682 x 10 1.94116 x 10 2.60289 x 10 1.5x%x10
Beale Second-order -10 -10 -10 -10
Coefficient -5.105 x 10 -3.18449 x 10 -4.68164 x 10 -3.50 x 10
Beale Third-order
Coeficient 7.07260 x 10712 0 0 3.85x 10710
Beale Fourth-order
Cosficient -3.586 x 10720 0 0 1.6 x 1020
Pressure Constant -1 1 2 5
Coefficient 6.58769 x 10 -7.36342 x 10 -2.00284 x 10 3.47944 x 10
Pressure First-order 4 4 4 -9
Coefficient 2.34963 x 10 3.6416 x 10 3.52522 x 10 5.26329 x 10
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4.12.7 Parasitics

To view the Parasitics Costs page, click Parasitics on the main
window's navigation menu. Note that for the dish input pages to be
available, the technology option in the Technology and Market window
Reference Tnput must be Concentrating Solar Power - Dish Stirling System.

@

Contents

» Owveniew describes the Parasitics page and lists references for more detailed
information.

> Input Variable Reference describes the input variables on the Parasitics page.

Overview

The input variables on the Parasitics page are used to calculate the compression space temperature and
the electrical power consumption of pumps, cooling fans, and tracking controls.

The relevant sections of the thesis Stirling Dish System Performance Prediction Model (Fraser 2008)
https://www.nrel.gov/analysis/sam/pdfs/thesis fraser08.pdf (4.1 MB) are:

e 2.5 Cooling System, p 55
e 3.4 Cooling System Analysis for Total System Optimization, p 92
e Appendix A: TRNSYS Parasitic Power Model, p 158

Input Variable Reference

Parasitic Parameters
Control System Parasitic Power, Avg. (W)
Average power required by the tracking control system.
Cooling System Pump Speed (rpm)
Cooling fluid pump operating speed. Used to calculated parasitic losses due to cooling fluid pumping.
Cooling System Fan Speed 1 (rpm)

Fan operating speed when the cooling fluid temperature is less than the fan speed 2 cut-in temperature
below.

Cooling System Fan Speed 2 (rpm)

Fan operating speed when the cooling fluid temperature is greater than the fan speed 2 cut-in and less
than fan speed 3 cut-in temperature below.

Cooling System Fan Speed 3 (rpm)

Fan operating speed when the cooling fluid temperature is greater than fan speed 3 cut-in temperature
below.
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Cooling Fluid Temp. for Fan Speed 2 Cut-In (°C)

Cooling fluid temperature set point. Used to determine fan operating speeds.
Cooling Fluid Temp. for Fan Speed 3 Cut-In (°C)

Cooling fluid temperature set point. Used to determine fan operating speeds.
Cooling Fluid Type

Fluid used in the cooling system. Options are water, 50% ethylene glycol (EG), 25% ethylene glycol,
40% propylene glycol (PG), and 40% propylene glycol. Percentages are by volume.

Cooler Effectiveness

Used to calculate working fluid temperatures in the cooling system as part of the compression space
temperature calculation.

Radiator Effectiveness

Used to calculate cooling fluid temperature at the cooling system outlet as part of the compression
space temperature calculation.

4.12.8 Reference Inputs

To view the Reference Inputs page, click Reference Inputs on the main
— window's navigation menu. Note that for the dish input pages to be
|i [T available, the technology option in the Technology and Market window
. must be Concentrating Solar Power - Dish Stirling System.

Contents
» Oveniew describes the Reference Inputs page and lists references for more detailed
information.
» Input_Variable_Reference describes the input variables on the Reference Inputs
page.
» Parasitic_Variable Reference_Conditions lists the reference conditions for different
systems.

Overview

Solar Advisor uses the reference condition parameters in an iterative process to calculate the total collector
error for a given set of values for the aperture diameter, focal length, and collector diameter. Once the
collector error is calculated, that value can be used to calculate a new intercept factor for different aperture
diameters (See Fraser, p 150-151).
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Input Variable Reference

Collector Reference Condition Inputs
Intercept Factor

Fraction of energy reflected from the parabolic mirror that enters the receiver aperture. The intercept
factor can be increased by increasing the concentration ratio or by increasing the size of the aperture.
Intercept factors typically range between 0.94 and 0.99.

Focal Length of Mirror (m)

Parabolic mirror focal length.

Parasitic Variable Reference Conditions

The reference condition parameters given in the table below and as user inputs in Solar Advisor are used in
the pump law calculations that are part of the parasitic loss equations.

Variable SES WGA SBP SAIC
Pump Parasitic 150 100 175 300
Power
Pump Speed (rpm) 1800 1800 1800 1800
Cooling Fluid Type 50% EG 50% EG water 50% EG
Cooling Fluid
Temperature (K) 288 288 288 288
Cooling Fluid
Volumetric Flow 9 7.5 7.5 12

Rate (gal/min)

Cooling System Fan

Toot Power (W) 1000 410 510 2500
%;’t"g%f‘eftre;‘n;: an 890 890 890 850
FKZ'}:;) Density 1.2 1.2 1.2 1.2
;2?6\/((3;%&“0 Flow 6000 4000 4500 10000

413 Power Tower

A power tower system (also called a central receiver system) is a type of concentrating solar power (CSP)
system that consists of a heliostat field, tower and receiver, power block, and optional storage system. The
field of flat, sun-tracking mirrors called heliostats focus direct normal solar radiation onto a receiver at the
top of the tower, where a heat-transfer fluid is heated and pumped to the power block. The power block
generates steam that drives a conventional steam turbine and generator to convert the thermal energy to
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electricity.

Solar Advisor's power tower performance model uses TRNSYS components deweloped at the University of
Wisconsin and described in Simulation and Predictive Performance Modeling of Utility-Scale Central
Receiver System Power Plants, Wagner (2008) http://sel.me.wisc.edu/theses/wagner08.zip (32 MB). For a
description of the type of system the power tower model can represent, see About the Solar Advisor Model.

The solar field optimization algorithm is based on the DELSOL3 model deweloped at Sandia National
Laboratory, and described in A User's Manual for DELSOL3: A Computer Code for Calculating the Optical
Performance and Optimal System Design for Solar Thermal Central Receiver Plants, Kistler (1986),
(SAND86-8018) http://www.prod.sandia.gov/cgi-bin/techlib/access-control.pl/1986/868018.pdf (10 MB).

This user guide describes the power tower system input variables and some basic calculations in Solar
Advisor, and is intended to be used with the two publications, which describes power tower systems and
the model algorithms in more detail.

For an example of power tower systems, open the sample template Sample Power Tower System: On the
File menu, click Open Sample Template and select the template from the list. The template three cases
representing a 100 MW field of collector-receiver-engine units with and without thermal energy storage, and
sample SamUL script for relative density calculation. For information about SamUL, on the Help menu, click
SamUL Guide.

This section describes the system input pages that are available when the technology option in the
Technology and Market window is Concentrating Solar Power - Power Tower System.

e Tower System Costs
e Heliostat Field

e Tower and Receiver

e Power Cycle

e Thermal Storage
e Parasitics

e User Variables

4.13.1 Tower System Costs

To view the Tower System Costs page, click Tower System Costs on
the main window's navigation menu. Note that for the power tower input
pages to be available, the technology option in the Technology and
Market window must be Concentrating Solar Power - Power Tower
System.

Heliostat Field =

Contents
» Oveniew describes the Tower System Costs page.

> Input Variable Reference describes the input variables on the Tower System Costs
page.
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» Entering Periodic Operation and Maintenance Costs explains how to use annual
schedules to assign operation and maintenance costs to particular years in the

project cash flow.

Overview

Solar Advisor uses the variables on the Tower System Costs page to calculate the project investment cost
and annual operating costs reported in the project cash flow and used to calculate cost metrics reported in
the Metrics table.

Because only the Total Installed Cost value affects the cash flow calculations, you can assign capital costs
to the different cost categories in whatever way makes sense for your analysis. For example, you could
assign the cost of designing the solar field to the solar field cost category or to the engineer-procure-
construct category with equivalent results. The categories are provided to help you keep track of the
different costs, but do not affect the economic calculations. After assigning costs to the categories, verify
that the total installed costs value is what you expect.

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.

Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will vary
depending on the market, technology and geographic location of a project. Because of price volatility in
solar markets, the cost data in the sample files is likely to be out of date. For more information see the
Solar Advisor Model website, https://www.nrel.gov/analysis/sam/cost data.html.

Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Site Improvements ($/m?)

A cost per square meter of total reflective area from the Heliostat Field page to account for expenses
related to site preparation and other equipment not included in the heliostat field cost category.
Heliostat Field ($/m?2)

A cost per square meter of total reflective area from the Heliostat Field page to account for expenses
related to installation of the heliostats, including heliostat parts, field wiring, drives, labor, and
equipment.

Balance of Plant ($/kWe)

A cost per electric kilowatt of power cycle nameplate capacity from the Power Cycle page expenses
related to installation of the balance-of-plant components and controls, and construction of buildings,
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including labor and equipment.
Power Block ($/kWe)

A cost per electric kilowatt of power cycle nameplate capacity from the Power Cycle page expenses
related to installation of the power block components, including labor and equipment. The Power Block
and Balance of Plant costs are rolled together into a single number for calculation purposes.

Storage System ($/kWht)

Cost per thermal megawatt-hour of storage capacity from the Thermal Storage page to account for the
installation of a thermal energy storage system, including equipment and labor.

Fixed Solar Field Cost ($)

An additional fixed cost in dollars to include as a direct cost that is not accounted for by any of the
abowe categories.

Fixed Tower Cost ($)

A fixed cost to account for tower construction, materials and labor costs. The fixed tower cost serves
as the multiplier in the tower cost scaling equation shown below.

Tower Cost Scaling Exponent

Solar Advisor uses the tower cost in the optimization calculations. The tower cost scaling exponent
defines the nonlinear relationship between tower cost and tower height. See Total Tower Cost below.

Total Tower Cost ($)
Total Tower Cost = Fixed Tower Costs x exp (Tower Height x Tower Cost Scaling Exponent)
Receiver Reference Cost ($)

The cost per receiver reference area to account for receiver installation costs, including labor and
equipment.

Receiver Reference Area (m?)
The receiver area on which the receiver reference cost is based.
Receiver Cost Scaling Exponent

Solar Advisor uses the receiver cost in the optimization calculations. The receiver cost scaling exponent
defines the nonlinear relationship between receiver cost and receiver area based on the reference cost
conditions provided.

Total Receiver Cost ($)

Receiver Cost = Receiver Reference Cost x (Receiver Area / Receiver Reference Area )  Receiver Cost
Scaling Exponent.

Contingency (%)

A percentage of the sum of the site improvements, heliostat field, balance of plant, power block, storage
system, fixed solar field, total tower, and total receiver costs to account for expected uncertainties in
direct cost estimates.

Total Direct Cost ($)

The sum of improvements, site improvements, heliostat field, balance of plant, power block, storage
system, fixed solar field, total tower, total receiver, and contingency costs.
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Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.

Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.

Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.
Total Indirect Cost ( $)

The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Total Installed Cost per Capacity ($/Wdc or $/kW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only and not used in cash flow calculations.

Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.

For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Financing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
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schedule to assign costs to individual years. See below for details.
Fixed Annual Cost ($/yr)
A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)
A fixed annual cost proportional to the system's rated or nameplate capacity.
Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conwersion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)

Note. For information on water consumption and other operation and maintenance costs and
requirements for concentrating parabolic trough systems, see the Troughnet website: http://www.nrel.
govicsp/troughnet/power_plant_systems.html. For information on operation and maintenance costs for
photowltaic systems, see the California Energy Commission's online Distributed Energy Resource

guide http://www.energy.ca.gov/distgen/economics/operation.html.

Entering Periodic Operation and Maintenance Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash_flow, and Solar Advisor will account for them in the other
economic metrics including the lewvelized cost of energy and net present value.

Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.
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To assigh component replacement costs to particular years:

1.

In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost = 284.00 s§fyr

Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.

gl Edit.. |
Click Edit.

In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you hawe finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.

4.13.2 Heliostat Field

To view the Heliostat page, click Heliostat Field on the main window's
navigation menu. Note that for the power tower input pages to be

available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Power Tower System.

Hehostat Feeld -

Contents

» Oveniew describes the Heliostat Field page and explains where to find more
information about the variables on the page.

> Input Variable Reference describes the input variables on the Heliostat Field page.

Specifying the Field describes how to specify the number of heliostats and their
locations in the field using either x-y coordinates, radial sections, or the
optimization wizard.
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» Working with Heliostat Field Files explains how to import heliostat location data
from a text file, and how to export data to a text file.

Overview

The Heliostat Field page displays the variables that specify the position of the heliostats in the solar field
along with the heliostat geometry and optical properties. Unlike parabolic trough and dish system designs,
which can be based on modular designs of individual components, power tower system designs typically
require optimization of the tower height, receiver geometry, and distribution of heliostats around the receiver
as a complete system.

Page numbers relevant to this section from the Wagner (2008) and Kistler B (1986) references are:
e Wagner p 10, 23-42, 49
e Kistler p 25-37, 39-47, 74-75

You can define the heliostat field layout in two ways: If you hawe a field layout in mind, you can enter values
by hand. Or, you can use Solar Advisor's optimization wizard to determine the optimal layout for you.

Input Variable Reference

Heliostat Properties

The heliostat properties define the area of a single heliostat mirrored surface, shape of the heliostat, and the
boundaries of the solar field area. Note that Solar Advisor assumes that each heliostat employs a two-axis
drive system with a pivot at the center of the mirrored surface.

Heliostat Width (m)

The width of the heliostat surface in meters, including the mirrored surface, edge supports and any
cutouts or slots.Sandia 44

Heliostat Height (m)

The height of the heliostat surface in meters, including the mirrored surface, edge supports and any
cutouts or slots.

Ratio of Reflective Area to Profile

The fraction of the area defined by the heliostat width and height that actually reflects sunlight. This
value determines the ratio of reflective area on each heliostat to the total projected area of the heliostat
on a plane normal to the heliostat surface. The ratio accounts for non-reflective area on the heliostat
that may cause shading of neighboring heliostats.

Use Round Heliostats (D=W)

Check the box to use round heliostats in place of the standard rectangular shape. For round heliostats,
the heliostat diameter is equal to the value of the Heliostat Width variable.

Heliostat Area (m?2)

The area of the heliostat mirrored area. For rectangular heliostats, the area is the product of the
heliostat width and height (or the product of the square of half the width and pi for round heliostats) and
the ratio of reflective area to heliostat profile.
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Mirror Reflectance and Soiling

The mirror reflectance input is the solar weighted specular reflectance. The solar-weighted specular
reflectance is the fraction of incident solar radiation reflected into a given solid angle about the specular
reflection direction. The appropriate choice for the solid angle is that subtended by the receiver as
viewed from the point on the mirror surface from which the ray is being reflected. For parabolic troughs,
typical values for solar mirrors are 0.923 (4-mm glass), 0.945 (1-mm or laminated glass), 0..906
(silvered polymer), 0.836 (enhanced anodized aluminum), and 0.957 (silvered front surface).

Heliostat Availability
An adjustment factor that accounts for reduction in energy output due to downtime of some heliostats in
the field for maintenance and repair. A value of 1 means that each heliostat in the field operates

whenever sufficient solar energy is available. Solar Advisor multiplies the solar field output for each hour
by the availability factor.

Image Error (radians)

A measure of the deviation of the actual heliostat image on the receiver from the expected or ideal
image that helps determine the overall shape and distribution of the reflected solar flux on the receiver.
This value specifies the total conical error distribution for each heliostat at one standard deviation in
radians. Solar Advisor applies the value to each heliostat in the field regardless of its distance from the
tower. The image error accounts for all error sources, including tracking imprecision, foundation motion,
mirror waviness, panel alignment problems, atmospheric refraction and tower sway.

Heliostat Stow Deploy Angle (degrees)
Solar elevation angle below which the heliostat field will not operate.
Wind Stow Speed (m/s)

Wind elocity from the weather file at which the heliostats defocus and go into stowed position to
protect them from possible wind damage.Wagner, 10 and 68. Mentions "ground level."

Circular Field Optimization Wizard

When the you are specifying the heliostat field using radial sections, Solar Advisor can find the optimal
number of heliostats for each section automatically. See Optimization Wizard for more information.

|Note. The optimization wizard will not work if you are specifying the solar field using x-y coordinates.

Field Parameters
Total Reflective Area (m2)

Total mirrored area of the heliostat field, equal to the heliostat reflective area multiplied by the number of
heliostats. Solar Advisor uses the total field area to calculate the site improvements and heliostat costs
on the Tower System Costs page.

Number of Heliostats

The total number of individual heliostats in the field. Solar Advisor displays the number of heliostats
based either on the results of the optimization wizard, or based on the data in the heliostat layout file
when the heliostat locations are loaded from a text file.

Radial Step Size for Layout (m)

The radial distance between centers of heliostat field zones. The zone centers are indicated by the
symbol + in the zone layout sample diagram shown on the Heliostat Field page.
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In the x-y coordinate mode, Solar Advisor disables the radial step size variable.

When you define the number of heliostats per zone by entering values in the field layout table by hand
or by loading a file, the radial step size is the difference between the initial maximum distance from the
tower and initial minimum distance from the tower divided by the number of radial zones.

When you use the optimization wizard to specify the field, Solar Advisor calculates the radial step size
as a function of the initial minimum and maximum distances from the tower, which it in turn calculates
as a function of the ratio of the optimized tower height to the minimum and maximum tower height
specified on the Receiver/Tower Sizing tab of the optimization wizard.

Solar Field Layout Constraints
Max Heliostat Distance to Tower Height Ratio and Min Heliostat Distance to Tower Height Ratio

The maximum and minimum ratio of the distance from the heliostat furthest and closest from the tower
to the tower height.

Max Distance to Tower and Min Distance from Tower (m)

The maximum and minimum allowable radial distances in meters between the center of the tower base
and heliostats furthest from the tower. Under certain conditions, Solar Advisor uses this value to
calculate the radial step size. (See radial step size variable description below.)

Tower Height (m)
The height of the tower in meters. Specify this value on the Tower and Receiver page.

Mirror Washing

Solar Advisor reports the water usage of the system in the results based on the mirror washing variables.
The annual water usage is the product of the water usage per wash and 365 (days per year) divided by the
washing frequency.

Water usage per wash

The wolume of water in liters per square meter of solar field aperture area required for periodic mirror
washing.

Washing frequency
The number of days between washing.

Land Area
Non-Solar Field Land Area

Land area required for components other than solar field components, such as the power cycle,
storage, buildings, etc.

Solar Field Land Area Multiplier

The ratio of the total solar field land area to land occupied by heliostats.
Calculated Total Land Area

The total land area required for the system.
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Specifying the Field

Solar Advisor allows the heliostat locations in the field to be specified either by a set of rectangular
coordinates (x-y) or as a number of heliostats per radial section of the field (number of radial and azimuthal
zones).

Radial Zones

To specify the field as a number of heliostats per radial zone enter the number of radial zones and azimuthal
zones to divide the heliostat field into radial zones shown in the field diagram. You can then specify the field
manually or automatically. To specify the field manually, either type values in the Number of Heliostats Per
Zone table or import the data as a text file. To specify the field automatically, use the optimization wizard to
specify a set of optimization parameters and allow Solar Advisor to optimize the heliostat field design and
calculate the optimal number of heliostats per zone, receiver tower height, receiver height and diameter, and
other variables.

The solar field is divided into evenly distributed sections of a circle called zones, as shown in the sample
diagram on the Heliostat Field page. The rows of the table specify the radial position if each zone relative to
the tower located at the center of the field. The zone closest to the tower is assigned the number one, with
each successiwely farther zone incrementing by one. The columns specify the position of the zone's center
in degrees east of due north, where zero is north, 90 degrees is east, 180 degrees is south, and 270
degrees is west. The number of heliostats per zone can be a non-integer value because Solar Advisor
converts the value to a mirror surface area for each zone that is equivalent to the total mirrored surface of all
heliostats in the zone.

Rectangular (x-y) Coordinates

To specify the field as a set of rectangular coordinates, change the value of Azimuthal Zones to 2, and enter
the number of heliostats for # of Heliostats. You can then either type the x-y coordinates of each heliostat in
the field, or import a text file of x-y coordinates. Solar Advisor displays the location of each heliostat on the
field diagram. It models the system based on the heliostat locations specified by the set of x-y locations,
and based on the values you specify for the tower height, receiver height, receiver diameter, and other input
values. This approach is appropriate for predicting the output of a system with a known design. The
optimization wizard does not work in the x-y coordinate mode.

Each row specifies the position of an individual heliostat relative to the tower. The first column in the table
specifies the x-coordinate along the east-west axis of the field, with negative values indicating positions
west of the tower, and positive values indicating positions east of the tower. The second column specifies
the y-coordinate along the north-south axis, with positive values indicating positions north of the tower, and
negative values indicating positions south of the tower. The tower is assumed to be at 0,0. Note that this
convention also applies to systems in the southern hemisphere. In the x-y coordinate mode, Solar Advisor
requires that the field be symmetric about the north-south axis.

Working with Heliostat Field Files

Solar Advisor allows you to use text files to save and load field layout data when you specify the field layout
by hand instead of relying on the optimization wizard to calculate the optimal layout.

For radial zone data, each row in the file represents a radial step (distance away from the center of the
circle), and each column represents an azimuthal division (distance clockwise around the circle from the
zero degree line pointing north), as shown on the sample layout diagram. The first row must contain data for
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the radial step closest to the center of the field, and subsequent rows should be in consecutive order away
from the center. The first column of each row must contain data for the azimuthal division containing the
north line at zero degrees, and the second column the next division moving counterclockwise from the first
column, and so on. Zones with no heliostats should be indicated by a zero. Each column in the file should
be separated by a space, and each row by a new line. For example, a text file with the following contents
would describe a field with three radial steps and four azimuthal divisions:

9.010.09.010.0
15.515.515.515.5
22.518.0 18.5 22,5

For rectangular coordinate data, each row represents an individual heliostat position in the field, with the x
coordinate in the first column and the y coordinate in the second column. A positive x value is east, and a
positive y value is north of the tower. Use negative values for positions west and south of the tower. The
heliostat coordinates do not have to be in a particular order in the file. Each column in the file should be
separated by a space, and each row by a new line. A file with the following contents would describe a solar
field with three heliostats at (x = 0.0, y = 75.0), (x = 7.5, y = 70.0), and (x = 15.0, y = 65.0):

0.075.0
7.570.0
15.0 65.0

4.13.3 Optimization Wizard

To start the power tower optimization wizard, first click Heliostat Field

on the main window's navigation menu to view the Heliostat Field page,
Start Wizard. .. L\SJ and then follow the instructions below. Note that for the power tower input

pages to be available, the technology option in the Technology and
Market window must be Concentrating Solar Power - Power Tower
System.

Contents

» Oveniew describes the optimization wizard.

» Input Variable Reference describes the input variables on the Optimization Wizard
window.

» Owveniew of the Optimization Process explains how Solar Advisor searches for the
optimal solution and lists the input variables that are affected by the optimization.

» Guidelines for Choosing Variable Ranges for Optimization explains how to choose
values for the variables in the Optimization Wizard window.
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Overview

The power tower optimization wizard simplifies the task of choosing values for the relatively large number of
input parameters required to specify the power tower solar field and receiver. Because the heliostat field is
typically the most capital intensive part of a power tower project, often accounting for 30-40% of the total
installation cost, optimizing the heliostat field size is a critical step in minimizing overall project cost.

The optimization wizard searches for a set optimal system parameter values, where the optimal system is
defined as the one that results in the lowest levelized cost of energy. Note that the optimization process is
separate from the simulation process. When you run the wizard, it populates some of the input variables in
the Solar Advisor input pages (listed below) with optimal values. Before running simulations, you can
choose to either keep the values generated by the wizard or modify them.

The wizard's underlying code is based on the DELSOL3 code from Sandia National Laboratory (Kistler
1986, see References), and is implemented in SAM through the PTGen program described in the thesis
Simulation and Predictive Performance Modeling of Utility-Scale Central Receiver System Power Plants

(Wagner 2008) http://sel.me.wisc.edu/theses/wagner08.zip (33 MB).

To use the optimization wizard:
1. On the Tower System Costs page, enter values for the capital costs.
2. On the Heliostat Field page, click Start Wizard to start the wizard.

Solar Advisor initially populates the variables in the wizard with values from the Heliostat Field,
Tower and Receiver, and Power Cycle pages. Solar Advisor assigns values to variables that don't
appear elsewhere, such as Minimum Tower Height and Maximum Tower Height, using either default
values or values based on the last time the wizard ran.

Enter values to define the parameters of the optimization.
Click Optimize Solar Field.
After the wizard finishes running, click Close.

Review the variables on the input pages. Modify any values as needed, and then configure and run
simulations to simulate the system(s) and display annual production, lewelized cost of energy, and
other results on the Results page.

o gk ow

Input Variable Reference

Solar Field

Solar Multiple

The ratio of of the receiver's design thermal output to the power block's design thermal input. For
systems with no storage, the solar multiple should be close to or equal to one.

Receiver and Tower

The receiver and tower optimization variables determine the optimization search range and step size for
the receiver and tower dimensions.

Receiver and Tower
Min Receiver Diameter (m)

The minimum value for the range of receiver diameter values that the wizard will search for an optimal
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solution.
Max Receiver Diameter (m)

The maximum value for the range of receiver diameter values that the wizard will search for an optimal
solution.

Optimization Levels for Receiver Diameter

The number of receiver diameter values to evaluate in the search for an optimal solution. The maximum
allowed number of optimization levels is 10.

Min Receiver Height / Diameter Ratio

The minimum receiver height to receiver diameter ratio for the range of values that the wizard will search
for the optimal solution.

Max Receiver Height / Diameter Ratio

The maximum receiver height to receiver diameter ratio for the range of values that the wizard will
search for the optimal solution.

Optimization Levels for Receiver H/D Ratio

The number of receiver height to diameter ratio values to evaluate in the search for an optimal solution.
The maximum allowed number of optimization lewels is 10.

Min Tower Height (m)

The minimum value for the range of tower height values that the wizard will search for an optimal
solution.

Max Tower Height (m)

The maximum value for the range of tower height values that the wizard will search for an optimal
solution.

Optimization Levels for Tower Height

The number of tower height values to evaluate in the search for an optimal solution. The maximum
allowed number of optimization levels is 10.

Overview of the Optimization Process

For each variable that is specified as a range in the optimization wizard, the wizard searches for the value
within the range that meets the performance requirements at the lowest lewvelized cost of energy. The wizard
searches discrete combinations of options based on the "optimization level" of each optimized variable. For
example, if the minimum tower height is specified as 150 m and the maximum 250 m, and the tower height
optimization level is 10, the wizard will simulate 10 systems with unique tower heights evenly incremented
between 150 m and 250 m. Be sure to choose reasonable ranges and step sizes to minimize the number of
calculations the wizard must perform.

The solar multiple is the ratio of of the receiver's design thermal output to the power block's design thermal
input. The optimization wizard uses the solar multiple to calculate the receiver's thermal rating, which is
equal to the solar multiple multiplied by the power cycle nameplate electric capacity divided by the rated
cycle conwersion efficiency, both of which are on the Power Cycle page.

The wizard holds the following variables constant as it searches for the optimal system:

e Solar Multiple on the Optimization Wizard window.
¢ Nameplate Capacity on the Power Cycle page.

Solar Advisor Model 2010



216 Solar Advisor Model Help

* Heliostat Width on the Heliostat Field page.

¢ Heliostat Height on the Heliostat Field page.

e Maximum Receiver Flux on the Tower and Receiver page.

The wizard searches within the specified ranges to find optimal values of the following variables on the Tower
and Receiver page.When the wizard finishes running, Solar Advisor populates the variables with the optimal
values.

® Receiver Diameter

* Receiver Height (calculated as a function of the receiver height to the receiver diameter ratio)

e Tower Height

Solar Advisor also populates the following variables on the Heliostat Field page with values from the wizard:

® Radial Step Size for Layout

¢ Total Reflective Area

¢ Number of Heliostats

e Number of heliostats per radial zone in the field layout table

The optimization wizard uses the following values from the input pages, but does not change their values.
From the Heliostat Field page:

¢ Heliostat Width

e Heliostat Height

¢ Ratio of Reflective Area to Profile
e Mirror Reflectivity and Soiling

* Use Round Heliostats

e Max Distance from Tower

e Min Distance from tower

* Image Error

e Number of Radial Zones

e Number of Azimuthal Zones

From the Tower and Receiver page:

e Coating Absorptivity

e Max Receiver Flux

From the Power Cycle page:

¢ Nameplate Capacity

¢ Rated Cycle Conwersion Efficiency

It is possible that the wizard will not find an optimal field layout given a set of values that you provide.
Finding an optimal set of input parameters is often an iterative process that may require you to run the
optimization wizard and adjust input value ranges several times until the wizard finds a reasonable field
layout for your analysis. When the wizard cannot find an optimal layout, it displays a message with
suggestions for adjustments. Typically, the suggestions include adjusting the upper or lower limits of
optimization variables, and ensuring that the minimum and maximum heliostat distance from tower values
are reasonable. Keep in mind that because the wizard uses capital costs from the Tower System Costs
page in the optimization process, unreasonable cost values may also prevent the wizard from finding an
optimal field layout. In some cases, wizard will fail to find an optimal design and exit without notice. When
that happens, check to see if the values of optimized variables shown on the input pages are outside of the
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range specified for those variables in the wizard, and try adjusting the ranges you specified and rerunning
the wizard.

Guidelines for Choosing Variable Ranges for Optimization

The optimization wizard does its best to find parameter values for an optimal system within the search
ranges you specify on the wizard input tabs. Because the wizard searches a discrete number of values
within the range for each parameter, defining too broad of a range increases the chances that the optimal
value lies between the values included in the search. On the other hand, defining too narrow a range
increases the chances that the optimal value lies outside of the search range.

The ability of the optimization wizard to find an optimal system is sensitive to the following variable ranges:

¢ Receiver diameter range, defined by Minimum Receiver Diameter and Maximum Receiver Diameter.

e Receiver height to diameter ratio range, defined by Minimum Receiver Height/Diameter Ratio and
Maximum Receiver Height/Diameter Ratio.

e Tower height range, defined by Minimum Tower Height and Maximum Tower Height.

¢ Heliostat distance from tower range, defined by Maximum Distance from Tower and Minimum Distance
from Tower values on the Heliostat Field page.

The following rules of thumb may be helpful in choosing search ranges for these variables, although they
may not apply to some systems.

e Tower height: The tower height typically falls between 15 m for very small systems (5 MWe) and 300 m
for very large systems (150 MWe). For example, a reasonable range for a 30 MWe system with a solar
multiple of 1.0 would be between 40 m and 120 m.

e Receiver diameter: The optimization wizard searches for a receiver diameter value that maximizes
absorbed radiation from the heliostat field within the flux limit defined by the maximum value on the
Receiver/Tower page. Like the tower height, the receiver area typically scales with system's design
thermal power. For very small systems, the optimal receiver diameter is typically between 1 m and 3 m,
while very large systems may require a diameter of 25 m.

* Receiver height to diameter ratio: This ratio should generally fall between 0.5 and 2.0.

® Heliostat distance from tower: If the minimum distance is too small, the inner zones in the heliostat will
contain no heliostats (the first rows in the field layout table on the Heliostat Field page contain zeros),
which will cause the simulation to fail. If the maximum distance is too large, the outer zones will contain
no heliostats. On the other hand, if the maximum distance is too small, all of the outer zones will contain
heliostats. For very small systems, the maximum distance might be set to 300 m, and for very large
systems, a distance of 2000 m might be appropriate.

413.4 Tower and Receiver

To view the Tower and Receiver page, click Tower and Receiver on the
main window's navigation menu. Note that for the power tower input
pages to be available, the technology option in the Technology and
= Market window must be Concentrating Solar Power - Power Tower
System.

liror Arma: TELEEL 4 m]
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Contents

» Oveniew describes the Tower and Receiver page and where to find additional
information about the tower and receiver model.

» Input Variable Reference describes the input variables on the Tower and Receiver
page.

Overview

The Tower and Receiver page displays variables that specify the geometry of the heat collection system.
The receiver model uses semi-empirical heat transfer and thermodynamic relationships to determine the
thermal performance of the receiver. This allows the model to represent a wide array of geometries without
deviating from a hypothetical reference system.

Page numbers relevant to this section from the Wagner (2008) and Kistler B (1986) references are:
e \Wagner p 43-47, 68-71
The model makes several assumptions about the system geometry:

¢ The receiver consists of a discrete number of panels.

e Each panel in the receiver consists of a set of parallel tubes in thermal contact that share a common
heat transfer fluid (HTF) header.

¢ The panel tubing is vertical and the heat transfer fluid flows through each sequential panel in a serpentine
pattern (up one panel and down the adjacent panel).

e The number of tubes per panel is a function of the Number of Panels, Receiver Diameter, and Tube Outer
Diameter variables.

The model varies the heat transfer fluid mass flow rate through the receiver to maintain the required outlet
heat transfer fluid temperature. The model includes sewveral practical safeguards to ensure realistic behavior
in the receiver. For example, the mass flow rate through the receiver is limited to the value of the Max Flow
Rate to Receiver variable, and the maximum receiver heat transfer fluid inlet temperature is kept at a value
below the value of the Max Temp to Receiver variable.

Solar Advisor allows several options for the heat transfer fluid flow patterns through the receiver as indicated
by the diagrams on the Receiver / Tower page. The Flow Pattern variable specifies the path taken by the
fluid as it passes through the receiver. Options include a full circle around the receiver, a split path around
the receiver, and a split pass with a single cross-over.

Input Variable Reference
Dimensions

For analyses inwlving the optimization wizard to optimize the heliostat field layout, Solar Advisor populates
these variables with optimal values. You can change the values after running the optimization wizard, but
results will no longer be for the optimal system.

Receiver Height (m)

Height in meters of the receiver panels.
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Receiver Diameter (m)

Total diameter in meters of the receiver.The distance from center of the receiver to center of a receiver
panel. The width of a single panel is the circumference of receiver divided by number of panels.

Tower Height (m)

Height in meters of the tower structure from the ground, equal to the vertical distance between the
heliostat pivot points and the vertical center of receiver.

Thermodynamic Characteristics
Number of Panels
Number of vertical panels in the receiver.
Tube Outer Diameter (mm)

The outer diameter in millimeters of the tubing that carries the heat transfer fluid through the receiver
panels. Typical values range from 25 mm to 50 mm.

Tube Wall Thickness (mm)
The thickness in millimeters of the individual receiver panel tube walls.
Required Outlet HTF Temp (°C)
The temperature set point in degrees Celsius for the heat transfer fluid at the receiver outlet.
Max Temp to Receiver (°C)
The maximum allowable temperature of the heat transfer fluid at the receiver inlet.
Coating Absorptivity
Absorptivity fraction of receiver tube coating. Typical values are 0.91 to 0.95.
Coating Emissivity

The emissivity of the receiver coating, assumed to be black-body emissivity constant over the range of
wavelengths.

Heat Loss Factor

A receiver heat loss adjustment factor that can be used when the calculated heat loss value deviates
from an expected value. The default value is 1, corresponding to no heat loss correction. The calculated
receiver heat loss is the sum of convection and radiation losses from the receiver, reported in the hourly
results as Rec_conv_loss and Rec_rad_loss, respectively.

Enable Night Recirculation through Receiver

With night circulation enabled, whenever the radiation incident on the receiver is zero, hot heat transfer
fluid circulates through the receiver to prevent fluid in the receiver from freezing. For systems with
storage, the system pumps heat transfer fluid from hot storage. For systems with no storage, or when
there is insufficient energy in storage, the circulating fluid is heated with an electric heater. The heat
transfer fluid is assumed to enter the receiver at the temperature required for it to exit the receiver at the
required outlet temperature, accounting for thermal losses. SAM ajdusts the heat transfer fluid mass
flow rate accordingly.

Recirculation Heater Efficiency

With night circulation enabled, the electric-to-thermal conversion efficiency of the heater used to supply
thermal energy for preventing the receiver heat transfer fluid from freezing. Solar Advisor calculates the
heater electricity based on the required thermal recirculation energy and the heater efficiency, and
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reports the hourly electricity required by the heater as Par_recirc_htr in the hourly results.
Max HTF Velocity in Receiver (kg/hr)

The maximum heat transfer fluid flow rate inside the receiver. If the fluid velocity through any single
panel exceeds this value, the heliostat field is partially defocused until the fluid velocity constraint is
met.

Max Flow Rate to Receiver (kg/hr)

The maximum heat transfer fluid flow rate at the receiver inlet. Solar Advisor calculates this value as a
function of the maximum heat transfer fluid velocity in the receiver.

Max Receiver Flux (kW/m?)

The upper limit of solar radiation incident on the receiver allowed to be reflected from the heliostat field.
Solar Advisor ensures that the optimal receiver size and heliostat positions do not result in a receiver
flux that exceeds this value.

Material Type

The material of the receiver panel tubes, typically a stainless-steel alloy.
Heat Transfer Fluid Type

One of two types of solar salt used for the heat transfer fluid, also called the working fluid.
Flow Pattern

One of eight heat available transfer fluid flow configurations shown in the diagram on the Receiver /
Tower page. The views are from the top of the receiver, assuming that panels are arranged in a circle
around the center of the receiver. Arrows show the direction of heat transfer fluid flow into, through, and
out of the receiver.

Materials and Flow
HTF Type

One of two types of solar salt used for the heat transfer fluid, also called the working fluid. You can also
add a user defined HTF by choosing the user defined option and clicking the Edit button to open the
HTF properties editor.

Property table for user-defined HTF
When the HTF type is "user defined," the Edit button provides access to the HTF properties editor.
Material Type

The material of the receiver panel tubes, typically a stainless-steel alloy. The current version of Solar
Advisor allows only one material type.

Flow Pattern

One of eight heat available transfer fluid flow configurations shown in the diagram. The views are from
the top of the receiver, assuming that panels are arranged in a circle around the center of the receiver.
Arrows show the direction of heat transfer fluid flow into, through, and out of the receiver.

April 2010



Power Tower 221

4.13.5 Power Cycle

Tower and Recerrer

z To view the Power Cycle page, click Power Cycle on the main window's
Tower Haight 154,44 m2 ! navigation menu. Note that for the power tower input pages to be

E- available, the technology option in the Technology and Market window
-

must be Concentrating Solar Power - Power Tower System.

Thermal Storage

TES Hewric &

Contents

» Owveniew describes the Power Cycle page and where to find additional information
about the power cycle model.

> Input Variable Reference describes the input variables on the Power Cycle page.

Overview

The power cycle converts thermal energy to electric energy. The power cycle is assumed to consist of a
Rankine-cycle steam engine, two open feed-water heaters, and a pre-heater, boiler and super-heater.
The parameters on the Power cycle page describe the steam turbine size and other properties.

Page numbers relevant to this section from the Wagner (2008) and Kistler B (1986) references are:
e Wagner 83, 86, 114, 164
o Kistler 224

The power cycle page displays variables that specify the design operating conditions for the steam Rankine
cycle used to convert thermal energy to electricity.

Input Variable Reference

Plant Capacity
Design gross output (MWe)
The power cycle's design output, not accounting for parasitic losses.

Estimated gross to net conversion factor

An estimate of the ratio of the electric energy delivered to the grid to the power cycle's gross output.
Solar Advisor uses the factor to calculate the power cycle's nameplate capacity for capacity-related

calculations, including the estimated total cost per net capacity value on the System Costs page, and
the capacity factor reported in the results.

Estimated net output design (nameplate) (MWe)

The power cycle's nameplate capacity, calculated as the product of the design gross output and
estimated gross to net conwersion factor.
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Power Block Design Point
Rated cycle conversion efficiency
The thermal to electric conversion efficiency of the power cycle under design conditions.
Design Thermal Power (MWt)

The turbine's design thermal input. It is the thermal energy required at the power block inlet for it to
operate at its design point, as defined by the value of the nameplate electric capacity and an estimate
of the parasitic losses: Design thermal power = nameplate electric capacity + total parasitic loss
estimate. (See the Parasitics page for a description of the total parasitic loss estimate.)

Design HTF Inlet Temp (°C)

The design temperature in degrees Celsius of the hot heat transfer fluid at the power block inlet.p 114.
design htf inlet temperature can be different from receiver outlet temperature when power block design
specifications require a different inlet temperature for maximum efficiency. The design values are the
operating conditions at which the power block operates at its nameplate capacity.

Design HTF Outlet Temp (°C)

The design temperature in degrees Celsius of the cold heat transfer fluid at the power block outlet.p 114
The design values are the operating conditions at which the power block operates at its nameplate
capacity.

Boiler Steam Pressure (Bar)

The saturation pressure of the steam as it is converted from liquid to vapor in the boiler or steam
generator. Solar Advisor uses this value to determine the steam's saturation temperature and thus the
superheating capability of the heat exchangers. The temperature difference that drives the steam mass
flow rate in the Rankine cycle is the difference between the hot heat transfer fluid inlet temperature and
the saturation temperature of the steam boiler pressure.

Boiler LHV Efficiency
The boiler's lower heating value efficiency, used to calculate the quantity of gas required by the boiler.
Steam cycle blowdown fraction

The fraction of the steam mass flow rate in the power cycle that is extracted and replaced by fresh
water. This fraction is multiplied by the steam mass flow rate in the power cycle for each hour of plant
operation to determine the total required quantity of power cycle makeup water. The blowdown fraction
accounts for water use related directly to replacement of the steam working fluid. The default value of
0.013 for the wet-cooled case represents makeup due to blowdown quench and steam cycle makeup
during operation and startup. A value of 0.016 is appropriate for dry-cooled systems to account for
additional wet-surface air cooling for critical Rankine cycle components.

Plant Control
Min Temp to Load (°C)

The lowest heat transfer fluid temperature allowed at the power cycle inlet. Whenever the fluid
temperature falls below this point, the power cycle shuts down.

Low-Resource Standby Period (hours)

During periods of insufficient flow from the heat source due to low thermal resource, the power block
may enter standby mode. In standby mode, the cycle can restart quickly without the startup period
required by a cold start. The standby period is the maximum number of hours allowed for standby
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mode. This option is only available for systems with thermal storage.p 164
Standby Mode Thermal Fraction

The fraction of the turbine's design thermal input required from storage to keep the power cycle in
standby mode. This thermal energy is not converted into electric power.

Turbine Startup Time (hours)

The time in hours that the system consumes energy at the startup fraction before it begins producing
electricity. If the startup fraction is zero, the system will operate at the design capacity over the startup
time.

Turbine Startup Energy Fraction

The fraction of the turbine's design thermal input required by the system during startup. This thermal
energy is not converted to electric power.

Minimum Load Fraction

The fraction of the nameplate electric capacity below which the power block does not generate
electricity. Whenever the power block output is below the minimum load and thermal energy is available
from the solar field, the field is defocused. For systems with storage, solar field energy is delivered to
storage until storage is full. (field control 1 aimed at tower, <1, fraction that is displayed are aimed
toward the tower. field could be defocused if power block is not large enough, storage too small, max htf
velocity through tower is exceeded)The default value is 0.15.

Max Over Design Operation

The maximum allowable power block output as a fraction of the electric nameplate capacity. Whenever
storage is not available and the solar resource exceeds the design value of 950 W/m2, some heliostats
in the solar field are defocused to limit the power block output to the maximum load. The default value is
1.1.

Cooling System
Condenser type

Choose either an air-cooled condenser system (dry cooling) or evaporative cooling system (wet
cooling).

Ambient temp at design (°C)

The ambient temperature at which the power cycle operates at its design-point-rated cycle conwversion
efficiency. For the air-cooled condenser option, use a dry bulb ambient temperature value. For the
evaporative condenser, use the wet bulb temperature.

Ref. Condenser Water dT (°C)

For the evaporative type only. The temperature rise of the cooling water across the condenser under
design conditions, used to calculate the cooling water mass flow rate at design, and the steam
condensing temperature.

Approach temperature (°C)

For the evaporative type only. The temperature difference between the circulating water at the
condenser inlet and the wet bulb ambient temperature, used with the ref. condenser water dT value to
determine the condenser saturation temperature and thus the turbine back pressure.

ITD at design point (°C)

For the air-cooled type only. Initial temperature difference (ITD), difference between the temperature of
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steam at the turbine outlet (condenser inlet) and the ambient dry-bulb temperature.
Condenser pressure ratio

For the air-cooled type only. The pressure-drop ratio across the air-cooled condenser heat exchanger,
used to calculate the pressure drop across the condenser and the corresponding parasitic power
required to maintain the air flow rate.

4.13.6 Thermal Storage

Power Cycle m 1 To view the Thermal Storage page, click Thermal Storage on the main
Marraglaie 103 Mite window's navigation menu. Note that for the power tower input pages to
- be available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Power Tower System.
Parasitics 9

Contents

» Oweniew describes the Thermal Storage page.

» Input_Variable Reference describes the input variables on the Thermal Storage
page.
» Storage and Fossil Backup_Dispatch_Controls describes the dispatch controls that

determine the timing of energy releases from the storage and fossil back up
systems.

» Defining Dispatch_Schedules explains how to assign dispatch periods to weekday
and weekend schedules.

Overview

The parameters on the Thermal Storage page describe the properties thermal energy storage system and
the storage dispatch controls.

The power tower storage model uses storage tank geometry, which requires that the heat transfer fluid
wlume, tank loss coefficients, and tank temperatures be specified. Solar Advisor calculates the storage
tank geometry to ensure that the storage system can supply energy to the power block at its design
thermal input capacity for the number of hours specified by the Full Load TS Hours variable.

Note. Because the storage capacity is not tied to the solar multiple on the Heliostat _Field page, be
careful to choose a storage capacity that is reasonable given the system's thermal capacity.
Mismatched storage and solar thermal capacities will result in high levelized cost of energy values.
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Input Variable Reference

Storage System
Storage Type

Solar Advisor models only two-tank storage systems for power towers. A two-tank system consists of
separate hot and cold storage tanks.

Full Load Thermal Storage Hours (hours)

The storage capacity expressed in hours at full load: The number of hours that the storage system can
supply energy at the power block design turbine input capacity. Note that Solar Advisor displays the
equivalent storage capacity in MWht on the Tower System Costs page.

Storage HTF Volume (m?3)

Solar Advisor calculates the total heat transfer fluid volume in storage based on the storage hours at full
load and the power block design turbine thermal input capacity. The total heat transfer fluid volume is
divided among the total number of tanks so that all hot tanks contain the same wolume of fluid, and all
cold tanks contain the same wolume of fluid.

Tank Diameter (m)
The diameter of the cylinder-shaped heat transfer fluid volume in each storage tank.
Tank Height (m)

The height of the cylinder-shaped heat transfer fluid volume in each tank. Solar Advisor calculates the
height based on the diameter and storage volume of a single tank.

Parallel Tank Pairs

The number of parallel hot-cold storage tank pairs. Increasing the number of tank-pairs also increases
the volume of the heat transfer fluid exposed to the tank surface, which increases the total tank thermal
losses. Solar Advisor divides the total heat transfer fluid volume among all of the tanks, and assumes
that each hot tank contains an equal wolume of fluid, and each cold tank contains and equal volume.

Min Fluid Volume (m3)

The minimum storage heat transfer fluid volume allowed in each storage tank. The usable fluid volume is
equal to the total volume minus the minimum fluid volume. Calculated based on the minimum tank
wolume fraction, the total volume, and the number of parallel tank pairs.

Min Tank Volume Fraction
The minimum allowed fraction of the total storage heat-transfer fluid volume of each storage tank.
Max Fluid Volume (m?3)

The maximum usable heat transfer fluid volume allowed in each storage tank. The maximum volume is
less than the total volume when the minimum tank volume is greater than zero, or the number of parallel
tank pairs is greater than 1.

Wetted Loss Coefficient (W/m2-K)

The thermal loss coefficient that applies to the portion of the storage tank holding the storage heat
transfer fluid.

Dry Loss Coefficient (W/m2-K)
The thermal loss coefficient that applies to the portion of the storage tank that contains storage heat

Solar Advisor Model 2010



226 Solar Advisor Model Help

transfer fluid.
Initial Hot HTF Temp (°C)

The temperature of the storage heat transfer fluid in the hot storage tank at the beginning of the
simulation.

Initial Cold HTF Temp (°C)

The temperature of the storage heat transfer fluid in the cold storage tank at the beginning of the
simulation.

Initial Hot HTF Percent (%)

The fraction of the storage heat transfer fluid in the hot storage tank at the beginning of the simulation.
Initial Hot HTF Volume (m3)

The wolume of the storage heat transfer fluid in the hot storage tank at the beginning of the simulation.
Initial Cold HTF Volume (m?3)

The wolume of the storage heat transfer fluid in the cold storage tank at the beginning of the simulation.
Cold Tank Heater Temp Set-Point (°C)

The minimum allowed cold tank temperature. Whenever the heat transfer fluid temperature in storage
drops below the set-point value, the system adds sufficient thermal energy from an electric heater to
storage to reach the set-point.

Cold Tank Heater Max Load (MWe)
The maximum electric load of the cold tank electric heater.
Hot Tank Heater Temp Set-Point (°C)

The minimum allowed hot tank temperature. Whenever the heat transfer fluid temperature in storage
drops below the set-point value, the system adds sufficient thermal energy from an electric heater to
storage to reach the set-point.

Hot Tank Heater Max Load (MWe)
The maximum electric load of the hot tank electric heater.
Tank Heater Efficiency

The electric-to-thermal conversion efficiency of the hot- and cold-tank heaters.

Thermal Storage Dispatch Control

The storage dispatch control variables each have six values, one for each of six possible dispatch periods.
They determine how Solar Advisor calculates the energy flows between the solar field, thermal energy
storage system, and power block. The fossil-fill fraction is used to calculate the energy from a backup
boiler.

Storage Dispatch Fraction with Solar

The fraction of the TES maximum storage capacity (see table abowe) required for the system to start
when the solar field energy is greater than zero. A value of zero will always dispatch the TES in any
hour assigned to the given dispatch period; a value of one will never dispatch the TES. Used to
calculate the storage dispatch levels.

Storage Dispatch Fraction without Solar
The fraction of the TES maximum storage capacity (see table abowe) required for the system to start
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when the solar field energy is equal to zero. A value of zero will always dispatch the TES in any hour
assigned to the given dispatch period; a value of one will never dispatch the TES. Used to calculate the
storage dispatch lewels.

Turbine Output Fraction

A fraction of the design turbine thermal input adjusted by the turbine part load electric-to-thermal
efficiency factors. Used to calculate the power block load requirement.

Fossil Fill Fraction

A fraction of the power block design turbine gross output from the Power Block page that can be met by
the backup boiler. Used by the power block module to calculate the energy from the backup boiler.

Storage and Fossil Backup Dispatch Controls

The thermal storage dispatch controls determine the timing of releases of energy from the thermal energy
storage and fossil backup systems to the power block. When the system includes thermal energy storage
or fossil backup, Solar Advisor can use a different dispatch strategy for up to six different dispatch periods.

Storage Dispatch

Solar Advisor decides whether or not to operate the power block in each hour of the simulation based on
how much energy is stored in the TES, how much energy is provided by the solar field, and the values of the
thermal storage dispatch controls parameters. You can define when the power block operates for each of
the six dispatch periods. For each hour in the simulation, if the power block is not already operating, Solar
Advisor looks at the amount of energy that is in thermal energy storage at the beginning of the hour and
decides whether it should start the power block. For each period, there are two targets for starting the power
block: one for periods of sunshine (w/solar), and one for period of no sunshine (w/o solar).

The turbine output fraction for each dispatch period determines at what load level the power block runs using
energy from storage during that period. The load level is a function of the turbine output fraction, design
turbine thermal input, and the five turbine part load electric to thermal factors on the Power Cycle page.

For each dispatch period during periods of sunshine, thermal storage is dispatched to meet the power block
load lewvel for that period only when the thermal power from the solar field is insufficient and available storage
is equal to or greater than the product of the storage dispatch fraction (with solar) and maximum energy in
storage. Similarly, during periods of no sunshine when no thermal power is produced by the solar field, the
power block will not run except when the energy available in storage is equal to or greater than the product
of storage dispatch fraction (without solar) and maximum energy in storage.

By setting the thermal storage dispatch controls parameters, you can simulate the effect of a clear day
when the operator may need to start the plant earlier in the day to make sure that the storage is not filled to
capacity and solar energy is dumped, or of a cloudy day when the operator may want to store energy for
later use in a higher value period.

Fossil Backup Dispatch

When the fossil fill fraction is greater than zero for any dispatch period, the system is considered to include
fossil backup. The fossil fill fraction defines the solar output level at which the backup system runs during
each hour of a specific dispatch period. For example, a fossil fill fraction of 1.0 would require that the fossil
backup operate to fill in every hour during a specified period to 100% of design output. In that case, during
periods when solar is providing 100% output, no fossil energy would be used. When solar is providing less
than 100% output, the fossil backup operates to fill in the remaining energy so that the system achieves
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100% output. For a fossil fill fraction of 0.5, the system would use energy from the fossil backup only when
solar output drops below 50%.

The tank heater efficiency determines the quantity of fuel used by the fossil backup system. Solar Advisor
includes the cost of fuel for the backup system in the lewvelized cost of energy and other metrics reported in
the results, and reports the energy equivalent of the hourly fuel consumption in the hourly results. The cost
of fuel for the backup system is defined on the Tower System Costs page.

Defining Dispatch Schedules

The storage dispatch schedules determine when each of the six periods apply during weekdays and
weekends throughout the year. You can either choose an existing schedule from one of the schedules in
the CSP Tower TES dispatch library or define a custom schedule. For information about libraries, see
Working with Libraries.

The TES dispatch library only assigns period numbers to the weekday and weekend schedule matrices.
The dispatch fractions assigned to each of the six periods are not stored in the library.

To choose a schedule from the library:

1. Click Dispatch schedule library.

2. Choose a schedule from the list of four schedules. The schedules are based on time-of-use pricing
schedules from four California utilities.

3. Click OK.

You can modify a schedule using the steps described below. Modifying a schedule does not affect
the schedule stored in the library.

4. For each of the up to six periods used in the schedule, enter values for the dispatch fractions
described above. Use the period number and color to identify the times in the schedule that each
period applies.

To define a dispatch schedule:

1. In the weekday schedule, select the times to which Period 1 applies.

2. Type the number 1.

3. Repeat Steps 1 and 2 for each of the up to six dispatch periods that you want to define, typing the
period number to assign each period to times in the schedule.

4. Repeat Setps 1 through 3 for the weekend schedule.

5. For each of the up to six periods used in the schedule, enter values for the dispatch fractions
described above. Use the period number and color to identify the times in the schedule that each
period applies.
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4.13.7 Parasitics

Thermal Starage — To view the Parasitics page, click Parasitics on the main window's
TES Hewrit € N navigation menu. Note that for the power tower input pages to be

Q available, the technology option in the Technology and Market window
must be Concentrating Solar Power - Power Tower System.
User Variables r

Contents

» Owveniew describes the Parasitics page and where to find additional information
about the parasitics model.

» Input Variable Reference describes the input variables on the Parastics page.

» Estimated Parasitic Losses explains the parasitic loss estimate Solar Advisor uses
to calculate the plant capacity displayed on the Power Cycle page.

» Hourly Parasitic_Losses describes the hourly parasitic losses reported in hourly
results.

Overview

The parameters on the Parasitics page describe parasitic electrical loads and other losses in the power
tower system.

Page numbers relevant to this section from the Wagner (2008) and Kistler B (1986) references are:
o Kistler 224

The parasitic loss variables are factors that Solar Advisor uses to calculate the estimated total parasitic
loss and hourly parasitic losses, which are described in more detail below.

Solar Advisor calculates two types parasitic loss values. The first is an estimate of the total parasitic losses
used to calculate the power block design thermal input, and the second are the hourly values calculated
during simulation of the system's performance.

|Note. Parasitic losses from components that do not exist in the system should be set to zero.

Input Variable Reference

Parasitic Energy Consumption
Startup Energy of a Single Heliostat (kWe-hr)

The electric energy in kilowatt-hours required to move each heliostat into position. Applies during hours
when the heliostat is starting up.

Tracking Power for a Single Heliostat (kWe)

The electric power in kilowatts required by the tracking mechanism of each heliostat in the field during
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hours of operation.
Receiver HTF Pump Efficiency

The electro-mechanical efficiency of the receiver heat transfer fluid pump.
Storage Pump Power (MWe/MWHt)

The ratio of the electric power in kilowatts required by the storage pumps to the thermal power passing
through the storage system.

Balance of Plant Power (MWe/MWe)

Losses as a fraction of the power block nameplate capacity that apply in hours when the power block
operates.

Cooling Tower Parasitic Power (MWe/MWe)

The cooling tower parasitic losses as a fraction of power block nameplate capacity are electrical losses
that occur when the power block operates at part or full load.

Piping Loss Coefficient (Wt/m)
Thermal loss per meter of piping. Includes piping throughout the system.
Total Piping Length (m)

Length of piping throughout the system: From the receiver to power block, power block to process heat,
etc. The piping loss varies with output produced by turbine.

Estimated Total Parasitic Losses

The estimated total parasitic losses value used to calculate the power block design thermal input displayed
on the Power Cycle page is based on the estimated total parasitic loss factor, which depends following
variables and values:

The estimated total parasitic loss factor total par in MWe of losses per MWe of power block nameplate
capacity is given by:

total_par = stor_pump_par x stor_hours x 0.20 + 0.03 + bop_par + cool_par
Where,

e stor_pump_par = Storage Pump Parasitic Power

e stor_hours = Full Load Thermal Storage Hours (Thermal Storage page)

¢ (.20 = estimate of the solar multiple where each solar multiple is assumed to require 5 hours of storage
e (0.03 = estimate of the tower pump parasitic loss fraction

e bop_par = Balance of Plant Parasitic Power

e cool_par = Cooling Tower Parasitic Power

The total estimated parasitic losses in MWe is then:
total parasitic loss estimate = total_par x Nameplate Capacity

Where Nameplate Capacity is the power cycle electric capacity from the Power Cycle page.

Hourly Parasitic Losses

Solar Advisor reports the hourly parasitic losses described in the tables below in the hourly results.
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Table 27. Parasitic loss variable names used in hourly performance data.

Parasitic Loss Variable Description
Par_store_pump Storage pump parasitic losses
Par_plant_bal Balance of plant parasitic losses
Par_cooling_tower Cooling tower pumping parasitic losses
Par_pipe_loss Piping thermal losses
Par_tank_htr Storage tank heater electric parasitic losses
Par_recirc_htr Recirculation pump parasitic losses
Par_total Total parasitic losses
Hel_track_power Electricity for heliostat tracking

The parasitic loss variables are calculated from the parasitic loss factors on the Parasitics page and
variables from the hourly simulation.

Table 28. Equations used to calculate parasitic loss quantities in the hourly performance

data.
Variable Calculation

Par_store_pump storage pump power x (flow rate from storage + reference flow rate) x (Nameplate
Electric Capacity + Rated Cycle Conversion Efficiency)

Par_plant_bal Balance of Plant Parasitic Power x Cycle_power

Par_cooling_tower Cooling Tower Parasitic Power x Cycle_power

Par_pipe_loss Piping Loss Coefficient x Total Piping Length x Cycle_eff x Cycle_power + Rated
Cycle Conwersion Efficiency

Par_tank_htr cold tank pump power + hot tank pump power

Par_recirc_htr required recirculation energy + Recirculation Heater Efficiency

The total parasitic load Par_total is the sum of the following parasitic losses:

Storage pump
Balance of plant
Cooling tower

Tower pump

Heliostat tracking
Piping loses

Storage tank heaters
Tower parasitic losses

414 Generic Fossil

The generic system model is a basic representation of a conventional fossil-fuel power plant. The Generic
technology option makes it possible to compare analyses of photowltaic and concentrating power systems
to a base case conwventional fossil fuel plant in the residential, commercial and central generation markets.
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This section describes the system input pages that are available when the technology option in the
Technology and Market window is Generic Fossil System. For a description of the type of system the
generic fossil model can represent, see About the Solar Advisor Model.

e Fossil System Costs
e Fossil Plant

e User Variables

4141 Fossil System Costs

Amnual Performance () To view the Fossil System Costs page, click Fossil System Costs on

the main window's navigation menu. Note that for the generic fossil
= system input pages to be awailable, the technology option in the
s Technology and Market window must be Generic Fossil System.

Degradaon | %

Awmisods,: 100 %5

Fossil Plant

Contents

» Oweniew describes the Fossil System Costs page and explains where to find more
information.

» Input Variable Reference describes the input variables on the Fossil System Costs
page.
» Entering Periodic_Operation_and_Maintenance_Costs explains how to use annual

schedules to assign operation and maintenance costs to particular years in the
project cash flow.

Overview

Solar Advisor uses the variables on the Fossil System Costs page to calculate the project investment cost
and annual operating costs reported in the project cash flow and used to calculate cost metrics reported in
the Metrics table.

Because only the Total Installed Cost value affects the cash flow calculations, you can assign capital costs
to the different cost categories in whatever way makes sense for your analysis. For example, you could
assign the cost of designing the power plant to the direct plant cost category or to the engineer-procure-
construct category with equivalent results. The categories are provided to help you keep track of the
different costs, but do not affect the economic calculations. After assigning costs to the categories, verify
that the total installed costs value is what you expect.

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.
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Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will vary
depending on the market, technology and geographic location of a project. Because of price wolatility in
solar markets, the cost data in the sample files is likely to be out of date. For more information see the

Solar Advisor Model website, https://www.nrel.gov/analysis/sam/cost_data.html.

Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Direct Plant Cost ($)
The total cost of installing the generic fossil power plant, not including contingency.
Contingency (%)

A percentage of the sum of the site improvements, heliostat field, balance of plant, power block, storage
system, fixed solar field, total tower, and total receiver costs to account for expected uncertainties in
direct cost estimates.

Total Direct Cost ($)
The sum direct and contingency costs.

Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.

Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.

Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.
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Total Indirect Cost ( $)

The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash_flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Total Installed Cost per Capacity ($/Wdc or $/kW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only and not used in cash flow calculations.

Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.

For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Einancing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
schedule to assign costs to individual years. See below for details.

Fixed Annual Cost ($/yr)

A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)

A fixed annual cost proportional to the system's rated or nameplate capacity.
Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conwersion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)
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Entering Periodic Operation and Maintenance Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash flow, and Solar Advisor will account for them in the other
economic metrics including the levelized cost of energy and net present value.

Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.

To assign component replacement costs to particular years:

1. In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost = 284.00 sfyr

2. Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.
gl Edit.. |

3. Click Edit.

4. In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you hawe finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.
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4.14.2 Fossil Plant

Fousl Systum Casts To view the Fossil Plant page, click Fossil Plant on the main window's
= navigation menu. Note that for the generic fossil system input pages to
be available, the technology option in the Technology and Market window

User Variables ’ must be Generic Fossil System.

The parameters for the generic fossil system are for a simple model of a fossil fuel power plant. Unlike the
photowoltaic and concentrating solar power models, the generic model is not based on an hourly simulation
engine. The first year annual energy output of the generic plant is based on a simple equation using the four
System variables: Nameplate Capacity, Capacity Factor, Availability, and Derate.

The First Year Annual Generation is calculated using the following equation:
EFi.fst"faa.tDutput = E:‘Ca.ma-plata ’ FCapa{:ityFa{:tM ’ F.—'n‘ailability' (1 - FDaat;]
Where,

(kW) First Year Annual Generation: The generic system's total output in the first year,
before annual degradation applies.

%) Nameplate Capacity: The rated capacity of the generic system.

EF irstYearOutput

ENam ePlate (

(%) Capacity Factor: The expected net generated electricity over one year (8760 hours)
divided by the electricity that could have been generated at continuous full rated
power over the year. Base load plants typically operate at capacity factors of about
90%, with capacity factors of less than 100% due to curtailed output. Load
following plants and peaking plants will have lower capacity factors.

(%) The Availability factor from the Annual Performance page: the number of hours per
year that the generic system is able to produce electricity divided by the number of
hours in one year (8760 hours). Availability factors of less than 100% are typically
due to plant down time for maintenance and repair.

(%) A derating factor applied to the generic system rated capacity to account for

output reductions caused by inefficiencies in the system from wiring losses or
other causes.

CapacityFactor

FAvailabilily

FDera te

Solar Advisor also applies the system degradation factor from the Annual Performance page to represent an
annual reduction in system output due to equipment aging that applies to year two and subsequent years.

The heat rate determines the cost of fuel reported as Fuel O&M Expense in year one of the project cash
flow, and accounted for in the output metrics reported on the Results page. Solar Advisor uses the heat rate
to calculate the first year fuel cost as follows:

CFirstvearFoel = CCost0fFuel * FHeatRate * EFirstTearOutput
Where,

The total cost of fuel for year one of the project cash flow, shown as the Fuel
O&M Expense reported for Year 1 in the project cash flow.

CF irstYearFuel ($/yr)

CCOSrO]Fuel ($/MMBtu) Cost of Fuel from the Fossil System Costs page.
FHeatRate (MMBtu/MWh) The generic system's heat rate, or conversion efficiency, equivalent to the

number of MMBtu of heat required to produce one MWh of electricity.
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EFirS[YearOmpm 0 The generic system's total electricity output in the first year.

4.15 Solar Water Heating

Solar Advisor's Solar Water Heating model was deweloped at the National Renewable Energy Laboratory.

The current version of the model represents a two-tank glycol system with an auxiliary electric heater and
storage tank for residential applications. The model allows you to vary the location, hot water load profiles,
and characteristics of the collector, heat exchanger, and solar tanks.

Future version of the model will include additional solar system types and types of auxiliary systems and
fuels. The current version's built-in assumptions about collector arrays, piping, etc. are appropriate only for
residential or small commercial applications. Future versions will allow for modeling of larger commercial
and industrial applications.

The solar water heating input pages described in this section are:

e SHW System Costs
e SHW System

4151 SWH System Costs

—

"“-"‘*_4 To view the SWH System Costs page, click SWH System Costs on the
main window's navigation menu. Note that for the solar water heating

system input pages to be available, the technology option in the

Technology and Market window must be Solar Water Heating.

i

SHW System

Contents

» Oveniew describes the purpose of the SWH System Costs page and the cost
variable categories.

» Input Variable Reference describes the input variables on the SWH System Costs
page.

> Entering Periodic Costs explains how to use annual schedules to assign operation
and maintenance costs to particular years in the project cash flow.

Overview

Solar Advisor uses the variables on the SWH System Costs page to calculate the project investment cost
and annual operating costs reported in the project cash flow and used to calculate cost metrics.

Solar Advisor Model 2010



238 Solar Advisor Model Help

Variable values in boxes with white backgrounds are values that you can edit. Boxes with blue backgrounds
contain calculated values or values from other pages that Solar Advisor displays for your information.

The SWH System Costs page is divided into four main categories. The first two, Direct Capital Costs and
Indirect Capital Costs, are summed in the third category, Total Installed Costs. Because only the Total
Installed Cost value affects the cash flow calculations, you can assign capital costs to the different cost
categories in whatever way makes sense for your analysis. For example, you could assign the cost of
designing the collector to the collector cost category or to the engineer-procure-construct category with
equivalent results. The categories are provided to help you keep track of the different costs, but do not affect
the economic calculations. After assigning costs to the categories, verify that the total installed costs value
is what you expect. The fourth category of costs covers Operation and Maintenance.

Note: The cost values in the sample files are intended to illustrate Solar Advisor's use. The cost data are
meant to be realistic, but not to represent actual costs for a specific project. Actual costs will, of course,
vary. Because of price wolatility in solar markets, the cost data in the sample files is likely to be out of
date.

Input Variable Reference

Direct Capital Costs

A direct capital cost represents an expense for a specific piece of equipment or installation senice that
applies in year zero of the cash flow.

Note: Because Solar Advisor uses only the Total Installed Cost value in cash flow calculations, how you
distribute costs among the different direct capital cost categories does not affect the final results.

Collector Cost ($/m?, $/Unit, or $/W)

The cost of collectors in the system. You can either include labor costs for collector installation in the
collector cost, or account for it separately using the installation cost category. The total collector cost
is calculated as either:

e Dollars per square meter multiplied by collector area on the SWH System page, or
¢ Dollars per unit, representing the total collector cost, or
¢ Dollars per thermal watt of collector capacity multiplied by the nameplate capacity on the SWH
System page.
Storage Cost ($/m? or $/Unit)
The cost of the solar storage tanks. The total storage cost is either:
e Dollars per cubic meters multiplied by the storage volume on the SWH System page, or
¢ Dollars per unit, representing the total storage cost.
Balance of System ($)

A fixed cost that can be used to account for costs not included in the collector and storage cost
categories, for example, the mounting racks and piping.

Installation Cost ($)

A fixed cost that can be used to account for labor or other costs not included in the other cost
categories.
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Contingency (%)

A percentage of the sum of the collector, storage, balance of system, and installation costs to account
for expected uncertainties in direct cost estimates.

Total Direct Cost ($)
The sum of collector, storage, balance of system, installation, and contingency costs.

Indirect Capital Costs

An indirect cost is typically one that cannot be identified with a specific piece of equipment or installation
senice, and may include all other costs that are built into the price of the system, such as profit, overhead,
and shipping costs. Depending on the purpose of your analysis, you may decide to distribute profit among
the direct cost categories or include them as a single value in an indirect category.

Note: Because Solar Advisor uses only the total installed cost value in cash flow calculations, how you
distribute costs among the different indirect capital cost categories does not affect the final results.

Engineer, Procure, Construct (% and $)

Costs associated with design and construction of the project, calculated as the sum of a percentage of
Total Direct Cost and a fixed cost.

Project, Land, Miscellaneous (% and $)

Costs associated with profit, overhead (including marketing), permitting, or shipping, calculated as the
sum of a percentage of Total Direct Cost and a fixed cost.

Sales Tax (%)

Percentage of direct costs to which sales tax applies, calculated by multiplying Total Direct Cost by the
sales tax rate from the Financials page and the percentage that you specify.

Total Indirect Cost ( $)

The sum of Engineer-Procure-Construct costs, Project-Land-Miscellaneous costs, and sales tax.

Total Installed Cost

The total installed cost is the project's investment cost that applies in year zero of the project cash flow.
Solar Advisor uses this value to calculate loan amounts and debt interest payments based on inputs on the
Financing page, and to calculate tax credit and incentive payment amounts for incentive based tax credits
and incentives defined on the Tax Credit Incentives page and Payment Incentives pages.

Total Installed Cost ($)
The sum of total direct cost and total indirect cost.
Total Installed Cost per Capacity ($/Wdc or $/kW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only and not used in cash flow calculations.

Operation and Maintenance Costs

Operation and Maintenance (O&M) costs represent annual expenditures on equipment and senices that
occur after the system is installed. Solar Advisor allows you to enter O&M costs in three ways: Fixed
annual, fixed by capacity, and variable by generation. O&M costs are reported on the project cash flow.
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For each O&M cost category, you can specify an annual escalation rate to represent an expected annual
increase in O&M cost above the annual inflation rate specified on the Einancing page. For an escalation rate
of zero, the O&M cost in years two and later is the year one cost adjusted for inflation. For a non-zero
escalation rate, the O&M cost in years two and later is the year one cost adjusted for inflation plus
escalation.

For expenses such as component replacements that occur in particular years, you can use an annual
schedule to assign costs to individual years. See below for details.

Fixed Annual Cost ($/yr)

A fixed annual cost applied to each year in the project cash flow.
Fixed Cost by Capacity ($/kW-yr)

A fixed annual cost proportional to the system's rated or nameplate capacity.
Variable Cost by Generation ($/MWh)

A variable annual cost proportional to the system's total annual electrical output in AC megawatt-hours.
The annual energy output depends on either the performance model's calculated first year value and the
degradation rate specified on the Annual Performance page, or on an annual schedule of costs,
depending on the option chosen.

Fossil Fuel Cost ($/MMBtu)

The cost per million British thermal units for fuel. Solar Advisor uses the conversion factor 1 MWh =
3.413 MMBtu. Applies only to the generic fossil, CSP trough, and CSP tower systems. The
photowoltaic and CSP dish models ignore the fuel cost input variable. (When the fossil fill fraction
variable on the Thermal Storage page for either of the trough models or the power tower model is greater
than zero, the systems consume fuel for backup energy.)

Entering Periodic Costs

Solar Advisor allows you to specify any of the four operation and maintenance cost categories as an annual
schedule of costs. An annual schedule makes it possible to assign a cost to particular years in the
analysis period. Annual schedules can be used to account for component replacement costs and other
periodic costs that do not recur on a regular annual basis. Note that you cannot have both a regularly
occurring cost in addition to an annual schedule of costs. Solar Advisor will use whatever option is valid as
indicated by a blue highlight on the “Value” button (regularly occurring) or “Sched” button (annual schedule)
to determine which values are used in the model.

For example, to account for component replacement costs, you can specify the fixed annual cost category
as an annual schedule, and assign the cost of replacing or rebuilding the component to particular years. For
a 30-year project using a component with a seven-year life, you would assign a replacement cost to years
seven, 14, and 21. Or, to account for expected improvements in the component's reliability in the future, you
could assign component replacement costs in years seven, 17, and 27. After running simulations, you will
see the replacement costs in the project cash_flow, and Solar Advisor will account for them in the other
economic metrics including the lewelized cost of energy and net present value.

Note. Solar Advisor does not calculate any residual or salvage value of system components at the end
of the analysis period.

The following procedure describes how to define the fixed annual cost category as an annual schedule. You
can use the same procedure for any of the other operation and maintenance cost categories.
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To assigh component replacement costs to particular years:

1.

In the Fixed Annual Cost category, note that the "Value" label is blue indicating that the single
value mode is active for the variable.

Fixed Annual Cost = 284.00 s§fyr

Click the button with the "Sched" label to change the mode to schedule and activate the Edit
button.

gl Edit.. |
Click Edit.

In the Edit Schedule window, use the horizontal scroll bar to find the first replacement year, and
type the replacement cost in current or constant dollars for that year.

To delete a value, select it and press the Delete key on your keyboard.

Note. You must type a value for each year. If you delete a value, Solar Advisor will clear the cell, and
you must type a number in the cell or Solar Advisor will consider the schedule to be invalid. Type a zero
for years with no inverter replacement cost and no annual costs.

5. When you hawe finished editing the schedule, click Accept.

Because you must specify an O&M cost category as either an annual cost or annual schedule, to assign
both a recurring annual fixed cost and periodic replacement cost, you must type the recurring cost in each
year of the annual schedule, and for years with replacement costs, type the sum of the recurring and
replacement costs. Note that dollar values in the annual schedule are in nominal or current dollars. Inflation
and escalation rates do not apply to values in annual schedules.

4.15.2 SWH System

SHW System Costs " To view the SWH System page, click SWH System on the main

Tootmls % 20, 110,60

window's navigation menu. Note that for the solar water heating system

Market window must be Solar Water Heating.

User Varables

= input pages to be available, the technology option in the Technology and
i,

Contents

» Owveniew describes the SWH System page and provides some guidelines for using
the model.

» Input Variable Reference describes the input variables.

» Specifying the Hot Water Draw explains how to define the hourly load profiles for
the hot water draw.
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Overview

The SWH system page displays characteristics of the solar water heating system and allows you to define
the hourly hot water draw of the system.

Keep the following in mind as you use Solar Advisor's solar water heating model:
e Solar Advisor calculates the water mains inlet temperature is based on the correlation to local air
temperature used in the Building America Benchmark.

e The flow rate is assumed constant over each hour, using values from the hourly hot water draw profile
that you specify. Solar Advisor calculates the flow rate in kg/hr as the draw wlume in kg for a given hour
divided by one hour.

e Collectors are assumed to be flat plate collectors plumbed in parallel, with uniform flow through each
collector at the tested flow rate.

e Collectors are characterized by the linear form of the collector efficiency and IAM (incident angle modifier)
equations, with parameters available from test data (e.g., www.solar-rating.org), or by external calculation
for untested collectors.

¢ The collector loop is assumed to be charged with glycol having Cp = 3.4 kJ/kG-°C, with no correction to

the collector parameters.

e The heat exchanger is external to the solar tank, has no thermal losses, and is assumed to hawe the
constant effectiveness that you specify on the SWH system page.

¢ A standard differential controller controls the solar and storage tank loop pumps. Pump power is 40W for
both solar loop and storage loop pumps, and pump energy is assumed totally lost.

e Tanks are modeled with a finite difference approach. The solar and auxiliary storage tanks each are
modeled with 3 nodes, accommodating modest stratification. The solar tank loss coefficient is the Tank
U Value specified on the SWH system page. The auxiliary tank loss coefficient is calculated from the
water heater energy factor specified on the SWH system page. The model assumes a single electric
element located at the bottom node of the auxiliary tank, witha maximum capacity of 4.5 kW. A
tempering valve is placed at the outlet of the auxiliary tank, with setpoint equal to the water heater set
temperature on the SWH System page.

Input Variable Reference

Orientation
Collector Tilt (degrees)

The array's tilt angle in degrees from horizontal, where zero degrees is horizontal, and 90 degrees is
vertical. As a rule of thumb, system designers often use the location's latitude (shown on the Climate
page) as the optimal array tilt angle. The actual tilt angle will vary based on project requirements.

Collector Azimuth (degrees)

The array's east-west orientation in degrees. An azimuth value of zero is facing south in the northern
hemisphere. Positive 90 degrees is facing due west and negative 90 degrees is facing due east. As a
rule of thumb, system designers often use an array azimuth of zero, or facing the equator.

Hourly Hot Water Draw

You must specify a set of 8,760 hourly values representing the hot water system's heating load. You can
either import values from a text file, paste values from a spreadsheet or other file using your computer's
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clipboard, or type a set of 24-hour load profiles for each of the twelve months of the year, with the option of
specifying separate profiles for weekdays and weekends.

See Specifying the Hot Water Draw for details.
Water Draw (kg/hr)
The mass of hot water drawn over an hour. Click Edit to specify the hot water draw.

The mean, min, and max values displayed in the small box next to the Edit button display the mean,
minimum and maximum values in the current data set.

System Parameters

Collector Area (m?)

Total collector area, consistent with the area convention used in the collector efficiency
equation (e.g., use gross area for all SRCC data)

FRta

Optical gain a in Hottel-Whillier-Bliss (HWB) equation 2, , = a — b x dT

1
FRUL (W/m2-°C)

Thermal loss coefficient b in the Hottel-Whillier-Bliss (HWB) equation hco =a-bxdTl

1
Incident Angle Modifier Coeff
The constant bo in the equation JAM =1 — b() x (1/cos(g) — 1)

Heat Exchanger Efficiency

Heat exchanger effectiveness, where the effectiveness e, is definedase= (7, -1 . .)/I (T, .
cold—in)

Tank Height/Diameter Ratio
Defines the solar storage tank geometry, and by extension its geometry.
Storage Volume (m3)

The actual volume of the solar storage tank. Note that the actual volume may be different from the rated
wolume.

Solar Storage tank U value (kJ/h-m2-°C)
the solar storage tank loss coefficient. Note that 1 kJ/h-m2-C = 3.6 W/m?2-C).

Water Heater Energy Factor
The electric auxiliary water heater's energy factor, from the U.S. Department of Energy standard test for
water heaters, where the energy factor, EF, is defined as EF = QTO Loa d/ 0 duxiliary

Water Heater Volume (m?)

The actual volume of the electric auxiliary tank. Note that the actual volume may be different from the
rated volume.

Water Heater Set Temp (°C)
The temperature setpoint for the heating element of the electric water heater.
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Calculated System Size
Nameplate Capacity

The system's nominal capacity in thermal kilowatts, used to in capacity based cost and financing
calculations, and to calculate the system capacity factor reported in results. The capacity, P is given

by P=A_. , x FRta - FRUL x 30/1000, where A4 . , is the collector area.

Coll Coll

Specifying the Hot Water Draw

The hot water draw represents the solar water heating system's hourly thermal load over the period of one
year.

A load data file is a text file with 8,761 rows: The first row is a text header that Solar Advisor ignores, and
the remaining 8,760 rows must contain average hourly electric demand data in kilowatts. The first data
element represents the hour beginning at midnight and ending at 1 a.m. on January 1.

To import load data from a properly formatted text file:
1. Onthe SWH System page, click Edit.
2. In the Edit Hourly Data window, click Import.
3. Navigate to the folder containing the load data file and open the file.
Solar Advisor displays the data in the data table. Use the scroll bars to see all of the data.
4. Click OK to return to the SWH System page.

To import load data from a spreadsheet or other file:

1. Onthe SWH System page, click Edit.

2. Open the spreadsheet containing the load data. The data must be in a single column of 8,760 rows,
and expressed in kg.

3. In the spreadsheet, select the load data and copy it.
4. In the Edit Hourly Data window, click Paste.

5. You can also copy data from the Edit Hourly Data window by clicking Copy, or export the data to a
text file by clicking Save.

If you do not have a complete 8,760 set of load data, you can use a set of daily load profiles for each month,
and use Solar Advisor to create a set of 8,760 values.

To create a load data set using daily load profiles:

1. Onthe SWH System page, click Edit.
2. In the Edit Hourly Data window, check Use monthly grid to generate 8760 data.

3. For each month of the year, define a daily load profile by typing a kg hot water draw value for each
of the 24 hours of the day. The first column represents the first hour of the day, beginning at
midnight and ending at 1:00 a.m.

If you want to specify separate load profiles for weekdays and weekends, click Weekend Values to
define profiles that apply to two days each week. Solar Advisor arbitrarily assumes that the first day
in the data set is a Monday, and that weekends fall on Saturday and Sunday.

If you do not specify separate weekend profiles, Solar Advisor applies the weekday profile to all
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days of the week.

4. When you have specified all of the daily load profiles, click To 8760 to transfer the data to the User
Specified data table. You must complete this step for Solar Advisor to use the profile data in
simulations.

When you define a load with daily load profiles, Solar Advisor assumes that all days in a given
month have identical load profiles.

5. If you want to export the 8,760 data to a text file, click Save. You can also copy the data to a
spreadsheet or other file by clicking Copy, and then pasting the data in to the file.

4.16 User Variables

= To view the User Variables page, click User Variables on the main
User Variables F window's navigation menu. The user variable input page is available for all
- technologies.

The User Variables page displays two types of special variables. Solar Advisor only uses these variables
under special conditions -- you can ignore the user variables for most analyses.

General Purpose User Variables

A general purpose user variable is a variable that you can create to store values in Solar Advisor for
advanced analyses. Solar Advisor stores values of user variables but does not use them in any internal
calculations. You can create up to ten user variables.

One application of user variables is to enhance analyses that inwlve exchanging data with Excel. You can
connect user variables, like other input variables, to cells in an Excel workbook. For example, you could
use a user variable to convert units using a formula in Excel. You can use the general purpose user
variables in parametric and sensitivity analyses.

TRNSYS System Simulation Input User Variables

The system variables are for TRNSYS programmers. You can use the system variables to store values in
the Solar Advisor user interface that interact with a customized TRNSYS input deck.

4.17 Editing Annual Schedules

Some input variables allow you to enter either a single value, or a series of values for each year in the
analysis period defined on the Einancing page. Examples of these variables are the System Degradation
and Availability variables on the Annual Performance page, and the operation and maintenance costs on the
system costs pages for each technology.

Variables with an annual schedule option have a small Value / Sched button next to the variable label. The
variable's current mode is indicated in blue. In this case the variable's mode is Value, allowing you to define
the variable's value as a single number:
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0.12

You can use an annual schedule to enter annual values either by hand, typing values or pasting values from
a spreadsheet or text file. You can also exchange data from an annual schedule with an Excel worksheet,

see Excel Exchange for details.

To enter year-by-year values by hand:

1.

5.

Click Sched to change the variable's mode from a single value to annual schedule mode. Solar
Advisor displays the Edit button.

= Edit.. |

Click Edit to open the Edit Schedule window.

Schedule: Mumber of values: 30|
1 2 3 4 5 L 7

0,12 0.12 0.12 0.12 0.14 0.14 0.15
4| 1] | 3
[ Copy ” Paste ] Accept ] [ Cancel ]

In Number of values, type the number of years for which you want to assign values. Typically, this
number should be equal to or less than the number of years in the Analysis Period defined on the
Financing page.

For each year in the schedule, type a value. The value should be in the same units as the variable's
value.

You can also copy a row of values from Excel, or a line of comma separated values from a text file
and click Paste to enter a series of values.

Click Accept to return to the Costs page.
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418 Working with Numeric Ranges

The numeric ranges window window allows you to assign one or more values to a parametric variable or to a

slider.

'Edit slider: Loan (Debt) Fraction (%) |

Variable Values Define Range

m

65 ~

| Add After... | | AddBefore... |

[ Up ][ Daown ][ Remove ]

5 3 Start Value: 0]
15 End Value: 100

25 Increment: 5

QK ] [ Cancel

To open the numeric ranges window for parametric analyses:

1. On the Parametric Simulation Setup page, select a variable in the list.

2. Click Edit.

variables.

Note. Solar Advisor runs a complete hourly simulation for one year for each value that you assign to a
variable. To awoid excessively long model runs, awoid assigning unnecessary values to parametric

To open the numeric ranges window for sliders:

1. On the Results page, choose the sliders you want to display.

2. Click the Edit Slider Values button.
Loan (Debt) Fraction (%)

Edit Slider
Values
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Define Range

Description

The range of variable values displayed in the Variable Values list begins with this
Start Value value. The start value units and magnitude should be appropriate for the variable
to which values are being assigned.

Range of variable values ends with this value. The start value units and
End Value magnitude should be appropriate for the variable to which values are being
assigned.

Solar Advisor adds the increment value to each value in the list to calculate the
next value. Increment values may be positive, negative, or decimal values.

Calculates values based on the parameters defined above and displays them in
Update . )
the Variable Values list.

Increment

Variable Values

The Variable Values list shows the values that Solar Advisor will assign to the parametric variable or
slider.

Description
Add After Add a value after the selected value in the Variable Values list.
Add Before Add a value before the selected value in the list.
Up Mowe the selected value one step up in the list.
Down Movwe the selected value one step down in the list.
Remowe Removwe the selected value from the list.

To assign values to a parametric variable or slider, you must define a range for the value. Values may or
may not follow a regular pattern.

Regular pattern example: To assign the values 0, 2.5, 5, 7.5, 10 to a variable:
1. Type 0 for the start value.
2. Type 10 for the end value.
3. Type 2.5 for the increment.
4. Click Update.
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Variable values Define Range
0
2.5 Start Value: ]
5
7.5 End Value: 10
10
Increment: 2.5
pdate
| Add After... | | AddBefore... |
| Up || Dawn || Remowve |

To assign values that do not follow a regular pattern, you can use the buttons under the Variable Values box
to add values to the list.

Irreqular range example: To assign the values 0, 3, 4, 5, 6, 10 to a variable:

Type 3 for the start value.

Type 6 for the end value.

Type 1 for the increment.

Click Update.

Select the number 3 in the Variable Values list.
Click Add Before.

Type 0 in the Add Before Selection window.
Click OK.

Select the number 6 in the Variable Values list.

. Click Add After.
. Type 10 in the Add After Selection window.
. Click OK.

Use the Up, Down, and Remove buttons to mowve through the list of variable values and to delete

values.
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Variable values Define Range
g Start Value: 3
4
3 End Value: ]
=
Increment: 1
| Add After... | | AddBefore... |
[ Up ][ Dawn ][ Remowve ]

5 Configuring Simulations

The Configure Simulations page allows you to set up simulations for a range of analyses options.

To view the Configuring Simulations page:

¢ Click the Configure Simulations button located under the navigation menu.

Configure
2 Simulations

The available analysis options are:

e Parametrics: Assign multiple values to one or more input variables. Allows you to compare systems with
different component sizes, locations, and financing assumptions, and to plot graphs of output metrics
over a range of input variable values.

e Sensitivity: Examine how variation in one or more inputs affects the value of an output metric by
assigning a range of variation to one or more input variables. Results are displayed in tornado graphs.

e Optimization: Find the value of one or more input variables that maximizes or minimizes an output
metric.

e Statistical: Explore uncertainties in the inputs. Allows you to define a distribution for one or more input
variables and runs multiple simulations using input values randomly picked according to the distribution.

e Multiple Systems: Model a system as a combination of subsystems. For example, model a photowvoltaic
system that consists of arrays with different orientations.
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e Excel Exchange: Use Excel to store or calculate input variable values.

5.1 Parametric Analysis

Contents

» Oveniew describes the parametric simulation option.
» Page Reference describes the parametric simulation setup options.

> Setting up a Parametric Analysis describes the steps for defining parametric
variables.

» Working with Linkages explains how to set up a parametric analysis when
parametric variables have a dependent relationship.

» Sample Parametric Results shows examples of the types of graphs that can be
created using parametric analyses.

Overview

A parametric analysis inwlves assigning multiple values to one or more input variables to explore the
relationship between the input variables and results metrics. Examples of parametric analyses include:

e For photowltaic systems, exploring the effect of array orientation on system electricity output by
assigning multiple values to the array tilt and orientation variables.

e For CSP trough systems with thermal energy storage, exploring the effect of solar multiple and storage
capacity on the levelized cost of energy.

e For any technology, exploring the effect of annual degradation rates on the system's annual energy
output over the life of a project.

Configuring parametric variables makes it possible to plot graphs of performance or economic output
metrics as a function of one or more input variables. For example, to plot a graph of the annual electric
generation performance metric and the array tilt input variable, you would need to define the array tilt
variable as a parametric variable. Parametric variables also appear on sliders, allowing you to dynamically
change graphs and tables on the Results page.

Note. Input variables that are not inwolved in the performance simulation calculations, such as those on
the financing, tax credit and payment incentives, and utility rate pages, are available as sliders without
being defined as parametric variables.

To display the parametric simulation setup options:
1. On the Main window, click Configure Simulations to view the Configure Simulation page.
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Configure
Simulations

2. On the Configure Simulations page, click Parametrics to display the Parametric simulation setup
options.

# ? 4 8 § [
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3. Click Add Parametric Simulation to add a set of parametric simulation setup options. You can
add as many parametric simulations as your analysis requires.

[ Add Parametric Simulation J\[ Clear All
|
Lag

Click Remove Simulation to delete a simulation option.
Click Clear All to remove all simulation options from the case.

Page Reference

The Parametric Simulation Setup options allow you to add and remowe variables from the list of parametric
variables, assign values to and edit parametric variables, and to set up linkages between parametric
variables that have interdependent values.

Parametric Simulation Setup

Variables: [ Add ] [ Remove ] Selected Variable Values:
Array/Tilt [Linked] SAMEED Boulder.tm?2 [40
i SAMJCA Los Angeles. tm?2 [ 34

Array/Azimuth (deg
] SAM/MY Mew Yor

Multiple Values Assigned
to Highlighted Variable

Parametric
Variables List

[ Setup Linkages...

Parametric Simulation Setup
Add

Add an input variable to the parametric variables list. You must add a variable before you can assign it
multiple values.

Remove

Removwe a variable from the parametric variables list. When you remowve a variable, Solar Advisor assigns
the value from the variable's input page to the variable.

Setup Linkages

Create linkages between parametric variables when the values of one of the variables is dependent on
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those of the other.
Edit
Assign values to or edit values of the variable highlighted in the parametric variables list.
Up
Movwe the highlighted value in the variable values list up one row.
Down
Move the highlighted value in the variable values list down one row.
Remove Simulation

Remowve the parametric simulation setup and delete all parametric values. You can also clear the
Enable this simulation checkbox to keep the setup options but exclude the parametric analysis from
simulations.

Enable this simulation

This box must be checked for the parametric simulation setup to be included in simulations when you
run the model.

Setting up a Parametric Analysis

Once you have added a parametric simulation, you must add one or more parametric variables to the
simulation, and assign multiple values to each variable.

After setting up the optimization, click the Run All Simulations button, or click Run All Simulations on the
Case menu to run the optimization and any other enabled simulations.

To set up a parametric analysis:

1. Display the parametric simulation setup options as described above.

2. Click Add to choose variables to which you want to assign multiple values from a list of available
input variables. Solar Advisor adds the variables to the parametric variables list.
Parametric Simulation Setup

Variables: [ Add I\SH Remove ] Se
]

| 1T

3. Highlight each variable in the parametric variables list and click Edit to assign values to the
variables. See Working with Numeric Ranges for details.

Parametric Simulation Setup

Variables: [ Add ] [ Remove ] Selected Variable Values:

0 )
Array/Tilt (deq)

4. Check Enable this simulation to include the parametric analysis in simulation runs. You can sawe
the parametric simulation setup options and exclude the analysis from simulations by clearing the
checkbox. Clearing the checkbox allows you to shorten simulation run times without losing the
setup configuration.
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| Remove Simulation |

J I'|E||:I|E this simulation

Working with Linkages
In some analyses, parametric variables may be interdependent. For example:

¢ Tilt depends on location when an analysis assumes that the photowoltaic array or CSP collector tilt angle
is equal to the location's latitude.

e Thermal storage capacity depends on the solar multiple for a CSP trough analysis that assumes that the
storage system capacity scales with the solar field area.

For these analyses, linking the interdependent parametric variables prevents Solar Advisor from simulating
combinations of parametric variable values that are not relevant to the analysis. For example, linking the
array or collector tilt variable to the location variable ensures that Solar Advisor only simulates systems that
use a location's latitude as the tilt angle. Without linkages, Solar Advisor would simulate all combinations of
locations and tilt values.

To setup a linkage between two parametric variables:

1. Add the two variables to the parametric variables list as described above. The parametric variables
list may include other variables.

2. Click Setup Linkages.

3. In the Choose Linked Parametric Variables window, check the variable names for each of the two
linked variables.

4. Click OK. Solar Advisor displays the word "Linked" in brackets next to the variable names in the
parametric variables list indicating the linked variables

5. Click the first linked variable. Solar Advisor displays the variable's values in the variable values list,
and shows the value of the other linked variable in brackets.

6. Click Edit to assign multiple values to the first linked variable. See Working with Numeric Ranges
for details.

7. Click OK. Solar Advisor displays question marks in brackets next to the values of the second
linked variable to which you have not yet assigned values.

8. In the parametric variables list, click the second linked variable.

9. Click Edit to assign multiple values to the variable. Note that you should assign the same number
of values to this variable as you did to the first linked variable.

10. Click OK. Solar Advisor displays the values of both variables in the variable values list. Check the
list to make sure that there are no question marks in brackets indicating a missing linked value and
that the values are in correctly matched pairs.

Sample Parametric Analysis Results

The following graphs were created by setting up parametric analyses. You can use these examples to
better understand how to use parametric analysis to create useful graphs.

The following graph shows how a photowltaic system's first year annual electric output depends on the
array tilt. The tilt variable on the Climate page was defined as a parametric variable with ten values: 0, 10,
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20, 30, 40, 50, 60, 70, 80, and 90 degrees from horizontal:

1st Year Output vs. Tilt (Par. 1)

6,000
5,000 [ ]

4,000 - ]

kwih

1,000 .
2,000 [ ]

1,000 [ ]

] 10 20 30 40 ] &0 70 BD b 1]
Degrees from Horizontal

The next graph shows how the first year annual electric output depends on both the array tilt and azimuth.
The tilt variable was assigned the same values as the previous graph, and the azimuth variable was
assigned values between -90 and 90 degrees west of south in increments of 15 degrees:

Annual Output vs Tilt and Azimuth

Degrees West of South

Degrees from Horizontal

The third graph shows the relationship between the first year annual electric output and array azimuth for
three locations, assuming an array tilt equal to the location's latitude. The azimuth value was assigned
ranges between -90 and 90 degrees as abowve, and the tilt and location variables were linked as follows:
Location = Boulder : Tilt = 40 degrees, Location = Los Angeles : Tilt = 34 degrees, Location = New York
City : Tilt = 41 degrees. Each cluster of bars in the graph shows the annual energy output for each azimuth
value for Boulder, Los Angeles, and New York, respectively.
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Annual Output vs Azimuth for Three Locations
6"5{:'{:' T T T

5,500 [ ]
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5.2 Sensitivity Analysis

Contents

» Oveniew describes the sensitivity simulation option.
» Page Reference describes the sensitivity simulation setup options.

> Setting up a Sensitivity Analysis describes the steps for defining sensitivity
variables.

» Sample Sensitivity Results shows examples of tornado graphs that can be created
using sensitivity analyses.

Overview

The sensitivity analysis option allows you to specify a range of values as a percentage for one or more input
variables to investigate how sensitive an output metric is to variations in the input variables' values.
Examples of sensitivity analyses include:

* Determining the sensitivity of the lewelized cost of energy to different capital cost components.

e Comparing the sensitivity of the lewvelized cost of energy to capital cost and financial assumptions.

Configuring sensitivity analyses makes it possible to plot tornado graphs showing the range of an output
metric values for one or more sensitivity variables.
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Note. Solar Advisor calculates results for each sensitivity variable independently. In some analyses, this
may cause misleading results. This is especially true when the sensitivity variable is a performance
input variable rather than a cost or financial input variable. For example, for CSP trough systems with
storage, varying the thermal storage capacity independently of the tank heat loss variable to examine
how sensitive the system's electrical output is to storage capacity would not accurately account for the
expected increase in heat loss for larger storage systems. Similarly, for photowoltaic systems, varying
the number of modules per string independently of the inverter type or number of inverters might result in
inaccurate system output calculations if the inverter is improperly sized for a number of modules within
the range specified for the sensitivity analysis.

2. On the Configure Simulations page, click Sensitivity to display the Parametric simulation setup
options.

® 7T L4 & W [
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3. Click Add Sensitivity Simulation to add a set of sensitivity simulation setup options. You can add
as many sensitivity simulations as your analysis requires.

Add Sensitivity Simulation tgl Clear All I

Click Remove Simulation to delete a simulation option.
Click Clear All to remowe all simulation options from the case.

Page Reference

The Analysis Setup options allow you to choose an output metric, add and remowve variables from the list of
sensitivity variables, assign values to and edit sensitivity variables, and assign ranges to each sensitivity
variable.
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Analysis Setup

Select an output metric: |LCOE{reaI} hd

Select inputs to vary: Solar Field Cost per m2
Loan Rate (+/- 25
Add... PP& Escalation Rate %"’;ﬁfg;ﬂ
| Edt. | Sensitivity

Femove Variables LiSt-l

+/- Variation on inputs: 10 S Default
{ignored for inputs with custom spedified variations) Range
Analysis Setup

Select an output metric

Choose an output metric for the sensitivity analysis. This metric will appear on tornado graphs in the
results.

Add
Add an input variable to the sensitivity variables list.

Edit
Assign a "custom" variation range to the variable highlighted in the sensitivity variables list. Solar
Advisor assigns the default range to all sensitivity variables that do not have a different custom range.

Solar Advisor indicates the custom range in parentheses next to the variable's name in the sensitivity
variable list.

Remove
Removwe a variable from the sensitivity variables list.
+/- Variation on inputs

The default range applied to all sensitivity variables that do not have a different custom range. For a
range value of 10 %, Solar Advisor would calculate the range of values of an input variable between 10
% below and 10 % abowe the variable's value on the input page.

Setting up a Sensitivity Analysis
Once you have added a sensitivity simulation, you must add one or more sensitivity variables to the
simulation.

After setting up the optimization, click the Run All Simulations button, or click Run All Simulations on the
Case menu to run the optimization and any other enabled simulations.

To set up a sensitivity analysis:
1. Display the sensitivity simulation setup options as described above.
2. Click Add to choose variables to which you want to assign a variation range from a list of available
input variables. Solar Advisor adds the variables to the sensitivity variables list.
3. If you want to use a variation range value other than the default value displayed below the sensitivity
variables list, click Edit to assign a custom range value.

April 2010



Sensitivity Analysis 259

4. Check Enable this simulation to include the sensitivity analysis in simulation runs. You can sawe
the sensitivity simulation setup options and exclude the analysis from simulations by clearing the
checkbox. Clearing the checkbox allows you to shorten simulation run times without losing the
setup configuration.

| Remove Simulation |

J nal:ule this simulation

Sample Sensitivity Analysis Results

The following tornado graphs were created by setting up sensitivity analyses. You can use these examples
to better understand how to use parametric analysis to create useful graphs.

The following graph shows how sensitive a CSP trough project's lewvelized cost of energy is to four capital
cost categories. To create the graph, the following four variables were defined as sensitivity variables using
the default variation range of 10 %: Power plant cost, solar field cost, HTF system cost, and storage
system cost:

LCOE(real) Tornado (Sens. 1)

sl ek o pr 230 v/ 10%) | -

Powier Plant Cost par kWe=850 (+/- 10%) | [ 1IN -

Storage System Cost per kWht=40 {+/- 10%) |- -:l -

HTF System Cost Per m2=50 {+/- 10%)

=

cents / kWwh

The next graph shows shows how sensitive the lewelized cost of energy is to selected capital cost
categories compared to selected financial assumptions for a CSP trough system. The solar field cost, loan
rate, and PPA escalation rate were defined as sensitivity variables with a 10 % variation range. how the first
year annual electric output depends on both the array tilt and azimuth. The tilt variable was assigned the
same values as the previous graph, and the azimuth variable was assigned values between -90 and 90
degrees west of south in increments of 15 degrees:
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LCOE(real) Tornado (Sens. 2)

LT R —

PPA Escalstion Rate=1.2 {+/- 10%) |- |] i

PR I AT T T R
11 112 114 116 118 12

cents [ kwh

5.3 Optimization

Contents

» Oveniew describes the optimization option.
» Page Reference describes the optimization simulation setup options.
» Setting up an Optimization describes the steps for defining optimization variables.

» Sample Optimization Results shows examples of results from an optimization
analysis.

Overview

An optimization involves choosing an output metric that you would like to either maximize or minimize, and
allowing Solar Advisor to find values of one or more input variables that result in the maximum or minimum
output metric value. Examples of optimization include:

e For photowltaic systems, finding the array tilt and azimuth values that result in the lowest lewvelized cost
of energy to optimize the array orientation for lowest cost of energy.

e For a photowltaic system modeled using the PVWatts performance model, optimize the storage
capacity for minimum lewelized cost of energy.

e For a CSP trough system, find the optimal collector deploy and stow angle to maximize solar field
thermal output.
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Note. When you optimize an input variable, be careful to choose one that is not interdependent on other
variables. For example, for a CSP trough system with storage, optimizing the solar multiple independent
of storage capacity to minimize the levelized cost of energy could give misleading results. Similarly, for
photowoltaic systems, optimizing the number of modules per string independently of the inverter might
result in a system with an improperly sized inverter. To find optimal values of interdependent variables,

you can use parametric analysis.

One application of Solar Advisor's optimization capability is to help you find values of input variables to use
for your analysis. For example, for a photowoltaic system, you could use optimization to find the best array
tilt and azimuth values to use on the Array page. Or, for a CSP trough system, you could use optimization
to find the deploy and stow angle to use on the Solar Field page.

To display the optimization setup options:

1. On the Main window, click Configure Simulations to view the Configure Simulation page.
Configure
Z Simulations

2. On the Configure Simulations page, click Optimization to display the optimization simulation
setup options.

& ? . &g & [
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3. Click Add Optimization Simulation to add a set of optimization setup options. You can add as
many parametric simulations as your analysis requires.

Add Optimization Simulation H\}l Clear All I

Click Remove Simulation to delete a simulation option.
Click Clear All to remowe all simulation options from the case.

Page Reference

The Optimization Setup options allow you to select the output metric to maximize or minimize, add and
remove variables from the list of optimization variables, and assign a range of values to optimization
variables.
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Optimization Setup

Minimize Select an output metric:
@ Maximize |Therma| Energy From SF, Annual -
Select inputs and limits: Deploy Angle (0 to 20)

Stow Angle (160 to 180)

| Add.. |
| Editlimits... |
| Remove |
Output tolerance (percent change between iterations): 1%
Search space arid divisions per variable: 3
Search space on each variable (+/-) per iteration: 20 %%
Mumber of potential optimums to pursue per iteration: 2
Maximum number of optimization iterations: 20
Maximum total simulations (0 for no limit); 0
Maximum total simulation time (0 for no limit): 10 mins

Optimization Setup
Minimize / Maximize
Choose whether to maximize or minimize the output metric.
Select an output metric
Choose the output metric to maximize or minimize.
Add
Choose one or more optimization variables from a list of available input variables.
Edit limits
Assign an upper and lower limit to the variable highlighted in the optimization variable list.
Remove
Removwe the highlighted variable from the optimization variable list.
Advanced parameters

The advanced parameters affect the speed and resolution of the optimization. You can use the default
values for most analyses, or experiment with the values for faster run times. You can also try adjusting
the values if Solar Advisor does not find an optimal solution.

Setting up an Optimization

Once you have added an optimization simulation, you must choose an output metric to maximize or
minimize, add one or more optimization variables to the simulation, and edit the limits of each variable.

After setting up the optimization, click the Run All Simulations button, or click Run All Simulations on the
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Case menu to run the optimization and any other enabled simulations.

To set up an optimization:

1. Display the parametric simulation setup options as described above.

2. Click Add to choose variables to which you want to assign multiple values from a list of available
input variables. Solar Advisor adds the variables to the parametric variables list.

3. Highlight each variable in the parametric variables list and click Edit to assign an upper and lower
limit to each variable.

4. Check Enable this simulation to include the optimization in simulation runs. You can sawe the
optimization setup options and exclude the analysis from simulations by clearing the checkbox.
Clearing the checkbox allows you to shorten simulation run times without losing the setup
configuration.

| Remove Simulation

J Enable this simulation
—

Sample Optimization Results
The following exampile illustrates the use of optimization for Solar Advisor analyses.

This example is for a CSP trough system, and finds the optimal collector deploy and stow angles defined on
the Solar_Field page. Those angles determine the collector angle at which heat transfer fluid begins
circulating in the morning, and stops circulating in the evening, respectively. The system starts tracking the
movement of the sun at sunrise, but deploying collectors too early results in wasted energy from operating
fluid pumps before there is sufficient energy to generate electricity. Similarly, continuing to operate the fluid
pumps in the evening when the sun is below a certain point above the horizon wastes energy. Optimizing
the deploy and stow angles for maximum thermal energy delivered by the solar field ensures that the
system does not waste energy by deploying the collectors too late or stowing them too early. In this
example for a system in Dagget, California, Solar Advisor found an optimal deploy angle of 12 degrees, and
an optimal stow angle of 167 degrees. The optimization found the maximum value of the annual thermal
energy from solar field output metric for deploy angle limits of 0 and 20 degrees, and stow angle limits of
160 to 180 degrees:
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Annual Thermal Energy from SF (Opt. 1)

1,200,000, 000 -
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5.4 Statistical

Contents

» Overview describes the statistical analysis simulation option.
» Page Reference describes the statistical simulation setup options.

> Input Distribution Options describes the distribution parameters that you specify for
each statistical variable.

» Setting up a Statistical Analysis describes the steps for choosing an output metric,
input variables, and distribution parameters for a statistical analysis.

» Displaying Histograms for Statistical Variables describes the graphing options on
the Results page available for statistical analyses.

Overview

A statistical analysis allows you to examine the effect of uncertainty in the value of one or more input
variables on an output metric. For example, you could use statistical analysis to explore how the degree of
uncertainty in the installation cost of one or more system components might affect the system's lewelized
cost of energy over the project life.

In a statistical analysis, Solar Advisor runs several simulations for a distribution of values assigned to one or
more input variables, and displays a histogram showing the frequency distribution of different output metric

April 2010



Statistical 265

values over each input variable's distribution of values.

For an example of a Solar Advisor file with statistical analysis, open the sample template Statistical
Analysis Sample: On the File menu, click Open Sample Template and select the template from the list.

To display the statistical simulation setup options:

1. On the Main window, click Configure Simulations to view the Configure Simulation page.

Configure
Z1  Simulations

2. On the Configure Simulations page, click Statistical to display the statistical simulation setup
options.

® 7?7 L & W [
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3. Click Add Parametric Simulation to add a set of parametric simulation setup options. You can
add as many parametric simulations as your analysis requires.

| Add statistical SirnL.lJaﬁon[J\?[ Clear Al

Click Remove Simulation to delete a simulation option.
Click Clear All to remove all simulation options from the case.

Page Reference

The statistical Analysis Setup options allow you to select the output metric, add and remove variables from
the list of statistiacl variables, and assign distribution parameters to the statistical variables.

Analysis Setup

Select an output metric: [LCDE{num} - ]

Select input distributions: Inverter Cost [ Mormal[0.51, 0.076

Module Cost { Uniform[3, 4] )

Edit

Rermove

Mumber of Monte Carlo Runs; 700

Analysis Setup
Select an output metric
Choose the output metric for the statistical analysis.
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Add
Choose one or more statistical variables from a list of available input variables.
Edit
Assign an input distribution for the analysis. See below for details.
Remove

Removwe the highlighted variable from the statistical variable list.
Number of Monte Carlo Runs

Enter a value for the number of simulations to run for the analysis. The default value is 400.

Input Distribution Options

The edit distribution window allows you to define the type of distribution to use for the statistical analysis
and to assign values to the statistical analysis parameters.

Edit Inverter Cost Distribution L2 )
Choose an input distribution
Variable Name: Inverter Cost
Current Value: 0.56 A
INnrmaI A 1.0
Mean {mu): 0.51
Std, Dev. (sigma): 0.0785
< : >
7 2.5 7
Mean=2.5, Std.dev.=1
Mean=0, Std.dev.=4
o) o
.

Choose an input distribution

Variable name

The name of the statistical variable. This the variable that was highlighted in the statistical variable list
when you clicked Edit.

Current Value
The value of the statistical variable on the variable's input page.
Distribution list

Select from a list of distributions, and Solar Advisor displays a description of the distribution and
parameters for you to enter.
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Setting up a Statistical Analysis

Once you have added a statistical simulation, you must choose an output metric for the analysis, add one
or more statistical variables to the simulation, and edit the distribution parameters of each variable.

After setting up the optimization, click the Run All Simulations button, or click Run All Simulations on the
Case menu to run the optimization and any other enabled simulations.

To set up a statistical analysis:
1. Display the statistical simulation setup options as described above.

2. Click Add to choose variables to which you want to assign a distribution from a list of available
input variables. Solar Advisor adds the variables to the parametric variables list.

3. Highlight each variable in the parametric variables list and click Edit to assign the distribution
parameters.

4. Enter a number of simulations for Number of sampled values per variable. Solar Advisor will run
this many simulations using variable values based on the distribution parameters you specify.

5. Click Compute Samples to generate a table of values without running simulations.

6. Check Enable this simulation to include the optimization in simulation runs. You can save the
optimization setup options and exclude the analysis from simulations by clearing the checkbox.
Clearing the checkbox allows you to shorten simulation run times without losing the setup
configuration.

| Remove Simulation |

J nal:ule this simulation

Displaying Histograms for Statistical Variables

After you run all simulations with one or more statistical simulations enabled, Solar Advisor allows you to
view a histogram for each statistical variable on the Results page. To display a histogram, Solar Advisor
sorts the values of the simulations into bins. The number of bins is specified in the graph setup.

For example, in the Statistical Analysis Sample file, the Inverter Cost histogram shows the number of
occurrences of inverter cost that fall into each of the equally spaced bins, whose center values are shown
along the x axis. The blue line is the estimated cumulative distribution function (CDF), labeled on the right
axis from 0 to 1, and indicates the percentage of inverter cost values whose values fall below the
corresponding x value.
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Inverter Cost Histogram
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The histogram graph can only plot a single variable. Instead of plotting the inverter cost values, you could
plot the levelized cost of energy, showing histogram of the 700 calculated LCOE values that correspond to
the random values chosen for the Inverter costs. This way, given different amounts of uncertainty in your
chosen inputs, you can visualize the effect and uncertainty on any of the single-valued output metrics.

LCOE (nom) Histogram
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5.5 Multiple Systems

Contents
» Oveniew describes the multiple systems simulation option.
» Page Reference describes the multiple system analysis setup options.

> Setting up a Multiple System Analysis describes the steps for combining
subsystems into a combined system.

Overview

A multiple systems analysis allows you to model a power system as a combination of subsystems. This
makes it possible to model a photowoltaic system consisting of separate subsystems with arrays oriented
in different directions, or a CSP trough system consisting of two separate subsystems with different
characteristics. Each subsystem is a complete electricity generating system, which means that for a CSP
system for example, each subsystem would include a solar field, storage system, and power generating
unit.

Solar Advisor applies a single set of financing, tax credit and payment incentives to a combined system, but
applies separate performance and climate specifications to each subsystem.

The results such as levelized cost of energy and annual electric output displayed in graphs and tables on
the Results page are for the combined system rather than for the individual subsystems.

For an example of a Solar Advisor file with multiple systems, open the sample template Combined Multiple
PV Systems: On the File menu, click Open Sample Template and select the template from the list.

To display the multiple system simulation setup options:

1. On the Main window, click Configure Simulations to view the Configure Simulation page.

Configure
Z1  Simulations

2. On the Configure Simulations page, click Multiple Systems to display the multiple system
analysis setup options.

#® ? 4 & W [
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Page Reference

The multiple system setup options allow you to choose which cases in the project file to combine into a
system, and display the capacity and cost values for the combined system.
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Select Additional Performance Outputs
List of available cases

The list of available cases shows the cases in the project file that you can combine into a single
system. You must create a case for each subsystem to be combined into a single system. Solar
Advisor includes only checked cases in the combined system. The list of cases corresponds to the
case tabs in the project file.

Enable this simulation

This box must be checked for the system to be modeled as a combined system.

Aggregate System Variables

The aggregate system variables display values for the combined system that Solar Advisor calculates by
adding values from the individual subsystems.

Combined Nameplate Capacity (kW)

The sum of the subsystem nameplate capacities displayed on the System Summary page for each
subsystem. For photowltaic systems, the nameplate capacity is equivalent to the total array capacity
in DC kW. For CSP systems, it is the nominal capacity of the power cycle in kW of electricity.

Combined Heat Rate (MMBtu/MWh)

This applies only to generic fossil systems and is the sum of each subsystem's heat rate from the
Fossil Plant page.

Total Direct Cost ($)

The sum of the total direct cost values displayed on each subsystem's costs page.
Total Installed Cost ($)

The sum of the total installed cost values displayed on each subsystem's costs page.
Total Direct Sales Tax ($)

The sum of the total sales tax values displayed on each subsystem's costs page.
O&M Annual Cost ($/yr)

The sum of the fixed annual operation and maintenance costs displayed on each subsystem's costs
page.

O&M Annual Capacity Cost ($/kW-yr)
The sum of the fixed annual operation and maintenance costs displayed on each subsystem's costs
page.

O&M Variable by Production ($/MWh)

The sum of the fixed annual operation and maintenance costs displayed on each subsystem's costs
page.

Setting up a Multiple System Analysis

Setting up a multiple system analysis inwolves creating a case for each subsystem to be combined, and
then selecting the cases to be included in the multiple system analysis.

After setting up the analysis, click the Run All Simulations button, or click Run All Simulations on the
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Case menu to simulated the combined system..

To set up a multiple system analysis:

1.
2.

5.6

Create a case for each subsystem to be included in the combined system.

Display the case that you want to be the primary system.

Solar Advisor will apply the input variables on the Utility Rate, Financing, Tax Credit Incentives, and
Payment Incentives pages from the primary system to the combined system. It will ignore input
values on those pages from the subsystems.

Display the multiple system analysis setup options as described abowe.

Under Select Additional Performance Outputs, check each case to include in the combined
system, including the current (primary) case indicated by "This case is required" in parentheses
next to the case name.

Solar Advisor displays the combined system nameplate capacity and costs under Aggregate
System Variables.

Check Enable this simulation to include the multiple system analysis in simulation runs. You can
save the parametric simulation setup options and exclude the analysis from simulations by clearing
the checkbox. Clearing the checkbox allows you to shorten simulation run times without losing the
setup configuration.

Excel Exchange

l.']

lar.advisor.s rt@nrel.gov

Contents

» Oveniew describes the Excel Exchange feature.

» Page Reference describes the Excel data exchange setup options.

Overview

Solar Advisor allows you to connect any input variable in Solar Advisor to a cell or range of cells in a
Microsoft Excel workbook. This feature allows you to use external spreadsheet-based cost and performance
models to generate values for Solar Advisor input variables. Because Solar Advisor can both import values
from workbooks and export values to them, you can use the result of a spreadsheet calculation as the value
of one input variable that depends on the value of other input variables. User variables are user-defined input
variables that can also share values with external workbooks.
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Note for Mac users. Solar Advisor can not exchange data with Microsoft Excel on Mac computers. This

means that the Excel Exchange feature is disabled on Mac wversions of the software, and that Solar
Advisor cannot directly export data to Excel workbooks.

To use the Solar Advisor data in Excel or another spreadsheet program, you can export the data to a
comma-separated text file (CSV), and then import the CSV file to the spreadsheet program.

For an example of a Solar Advisor file with Excel Exchange, open the sample template Excel Sample: On
the File menu, click Open Sample Template and select the template from the list.

To display the Excel data exchange setup options:
1.

On the Main window, click Configure Simulations to view the Configure Simulation page.

Configure
Z Simulations

2. On the Configure Simulations page, click Excel Exchange to display the Excel data exchange
options.

# ? o @ ® |F

Parametrics Sensitivity Optimization Statistical Multiple Systems Excel Exchange %

Page Reference

The Excel Data Exchange options allow you to add and remove Solar Advisor input variables to the list of
variables to exchange data with Excel, specify the Excel workbook with which to exchange data, and for
each input variable, define the relationship with a cell or range of cells in the workbook.

Excel Data Exchange

Variables: Total Installed Cost &ISAMPLESY fExcel Sample.xls
DiC Rating

Fixed Cost by Capadity [
Iser Variable 1

Browse... ] [ Apply for all variables

Remowve

Clear all

(@ Send Variable Value To Excel Range

() Capture Variable Value From Excel Range

=
=]
| IIH
]

Excel Range: Instaled_Costs
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Parametric Simulation Setup
Add

Add one or more input variable from the input pages. You can configure each variable to either send a
value to an Excel range, or "capture" a value from an Excel range.

Remove

Delete the highlighted variable from the list.
Clear All

Delete all variables from the list.
Browse

Browse your computer's folders to find the Excel workbook with which you want to exchange data. The
workbook can be located in any folder on your computer.

Apply for all variables

Send Variable Value to Excel Range

Configure the highlighted variable to send its value to the specified Excel range.
Capture Variable Value From Excel Range

Configure the highlighted variable to capture its value from the specified Excel range.
Excel Range

The range name or cell reference identifying the cell or range of cells in the Excel workbook with which
the highlighted variable will exchange data.

Enable this simulation
This box must be checked for the analysis to exchange data with Excel.

6 Results Page Reference

The Results page displays simulation results. There are two ways to view the Results page:

¢ Click Run all simulations to recalculate output variables based on the current set of inputs, or
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Click on the following image of the Results page to jump to the topic describing the feature.
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The following topics describe the Results page features:

e Metrics Table describing the function and contents of the Metrics table.

e Working with Graphs describing how to work with the functions on the Graphing tab.
e Working with Sliders describing how to set up and manage sliders.

¢ Viewing Data Tables describing the Data Table and Base Case Cashflow tabs.
Related sections are:

e Qutput Variable Reference describing each the variables displayed on the Results page.

e Exporting Data and Graphs describing the options for exporting results data and graph images for use in
reports and other applications.

6.1 Metrics Table

The metrics table displays a set of output variables for each case in the project file. Solar Advisor displays
the Metrics table under the navigation menu when results are available for a case. The variables that appear
in the metrics table depend on the project's financing options, which are defined in the Technology and
Market window and on the type of financing defined on the Financing page as shown in the table below.

April 2010



Metrics Table

275

Metric

Annual Energy (kWwh) 6,580.9
LCOE{nom) 18.89 ¢/kWh
LCOE(real) 14,56 ¢kwh
Met Present Value £ -2,546,37
Payback 28,7268 years
Capacity Factor (%%) 19.7

kWh kW - Year 1 1,728.6

System Performance Factor 0.74

For a description of each variable in the metrics table, see Output Variables Reference.

Note. The annual energy quantity reported in the metrics table and graphs on the Results page
accounts for the availability factor on the Annual Performance page, while the data reported in the hourly
results and case summary workbook does not. The annual energy quantity in the metrics table is equal
to the total annual energy output reported in the hourly results multiplied by the availability factor.

Table 29. Output variables that appear in the Metrics table for different financing types

and technologies.

Financing Option

Output Variables in Metrics Table

Residential - Cash

Residential - Loan or Mortgage
Commercial Cash

Commercial - Standard Loan

Annual Ener kWh

LCOE(nom)

LCOE(real)

Net Present Value

Payback

Capacity Factor

System Performance Factor (PV systems only)

Utility and IPP
Commercial - Third-Party Ownership

Annual Energy (kWh)
1st Year PPA Price

LCOE(nom)
LCOE(real)

Internal Rate of Return
Minimum DSCR

PPA Escalation

Debt Fraction

Capacity Factor
System Performance Factor (PV systems only)

For certain simulation configurations, Solar Advisor displays two columns of values for each output variable:

e For model runs inwolving the Multiple Systems simulation configuration, Solar Advisor displays output
variables for the active case in the Base column of the Metrics table, and output variables for the
combined system in the Combined column.

e For model runs inwolving the Statistical simulation configuration, the values of mu, sigma are displayed in
the second column of the Metrics table.
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6.2 Graphs

By default, Solar Advisor displays a set of default graphs on the Results page. The Results page can

display up to four graphs at the same time.

The best way to learn how to view graphs is to experiment with the functions on the Graphing tab. The
following guidelines will help you understand how they work.

To show and hide graphs:

1. Click the Graphing tab to show thumbnails of available graphs.
The Graphing tab displays a thumbnail of all of the graphs defined for the case. Some graphs are
default graphs, and others are graphs that you may have added or edited.

2. Click a thumbnail to display a graph on the Results page. Hold down the Ctrl key and click up to
four graphs to display multiple graphs on the page.

To hide a graph, hold down the Ctrl key and click its thumbnail on the Graphing tab.
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e To display a single graph on the Results page, Choose Selected or the name of a graph in one of
the graph lists, and choose None in the remaining three graph lists.

To add or modify graphs:

1. To add a graph to the list of available graphs, click Add.
To modify an existing graph, select the graph name in the available graphs and click Edit. You can

also modify a visible graph by right-clicking it.
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2. In the Edit Graph window, choose data to graph and other graph properties.

Use the Properties options to assign graph labels, adjust line thickness, show and hide the legend,
and change other properties.

Tips for working with graphs:

e Use sliders to see the effect of changing input variables on the graph without changing input variable
values on the input pages.

¢ Right-click graphs to export graph images and data.
¢ View graph data tables on the Data Table tab. Click and drag the border above the tab to resize the table.

¢ Right-click a graph to hide the legend, change line thickness and colors, edit graph legends, and modify
other graph properties.

¢ Click the Notes button above the top right corner of the Resulst page to display an editable text box to
make notes about a graph.

The default graphs appear whenever you run a simulation and depend on the type of system being modeled.

Table 30. Descriptions of some default graphs.

Graph Name

Description

Annual Output

Total annual energy output versus project year. Shows the total energy produced by
the system for each year of the project life.

Cashflow

After-tax cash flow for each year of the project life. Red indicates negative cash
flow, green indicates positive cash flow.

LCOE

Real and nominal lewvelized cost of energy on a single graph.

Cost stacked bar

Cost of energy bar graph showing relative contribution of each project cost. The
operation and maintenance (O&M) contribution is the value of all O&M cash flows
discounted to year 1.

Monthly Output
(Monthly Thermal
Energy)

Monthly average values of system electric (thermal) output for each month of the
year.

Monthly (Annual)
Energy Flow

Monthly (annual) average incident radiation and electric output at various points in
the system. For concentrating solar power systems, the graph shows intermediate
thermal energy quantities.

The graph types available for a given analysis depend on the options defined on the Configure Simulations
page. The Base Case simulation generates results based on the values of input variables visible on the input

pages.
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Table 31. Graph types available for different simulation configurations.

Graph Type Description Simulation
Configuration

Bar Graph Represents a y value for each x value as a vertical Base Case
rectangular bar.

Stacked Bar Graph |Similar to a bar graph, but rectangles within each bar Base Case
represent categories of data.

Line Plot A line connects y values on a two-dimensional graph. Base Case

Tornado Chart Horizontal rectangular bars represent the variation in the Sensitivity
value of an output variable with respect to one or more input
variables.

Contour Plot A three-dimensional representation of the results of an Parametric

output value over a range of values for two input variables.

Histogram/CDF Represents the frequency of occurrence of an output variable | Statistical
over a range of input variable values.

The graph axes available for graphs depend on the graph type.

Table 32. Graph axes available for different graph types.

Axis Name Description Graph Types

XValues Horizontal axis of 2-D graphs and contour graphs. Bar, Stacked Bar,
On 3-D surface plots, appears as horizontal axis perpendicular to |Line Plot, Histogram/
the y-axis. CDF, Tornado Chart

Y1 Values Vertical axis of 2-D graphs and contour graphs. Bar, Stacked Bar,
On 3-D surface plots, appears as horizontal axis perpendicular to |Line Plot, Tornado
the x-axis. Chart

Y2 Values Second vertical axis on 2-D graphs. Scale displayed on right side |Bar, Stacked Bar,
of graph. Line Plot

Z Value Vertical axis of 3-D surface plots. Colored lines on contour plot. |Contour Plot

X Parametric Parametric variable to display on x-axis of 2-D graphs. Variable |Contour Plot
names only appear when one or more parametric variable is
defined.

Y Parametric Second parametric variable to display on x-axis of 2-D graphs. Contour Plot
Variable names only appear in list when two or more parametric
variables are defined.

6.3 Sliders

A slider is a user interface element that allows you to dynamically change the value of an input variable and
obsene the effects on tables and graphs displayed on the Results Summary page. For example, the
following group of three sliders would allow you to view the effect of changing operation and maintenance
costs (Fixed Cost by Capacity), inverter cost and module cost on the lewelized cost of energy and other
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graphs.
Fixed Cost by Capacity ($/kW-yr) .E

74

Inverter Cost

0.71 |
Module Cost

Note. Moving a slider only changes the graph. It does not change the stored inputs or results.

To use sliders:
e To add a slider, click Choose base case sliders:

= | [gRl ] =

e To change value of a slider, click and drag the blue slider button, which will turn yellow as you drag
it. The button indicates the variable's current value, as does the number at the left end of the slider.
The red line indicates the variable's base case value, which is the value from the variable's input
page.

Module Cost

3 B?Z

e The buttons on the top right corner of the slider allow you to assign the current value to the base
case value, change the slider's range, and to remowe the slider from the Results Summary page.

Remove
Slider

Assign Current
Value to Base Case

Change
Slider Range

Note. Assigning a slider's current value to the base case changes the variable's value on the input page.
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6.4 Data Tables

The data tables display graph data for graphs \isible on the Results page and the cash flow for the analysis
base case. The analysis base case results are based on the input variable values that are \isible on the
input pages. The base case results do not include results for parametric, sensitivity, optimization, or
statistical analyses defined on the Configure Simulation page.

To view the data tables:
1. On the Results page, choose the graphs you want to view.

2. Click the Data Table tab.

3. Click and drag the border above the tabs to resize the table. You can also use the scrollbars to see
hidden table data.

LCOE (Base Case) Monthly Output (Base Case)
5{:' T _I ] T T T T T T T T T T T T
a0l . S0t N
| - ol |
| .
] 00| -
10| .
1] ]
LCOEreal) LCOE] o) Jan FebMar AprMay Jun Jul Awg SepOct Nov Dec
Graphing Data Table Base Case Cashflow
A B C D E F G
1 ¥ LCOE(real) LCOE{nom) Month |AC Power Qutput (KWh), Monthly
2 |1 36,97 47.63 1 417.23
3 2 463.65
4 3 567.11
5 4 643.8
(] 5 632.5
7 5] 629.61
B 7 629.67
9 8 809,77
10 9 567.83
11 10 541.7
12 11 433.84
13 12 394.2

To view the base case cash flow:
1. On the Results page, click the Base Case Cashflow tab.
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2. Drag the border above the tabs to resize the table. Use the scrollbars to view the entire cash flow
table.
See Cash Flow Reference for a description of the cash flow variables.

6.5 Exporting Data and Graphs

Solar Advisor provides a variety of options for exporting images of graphs and results data to other
applications for further analysis or inclusion in reports and other documents.

Note for Mac users. Solar Advisor can not exchange data with Microsoft Excel on Mac computers. This
means that the Excel Exchange feature is disabled on Mac versions of the software, and that Solar
Advisor cannot directly export data to Excel workbooks.

To use the Solar Advisor data in Excel or another spreadsheet program, you can export the data to a
comma-separated text file (CSV), and then import the CSV file to the spreadsheet program.

To export data from graphs and tables:

¢ Click an option on the Results menu to export data from the current graphs on the Results page, cash
flow, or case summary to either the clipboard, a comma-separated text file, or to an Excel workbook.

File Case | Results | Developer Help

2 Reside Graph Data b ltem #2 Utility Flat Plate Sy=
——— Cashfl 3 To Clipboard [
Select Techr asiiow I} Hee
Case Surmmary [ Save as C5V...

Climate View Hourly Time Series (DView)..  Ctrl-T sendtoBreel  F4

Location: PHOENTY, AZ [ | HI | ~rveseean |

e Click the Export and view data button to display the same set of export options in the Export Data
window:
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Bpor e B =

Select Data To Export

{7 Graph Data [ Save as C5V... ]
@ Cashflow [ To Clipboard ]
(©) Case Summary | SendToExcel |

[ View Hourly Time Series (DView). .. ]

¢ Right click a graph on the Results page and choose an export option:

LCOE (Base Case)

BLCOE(real) E
[ LCOE{nom) ]

X

wn

ol Edit... N
Copy data to clipboard k‘ ]
15 Save data to C5V —

To clipboard (as shown) ]
er To clipboard (400x300) ]

To clipboard (800:600)

Export (as shown)...
Export (400:300)...
LCOEres]) Export (800:4500)...

6.6 Data Viewer (DView)

Solar Advisor displays graphs of hourly data for the current case in a built-in data viewer called DView. You
can use the viewer to display graphs of climate data and of hourly results.

DView displays graphs of hourly data, monthly and annual averages of hourly data, and statistical graphs.
DView allows you to export data from graphs to a tab-delimited text file, and to copy graph images for use
in presentations and reports.

To display the graphs of time series data in DView:

1. On the Results menu, click View Hourly Time Series (DView) to display base case hourly
results in the viewer, or

on the Climate page, click View hourly data to view data from the weather file in the viewer.
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2. Click the tab for the graph format you want to view. See the table below for a description of the
different formats.

3. Select the variable or variables to view. Depending on the graph format, a list of available variables
appears either in a drop-down box or as a list of check boxes.

Note. For CSP systems, including trough, power tower, and dish-Stirling systems, when you view hourly
results in DView, Solar Advisor displays a subset of the hourly results generated by the TRNSYS
simulation engine. For instructions about viewing a complete set of hourly results, see Viewing Hourly
Output Data.

Tips for using the data viewer:

e For check box lists, checking a box in the leftmost column splits the graph into two and displays the
checked variable in the upper graph. Checking a box in the rightmost column displays the graph in the
lower graph, or in a single graph when no boxes are checked in the leftmost column.

¢ Right-click a graph to export an image of the graph or a table of the data in the graph.
* Change properties of a graph, such as the graph title and labels, line colors and style, and axis bounds
by right-clicking a graph and choosing Properties.

Table 33. Data viewer graph formats.

Tab Name Graph Format Description

DMap 8,760 point data map showing entire year of hourly data in a single graph
Hourly Time series line graph, use scroll bars and zoom buttons to view entire data set
Daily Daily average line graph

Monthly Monthly average line graph

Boxplot Monthly average with daily and monthly minima and maxima
Profile Average daily profiles by month

PDF Probability distribution function
CDF Cumulative distribution function
DC Duration curve

6.7 Case Summary Workbook

l.']

lar.advisor. rt@nrel.gov
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6.8 Cash Flow

Solar Advisor reports annual data in the cash flow table, including the system's annual electric output in
kWh, electricity price in $/kWh, net-metering receipts or sales revenue, project expenses, taxes, and cost
streams used to calculate the project payback.

The cash flow table only displays data from on the analysis base case, which is the set of results
calculated from the input variable values that are \isible on the input pages. The cash flow table does not
include results from parametric, sensitivity, optimization, or statistical analyses defined on the Configure

Simulations page.

The cash flow table is available in two places:

¢ On the Results page data tables by clicking the the Base Case Cashflow tab (drag the grey border above
the tab to expand the table)

e By exporting to Excel by clicking the Export and view data button on the Results page, or clicking
Cashflow on the Results menu.

An after-tax cash flow graph is also available as an option on the Results page Graphing tab.

Solar Advisor calculates the values for the cash flow and other economic metrics after completing the
performance simulation calculations. The model uses the first year annual energy output value from the
simulation results in the cash flow calculations. It also uses input variable values from the following input
pages:

e Utility Rate (for commercial and residential projects only) for offset electricity payment calculations.

e Financing for electricity price, tax and insurance and debt-related calculations.

Tax Credit Incentives for tax credit calculations.

Payment Incentives for incentive payment calculations.

Annual Performance for year two and later annual energy output calculations.

To calculate the project capital and operating costs, Solar Advisor uses input variables from the system
costs page for the appropriate technology. In the explanations below, the term "system costs page" refers
to one of the following input pages:

e PV System Costs

e Trough System Costs
e Dish System Costs

e Tower System Costs
e Fossil System Costs

Note. You can learn more about the cash flow calculations by exploring the Excel formulas in the
financial spreadsheets posted on the Solar Advisor website: https://www.nrel.govanalysis/sam/
download.html.

Energy (kWh)

The energy quantity reported for year one is equal to the Annual Energy value displayed in the Metrics table
. The quantities in year two and subsequent years is based on the year one value adjusted for the
degradation rate on the Annual Performance page.
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Energy Price ($/kWh)

For commercial and residential projects, the energy price is the annual average utility rate as defined on the
Utility Rate page.

For utility and commercial third party projects, the energy price is the 1st Year PPA price displayed in the
Metrics table. For year two and later, the energy price is the first year price adjusted by the PPA_escalation
rate also displayed on the Metrics table.

Energy Value ($)

Residential and commercial projects may receive net-metering offset payments for electricity generated by
the project. Commercial projects pay federal and state income tax on these payments as shown in the after
tax cash flow explanation below.

For utility projects, annual revenues are determined in each year by the annual energy output and the
electricity sales price for that year.

Energy Value = Energy (kWh) x Energy Price ($/k Wh)

Operating Expenses

The operating expenses include operation and maintenance costs, and insurance and property tax
payments. The values in the Operating Costs row of the cash flow table is calculated as follows:

Operating Costs = Fixed O&M Annual + Fixed O&M + Variable O&M + Fuel O&M + Insurance +
Property Taxes

Note. The Recapitalization value is not used in the current version of Solar Advisor.

The operation and maintenance (O&M) costs are defined on the system costs page and escalated in each
year after year one using both the escalation rate for each O&M category on the system costs page and
the inflation rate value on the Financials_page. The insurance and property tax rates are also both on the
Financials page, and apply to the total installed cost value on the system costs page.

CSP trough, CSP tower, and generic fossil systems also include an annual cost of fuel in the total operating
expense. (When the fossil fill fraction variable on the Thermal Storage page for troughs or towers is greater
than zero, the systems consume fuel for backup energy.) and For photowltaic and CSP dish systems, the
fuel cost is always zero.

Operating Income and Deductible Expenses

For residential and commercial projects, the deductible expenses are project costs that can be deducted
from federal and state income taxes.

For residential projects, the deductible expense amount equals the property tax amount:
Deductible Expenses = - Property Taxes

For commercial projects, all operating costs are deductible:
Deductible Expenses = - Operating Costs

For utility projects, the operating income is the difference between revenues and operating costs:

Operating Income = Revenues - Operating Costs
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Financing

The debt balance in year one is equal to the principal amount displayed on the Financing page. The debt
balance in years two and later is equal to the previous year's debt balance less the previous year's debt
repayment amount:

Debt Balance = - Debt Balance (previous year) - Debt Repayment (previous year)
The debt interest payment is the debt balance multiplied by the loan interest rate on the Financing page:
Debt Interest Payment = Debt Balance x Loan Rate

The debt repayment amount is the annual payment on principal amount assuming constant payments over
the loan term defined on the Financials page and at the constant annual interest rate defined on the
Financials page. Solar Advisor calculates the amount using a methodology equivalent to Excel's PPMT
function.

The total debt payment is the sum of interest and principal payments:
Debt Total Payment = Debt Interest Payment + Debt Repayment

Income, Taxes and Incentives

All projects pay state and federal taxes on the total taxable income for each year when the state and federal
annual tax rates on the Financing page are non-zero. Federal and state tax cash flows are displayed in two
separate sections of the cash flow spreadsheet, under the rows labeled Tax Effect on Equity (State) and
Tax Effect on Equity (Federal). The tax amount for each year appears in the Tax Savings row under each
section.

Depreciation

For utility and commercial third party ownership projects with a depreciation option defined on the
Financials page, Solar Advisor displays the depreciation amount in the State Depreciation and Federal
Depreciation rows of the cash flow table. The depreciation amounts and applicable years are determined by
the options on the Financials page.

Income Less Deductions
The cash flow table shows two income streams each for state and federal tax calculations:
¢ For residential and commercial projects, the incentive income less deductions is the sum of all incentive
amounts less applicable deductions:
Income Less Deductions = Deductible Expenses + IBl + CBI + PBI - Interest Payment
For residential projects with the loan financing (not mortgage financing) option on the Financing page, the
interest payment amount is not deducted.

For utility and commercial third party projects, the incentive income less deductions is the operating
income less applicable deductions:

Income Less Deductions = Operating Income + IBl + CBI + PBI - Depreciation - Interest Payment
e The taxable income less deductions is the sum of all incentive amounts that are defined as taxable on
the Payment Incentives page less applicable deductions:
Taxable Income Less Deductions = Income Less Deductions - [IBI, CBI, PBI defined as taxable]
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Income Taxes

The state and federal income tax amount is the taxable income multiplied by the tax rate on the Financing
page for the applicable tax:

Income Taxes = Taxable Income Less Deductions x Tax Rate

Tax Savings

For both federal and state taxes, a positive value of Tax Savings indicates a tax savings or cash inflow. A
negative value indicates a tax liability or cash outflow.

The tax savings amount is the income tax less PTC and ITC tax credit amounts:
Tax Savings = Income Taxes - PTC - ITC
The PTC and ITC are the production tax credit and investment tax credit, respectively:

e The PTC, if it applies, is calculated for each year by multiplying the tax credit percentage from the Tax
Credit Incentives page by the value electric output amount for that year.

e When an ITC applies, it is subtracted only in year one of the project; it is not subtracted in year two and
subsequent years. The ITC is either equal to the fixed amount on the Payment Incentives page, or
calculated by multiplying the ITC percentage on the Incentives page by the applicable basis.

A note about incentives. Some incentives have caps that limit their maximum value, while others have
escalation rates that increase their value from year to year. Others hawe term limits that end payments
after a given number of years. In some cases the incentive income is taxable at the federal or state level,
and in other cases it is not. Finally, investment and capacity based incentives may or may not reduce
the basis on which the investment tax credit (ITC) is calculated. All of these factors are defined on the
Payment Incentives page.

After Tax Cash and Cost Flow

Year zero of the cash flow shows represents project capital cost. The capital cost is equal to the total
installed cost displayed on the system costs page minus the loan principal amount from the Einancing page

Year one is the first year that the project generates electricity. The cash flow for year one and subsequent
years accounts for project expenses, income from electricity sales, taxes, and incentive payments.

The after tax cash flow for year one and subsequent years is given by:

After Tax Cashflow = After Tax Cost +
Residential Offset Electricity Payments
Commercial Offset Electricity Payments - Offset Electricity Payments x Effective Tax Rate
Utility Revenues

The after tax cost in year one and subsequent years is:

After Tax Cost = State Tax Savings + Federal Tax Savings + PBI Incentives - Operating Costs -
Debt Total Payment

Note. The cash flow table for utility projects does not include a row for the After Tax Cost flow.
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The effective tax rate is a single number that includes both the federal income tax rate and state income tax
rate. Solar Advisor uses the effective tax rate for several calculations requiring a total income tax value.

The effective tax rate calculation is:

FEffectiveTasRate = £ FederalTaxRate * (1 — FStateTaxRate) + FStateTaxRate
The federal and state tax rates are input variables on the Financing page.

Payback Cash Flows

Solar Advisor displays payback cash flows for commercial and residential projects only. These cash flows
are used to calculate the project payback displayed in the Metrics table and are explained in the payback
description.

Payback expenses included = After Tax Cashflow + Debt Interest Payment x (1 - Effective Tax
Rate) + Debt Repayment

Payback expenses excluded = Payback expenses included + Operating Costs + Deductible
Expenses x Effective Tax Rate

The cumulative cash flow for each year is the sum of the current year's "payback amount" and the previous
year's amount.

PreTax Debt Service Coverage Ratio (Utility and Third-party Ownership Only)

Solar Adviser displays the annual debt service coverage (DSCR) amounts for utility and commercial third
party ownership projects only:

PreTax DSCR = Operating Income + Total Debt Payment

7 Output Variable Reference

Solar Advisor displays output variables in graphs and tables as described in Results Page Reference. This
section describes each of the variables that appear in the Metrics table and in many graphs.

Hourly performance variables that appear on the Hourly tab of the Case Summary results spreadsheet and
in the time series data viewer (DView) are described in Viewing Hourly Performance Data.

The variables described in this section are:

e | ewelized Cost of Energy (LCOE)

e 1st Year PPA Price

e Annual Energy

e Capacity Factor
e Debt Fraction

¢ Internal Rate of Return
e kWh/kW - Year 1

e Minimum DSCR

e Net Present Value
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e Payback
e PPA Escalation

e KWh/kW - Year 1
e System Performance Factor

7.1 Levelized Cost of Energy (LCOE)

Contents

» Oveniew defines the levelized cost of energy in general terms.

» LCOE for Residential and Commercial Projects describes how Solar Advisor
calculates the lewelized cost of energy for systems with either residential market or
commercial Market financing.

» LCOE for Commercial Third Party and Independent Power Producer Projects
describes the calculation of the levelized required revenue for projects with either
commercial market - third-party ownership or utiltity and IPP financing.

> Real and Nominal LCOE describes the difference between the two forms of LCOE.

» Replicating LCOE Calculations in Excel explains how to use data from the cash
flow table to calculate the LCOE valeus with Excel formulas.

Overview

The lewelized cost of energy (LCOE) in cents per kilowatt-hour accounts for a project's installation,
financing, tax, and operating costs and the quantity of electricity it produces over its life. The LCOE makes
it possible to compare alternatives with different project lifetimes and performance characteristics. Analysts
can use the LCOE to compare the option of installing a residential or commercial project to purchasing
electricity from an electric senice provider, or to compare utility and third-party ownership projects with
investments in energy efficiency, other renewable energy projects, or conventional fossil fuel projects. The
LCOE captures the trade-off between typically higher-capital-cost, lower-operating-cost renewable energy
projects, and lower-capital-cost, higher-operating-cost fossil fuel-based projects.

Solar Advisor calculates the LCOE for residential and commercial projects differently than it does for utility
and commercial third-party ownership projects as described below. You can specify the project's financing
type (residential, commercial, commercial third-party, and utility) in the Technology and Market window.
Solar Advisor displays the financing type on the main window in the toolbar directly below the case tabs in
the main window.

For all projects, Solar Advisor calculates both a real and nominal LCOE value. The real LCOE accounts for
the effect of inflation over the life of the project. The nominal LCOE excludes inflation from the calculation.

Solar Advisor Model 2010



290 Solar Advisor Model Help

Notes.

You can verify the Solar Advisor's LCOE calculation by exporting the cash flow table on the Results
page to Excel and using the formulas described for each form of the LCOE below.

You can also explore the LCOE methodology by downloading the spreadsheets on the Support page of
the Solar Advisor website. Each of the five spreadsheets duplicates Solar Advisor's cash flow equations
using Excel formulas.

The LCOE values for the cases in the sample files include the effects of incentives. To see what the
LCOE would be with no incentives, set sliders for all incentives to zero, and read the LCOE value in
Metrics table. See Working with Sliders for more information.

For more information about the lewelized cost of energy and other economic metrics for renewable
energy projects, see Manual for the Economic Evaluation of Energy Efficiency and Renewable Energy

Technologies. (Short 1995) http://www.nrel.gov/docs/legosti/old/5173.pdf.

LCOE for Residential and Commercial Projects

For a project using one of the Residential Market or Commercial Market (except Third-Party Ownership)
financing options defined in the Technology and Market window, the LCOE is the cost of installing and
operating a system per unit of electricity it produces over the project's life. Solar Advisor assumes that
projects with residential or commercial financing are distributed energy projects installed on a residential or
commercial property, and that power generation equipment operates on the retail customer side of the
electric meter. For these projects, you can compare a project's LCOE to the electricity rate that the
residence or commercial entity would pay to an electric senice provider if the project were not installed.

Solar Advisor uses the real discount rate and inflation rate on the Financing page to calculate the present
worth of future costs. The discount rate accounts for the time value of money and the relative degree of risk
for alternative investments.

Solar Advisor uses the inflation rate to calculate Year 2 and later costs in the cash flow based on the cost
input values that you specify on the system costs page. The inflation rate accounts for expected price
increases over the project life for future operating costs.

For the real LCOE, the real discount rate appears in the denominator's total energy output term:

S
n=0 (1+doominal)”

N 9]

=R

n=1 (1+deag)"”

Similarly, for the nominal LCOE, the nominal discount rate appears in the denominator's total energy output
term:

real LCOE =

nommal LCOE =
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The summation in the numerator term starts at » = 0 to include project's capital costs incurred in year zero
of the cash flow and shown as the Total Installed Cost on the system costs pages. The summation in the
denominator term begins at n = 1, which is the first year that the project produces energy.

Qn (kWh) Electricity generated by the project in year n, calculated by the performance model based on
weather data and system performance parameters. The first year output is reported in the
Metrics table and in the year one column of the project cash flow. Year two and subsequent
output is the first year output reduced by the amount specified for the degradation rate on
the Annual Performance page.

N Project life in years as defined on the Financing page.
C, %) Project net cost in year 1, shown in Solar Advisor as the after tax cash flow in the cash flow
tables.
veal The real discount rate defined on the Financing page. This is the discount rate without
inflation.
wominal The nominal discount rate, calculated as described below. This is the discount rate with
inflation.

The nominal discount rate can be calculated based on the values of the real discount rate and the inflation
rate on the Financing page:
(1+d, . )1+e)-1

nominal =
Where,
) Nominal discount rate expressed as a fraction.
nominal
dreal Real discount rate defined on the Financing page expressed as a fraction.
e Inflation rate defined on the Financing page expressed as a fraction.

LCOE for Utility IPP and Commercial Third Party Projects

For a project using either the Utility and IPP or Commercial Market - Third-Party Ownership financing option
in the Technology and Market window, the LCOE is the amount that the project must receive for each unit of
electricity it sells to meet financial returns targets defined on the Financing page. This makes the LCOE for
these projects very sensitive to the values that you specify for the minimum IRR, minimum DSCR, and
positive cash flow. In some cases, you can specify constraints that make the project capital investment a
relatively insignificant factor in the LCOE calculation.

Solar Advisor assumes that utility IPP (independent power producer) and commercial third-party ownership
projects are power generation projects installed on the utility side of consumer power meters. These
projects recover capital, operating, and financing costs through electricity sales to a utility customer or
other off-taker through a power purchase agreement with a fixed annual electricity sales price and optional
annual escalation rate.

For these projects, the LCOE is effectively a levelized price of electricity because it is based on the present
worth of the project's revenue stream (which you can see in the project cash_flow). The electricity sales
price reported in the cash flow for year one is equivalent to the first year power purchase price, which Solar
Advisor reports as 1st Year PPA Price in the metrics table.

Solar Advisor uses the real discount rate and inflation rate on the Financing page to calculate the present
worth of future costs. The discount rate accounts for the time value of money and the relative degree of risk
for alternative investments.
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Solar Advisor uses the inflation rate to calculate Year 2 and later costs in the cash flow based on the cost
input values that you specify on the system costs page. The inflation rate accounts for expected price
increases over the project life for future operating costs.

For the real LCOE, the real discount rate appears in the denominator's total energy output term:

N
R
o (1+dpominal) ™
=4 -

v

redl LCOE =
o

=R
p (L+deag) ™

=1

Similarly, for the nominal LCOE, the nominal discount rate appears in the total energy output term:

¥
B
n=0 (1+dyominat )™

i

nominal LCOE =

Oy
n=1 (1+dnominat "
Where,

Qn (kWh) Electricity generated by the project in year n, calculated by the performance model based on
weather data and system performance parameters. The first year output is reported in the
Metrics table and in the year one column of the project cash flow. Year two and subsequent
output is the first year output reduced by the amount specified for the degradation rate on the
Annual Performance page.

N Project life in years as defined on the Financing page.
R Project revenue from electricity sales in year n , equal to the annual electric output multiplied

by the annual electricity sales price. The required revenue in year one is equal to the product of
the first year PPA price and Annual Energy values reported in the results. The required revenue
in subsequent years is equal to the first year PPA price escalated by the PPA Escalation Rate
shown on the Metrics table.

The real discount rate defined on the Financing page. This is the discount rate without inflation.

real

The nominal discount rate, calculated as described below. This is the discount rate with
inflation.

nominal

The nominal discount rate can be calculated based on the values of the real discount rate and the inflation
rate on the Financing page:

(1+d_)1+e)-1

nominal

Where,
. Nominal discount rate expressed as a fraction.
nominal
dml Real discount rate defined on the Financing page expressed as a fraction.
e Inflation rate defined on the Financing page expressed as a fraction.

Real and Nominal LCOE

Solar Advisor reports both a real LCOE and a nominal LCOE value in the Metrics_table. The form of the
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discount rate used in the denominator's total energy output term of the equations described abowe
determines the form of the LCOE.

The real LCOE is a constant dollar value that is adjusted for inflation and is always greater than its nominal
LCOE. Because the nominal discount rate used to compute the nominal LCOE includes inflation, inflation is
effectively factored out of the nominal LCOE. The nominal LCOE is a current dollar value. Note that if you
set the inflation rate on the Financing page to zero, the real and nominal LCOE will be equal.

The choice of real or nominal LCOE depends on the analysis. Most long-term analyses are conducted in
real (constant) dollars to account for many years of inflation over the project life, whereas most short term
analyses use nominal (current) dollars. Some industries prefer to use one form over the other. For example,
when discussing LCOE for parabolic trough projects, analysts tend to use the nominal LCOE, while the U.
S. Department of Energy uses the real LCOE in its comparative analysis of photowoltaic project costs. Be
sure to use the same form of the LCOE when comparing costs for different alternatives: Never compare a
real LCOE of one alternative with a nominal LCOE of another.

The nominal discount rate can be calculated based on the values of the real discount rate and the inflation
rate on the Einancing page:
1+ dreal)(1 +e)-1

nominal

Where,
) Nominal discount rate expressed as a fraction.
nominal
dml Real discount rate defined on the Financing page expressed as a fraction.
e Inflation rate defined on the Financing page expressed as a fraction.

Replicating LCOE Calculations in Excel

If you would like to better understand Solar Advisor's LCOE calculations, you can follow the procedures
described below to replicate the calculations using a spreadsheet program.

Note for Mac users. Solar Advisor can not exchange data with Microsoft Excel on Mac computers. This
means that the Excel Exchange feature is disabled on Mac versions of the software, and that Solar
Advisor cannot directly export data to Excel workbooks.

To use the Solar Advisor data in Excel or another spreadsheet program, you can export the data to a
comma-separated text file (CSV), and then import the CSV file to the spreadsheet program.

To replicate the residential or commercial LCOE calculation in Excel:
1. Export the cash flow table to an Excel worksheet.

2. Type the project's discount rate and inflation rates as percentages into two blank cells in the
worksheet. You can find these values on Solar Advisor's Financing page.

3. Type the following formula into a third empty cell to calculate the nominal discount rate:
=(1+[inflation rate])*(1+[real discount rate])-1
Replace the words in brackets with cell references to the appropriate values in the worksheet.
4. Type the following formula into a blank cell to calculate the real LCOE:

=-[year zero cost flow]-NPV([nominal discount rate],[after tax cost])/NPV([real discount rate],
[electric output])
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The year zero cost flow is the value in the zero column in the after tax cost row toward the bottom
of the table. The after tax cost and electric output are series of values from year 1 to the final year
in the analysis period.

5. Use the following formula to calculate the nominal LCOE:

=-[year zero cost flow]-NPV([nominal discount rate],[after tax cost])/NPV([nominal discount rate],
[electric output]

To replicate the utility or commercial third party LCOE calculation in Excel:

1. Export the cash flow table to an Excel worksheet.

2. Type the project's discount rate and inflation rates as percentages into two blank cells in the
worksheet. You can find these values on Solar Advisor's Financing page.

3. Type the following formula into a third empty cell to calculate the nominal discount rate:
=(1+[inflation rate])*(1+[real discount rate])-1
Replace the words in brackets with cell references to the appropriate values in the worksheet.
4. Type the following formula into a blank cell to calculate the real LCOE:
=NPV([nominal discount rate], [revenues])/NPV [real discount rate],[electric output])

The revenues and electric output are series of values from year 1 to the final year in the analysis
period.

5. Use the following formula to calculate the nominal LCOE:
=NPV([nominal discount rate],[revenues])/NPV([nominal discount rate],[electric output]

Note. You can also replicate the calculations in Excel using the summations shown in the equations
abowe in place of the NPV formulas.

7.2 1st Year PPA Price

The first year PPA price is the electricity sales price for projects with Utility and IPP or Commercial - Third-
Party Ownership financing as defined in the Technology and Market window. Solar Advisor assumes that
such projects sell electricity through a power purchase agreement (PPA) at a fixed price over the life of the
project with an optional annual escalation rate.

The first year PPA Price and annual escalation rate (PPA Escalation rate on the Financing page) determine
the project's annual revenues. Solar Advisor calculates the annual revenues to meet the minimum
requirements of the internal rate of return (IRR), debt senice coverage ratio (DSCR), and positive cash flow,
which are defined as constraining assumptions on the Financing page. Because of the way the first year
PPA price, IRR, and minimum DSCR interact, Solar Advisor uses an iterative algorithm to determine the
values of these variables.

For projects with Utility and IPP financing, the constraining assumptions defined on the Financing page are
the Minimum Required IRR and the Minimum Required DSCR, and a positive cash flow requirement:
Find First Year PPA such that
IRR = Minimum Required IRR, and

Min DSCR = Minimum Required DSCR, and
Cash Flow in Year n > 0 (when the cash flow requirement is positive)
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For projects with Third-Party Ownership financing, there is a single constraining assumption defined on the
Financing page, the Minimum Required IRR:
Find First Year PPA such that
Actual IRR = Minimum Required IRR

The following equations show the calculations used in the iterative algorithm to determine the IRR and
minimum DSCR, which are both reported as results with the 1st Year PPA Price in the Metrics table.

The internal rate of return is the discount rate, /RR in the equation below, that corresponds to a project net
present value, NPV, of zero:

¥
er - C-".:tarTax n
NPV = E — — +Cag o =10
(1 +]:RR]H AfterTax(
n=1
Where,
NPV ($) The net present value of the project over its life.
N The number of years in the project life, defined by the analysis period on the Financing
page.
R ($) The required revenue in year n, shown in the Revenues row of the cash flow. The revenue

! in year 1 (Rn:]) is equal to the first year PPA price. The revenue is subsequent years (R

I<n<N) is equal to the first year PPA price adjusted by the PPA escalation rate defined on

the Financing page.
C AfterTaxn ($) The after tax cash flow in year n, equal to State Tax Savings + Federal Tax Savings + PBI
! ' Incentives - Operating Costs - Debt Total Payment + Revenues in the project cash flow.

IRR Internal rate of return, calculated by systematically trying different values until the NPV is
equal to zero.

The debt senvice cowerage ratio in each analysis year (DSCRn) is the ratio of operating income to expenses

in that year:
DSCRR _ er - CU‘parati.ﬂg‘n
Clntaraat‘n + C?fi.m:ipal‘n
Where,
DSCR, Debt senice coverage ratio in year n shown in the PreTax Debt Service Coverage Ratio
row of the cash flow.
R (%) The required revenue in year n, shown in the Revenues row of the cash flow table, equal to

the product of the electric output and electricity sales price in year n. Note that the
electricity sales price in year 1 is equal to the first year PPA price, and in subsequent

years (R 1<n<N) is equal to the first year PPA price adjusted by the PPA escalation rate

defined on the Financing page.

Operating,n ($) The total operating costs in year n, shown in the Operating Costs row of the cash flow.

($)  The loan interest payment in year n, shown in the Debt Interest Payment row of the cash
flow.

($) The loan principal payment in year n, shown in the Debt Repayment row of the cash flow.

Interest,n

Principal,n
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The minimum DSCR is the lowest value of the project's debt-senvice coverage ratio that occurs in the life of
the project:

minimum DSCE. = min DSCE,,

re[1.N]
Where,

minimum DSCR ~ The minimum debt senice coverage ratio, reported as a result in the Metrics table.

DSCRn Debt senice coverage ratio in year n shown in the PreTax Debt Service Coverage
Ratio row of the cash flow. (The symbol min represents the function that searches for
the minimum value of the DSCR in the cash flow.)

7.3 Annual Energy

The annual energy quantity reported in the Metric table is the total electric generation in kWh for the first
year that the project operates, equivalent to Year one in the project cash flow. Note that output in
subsequent years may be lower than in the first year depending on the value of the degradation rate on the

Annual Performance page.

7.4 Capacity Factor

The capacity factor is the ratio of the system's predicted electrical output in the first year of operation to the
output had the system operated at its nameplate capacity:

E Cutput Yearl

CF =
PS}-'stmlCapacit}- - 8760

Where,

CF Capacity factor.

EOutmeem The total annual electric generation in the first year of operation, equivalent to year one in
(KWh) the project cash flow.

PSys tem Capacity The system's rated capacity expressed in kilowatts (see table below).

(kW)
8760 (hours) Number of hours in a simulation year.

The system capacity depends on technology being modeled. Note that Solar Advisor converts the capacity
value to kW before using it in the calculation.
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Table 34. Rated system capacity values for each technology.

Technology System Capacity Input Page
PV SAM Performance Models Total Array Power (Wdc) Array
PV PVWatts DC Rating (kW) PVWatts Solar Array
CSP Parabolic Trough Rated Turbine Net Capacity (MWe)| Power Block
CSP Power Tower Nameplate Capacity (MWe) Power Cycle
CSP Dish Stirling Total Capacity (kW) Solar Field
Generic Fossil Nameplate Capacity (kWe) Fossil Plant

7.5 Debt Fraction

The debt fraction is the percentage of the project total installed cost cost that is financed through a loan.
The value is reported as a result only for projects with Utility and IPP or Commercial - Third-Party Ownership
financing as defined in the Technology and Market window.

For these types of projects, depending on the financial optimization option on the Financing page, the debt
fraction is either a user-defined input on the Financing page, or a value that Solar Advisor calculates. When
the Automatically minimize LCOE with respect to Debt Fraction option is checked, Solar Advisor finds the
debt fraction that results in the lowest lewvelized cost of energy.

Solar Advisor uses the debt fraction to calculate the principal and interest payments shown in the project
cash flow, and used in the iterative search algorithm described in 1st Year PPA Price.

7.6 Internal Rate of Return

The internal rate of return is the discount rate that corresponds to a project net present value of zero for
projects with Utility and IPP or Commercial - Third-Party Ownership financing as defined in the Technology
and Market window.

¥

NPV = E Ry — C.—'LftarTax‘n i -0
= (1 + ]:RR]H AfterTaxl —

n=1
Where Revenues and After Tax Cash Flow are rows in the project cash flow.

Solar Advisor calculates the internal rate of return using an iterative search algorithm described in 1st Year
PPA Price.
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7.7 kWh/KW - Year 1

The kilowatt-hour per kilowatt-year metric is the annual electric output in year one EOutmeear] divided by

the system capacity P For photowoltaic systems, the system capacity is the Array Power on

System Capacity”
the Array page. For concentrating solar power systems, the system capacity is the Rated Turbine Net
Capacity on the Power Block page.
J-'—E:Ch.u utYearl
kWh/kW Year 1 = —— =

SystemCapacity
Where,

AC kWh/ The total annual electric generation in the first year of operation reported on the

EOutputYear] ( . - :
Metrics table, and in the year one column of the project cash flow.

year)

Psystem Capacity (DC The system's rated capacity expressed in kilowatts (see table below).

kW)

The system capacity depends on technology being modeled. Note that Solar Advisor converts the capacity
value to kW before using it in the calculation.

Table 35. Rated system capacity values for each technology.

Technology System Capacity Input Page
PV SAM Performance Models Total Array Power (Wdc) Array
PV PVWatts DC Rating (kW) PVWatts Solar Array
CSP Parabolic Trough Rated Turbine Net Capacity (MWe)|Power Block
CSP Power Tower Nameplate Capacity (MWe) Power Cycle
CSP Dish Stirling Total Capacity (kW) Solar Field
Generic Fossil Nameplate Capacity (kWe) Fossil Plant

7.8 Minimum DSCR

The minimum DSCR is the minimum debt-senice coverage ratio that Solar Advisor calculates for projects
with Utility and IPP or Commercial - Third-Party Ownership financing as defined in the Technology and
Market window.

The debt-senvice coverage ratio in each year n is the ratio of operating income to expenses in that year:

DSCRH _ er - CD‘FE{EHIL:_"IL
Clntarast‘n + C?r“im:ipal‘n
Where,
DSCR, Debt senice coverage ratio in year n shown in the PreTax Debt Service Coverage Ratio

row of the cash flow.
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R (%) The required revenue in year n, shown in the Revenues row of the cash flow table, equal to
the product of the electric output and electricity sales price in year n. Note that the
electricity sales price in year 1 is equal to the first year PPA price, and in subsequent

years (R 1<n<N) is equal to the first year PPA price adjusted by the PPA escalation rate

defined on the Financing page.

Operating,n ($) The total operating costs in year n, shown in the Operating Costs row of the cash flow.

($)  The loan interest payment in year n, shown in the Debt Interest Payment row of the cash
flow.

($) The loan principal payment in year n, shown in the Debt Repayment row of the cash flow.

Interest,n

Principal,n
In Solar Advisor, the project's debt service coverage ratio (reported in results as the Minimum DSCR) is the
lowest value of the DSCR that occurs in the life of the project N, equivalent to the Analysis Period on the
Financing page.

minimum DSCE. = min DSCE,,

ne[1 W]
Where,
minimum The minimum debt senice cowverage ratio, reported as a result in the Metrics table.
DSCR
DSCRn Debt senice coverage ratio in year n shown in the PreTax Debt Service Coverage Ratio row

of the cash flow. (The symbol min represents the function that searches for the minimum
value of the DSCR in the cash flow.)

Solar Advisor calculates the minimum debt-senice cowerage ratio to be greater than or equal to the
minimum required DSCR target defined on the Financing page. The iterative algorithm used for the
calculation is described in 1st Year PPA Price.

7.9 Net Present Value

The net present value is the present value of the after-tax cash flow discounted to year one using the
nominal discount rate, plus the after-tax cash flow in year zero:
v
er - C_:LftEETa}i‘ﬂ

NPV = +Chay 0
1+ dogmiaa)”
rn=1
Where,
NPV ($) The net present value of the project over its life.
N The number of years in the project life, defined by the analysis period on the Financing
page.

R (%) The required revenue in year n, shown in the Revenues row of the cash flow table, equal to

! the product of the electric output and electricity sales price in year n. Note that the

electricity sales price in year 1 is equal to the first year PPA price, and in subsequent

years (R]<n<N) is equal to the first year PPA price adjusted by the PPA escalation rate

defined on the Financing page.
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The after tax cash flow in year n, equal to State Tax Savings + Federal Tax Savings + PBI
Incentives - Operating Costs - Debt Total Payment + Revenues in the project cash flow.

The nominal discount rate, calculated as shown below.

CAfterT ax,n ($)

nominal

The nominal discount rate can be calculated based on the values of the real discount rate and the inflation
rate on the Financing page:
1+ dreal)(1 +e)-1

nominal

Where,
) Nominal discount rate expressed as a fraction.
nominal
dreal Real discount rate defined on the Financing page expressed as a fraction.
e Inflation rate defined on the Financing page expressed as a fraction.

7.10 Payback

The simple payback is the time in years starting in year one of the project that it takes for the cumulative
cash flow (expenses included) to switch from negative to positive.

The payback cash flows for each year n are shown in the project cash flow.

7.11 PPA Escalation

The PPA escalation rate is an annual escalation rate that Solar Advisor uses to calculate future electricity
sales prices based on the first year PPA price. The value applies to projects with Utility and IPP or
Commercial - Third-Party Ownership financing as defined in the Technology and Market window.

Depending on the financial optimization option on the Einancing page, the PPA escalation rate is either a
user-defined input on the Financing page, or a value that Solar Advisor calculates. When the Automatically
minimize LCOE with respect to PPA Escalation Rate option is checked, Solar Advisor finds the PPA
escalation rate that results in the lowest lewvelized cost of energy.

Solar Advisor uses the PPA escalation rate in the iterative search algorithm described in 1st Year PPA
Price.

7.12 System Performance Factor

The system performance factor is a measure of a photowoltaic system's annual electric generation output in
AC kWh compared to its nameplate rated capacity in DC kW, taking into account the solar resource at the
system's location.
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Note. Solar Advisor

system modeling option.

does not calculate a system performance factor for the PVWatts photowoltaic

The system performanc

Where,

System Performance

EOutputYearl (AC kWh/

year)

PSystem Capacity (DC

kW)

NPeakSunHours (hOUI’S)

e factor equation is:

E CutputYearl

FSysLEmPeHnrm:e = P N
SysemCapacity * ¥ PeakSunHours

The system performance factor.

The total annual electric generation in the first year of operation reported on the
Metrics table, and in the year one column of the project cash flow.

The system's rated capacity expressed in kilowatts displayed on the Array page.
Note that the reference solar radiation used to calculate the system capacity may
be different from the radiation value used to calculate the number of peak sun hours
per year.

Number of peak sun hours per year, or the equivalent number of hours in a year that
the array receives 1,000 W/m? of incident global solar radiation for flat-plate

systems, and 850 W/m? of direct normal radiation for concentrating photowoltaic
systems.

Note. Solar Advisor does not calculate a system performance factor for the PVWatts photowvoltaic
system modeling option.

The system capacity depends on technology being modeled. Note that Solar Advisor converts the capacity
value to kW before using it in the calculation.

Table 36. Rated system capacity values for each technology.

Technology System Capacity Input Page
PV SAM Performance Models Total Array Power (Wdc) Array
PV PVWatts DC Rating (kW) PVWatts Solar Array
CSP Parabolic Trough Rated Turbine Net Capacity (MWe)|Power Block
CSP Power Tower Nameplate Capacity (MWe) Power Cycle
CSP Dish Stirling Total Capacity (kW) Solar Field
Generic Fossil Nameplate Capacity (kWe) Fossil Plant

7.13 Hourly

Output Data

Contents

» Displaying Hourly Output_Data explains how to view hourly performance data in
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Excel and in the time series data viewer.

» Parabolic Trough Empirical Hourly Output Variables describes the output variables
for the parabolic trough model.

» Photowltaic Hourly Output Variables describes the output variables for the
photowoltaic models.

Displaying Hourly Output Data

When you run simulations in the "saving hourly data" mode, or after setting preferences to save hourly data
as described below, Solar Advisor stores a set of hourly performance data in a text file. The model provides
several options for viewing the hourly data:

¢ In Windows, you can display hourly data in either Excel or DView directly from Solar Advisor.

¢ In both Windows and Mac OS, you can export hourly data to comma-separated text files or to the
clipboard.

¢ In both Windows and Mac OS, you can open the simulation output data file directly in a text editor,
spreadsheet program, or other software that can read tab-delimited text files.

The hourly data for all options is for the "base case" input data, or based on values of input variables visible
on the input pages. Solar Advisor does not store hourly performance data for additional simulations for
parametric or other analysis configurations that require multiple simulations.

Each time you run simulations, Solar Advisor stores data from the simulation in a .out file generated by the
simulation engine. Solar Advisor displays a subset of the data from this file when you display the case
summary data directly in Excel or DView, and when you export the case summary data to a file or the
clipboard. You can open the .out file directly to see the complete set of hourly data generated by the
simulation engine.

To view case summary data:

¢ Click the Export and view data button to open the Export Data window, or

Annual Outout (kWh 351.452.667.7
e Click an option on the Results menu.

Developer Help

Graph Data b
Cashflow b

Case Summary l}, » Te Clipboard
View Hourly Time Series (DView]... Ctrl-T Save as C5V...

Send to Excel F5
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To view the simulation data (Windows and Mac OS):

1.

The hourly data folder is named with the extension .out. The naming convention is technology.hourly.out:

o gk w N

On the File menu, click Preferences.
In the SAM Preferences window, check Save TRNSYS hourly data, list, and log files.

Click E] to specify an easy-to-find folder where you want Solar Advisor to save the files.
Click Close.

On the File menu, click Clear Cached Simulations.

Click Run.

gtsngsl Bin all simulations...

o o Y - - -

Solar Advisor saves the files in the folder you specified with the extension .out.

Open the file using any program that can read tab-delimited text files, such as Excel, DView, or a

text editor.

Dish-Stirling systems: dish. hourly.out
Photowoltaic systems: pv.hourly.out
Parabolic trough systems: trough. hourly.out

e Power Tower systems: fower.hourly.out
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Parabolic Trough Empirical Hourly Variable Descriptions

Table 37. Hourly data variable names and explanations for parabolic trough systems.

Variable name Units Description
E_dump MW solar electric generation in excess of power plant maximum output
E_gross MW gross total electric generation
E_min MW solar electric generation below minimum power plant output
E_net MW net electric energy production (gross parasitics)
E_parasit MW total parasitics for entire system
Epar_OffLine MW total offline parasitic losses
Epar_OnLine MW total online parasitic losses
Q_abs W/m2 |absorbed energy
Q_dni MW solar radiation incident on the collector
Q_dump MW the amount of energy dumped (in excess of turbine and storage)
Q_from_ts MW energy from thermal storage
Q_gas MW gas thermal energy Input
Q_hftFpHtr MW HTF freeze protection from auxiliary heater
Q_htfFPTES MW HTF freeze protection from thermal energy storage
Q_nip W/m2 |measured beam radiation
Q_SF(MW) MW solar field thermal output (availability factor not applied)
Q_to_PB MW energy to the power block
Q_to_ts MW energy to thermal storage
Q_ts_Full MW energy dumped because the thermal storage is full
Q_tur_SU MW the energy needed to startup the turbine
QSF_Abs MW absorbed energy for the solar field
QSF_HCE_HL MW receiver heat losses for the solar field
QSF_nipCosTh MW measured beam radiation cosine theta
QSF_Pipe_HL MW piping heat losses for the solar field
QTS_HL MW energy losses from thermal storage
TIME none hour of the year
TOUPeriod none time of use periods (1 through 6)
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Photovoltaic Systems Hourly Variable Descriptions

Table 38. Hourly data variable names and explanations for photovoltaic systems.

Variable
Name Units Description

ACPower kw AC power at inverter output, not derated
AmbTemp °C ambient temperature
CellTemp °C cell temperature
DCPower kW DC power at array output, not derated
GlobHozRad kW/m2 |global horizontal radiation
IncBeamRad kW/m2 |incident beam radiation
IncDiffRad kW/m2 |incident diffuse radiation
IncTotRad kW/m2 |incident total radiation
InvEff none |inverter efficiency by hour
InvPartLoad none |inverter part load efficiency by hour
TIME none |hour of the year
Windspd m/s wind speed

8 Advanced Topics

solar.advisor.support@nrel.gov

This section describes Solar Advisor advanced topics. Please contact solar.advisor.support@nrel.gov if you
have any questions.
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8.1 Libraries

Contents

» Oveniew describes Solar Advisor libraries.

» Accessing Libraries from Input Pages explains how to use libraries to populate
input variables on input pages.

» Library Descriptions describes the libraries in the current version of Solar Advisor
and the input pages that display values from each library.

> Default and User Libraries explains the difference between libraries that come with
the software, and libraries that you add to your projects.

» Managing Libraries with the Library Editor describes the buttons on the library
editor and explains how to use it to create and modify libraries.

Overview

A library is a collection of stored values for some sets of input variables on Solar Advisor input pages. A
library allows you to populate a set of variables by choosing an entry from the library. For example, each
entry in the photowltaic inverter library stores a set of values for the variables describing the characteristics
of an inverter in the Sandia inverter database. When you choose an inverter from the library, Solar Advisor
populates the inverter characteristic variables on the Inverter page with values from the library. See

Accessing Libraries from Input Pages for details.

For advanced analyses, you may want to add your own entries to a library, or to modify entries in an
existing library. The library editor allows you to add and manage libraries. You should only add or modify a
library entry when you havwe a complete set of data for the entry. Because values in the entry may be
interdependent in ways that are not obvious, you can easily introduce errors to simulation results by
changing values in a library entry. An obvious example would be changing one of the power values for an
entry in the inverter library without changing the current and woltage values. In general, you should not
modify libraries unless you are familiar with both the characterization of the physical component
represented by library entries, and with Solar Advisor's mathematical representation of the component.

Note. If you decide to modify or create your own libraries, you should first read about the difference
between default and user libraries, and refer to the instructions for working with the library editor.

Accessing Libraries from Input Pages

Depending on the library, Solar Advisor either displays a "Choose from library" or "Library" button, or
displays the library entries as a list directly on the input page. For some components, to choose an item
from a library, you click the Choose (or Library) button and then click the item's name in a list of library
items. Solar Advisor automatically populates appropriate variables on the input page, which you can edit if
necessary. For example, on the physical trough model's Collectors page, to choose an entry from the
parabolic trough collector library, click Choose collector from library. Solar Advisor displays a list of
collectors from the library. When you click a collector name in the list, Solar Advisor copies collector
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geometry and optical parameter values from the library to the variables on the Collectors page.

Cobecter (SCA) Trpe 1 -

Configuration name: SAMCS? Physical Trough SCAs Solargenix SEX-1 | choose codector from iorary... |
rCollector Geometry

SAM(CSP MMTMSCMMTM ET150

Aperiure vadl SAMCSP Phyysacal Truu;h!tﬂqul.uz 1 LE m
SAMCSP Phiysacal Trough SCASLuz L5- 3

SAMCSP Physacal Trouoh SCAs Solsrgenir SGX-1 Im

SAMJCSR Prysical Trough SCAs WbissaTrough AT150 (Marufachurer Specificatiors)

Incidence ang i 0.98
ITncidence ang 1 0,935
Incigdence J . .95
0.99
Dptical Cabrulations
0.580058
0, 858605

If you change the value of one of those variables, Solar Advisor indicates that the parameters on the input
page differ from parameter values in the library by displaying "No library match" in the library name box:

| collector (sca) Type 1 ~|

Configuration name: No library match, [ Choose collector from library... ]

For other libraries, such as the component-based photowltaic model's Sandia module library, Solar Advisor
displays the list of library items directly on the input page. When you choose an item from the list, Solar
Advisor copies values from the library to the project's case, and displays some of them as read-only values
on the Module page. If you want to use change a value, you must create a new user library.

|sanda P array Performance Model =

Vogub iame [sASanda Mocdes/scnots Salar ASE 100 AT-17 (100)[1858 )] ™)
SAMSandis Mod=s/Schott Solar ASE-100-ATF-17 [100) [155 (£]] "
Module Cha SAM/Sandia Modues Schatt Solar ASE-100-ATF-17 (83) [1999 ()]
Maodules Schott Solsr ASE-100-ATE-17 (532) [1555 E)]
Fie SAM Sandia Mechbes Schatt Solsr ASE-100-ATF-34 (100) [1599 E)]
‘SAM/Sandia ModUles Schott Solar ASE-100-ATF-34 (B5) [1999 (E]]
SAMSandis Modues/Schott Solar ASE-100-ATF-34 (52) [1599 ()]
— SAM/Sandia Modules/Schatt Solar ASE-250-DGF-50 (250) [2007 (E]
L SAM/Sandia Modues/Schatt Solar ASE-270-DGF-50 (260) [2007 (E]
el SAM/Sandia Modues/Schott Solar ASE-170-DGF-50 (270) [2007 (E]
Maodules Schott Solsr ASE-300-0GE-17 (265) [1959 (E]
SAM/Sandia Modues/Schott Solar ASE-300-DEF-17 (285) [1999 [E]
5 ‘SAM [Sandis Modules Schott Solar ASE-300-DGF-17 (300) [1933 [E]
SAMSandis Modues/Schatt Solar ASE-300-DiGF-50 [ 1005]
4l SAM/Sandia Modues{Schatt Solar ASE-300-DGF-50 (255) [1999 (E]
mﬂmmsdmm AZE-30-DEF-50 (280} [2007 [E]
SAM Sandia Modbes Schott Solar ASE-300-DGF-50 (285) (1999 [E]
SAM Tandis Modubes Schott Solar ASE-300-DGF-50 (290) [ E]]
SAMSandia Modues/Schott Solar ASE-300-DEF-50 (300) (19949 [E]
2k SAM Sandia Modules Schott Solar ASE-300-DGF-50 (300} m?ﬂ I_]
SAM Sandis ModuesSchatt Solar ASE-300-DEF-50 (310 [2007 [E]
(b 54M/Sandia Modules/Schott Solar ASE-300-0G7-50 (320) (2007 IE]
[ SAM/Sandis ModuesSchott Soler ASE-S0-ALF-17 [1257]
SAM/Sandia Modues/Schatt Solar ASE-50-ATF-17 [45) [15999 ()]
MochdesSchatt Solar ASE-S0-ATE-17 [50) [1955 )]
v SAM/Sandia Madues/Sehatt Solar SAPC 165 [2001]
‘SAMSandis Modules fSohatt Solsr SAPC 165 [IIJ.Z E:I]
SAMSandis Modes Schabt Solar SAPC 170 [2007 ()] |
| Che S15andia Modkbies Schatt Solar SAPC 175 [2007 IE)]
r”"ﬂ‘“ SAMSandia Modules Sharp NO-070BRLU-LU [2003 (E]]

SAM Sandia ModdesSharp ND- 1231 2003 [E]] et TR e

-

Module Current {amps]
[
T
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Note. Solar Advisor often only displays a subset of the parameters from a library on input pages. If you
want to see the complete parameter set for a library item, you can view the values in the library editor.

Library Descriptions

Solar Advisor uses libraries to store parameter sets for the following performance model components and
displays them as lists on the relevant input pages.
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Table 39. Solar Advisor model libraries with name, type and the input page where you
choose library entries.
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Library Name (Type)

Description

Input Page

CEC Modules (CECModule)

List of photowoltaic modules from
the California Energy Commission
database of approved modules.

Module

CSP Empirical Trough TES
Dispatch
(EmpiricalTroughDispatch)

Storage dispatch schedules based
on time-of-use rates of different
electric utilities for the empirical
trough model.

Thermal Storage

CSP Physical Trough Receiver
(HCE) (PhysicalTroughHCE)

Receiver characteristics for the
physical trough model.

Receivers (HCES)

CSP Physical Trough SCAs
(PhysicalTroughSCA)

Collector characteristics for the
physical trough model.

Collectors (SCAs)

CSP Physical Trough TES
Dispatch
(PhysicalTroughDispatch)

Storage dispatch schedules based
on time-of-use rates of different
electric utilities for the physical
trough model.

Thermal Storage

CSP Tower TES Dispatch
(TowerDispatch)

Storage dispatch schedules based
on time-of-use rates of different
electric utilities for the power tower
model.

Thermal Storage

CSP Trough HCEs (TroughHCE) |Receiver characteristic for the SCA/HCE
empirical trough model.
CSP Trough Parasitics Parasitic loss coefficients for Parasitics
(TroughParasitics) different reference power cycle
options of the empirical trough
model.
CSP Trough Power Cycles Steam turbine characteristics for |Power Block
(TroughPowerBlock) different reference power cycle
options of the empirical trough
model..
CSP Trough SCAs (TroughSCA) |Collector characteristics for the SCA/HCE

empirical trough model.

Dish Stirling Systems
(DishStirlingSystem)

Complete system descriptions for
the dish-Stirling model.

System Library

Sandia Inverters (Sandialnverter) |List of inverters from the Sandia Inverter
inverter database for the
photowoltaic model.

Sandia Modules (SandiaModule) [List of modules from the Sandia Module
module database for the
photowoltaic model.

TOU Utility Rates Retail time-of-use rates for projects| Utility Rate

(TOURateSchedule)

with residential or commercial
financing.
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Default and User Libraries

Solar Advisor stores data for each library in library files. A library file is a text file with a the .samlib
extension. You can find the library files in the library folder (/exelib/libraries in your Solar Advisor installation
folder). Solar Advisor uses a library type definition file with the .samlibtype extension to map values from the
library file to Solar Advisor input variables.

There are two types of libraries, default libraries indicated in lists by the prefix "SAM/" in lists, and user
libraries indicated by the prefix "USER/":

e Default libraries are available to all project files on your computer and cannot be modified from the library
editor. Solar Advisor considers any library file stored in the library folder to be a default library, and
indicates default libraries in lists on input pages with the prefix "SAM/." Although you can use a text
editor to modify a default library, we recommend using the library editor to create a copy of the default
library for editing so that you always have a copy of the original default library that came with Solar
Advisor. Note that you can add your own library to the default collection by creating a library file and
putting it the libraries folder.

e User libraries are libraries stored in the project file. A user library must be added to a project file to be
available in the file. User libraries are indicated in lists by the prefix "USER/." Unlike default libraries, user
library parameters are stored in the project file and can increase the project file size. To make a user
library available to more than one Solar Advisor project on your computer, you can either export it as a
library file and then import it into other projects, or you can export to the default library folder so that it is
available to all projects on your computer.

Managing Libraries with the Library Editor

The library editor allows you to create and edit user libraries. You cannot edit default libraries from the
library editor. To edit a default library, you can either create a copy of the library as a user library (the
recommended approach), or you can edit the file directly using a text editor. See Default and User Libraries
for details.

To open the library editor:

e On the File menu, click Libraries. You must open a project file before opening the library editor
(the editor is not available from the Welcome page).
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Shows the list of default libraries with the prefix "SAM/" and any user libraries in the project with the
prefix "USER/". Click a library name to display the library's contents. Each library entry is a row in the

table.
New User Library

Click to add a new user library to the project. Solar Advisor stores user library data in the project file

rather than in external library files.

Remove User Library

Click to remowe a user library. You cannot remove a default library indicated by the "SAM/" prefix.

Add Entries

Add rows of data to a user library. You must choose a user library indicated by the "USER/" prefix

before adding entries. You cannot add entries to a default library with the "SAM/" prefix.

Export

Export the current library to a library file (.samlib). Export a library when you want to use it in a different
project. You must import the library into the other project for it to be available in that project. You can
export a library to the default library folder (/exelib/libraries in your Solar Advisor installation folder) to

make the library available to all Solar Advisor projects on your computer.

Import

Create a new user library by importing entries from a library file (.samlib). When you import a library,

Solar Advisor stores the library entries in the project file, which affects the file's size.

Help

Display the Libraries help topic.
Close

Close the library editor.
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To create a new user library:
1. Open the library editor.
2. Click New User Library.
3. Type a name for the library in the Import Library window. This is the name that will appear in library
lists.
4. Choose a library type in the New User Library window. See the table of library types for type
descriptions.

When you create a new user library, Solar Advisor adds an empty library with the name you specified and
the prefix "USER/" to the list of libraries. To assign values to the entry, you must first add a copy of an
existing entry, and then modify its values. This helps to ensure that no library entries have blank values.

To add entries to a new or existing user library:

1. Click the user library's name in the Libraries list. User libraries are indicated by the prefix "USER/".
2. Click Add Entries.

3. In the Copy Existing Entry window, check one or more items that have similar characteristics to the
entry you want to add.

4. Click OK.

5. To rename a library entry, in the library table, right-click the entry's name, and choose Rename
from the shortcut menu.

6. To add values to a library entry, you can either
change values manually by double-clicking each cell and typing a value, or

copy a row of values from a comma-separated text file or Excel worksheet file, and then right
clicking the library entry's name and choosing Paste Values in the shortcut menu.

Note. The library editor does no error checking, so be sure to use valid values in your library entries. |

To modify values in a default library:

1. Create a new user library of the same type as the default library (see instructions abowe).

2. Add the entry that contains the values you want to modify from the default library and change the
value (see instructions abowe).

Note. You can also use a text editor to change values directly in a default library. You should only use
this approach if you are very familiar with the parameters stored in the library, and are certain that you
want to discard the original values stored in the library. We recommend only modifying copies of
libraries. See Default and User Libraries for file location details.

To "convert" a user library to a default library:
1. Click user library's name in the Libraries list.
2. Click Export and save the file in the libraries folder (/exelib/libraries in your Solar Advisor
installation folder).
3. Solar Advisor will display the library with the "SAM/" prefix, and make it available to all Solar
Advisor projects on your computer.
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8.1.1 Sandia Modules

solar.advisor.support@nrel.gov

The Sandia Modules library stores coefficients used by the Sandia photovoltaic module performance model.

Parameter Description Units

Material Cell material. Multi-crystalline silicon is mc-Si, single-crystal silicon is -
c-Si. See the table abowe for thin-film cell material abbreviations.

Series Cells |Number of cells in series per cell string. -

Parallel Cells |Number of cell strings in parallel. -

BVoco Open circuit temperature coefficient V/°C

MBVoc Coefficient representing dependence of Bvoco on irradiance. Typically V/°C
zero.

Vintage Year field measurement data were collected. year

BVmpo Temperature coefficient at module Vmp under reference conditions V/°C

MBVmp Coefficient representing dependence of Bvmpo on irradiance. Typically V/°C
zero.

Almp Normalized maximum power temperature coefficient, calculated by 1/°C
dividing alpha by Impo.

Alsc Normalized short circuit temperature coefficient, calculated by dividing 1/°C
alpha by Isco

N Empirically determined factor, also called the "diode factor." -

dTC Temperature difference between the cell and module back surface under °C
reference conditions.

FD Fraction of diffuse irradiance used by module. For flat-plate modules, -
FD=1; for CPV modules, FD=0; and for low-concentration modules, 0 <
FD < 1.

Ixo Current at module open circuit voltage of Voc / 2 under reference -
conditions. Defines one of the five points on the module's |-V curve.

Ixxo Current at module open circuit voltage of (Voc + Vmp) / 2under reference -
conditions.Defines one of the five points on the module's I-V cune.

A0-4 Empirically determined coefficients used in polynomial representation of --
solar spectral effects of daily air mass variation on Isc.

B1-5 Empirically determined coefficients used in polynomial representation of -
optical effects of the angle of incidence (AOI) on Isc.

CO0-5 Emopirically determined performance coefficients that relate Imp, Ix, and -
Ixx to effective irradiance.

a,b Empirically-determined coefficients used in temperature correction -

calculations.
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8.2 SamUL

This topic is under construction.

If you have questions about this topic, please contact user support:

This topic will describe how to use the SamUL scripting language to automate analysis tasks in Solar
Advisor. Please see the SamUL user guide (click SamUL Guide on the Help menu) for information about

SamUL. Please contact solar.advisor.support@nrel.gov with any questions.

8.3 Generating Code

This topic is under construction.

If you have questions about this topic, please contact user support:

This topic will describe how to run Solar Advisor from your own programs written in C, VBA or MATLAB.
Click Advanced on the Case menu to see how the feature works. Please contact solar.advisor.

support@nrel.gov with any questions.
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of Science Thesis. University of Wisconsin-Madison. http://sel.me.wisc.edu/publications/theses/
atnode06.zi

Pilkington Solar International GmbH, 2000. Survey of Thermal Storage for Parabolic Trough Power Plants.
National Renewable Energy Laboratory. NREL/SR-550-27925. http://www.nrel.gov/csp/troughnet/
dfs/27925.pdf

Price H et al, 2006. Field Survwey of Parabolic Trough Receiver Thermal Performance, National Renewable
Energy Laboratory NREL/CP-550-39459. http://www.nrel.gov/docs/fy060sti/39459.pdf

Stuetzle T, 2002. Automatic Control of the 30 MWe SEGS VI Parabolic Trough Plant. Master of Science
Thesis. University of Wisconsin-Madison. http://sel.me.wisc.edu/publications/theses/Stuetzle02.zip
Troughnet Parabolic Trough Solar Power Network, National Renewable Energy Laboratory, http://www.
nrel.gov/csp/troughnet. References to Solar Advisor modeling on Troughnet, http://www.nrel.gov/csp/
modeling_analysis.html#system

Wagner M, 2008. Simulation and Predictive Performance Modeling of Utility-Scale Central Receiver
System Power Plants. Master of Science Thesis. University of Wisconsin-Madison. http://sel.me.wisc.
edu/publications/theses/wagner08.zip

Dish-Stirling Technology and Modeling

Fraser P, 2008. Stirling Dish System Performance Prediction Model. Master of Science Thesis.
University of Wisconsin-Madison. https://www.nrel.govanalysis/sam/pdfs/thesis_fraser08.pdf

International Energy Agency SolarPaces technology characterization Solar Dish Engine. http://www.
solarpaces.org/CSP_Technology/docs/solar_dish.pdf

Power Tower Technology and Modeling

International Energy Agency SolarPaces technology characterization Solar Power Tower. http://www.
solarpaces.org/CSP_Technology/docs/solar tower.pdf

Kistler B, 1986. A User's Manual for DELSOL3: A Computer Code for Calculating the Optical
Performance and Optimal System Design for Solar Thermal Central Receiver Plants. SAND86-8018.
http://prod.sandia.gov/techlib/access-control.cqi/1986/868018.pdf

NREL 2007 Solar Power Tower, Dish Stirling and Linear Fresnel Technologies Workshop presentations.
http://www.nrel.gov/csp/troughnet/wkshp power 2007.html

U.S. Department of Energy Energy Efficiency and Renewable Energy. Concentrating Solar Power
Technologies: Power Tower Systems. http://www1.eere.energy.gov/solar/power towers.html

Wagner M, 2008. Simulation and Predictive Performance Modeling of Utility-Scale Central Receiver
System Power Plants. Master of Science Thesis. University of Wisconsin-Madison. http://sel.me.wisc.
edu/publications/theses/wagner08.zip

Photovoltaic Modeling

Arizona State Photowltaic Testing Laboratory. http://www.poly.asu.edu/ptl
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Bower W et al, 2004. Performance Test Protocol for Evaluating Inverters Used in Grid-Connected
Photowoltaic Systems. http://bewengineering.com/docs/index.htm
California Energy Commission, New Solar Homes Partnership Calculator: CECPV Calculator. The CEC

calculator uses the same module performance model as Solar Advisor's CEC performance model;
documentation included with the CECPV Calculator explains details of the model. http://www.

gosolarcalifornia.ca.gov/nshpcalculator

De Soto W, 2004. Improvement and Validation of a Model for Photowltaic Array Performance. Master of
Science Thesis. University of Wisconsin-Madison. http://sel.me.wisc.edu/publications/theses/desoto04.
zip

De Soto W et al, 2003. "Improvement and Validation of a Model for Photowoltaic Array Performance."”
Solar 2003 Conference Proceedings. American Solar Energy Society.

King D et al, 2004. Photowltaic Array Performance Model. Sandia National Laboratories. SAND2004-
3535. http://photowvoltaics.sandia.gov/docs/PDF/King%20SAND. pdf

King D et al, 2007. Performance Model for Grid-Connected Photowltaic Inverters. Sandia National
Laboratories. SAND2007-5036. http://www.prod.sandia.gov/cgi-bin/techlib/access-control.pl/2007/075036.
pdf

Marion B et al, 2005. Recent and Planned Enhancements for PVWATTS. National Renewable Energy
Laboratory. CP-520-37016. http://www.nrel.gov/docs/fy050sti/37016.pdf

Marion B et al, 2001. PVWatts Version 2: Enhanced Spatial Resolution for Calculated Grid-Connected
PV Performance. National Renewable Energy Laboratory. CP-560-30941. http://www.nrel.gov/docs/

fy020sti/30941. pdf

Project Economics and Financing

Short W et al, 1995. Manual for the Economic Evaluation of Energy Efficiency and Renewable Energy
Technologies. National Renewable Energy Laboratory. NREL/TP-462-5173. http://www.nrel.gov/docs/
legosti/old/5173.pdf

Wiser R, 1997. "Renewable energy finance and project ownership", Energy Policy Vol 25 No 1 pp 15-27.

Wiser R et al, 1997. Financing Investments in Renewable Energy: The Role of Policy Design and
Restructuring. Ernest Orlando Lawrence Berkeley National Laboratory. http://eetd.lbl.govea/EMS/
reports/39826.pdf

TRNSYS

Klein S et al, 2004. TRNSYS 16 A Transient Simulation Program. Solar Energy Laboratory, University of
Wisconsin-Madison. http://sel.me.wisc.edu/trnsys/

Klein S et al, 2007. TRNSYS 16 A Transient Simulation Program, Volume 5 Mathematical Reference.
Solar Energy Laboratory, University of Wisconsin-Madison.

Weather Data

Typical Meteorological Year (TMY3 and TMY2) data and documentation is available on the Solar
Radiation Resource Information website. http://rredc.nrel.gov/solar/old data/nsrdb

Marion W et al, 2008. Users Manual for TMY3 Data Sets. National Renewable Energy Laboratory NREL/
TP-581-43156. http://www.nrel.gov/docs/fy080sti/43156.pdf
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Marion W et al, 1995. User's Manual for TMY2s Typical Meteorological Years. National Renewable
Energy Laboratory. http://rredc.nrel.gov/solar/pubs/tmy2/PDFs/tmy2man. pdf

Information about EnergyPlus weather data is available on the EnergyPlus website. http://www.eere.
energy.gov/buildings/energyplus/cfm/weather_data.cfm

EnergyPlus Weather Data Format Description. http://apps1.eere.energy.gov/buildings/energyplus/pdfs/
weatherdatainformation. pdf

Metonorm software. http://www.meteonorm.com/
Solar Prospector website. http://mercator.nrel.gov/csp/.

Useful Web Sites

Go Solar California: http://www.gosolarcalifornia.ca.gov

SolarPACES, International Energy Agency: http://www.solarpaces.org

U.S. Department of Energy Solar Energy Technologies Program: http://www1.eere.energy.gov/solar

Database of State Incentives for Renewables and Efficiency at http://www.dsireusa.org

National Renewable Energy Laboratory

e Energy Analysis, http://www.nrel.govanalysis

¢ National Center for Photowoltaics, http://www.nrel.gov/pv

e Concentrating Solar Power Research, http://www.nrel.gov/csp
e Publications, http://www.nrel.gov/publications/

Sandia National Laboratories

* Photowltaic Systems Research & Development, http://photowoltaics.sandia.gov
e Concentrating Solar Power, http://www.sandia.gov/csp/csp r_d_sandia.html

e Publications, http://www.sandia.gov/news/publications/index.html
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