System Advisor Model (SAM)

This document is a copy of SAM's Help system.

To see the Help system in SAM, click Help in the main window, or press
the F1 key (command-? in OS X) from any page in SAM.
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11

1 Introduction

The System Advisor Model (SAM) is a performance and financial model designed to facilitate decision
making for people involved in the renewable energy industry:

e Project managers and engineers

e Policy analysts

e Technology dewelopers

e Researchers

SAM makes performance predictions and cost of energy estimates for grid-connected power projects based
on installation and operating costs and system design parameters that you specify as inputs to the model.

Projects can be either on the customer side of the utility meter, buying and selling electricity at retail rates,
or on the utility side of the meter, selling electricity at a price negotiated through a power purchase
agreement (PPA).
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The following image shows SAM's main window showing monthly electricity generation and the annual cash
flow for a photowoltaic system.
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The first step in creating a SAM file is to choose a performance and financial model for your project. SAM
automatically populates input variables with a set of default values for the type of project. It is your
responsibility as an analyst to review and modify all of the input data as appropriate for each analysis.

Next, you provide information about a project's location, the type of equipment in the system, the cost of
installing and operating the system, and financial and incentives assumptions.

SAM Models and Databases

SAM represents the cost and performance of renewable energy projects using computer models developed
at NREL, Sandia National Laboratories, the University of Wisconsin, and other organizations. Each
performance model represents a part of the system, and each financial model represents a project's
financial structure. The models require input data to describe the performance characteristics of physical
equipment in the system and project costs. SAM's user interface makes it possible for people with no
experience developing computer models to build a model of a renewable energy project, and to make cost
and performance projections based on model results.

SAM requires a weather data file describing the renewable energy resource and weather conditions a the
project location. Depending on the kind of system you are modeling, you either choose a resource data file
from a list, download one from the internet, or create the file using your own data.

SAM can automatically download data from the following online databases:

OpenEl U.S. Utility Rate Database for retail electricity rate structures for U.S. utilities

NREL National Solar Radiation Database for solar resource data and ambient weather conditions.
NREL WIND Toolkit for wind resource data.

NREL Biofuels Atlas and DOE Billion Ton Update for biomass resource data.

September 2016
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SAM includes seweral databases of performance data and coefficients for system components such as
photowltaic modules and inverters, parabolic trough receivers and collectors, wind turbines, or biopower
combustion systems. For those components, you simply choose an option from a list.

For the remaining input variables, you either use the default value or change its value. Some examples of
input variables are:

¢ Installation costs including equipment purchases, labor, engineering and other project costs, land costs,
and operation and maintenance costs.
o Numbers of modules and inverters, tracking type, derating factors for photovoltaic systems.

e Collector and receiver type, solar multiple, storage capacity, power block capacity for parabolic trough
systems.

e Analysis period, real discount rate, inflation rate, tax rates, internal rate of return target or power
purchase price for PPA financial models.

¢ Building load and time-of-use retail rates for commercial and residential financial models.
e Tax and cash incentive amounts and rates.
Once you are satisfied with the input variable values, you run a simulation, and then examine results. A

typical analysis involves running simulations, examining results, revising inputs, and repeating that process
until you understand and have confidence in the results.

Results: Tables, Graphs, and Reports

SAM displays simulation results in tables and graphs, ranging from the metrics table displaying the project's
net present value, first year annual production, and other single-value metrics, to the detailed annual cash
flow and hourly performance data that can be viewed in tabular or graphical form.

A built-in graphing tool displays a set of default graphs and allows for creation of custom graphs. All graphs
and tables can be exported in various formats for inclusion in reports and presentations, and also for further
analysis with spreadsheet or other software.

The Results page displays graphs of results that you can easily export to your documents:

System Advisor Model 2016.3.14
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SAM's report generator allows you to create custom reports to include SAM results in your project

proposals and other documents:
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Performance Models

SAM's performance models make hour-by-hour calculations of a power system's electric output, generating
a set of 8,760 hourly values that represent the system's electricity production owver a single year. Some
performance models also support sub-hourly simulations. You can explore the system's performance
characteristics in detail by viewing tables and graphs of the hourly and monthly performance data, or use
performance metrics such as the system's total annual output and capacity factor for more general
performance evaluations.

The Time Series graph on the Results page showing hourly electricity generation for a 100 MW parabolic
trough system with 6 hours of storage in Tuscon, Arizona:
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The current version of the SAM includes performance models for the following types of systems:

¢ Photowltaic systems (flat-plate and concentrating)
e Parabolic trough concentrating solar power

e Power tower concentrating solar power (molten salt and direct steam)
o Linear Fresnel concentrating solar power (heat transfer fluid and direct steam)

¢ Dish-Stirling concentrating solar power

e Conwentional fossil-fuel thermal
o Solar water heating for residential or commercial buildings

e Wind power (large and small)

e Geothermal power

e Biomass combustion

Financial Models

SAM's financial modesl calculate financial metrics for various kinds of power projects based on a project's
cash flows ower an analysis period that you specify. The financial models use the system's electrical output

calculated by the performance model to calculate the series of annual cash flows.

SAM includes financial models for the following kinds of projects:

o Residential (retail electricity rates)
o Commercial (retail rates)

e Power purchase agreement, PPA (utility-scale or power generation project)

» Single owner
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» Lewveraged partnership flip
» All equity partnership flip
» Sale leaseback

Residential and Commercial Projects

Residential and commercial projects are financed through either a loan or cash payment, and recover
investment costs by selling electricity through either a net metering or time-of-use pricing agreement. For
these projects, SAM reports the following financial metrics:

o Lewelized cost of energy

o Electricity cost with and without renewable energy system

o After-tax net present value

e Payback Period

Power Purchase Agreement (PPA) Projects

PPA projects are assumed to sell electricity through a power purchase agreement at a fixed price with
optional annual escalation and time-of-delivery (TOD) factors. For these projects, SAM calculates:
o Lewelized cost of energy
PPA price (electricity sales price)
Internal rate of return
Net present value
Debt percent or debt senice cowerage ratio

SAM can either calculate the internal rate of return based on a power price you specify, or calculate the
power price based on the rate of return you specify.

Project Cash Flow

SAM calculates financial metrics from project cash flows representing the value of energy savings for
projects using retail electricity rates, and the value of revenue from electricity sales for projects selling
electricity under a power purchase agreement. For the PPA partnership models, SAM calculates cash flows
from the project perspective and from the perspective of each partner.

The following image shows seweral rows of the cash flow table for a PPA project:
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The project annual cash flows include:

o Value of electricity sales (or savings) and incentive payments

¢ Installation costs

e Operating, maintenance, and replacement costs

o Debt principal and interest payments

e Tax benefits and liabilities (accounting for any tax credits for which the project is eligible)
¢ Incentive payments

o Project and partner's internal rate of return requirements (for PPA projects)

Incentives
The financial model can account for a wide range of incentive payments and tax credits:

¢ Investment based incentives (IBI)

Capacity-based incentives (CBI)

Production-based incentives (PBI)

Investment tax credits (ITC)

Production tax credits (PTC)

Depreciation (MACRS, Straight-line, custom, bonus, etc.)

Analysis Options

In addition to simulating a system's performance over a single year and calculating a project cash flow over
a multi-year period, SAM's analysis options make it possible to conduct studies inwlving multiple
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simulations, linking SAM inputs to a Microsoft Excel workbook, and working with custom simulation
modules.

The following options are for analyses that investigate impacts of variations and uncertainty in assumptions
about weather, performance, cost, and financial parameters on model results:

e Parametric Analysis: Assign multiple values to input variables to create graphs and tables showing the
value of output metrics for each value of the input variable. Useful for optimization and exploring
relationships between input variables and results.

e Stochastic: Assign multiple values to input variables using parameters for statistical distributions.

e P50/P90: For locations with weather data available for many years, calculate the probability that the
system’s total annual output will exceed a certain value.

Finally, SAM's scripting language LK allows you to write your own scripts within the SAM user interface to
control simulations, change values of input variables, and write data to text files. SAM macros are LK
scripts that come with the software and can be run with no knowledge of scripting. SAM macros include a
weather file checker, multiple subsystems, photowoltaic system sizing assistant, and tornado plot generator.

SAM also makes it possible to work with external models dewveloped in Excel with Excel Exchange, which
allows Excel to calculate the value of input variables, and automatically pass values of input variables
between SAM and Excel.

Software Development History and Users

SAM, originally called the "Solar Advisor Model" was deweloped by the National Renewable Energy
Laboratory in collaboration with Sandia National Laboratories in 2005, and at first used internally by the U.S.
Department of Energy's Solar Energy Technologies Program for systems-based analysis of solar technology
improvement opportunities within the program. The first public version was released in August 2007 as
Version 1, making it possible for solar energy professionals to analyze photowltaic systems and
concentrating solar power parabolic trough systems in the same modeling platform using consistent
financial assumptions. Since 2007, two new wersions have been released each year, adding new
technologies and financial models. In 2010, the name changed to "System Advisor Model" to reflect the
addition of non-solar technologies.

The DOE, NREL, and Sandia continue to use the model for program planning and grant programs. Since the
first public release, ower 35,000 people representing manufacturers, project dewelopers, academic
researchers, and policy makers have downloaded the software. Manufacturers are using the model to
evaluate the impact of efficiency improvements or cost reductions in their products on the cost of energy
from installed systems. Project dewvelopers use SAM to evaluate different system configurations to maximize
earnings from electricity sales. Policy makers and designers use the model to experiment with different
incentive structures.

Downloading SAM and User Support

SAM runs on both Windows and OS X It requires about 500 MB of storage space on your computer.
SAM is available for free download at http://sam.nrel.gov.
To run SAM, you must register your copy of SAM by providing NREL with a valid email address.

SAM's website includes software descriptions, links to publications about SAM and other resources:
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The following resources are available for learning to use SAM and for getting help with your analyses:

The built-in Help system (also available on the website)

User support forum: https://sam.nrel.gov/forums/support-forum
Demonstration videos on the SAM website: https://sam.nrel.gov/content/resources-learning-sam

Periodic webinars: https://sam.nrel.gov/content/resources-learning-sam
You can contact the SAM support team by emailing sam.support@nrel.gov.

SAM's help system includes detailed descriptions of the user interface, modeling options, and results:
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Model Structure

SAM consists of a user interface, calculation engine, and programming interface. The user interface is the
part of SAM that you see, and provides access to input variables and simulation controls, and displays
tables and graphs of results. SAM's calculation engine performs a time-step-by-time-step simulation of a
power system's performance, and a set of annual financial calculations to generate a project cash flow and
financial metrics. The programming interface allows external programs to interact with SAM.
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The user interface performs three basic functions:

o Provide access to input variables, which are organized into input pages. The input variables describe the
physical characteristics of a system, and the cost and financial assumptions for a project.

e Allow you to control how SAM runs simulations. You can run a basic simulation, or more advanced
simulations for optimization and sensitivity studies.

e Provide access to output variables in tables and graphs on the Results page, and in files that you can
access in a spreadsheet program or graphical data viewer.

SAM's scripting language LK allows you to automate certain tasks. If you have some experience writing
computer programs, you can easily learn to write LK scripts to set the values of input variables by reading
them from a text file or based on calculations in the script, run simulations, and write values of results to a
text file. You can also use LK to automatically run a series of simulations using different weather files.

Excel Exchange allows you to use Microsoft Excel to calculate values of input variables. With Excel
Exchange, each time you run a simulation, SAM opens a spreadsheet and, depending on how you've
configured Excel Exchange, writes values from SAM input pages to the spreadsheet, and reads values from
the spreadsheet to use in simulations. This makes it possible to use spreadsheet formulas to calculate
values of SAM input variables.

Calculation Engine

Each renewable energy technology in SAM has a corresponding performance model that performs
calculations specific to the technology. Similarly, each financial model in SAM is also associated with a
particular financial model with its own set of inputs and outputs. The financial models are as independent as
possible from the performance models to allow for consistency in financial calculations across the different
technologies.

A performance simulation consists of a series of many calculations to emulate the performance of the
system over a one year period in time steps of one hour for most simulations, and shorter time steps for
some technologies.

A typical simulation run consists of the following steps:
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1. After starting SAM, you select a combination of technology and financial models for a case in the
user interface.

2. Behind the scenes, SAM chooses the proper set of simulation and financial models.

3. You specify values of input variables in the user interface. Each variable has a default value, so it is
not necessary to specify a value for every variable.

4. When you click the Simulate button, SAM runs the simulation and financial models. For advanced
analyses, you can configure simulations for optimization or sensitivity analyses before running a
simulation.

5. SAM displays graphs and tables of results in the user interface.

1.1 Performance Models

SAM's performance models run hourly or sub-hourly simulations to calculate the power system's electrical
output. The sum of these values is the total annual output that the financial model uses to calculate the
project annual cash flows and financial metrics.

Notes.

The solar water heating models calculate the thermal output of the system, assuming that it displaces
electricity that would normally heat water in a conventional electric water heating system.

Because of the nature of the technology, the geothermal model calculates system performance over a
period of years rather than hours.

SAM's detailed photowltaic, PVWatts, solar water heating, and physical trough models can perform
sub-hourly simulations for advanced analyses, but require sub-hourly weather data to do so.

Photovoltaic Systems

SAM models grid-connected photowoltaic systems that consist of a photowltaic array and inverter. The array
can be made up of flat-plate or concentrating photowltaic (CPV) modules with one-axis, two-axis, or no
tracking.

Detailed Photovoltaic

The detailed photowltaic model calculates a grid-connected photowltaic system's electrical output using
separate module and inverter models. It requires module and inverter specifications along with information
about the number of modules and inverters in the system. You can either provide your own module and
inverter specifications from a manufacturer's data sheet, or choose a module and inverter from libraries. The
detailed photowoltaic model models the effect of temperature on module performance, and has options for
calculating shading and other losses in the system. The model also includes a system sizing calculator to
help you determine the number of modules and inverters in the system.

Use the detailed photowoltaic model when you have information about the equipment that will be used in the
system.

PVWatts Model
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The PVWatts model is an implementation of NREL's popular online photowoltaic calculator. It models a grid-
connected photowoltaic system using a few basic inputs to describe the system's nameplate capacity, array
orientation and mounting type, and system losses. PVWatts makes internal assumptions about module and
inverter characteristics for three types of modules. SAM's implementation of PVWatts includes options for
modeling shading that are not available with the online version.

Use the PVWatts model for preliminary project analysis before you hawe information about the type of
equipment you plan to use in the system, or for other analyses that require a reasonable estimate of a
photowoltaic system's electrical output.

Concentrating Photovoltaic

The concentrating photowoltaic model is appropriate for grid-connected photowltaic systems with high
concentration photowltaic (HCPV) modules. The concentrating photowltaic model uses separate models to
represent the module and inverter. It requires information about the design of the concentrator and efficiency
of the cell at different irradiance levels. For the inverter model, you can either use specifications from a
manufacturer data sheet, or choose an inverter from a library.

Concentrating Solar Power

The concentrating solar power (CSP) models are for grid-connected thermal power plants that use solar
energy to generate steam to drive an electric power generation plant.

Parabolic Trough (Physical Model)

The physical trough model calculates the electricity delivered to the grid by a parabolic trough solar field that
delivers thermal energy to a power block for electricity generation, with an optional thermal energy storage
system. The physical trough model characterizes 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. While the physical model is more flexible than the empirical model (see below), it adds more
uncertainty to performance predictions than the empirical model.

Parabolic Trough (Empirical Model)

The empirical trough model models the same type of parabolic trough system as the physical trough model,
but uses a set of curve-fit equations derived from regression analysis of data measured from the SEGS
projects in the southwestern United States, so you are limited to modeling systems composed of
components for which there is measured data. The model is based on Excelergy, originally deweloped for
internal use at at the National Renewable Energy Laboratory.

Molten Salt Power Tower

A molten salt power tower system (also called central receiver system) 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 molten salt 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.

Direct Steam Power Tower

The direct steam power tower model is for a system that uses steam in the receiver instead of a salt heat
transfer fluid.
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Linear Fresnel

A linear Fresnel system consists of a field of slightly curved or flat Fresnel reflectors that focus light on an
absorber in the focal plane abowve the reflector. The absorber circulates a heat transfer fluid that transfers
heat to a power block. The system may include thermal storage.

Dish Stirling

A dish-Stirling system 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.

CSP Generic Model

The CSP _generic model model allows you to model a system that consists of a solar field, power block with
a conventional steam turbine, and optional thermal energy storage system. The model represents the solar
field using a set of optical efficiency values for different sun angles and can be used for any solar technology
that uses solar energy to generate steam for electric power generation.

Integrated Solar Combined Cycle

The integrated solar combined cycle model is for a molten salt power tower system integrated with a natural
gas combined cycle power plant.

Generic System

The generic system model is a basic representation of a conventional power plant. The Generic technology
option makes it possible to compare analyses of renewable energy project to a base case conventional
plant using consistent financial assumptions.

The generic system model allows you to characterize the plant's performance either using one of two
options:
e Specify a nameplate capacity and capacity factor value: Assumes that the plant generates power at a
constant rate over the year.

e Specify an hourly our sub-hourly generation profile: Assumes that the plant generates power according
to the generation profile you specify.

Solar Water Heating

SAM's Solar Water Heating model represents a two-tank glycol system with an auxiliary electric heater and
storage tank for residential or commercial applications. The model allows you to vary the location, hot water
load profiles, and characteristics of the collector, heat exchanger, and solar tanks.

Wind Power

The wind power model can model a single small or large wind turbine, or a project with two or more large or
small wind turbines that sells power to the grid.
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Geothermal

Note. SAM's geothermal power model is for electricity-generating systems, not ground source heat
pumps or geo-exchange systems.

A geothermal power plant uses heat from below the surface of the ground to drive a steam electric power
generation plant. SAM analyzes the plant's performance ower its lifetime, assuming that changes in the
resource and electrical output occur monthly over a period of years, rather than over hours over a period of
one year as in the solar and other technologies modeled by SAM.

Biomass Power

A biomass power system burns a biomass feedstock (with or without supplementary coal) in a combustion
system to generate steam that drives an electric power generation plant.

1.2 Financial Models

SAM's financial models calculate a project's cash flow over an analysis period that you specify. The cash
flow captures the value of electricity generated by the system and incentives, and the cost of installation,
operation and maintenance, taxes, and debt.

Note. SAM is designed to calculate the value of electricity generated by a system. The economic
metrics it reports are based on units of electrical energy rather than thermal energy. The solar water
heating model calculates the value of electricity saved by the system, assuming that heat from the
system displaces heat that would be generated by a conventional electric water heater without the solar
system.

The financial models can represent two main types of projects:

¢ Residential and commercial projects that buy and sell electricity at retail rates and displace purchases
of power from the grid.

o PPA projects that sell electricity at a wholesale rate to meet internal rate of return requirements.

Residential and Commercial Owner

In SAM, residential and commercial projects buy and sell power at retail rates. They may be financed
through either a loan or cash payment (0% debt percent). These projects recower investment costs by
selling electricity at rates established by the electricity senice provider. SAM calculates metrics for these
projects at the project level, assuming that a single entity dewelops, owns, and operates the project.

For residential and commercial projects, SAM calculates the project's lewelized cost of energy, which
represents the cost of installing and operating the system, including debt and tax costs, and accounting for
incentives. The model also calculates the net present value of the after tax cash flow, and a payback period
representing the number of years required for the cumulative after tax cash flow to cover the initial equity
investment in the project.
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Commercial projects may qualify for tax deductions under the Modified Accelerated Depreciation Schedule
(MACRS) described in the United States tax code. SAM provides options for specifying custom depreciation
schedules in addition to the MACRS mid-quarter and half-year schedules on the Depreciation page.

Residential and commercial projects are typically smaller than 500 kW, although SAM does not restrict
system sizes, so it is possible to model any size system using either the residential or commercial financial
model.

SAM's Electricity Rates page provides a range of options for specifying the retail electricity rate structure for
a project. The rate structure may include any of the following:

Flat buy and sell rates (with or without net metering)
Time-of-use energy charges

Monthly demand charges (either fixed or time-of-use)
Tiered rates

Fixed monthly charges

For projects with demand charges and tiered rates, SAM requires electric load data, which is specified on
the Electric L oad page.

Third Party Ownership

In a third party ownership project, a photowoltaic system is installed on a residential or commercial property.
The property owner, or customer, makes an agreement with a third party who installs, operates, and owns
the system. The system reduces the customer's electricity bill, and the customer makes payments to the
third party owner for the system. SAM can model two types of third party ownership agreements. In a power
purchase agreement (PPA), the customer pays for the power generated by the system at a fixed rate called
the PPA price. In a lease agreement, the customer makes monthly lease payments on the system.

SAM calculates the project's net present value so you can compare the value of a lease agreement and
PPA, or compare a third party ownership project with one where the customer owns the system.

Power Purchase Agreement (PPA)

PPA projects are usually utility-scale projects and sell electricity at a price negotiated through a power
purchase agreement (PPA) to meet a set of equity returns requirements, and may involve one or two parties.

SAM provides options for calculating a power purchase price given a target internal rate of return, or for
calculating the rate of return given a power purchase price. An optional annual escalation rate allows for
pricing that varies annually, and optional time-of-delivery (TOD) factors allow for pricing that varies with time
of day.

For PPA projects, depending on the options you choose, SAM either calculates an electricity sales price
(PPA price) or IRR. SAM reports IRRs and NPVs for the project as a whole, and as appropriate, for each
project partner.

The PPA financial models are typically appropriate for large-scale projects because of the costs associated
with financial customization. Howewer, developers of smaller commercial projects are experimenting with
lower cost approaches, such as using standardized versions of some of the advanced financial structures,
financing projects on an aggregated basis, seeking corporate financing rather than project-level financing,
and partnering with community-based lending institutions and investors. Because SAM does not restrict the
size of the system, it is possible to use these financial structures with any size of system.

Single Owner
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In the Single Owner model, one entity owns the project and has sufficient tax liability to utilize the tax
benefits. This structure is less complicated than the Partnership Flip and Sale Leaseback structures
because there is no need to allocate cash and tax benefits to different partners. The owner may be either
the original developer or a third-party tax investor that purchases the project from the dewveloper. (See above
for a discussion of the differences between the Single Owner and Independent Power Producer options.)

Partnership Flip with and without Debt

The partnership flip with debt (Leveraged Partnership Flip) and partnership flip without debt (All_Equity
Partnership Flip) models are for two-party projects that involve equity investments by a project developer and
a third party tax investor. The tax investor has sufficient tax liability from its other business operations to
utilize any tax benefits (tax credits and depreciation deductions) fully in the years in which the project
generates the benefits. The project sets up a limited liability entity, and once the project begins generating
and selling electricity, all of the project’s net cash flows and tax benefits are passed through this entity to its
owners. The project allocates a majority of the cash and tax benefits to the tax investor when the project
begins operation and until the tax investor receives a pre-negotiated after-tax IRR, also known as the flip
target. Once the flip target is reached, a majority of the cash and any remaining tax benefits are allocated to
the developer.

Sale Leaseback

The Sale Leaseback model is another two-party structure that involves a tax investor purchasing 100% of
the project from the dewveloper and then leasing it back to the deweloper. This structure differs from the
partnership flip structures in that the tax investor and the deweloper do not share the project cash and tax
benefits (or liability). Instead, each party has its own separate cash flow and taxable income. The purchase
price paid by the tax investor is equal to the total project cost, less a lease payment and the value of
working capital resene accounts. The developer typically funds the reserve accounts to ensure it has some
financial exposure. The tax investor receives lease payments from the deweloper and any ownership-related
incentives such as the tax credits, incentive payments, and the depreciation tax deductions. The developer
operates the project and keeps any excess cash flow from operations, after payment of all operating
expenses and the lease payments. This provides the developer with an incentive to operate the project as
efficiently as possible.

Note. SAM assumes that the tax investor receives the ITC in the sale leaseback structure. SAM does
not model alternative lease structures that treat the ITC differently.

Below is a table summarizing the five structures.

All Equity Leveraged
Partnership Flip Partnership Flip Sale Leaseback Single Owner

Equity Owners Tax investor Tax investor Tax investor Deeloper

Deeloper Deeloper (Lessor) (third party if sold)
Project Debt No Yes No Optional (owner

choice)

Return Target Tax investor after-tax Tax investor after-tax Lessor after-tax IRR Owner after-tax IRR

IRR IRR

(Flip Target) (Flip Target)
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Cash Sharing Pre-Flip: Bifurcated Pre-Flip: Pro rata Lessor: Lease Owner receives
Post-Flip: Primarily Post-Flip: Primarily payment 100% of project
deweloper deweloper Lessee: Project cash

margin

Tax Benefit Pre-Flip: Primarily ~ Pre-Flip: Primarily ~ Tax investor and Owner receives

Sharing tax investor tax investor deweloper have 100% of project tax
Post-Flip: Primarily Post-Flip: Primarily  different taxable benefits
developer deweloper incomes

ITC and Depreciation
goes to tax investor

LCOE Calculator

The LCOE calculator uses a simple method to calculate the project's lewelized cost of energy (LCOE). You
provide the installation cost, operating costs, and a fixed charge rate as input, and the model calculates the
LCOE based on the annual energy generated by the system. The calculator can also calculate the fixed
charge rate when you provide basic financial parameters.

1.3 User Support

For information about SAM, please use the following resources on the SAM website:

e Support forum to search for answers and post questions about SAM. To patrticipate in the forum, you
must register on the SAM website.

o Learning page for links to webinars and user documentation.

e Resources menu for technical documentation, sample files, and weather data information:
o Financial model documentation
o Performance model documentation
o List of Publications about SAM

o References for System Cost Data

o Case Study and Validation Reports
o Libraries and Databases

0 Weather Data Information
To contact SAM support:
e Post a question or comment on the Support forum.

e Use the SAM website Contact page to send an email.
e Send an email to sam.support@nrel.gov.
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1.4 Keep SAM Up to Date

The SAM team releases new \ersions of SAM periodically. To find out if your version of SAM is the latest
version, check the SAM website's Download page at https://sam.nrel.gov/content/downloads.

SAM's Welcome page also displays news from the SAM team, including announcements of new versions.

SAM Version Information

SAM displays the version number in the title bar of the Main window:

E3 sam 2014101

ntitled v

purce Data—

Version number

Location and P

You can more detailed SAM wersion information by clicking About in the Help window:

n Systemn Advisor Model Help {pvwatts_location_and_resource --= file:///F\sam_dev\SAMnt\deployruntimeihelpihtml... E\@

Back Home Website Forum Email support Release notes Scripting reference

SAM versiaon
information

Updating SAM

If a newer version of SAM is available on the SAM website that the version installed on your computer, you
can download and install it to update SAM. You can either keep the older version on your computer, or
remowe it using your operating system's uninstall program.
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1.5 Models and Databases

This topic lists all of SAM's performance models and describes the component-level models and databases
SAM uses.

System Performance Models

The system models represent a complete renewable energy system and were dewveloped by NREL using
algorithms from partners listed below.
Model Name NREL Partner (if any)

Detailed Photowoltaic Component models from Sandia National
Laboratories and the University of Wisconsin

Concentrating PV

PVWatts

Parabolic Trough Physical Model University of Wisconsin
Parabolic Trough Empirical Model University of Wisconsin
Molten Salt Power Tower University of Wisconsin
Direct Steam Power Tower University of Wisconsin
Linear Fresnel University of Wisconsin
Dish Stirling University of Wisconsin

Generic Solar System

Generic System

Solar Water Heating

Wind Power University of Wisconsin

Geothermal Power Princeton Energy Resources International
Biomass Power

Component Performance Models

The detailed photowoltaic and wind power models include options for choosing a component performance
model to represent part of the system.

Model Name Component Developer
Simple Efficiency Module Model Photowoltaic module NREL
CEC Performance Model with Photowoltaic module University of Wisconsin
Module Data base
CEC Performance Model with User Photowoltaic module Adapted by NREL
Entered Specifications
Sandia PV Array Performance Photowltaic module Sandia National Laboratories
Model with Module Database
Single Point Efficiency Inverter Inverter NREL
Sandia Performance Model for Grid Inverter Sandia National Laboratories
Connected PV Inverters
Wind Turbine Design Model Wind Turbine NREL
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Model Name Component Developer
Wind Power Curve Model Wind Turbine NREL

Component Parameter Databases

Some of the component models use a library of input parameters to represent the performance
characteristics of the component. The libraries listed below are owned by organizations other than NREL.

Library Name Component Owner
CEC Modules PV module California Energy Commission
Sandia Inverters Inverter Sandia National Laboratories
Sandia Modules PV module Sandia National Laboratories

Online Financial Model Data

SAM can automatically download data from the following online databases to populate values on its financial
model input pages.

Database Name Type of Data Database Manager
OpenEl U.S. Utility Rate Database Retail electricity prices and rate NREL and lllinois State University
structures

Online Renewable Resource and Weather Data Sources

SAM can automatically download renewable energy resource and weather data from the following online
databases.

Database Name Type of Resource Data Database Manager
National Solar Radiation Database Solar and Meteorological NREL
Wind Integration Datasets Wind and Meteorological NREL with 3Tier and AWS
Truepower
Geothermal Resource Ground temperature and depth Southern Methodist University
NREL Biofuels Atlas Agricultural Residues NREL
Billion Ton Update Dedicated energy crops Department of Energy

Solar and Wind Resource Files

SAM comes with a of weather files for the solar and wind performance models.

The solar resource files are in the SAM CSV format and contain data from:

o National Solar Resource Database (NSRDB): TMY3 (1991-2005) and TMY2 (1961-1990)
e Solar and Wind Energy Resource Assessment Programme (SWERA)

o The ASHRAE International Weather for Energy Calculations Version 1.1 (IWEC)

e Canadian Weather for Energy Calculations (CWEC)

The wind resource files are in the SRW format and contains representative typical weather files for some
locations around the United States deweloped by NREL and AWS TruePower.
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2 Getting Started

The following procedure describes the basic steps to set up and run a simulation of a project.

See also:

e Financial Models
e Performance Models

1. Create a project
When you start SAM, it displays the Welcome page with several options for creating or opening a file.
To create a project, Start a new project.

E3 sam 2014101

Start a new project >

Open a project file

MNew script Open script

2.Choose models

Your project is made up of a performance model for the power system and an optional financial model for the
project's financial structure.

To choose models, click the performance model name in the list, and then click the financial model that
appears in the list to the right:
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Ed sam2014101

Choose a performance model, and then choose from the available financial models.

Photovoltaic (detailed) Commercial (distributed)
Photovoltaic (PVWatts) PPA single owner (utility)
Concentrating photovoltaic _then choose a financial model utility)

_ from the list that appears. N
Wind e L —— bt (utility)
Biomass combustion PPA sale leaseback (utility)

Geother First, choose a No financial model
perfarmance model....

Solar wate SHUTTY

SRS N I

When you choose a financial model, and click OK, SAM creates a new file and populates all of the input
variables with values from the default values database.

3. Review inputs
After creating your file, open each input page and review the default assumptions.
See Input Pages for details.

4. Run a simulation

To run a simulation, click Simulate at the bottom left of the main window.

Simulate >

Parametrics Stochiastic

P50 / P90 Macros

See Run Simulation for details.

5. Review results

When simulations are complete, SAM displays a summary of results in the Metric table.
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Metric Value

Annual energy 37,211,968 kWh [ p==Pperformance metrics
Capacity factor 21.2%

First year KWhAC/kWDC 1,861 KWh/kW

Performance ratio 0.78 -

PPA price (Year1) 1033 ¢/kWh  [Je=Financial metrics
PPA price escalation 1.00 %

Levelized PPA price (norminal) 11.20 ¢/kWh

Levelized COE (nominal) 1048 ¢/kWh

Met present value 52723177

Internal rate of return (IRR) 11.00 %

Year IRR is achieved 20

IRR: at end of analysis pericd 1276 %

Met capital cost 541,179 084

Equity §19,478,956

Size of debt £21,700,130 o

You can display graphs and tables of detailed results data on the Results page.

2.1 Welcome Page

When you start SAM, it displays the Welcome page with options for starting your work session and
messages about SAM from NREL's SAM dewvelopment team.

Tip. To return to the Welcome page after creating a case, on the File menu, click Close, or press ctrl-
W.
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O sammera

.u-l;ilﬁ

+iNREL

Start a new project »

Announcements

Open a project file

Do wou have a guestion about SAM? A suggestion for improving it? If so, please consider
Pt SO O SCTRD

|]ar1|r_|p.'|1mg inaSAaM Bound Table session Eggiﬂrg;ign 1% frese, These 30-minute online
sessions are held every other Thursday at 2:30 pm Mountain time (GMT-7) -- all you need
1o participate i$ a computer with an internel conmnection

To start a new proiect:

1. Click Start a new project.
2. Choose models.

Note. If you are modeling a wind system, you can use the Wind Wizard to create the project. The
Wizard steps you through the inputs you need to create a basic case. To run the Wind Wizard, click
Quick start for new users at the bottom left corner of the Welcome page, and then click Wind Wizard.

To open an existing SAM project:

1. Click Open a project file to open an existing SAM project stored in a .sam file.
2. Double-click the name of a recent .sam file in the list at the bottom right of the Welcome page.

To create or open an LK script:

e Click New script to create a new script, or

click Open script to open an existing script stored in a .Ik file.

To see or change your registration information:
e Click Registration.

The SAM Registration window displays the email address you used to register SAM and your SAM
key.

September 2016



Welcome Page 37

To display version information:
e Click About.

The About page displays the versions numbers for your copy of SAM along with the NREL legal
disclaimer.

2.2 Create a Project

A SAM project consists of one or more cases. Each case stores inputs and results for a renewable energy
system. When you save a project, SAM creates a project file with the .sam extension.

To create a SAM project:

1. On the Welcome page, click Start a new project to create a new project, or on the Eile menu,
click New project.

2. Choose models for your project.
SAM creates the project with a single case with all input variables populated with default values.
3. On the File menu, click Save to save the project as a .sam file.

New project

New script

Open project

Open script

Save

Save as...

Save with hourly results

Import cases...

Inputs browser...

Close

Quit
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2.3 Choose Models

When you create or modify a case, you must choose the performance and financial model that best
describes your project.

Ed sam2014101

Choose a performance model, and then choose from the available financial models.

Photovoltaic (detailed) Commercial (distributed)
Photovoltaic (PV\Watts) ’PA single owner (util
Concentrating photovoltaic then choose a financial model utility)
] from the list that appears N
Wind e T —— bt (utility)

Biomass combustion PPA sale leaseback (utility)

Geother First choose a No financial model
perfoarmance model

To choose the performance and financial model:

1. Choose a performance model: In the left column, click the name of the performance model for case.
For a description of the technology options, see Performance Models.

When you choose a performance model, SAM displays the financial model available for that
performance model.

2. Choose a financial model: In the right column, click the name of the financial model for the case.
For a description of the financial models, see Einancial Models.

3. Click OK to create or modify the case.

Note. When you change the performance or financial model for a case, SAM populates new variables
with default values. Be sure to review the variables on each jnput page to make sure that they are
appropriate for your analysis.

Identifying the Models for a Case

When SAM displays the case, you can \erify that the performance and financial model are correct on the
Main Window:
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Eq sam 2014101

ﬂ @New Single 25 Dish Stirling Unit v

Dish Stirling, Commercial |'Apertu re

Receiver Aperture

Solar Field F“’s“‘“ﬂ““

Changing a Case's Models

To change the performance model or financial model for an existing case, on the case's menu, click
Change model:
T

B3 samamea0a

6" @ Mew untitledv

HCPY, Hip {m Ein'il._IlE!tE'

Location and Re

todule
Rename
Inverter N
Duplicate
Afray Delete

System Costs
Degradation
Change model...
Reset inputs to de h t values

IEREREERES]  Sct up Excel exchange...

Financial Parame

LsA AZ Ii.lngmun {amas) (TRY3)
USa AT Luke Afl (TMY3)

Incentives
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2.4 Main Window

After you choose the models for your analysis, SAM displays the main window, which gives you access to
the input pages for each case in the project:

rEscalation Rate

I L Target year n
- PPA pii lati 1 %
Navigation Performance and financial $/Wh price scslition fest
Menu model for current case
Analysis period 23 years Inflation rate 23 Hfyear
Real discount rate B.2 Shfyear

System Design .
Mominal discount rate 1050 Sfyesr

Shad
“ding Tax and Insurance Rates

Federal income tax rate

Losses 35 Wfyesr Property Tax

Assessed percentage

rate 7 %fyear 100 % of installed cost

System Costs

Active Input Page

Agsessed value  §38,208772.00
Degrada: on e tax 5 % of total direct cost Annual dechne 0 %year
Inswrance rate (annal) 05 % of installed cost Property tax rate 0| Styear
Financial Parameters
. ) _ Satvage Value
ime: of Delwer}l e Met sablvage value 0 % of installed cost End of analysis peniod value 50

Incentives

@ Project Term Debt

Project Term Debt

Depreciation

Input Page

13  The DSCR determines the size of debt. SAM calculates the debt fraction assuming a constant DSCR,
and reparts debt and equity amounts on the Results page.

Click Simulate to start simulations

1 Tenor 18 years
/ Annual sll-in interect rate T%
Simulate >
-~ Debt clesing costs 450000 5
Param
Up-front fee 275 % of total debt B
. i '

Shortcut Menus

A down arrow in SAM indicates a context menu. Click the button to show a list of commands or
options:

CEC Performance Model with Module Database w
[] Simple Efficiency Module Model
B CEC Performance Model with Module Database

[] CEC Performance Model with User Entered Specifications

[J Sandia PV Array Performance Model with Module Database
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Case Tabs

The case tab cases in the project and a context menu with commands for managing cases. A project may
consist of a single case, or may contain more than one case.

i

Ed sam 2015630

= (PHNew Rooftop PV v Small wind v"t Residential solar water v

Wind, Residential

Simulate

Wind Resource | Create report
Wind Turbine Clear all results a few letters of the r
Wind Earm Rename
Duplicate Soate
System Costs Delete Con
Lifetime Move left pentat... Ii
Financial Parameters ieeg gl b TX
enties Change model... .y Ii
Reset inputs to default values entati.. UT
Electricity Rates Excel exchange... ) fi vwi

2.5 Input Pages

Use the input pages to \erify and change values of input variables for your analysis.

¢ The navigation menu displays different input pages.

¢ Text and variable colors indicate whether a variable is an input or calculated value, and whether or not it
is active.
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SAM Help

B sam 201401

@) (Dnew

Location and Resource
Solar Field
Callectors (SCAs)

Receivers (HCEs)

Trowigh (phys.), Single cwner

Solar Field Parameters

@ Option 1: Solar multiple
Ciption 2: Field aperture

Riow in:
Button to select o
A Stow angle
Inpu': page Deploy angle

Power Cycle
Thermal Storage
Parasitics

System Costs
Degradation
Financial Parameters
Time of Delivery Factors
Incentives

Depraciation

Simulate >

Mumber of field subsections

Header pipe reughness
HTF pump efficiency
Freeze pratection temp
Irradiation at design

Allow partial defocusing

:Dei,1Poi||I

Single lagp aperture

Leop optical efficiency

Total loop conversion efficiency
Total required aperture, SM=1
Reguired number of loops, 5M=1

[ Collector Orientation

Collector tilt

Collector azimuth

| Mirror Washing

‘Water usage per wagh

'Washes per year

rland Area

Solar Field Area

1 [simutanecus x

o7
63

B4l acres

Heat Transfer Fluid

2 Field HTF fiuid | Thesrninel VP-1

377000 |mé

User-defined HTF fluid

Field HTF min operating temp

15 m Fiedd HTF max operating ternp
170 deg Design loop inlet temp
10 deg Diesign loop outlet termp
- Min single loop flow rate
457005 m Max single boop flow rate
0.85 Min field flow velocity
150 *C Max field flow velocity
950 wllfml

Header design min flow velocity

Header design man flow velocity

7624 mt Actual number of loops
0744601 Total aperture reflective area
0.716854

Aictusl solar multiple

431859 m* Input page Field thermal output
114.783

0 deg
0 deg
Plant Heat Capacity
N Hot piping thermal inestia
Limi aper.
Cald piping thermal inetia
Field loop piping thermal inestia
Mon-Solar Field Land Area Multiplier 14

23
1

12

0.356100
436554

230
865352

588.235

0.2 EWht/K-Mwt
0.2 KWhiK-Mwe
4.5 WhtK-m

Total Land Area

,
€
"

808 acres -

SAM's input pages provide access to the input variables and options that define the assumptions of your

analysis.

When you start a project by creating a new file SAM populates all of the input variables with default values
so that you can get started with your analysis even before you hawe final values for all of the input variables.

Tip. To see a list of all input variables and their values for each case in your file, on the main menu,
click Browse case inputs .

Navigation Menu

The navigation menu shows buttons for input pages for the performance model at the top of the list, and
input pages for the financial model at the bottom:
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B =2m a0

Trough (phys.), Single cwner

Input pages for

Location and Resource
performance model

Solar Field

Collectors [SCAS)
Recaivers (HCEs)
Power Cycle

Thermal Storage

\ F Sitic
N Input pages for
l,a’ System Costs N financial model

Degradation

Financial Farameters “
Time of Delivery Factors

Incentives

Depreciation
\ /

P,

Colors of Text and Variables
SAM indicates different kinds of variables with colors.

Input Variables
Input variables that you can change are in white boxes with black values:

Capital Costs
Cost per KW
Turbine cost 54,673.00/ W
Balance of Systern cost 52,267.00/kKW

Calculated Values

Blue indicates a value that you cannot edit: Either a calculated value, a value from another input page, or a
value from a library:

Optical Calculations

Length of single module 833333 m
1AM at summer solstice 1.00366
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Tip. In Windows, press the F1 key (Command-? in OS X) to see the Help topic with descriptions of the
equations SAM uses for most calculated values.

Inactive Variables

Gray data boxes show values for your reference. For example, these input variables on the Location and
Resource page show annual averages calculated from data stored in the weather file. You cannot modify
data in gray:

MOCT method parameters

Mounting standoff | Ground or rack mounted

Array height | One story building height or lower

Web Links

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

Visit 540 weather data website

2.6 Performance Model Inputs

The performance model inputs describe the physical characteristics of the system. They include basic
parameters like the system's nameplate capacity and more detailed ones like absorber tube thickness for
parabolic troughs, and cell temperature coefficients for photowltaic modules. They also describe how the
components of the system are configured, such as number of modules per string and strings in parallel for
photowoltaic arrays, and distribution of heliostats in the solar field for power tower systems.

The following is a list of inputs for each performance model you can change when you get started using
SAM. You can use default values for the other inputs. As you become more familiar with the model and start
work on your actual analysis, you should refer to the detailed documentation for each model to understand
all of the inputs and make sure they are appropriate for your assumptions.

Note. The results you get from the basic assumptions listed below are suitable for learning how the
model works, but not for specific analysis scenarios.

Photovoltaic (detailed)

The detailed photowltaic model is suitable for large and small photowltaic systems when you have
information about the type of photowltaic module and inverter in the system and some detailed
specifications of the system's design.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.

e Module: From the CEC Performance Model with Module Database library, choose a module with a
maximum power rating (Pmp) similar to the one your plan to use in your system.
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o Inverter: From the Inverter CEC Database library, choose an inverter will a maximum AC power rating
similar to the one your plan to use for your system.

o System Design: Use the Specify desired array size option, and type the value for Desired array size for
your system. Under Tracking and configuration, for Subarray 1, choose a tracking option (typically fixed
for roof-mounted systems, and fixed or one-axis for large-scale ground-mounted systems), and type a
value for Tilt.

e Shading and Snow: Ignore these inputs at first. By default, SAM models a system with no shading
losses.

e Losses: Review these inputs, but you do not need to change them for a first analysis.

Photovoltaic (PVWatts)

The PVWatts model is suitable for large and small photowltaic systems when you hawe just basic
information about the system's design.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.
o System Design: Type a value for System nameplate size and for Tilt.

Concentrating photovoltaic

The concentrating photowltaic model is suitable for large and small concentrating photowltaic systems with
high concentration photowoltaic modules.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.

e Module: Type values for Single cell area, Number of cells, and Concentration ratio. These values should
be available from the module manufacturer.

o Inverter: From the Inverter CEC Database library, choose an inverter will a maximum AC power rating
similar to the one your plan to use for your system.

o Array: Type values for Number of trackers and Modules on each tracker.

Wind

The wind model is suitable for large and small wind power projects.
List of minimum inputs, organized by input page, to get started using the model:

e Wind Resource: Choose a representative typical file for a location similar to the project site.
o Wind Turbine: Choose a turbine from the library.
e Wind Farm: Type a wind farm nameplate capacity value.

Biomass combustion

The biomass combustion model is for systems that use a biomass combustor coupled to a steam Rankine
power cycle to generate electricity. It is not suitable for biomass gasification, bio-digester, or other types of
biomass energy systems.

List of minimum inputs, organized by input page, to get started using the model:

System Advisor Model 2016.3.14



46 SAM Help

Location and Ambient Conditions: Choose a location at or near your project site from the solar resource
library.

Feedstock: Download feedstock data for either traditional residues, dedicated energy crops, or both.
Plant Specs: Use default values.

Emissions: Use default values.

Geothermal

The geothermal model is for electric power generation systems that collect heat from underground resenwirs
and use it to drive a steam Rankine cycle power cycle. It is not suitable for geothermal heat exchange
systems.

List of minimum inputs, organized by input page, to get started using the model:

o Ambient Conditions: Choose a location at or near your project site from the solar resource library.

o Geothermal Resource: Type a value for Total Resource Potential and click Lookup temp and depth for a
location.

e Plant and Equipment: Type a value for the plant output.
e Power Block: Use default values.

Solar water heating

The solar water heating model is for a one-tank water or glycol system with an auxiliary electric heater that
reduces the electric bill of a residential or commercial building. It is not suitable for buildings with gas water
heating, or for other types of solar water heating systems.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.

e Solar Water Heating: Type a value for Awerage daily hot water usage, Tilt, Azimuth, Number of
collectors, and choose a collector from the library.

Generic system

The generic system model is for any kind of electric power generation system when you know the system's
nameplate capacity and capacity factor, or when you have a time series power generation profile to use as
input to the model.

List of minimum inputs, organized by input page, to get started using the model:
o Power Plant: Type values for Nameplate Capacity, Capacity Factor, Loss Factor, and Heat Rate.

CSP parabolic trough (physical model)

The parabalic trough physical model is suitable for parabolic trough systems that use oil or solar salt as the
heat transfer fluid to deliver solar heat to a steam Rankine power cycle with optional storage.

List of minimum inputs, organized by input page, to get started using the model:
o Location and Resource: Choose a location at or near your project site from the solar resource library.
e Solar Field, Collectors, Receivers: For an initial analysis, you can leave the default values as they are.

o Power Cycle: Type values for Design gross output and Estimated gross to net conwversion factor that
result in the system nameplate capacity you want.
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o Thermal Storage: Type a value for Full load hours of TES that represents the storage capacity of your
system (use zero for no storage).

e Parasitics: Use default values.

CSP parabolic trough (empirical model)

The parabolic trough empirical model is suitable for a parabolic trough system with a design based on the
SEGS projects in the southwestern U.S.

List of minimum inputs, organized by input page, to get started using the model:

Location and Resource: Choose a location at or near your project site from the solar resource library.
Solar Field, Collectors, Receivers: For an initial analysis, you can leave the default values as they are.

Power Block: Type values for Design gross output and Estimated gross to net conwversion factor that
result in the system nameplate capacity you want.

Thermal Storage: Type a value for Full load hours of TES that represents the storage capacity of your
system (use zero for no storage).

e Parasitics: Use default values.

CSP power tower molten salt

The molten salt power tower model is for central receiver concentrating solar power plants that use solar salt
as the heat transfer fluid and generate heat to drive a steam Rankine power cycle with optional thermal
storage.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.

o System Design: Type values for the system's design parameters to define nameplate capacities of parts
of the system.

o Heliostat Field: Type values for Heliostat Width and Heliostat Height, and click Generate Heliostat
Positions.

e Tower and Receiver: Type values for Receiver height, Receiver diameter, Number of Panels, and Tower
Height.

o Power Cycle: Type values for Design gross output and Estimated gross to net conwversion factor that
result in the system nameplate capacity you want.

o Thermal Storage: Type a value for Full load hours of TES that represents the storage capacity of your
system (use zero for no storage).

o System Control: Define the parameters for how the system dispatches energy from the field, and to and
from thermal energy storage.

CSP power tower direct steam

The direct steam power tower model is for central receiver concentrating solar power plants that use water
steam as the heat transfer fluid and to drive a steam Rankine power cycle with no thermal storage.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.

e Heliostat Field: Type values for Heliostat Width and Heliostat Height, and click Generate Heliostat
Positions.
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o Tower and Receiver: Type values for the receiver, boiler, superheater, and reheater dimensions, and
tower height.

e Power Cycle: Type values for Design gross output and Estimated gross to net conwersion factor that
result in the system nameplate capacity you want.

e Parasitics: Use default values.

CSP linear Fresnel molten salt

The molten salt linear Fresnel model is for linear concentrating solar power plants with Fresnel
concentrators that use solar salt as the heat transfer fluid and generate heat to drive a steam Rankine power
cycle with optional thermal storage.

List of minimum inputs, organized by input page, to get started using the model:

e Location and Resource: Choose a location at or near your project site from the solar resource library.
e Solar Field: Use default values.
e Collector and Receiver: Type values for Reflective area of the collector, length of collector module.

e Power Cycle: Type values for Design gross output and Estimated gross to net conwersion factor that
result in the system nameplate capacity you want.

o Thermal Storage: Type a value for Full load hours of TES that represents the storage capacity of your
system (use zero for no storage).

e Parasitics: Use default values.

CSP linear Fresnel direct steam

The direct steam linear Fresnel model is for linear concentrating solar power plants with Fresnel
concentrators that use water steam as the heat transfer fluid and to drive a steam Rankine power cycle with
no thermal storage.

List of minimum inputs, organized by input page, to get started using the model:

o Location and Resource: Choose a location at or near your project site from the solar resource library.
Solar Field: Use default values.
Collector and Receiver: Type values for Reflective area of the collector, length of collector module.

Power Cycle: Type values for Design gross output and Estimated gross to net conwversion factor that
result in the system nameplate capacity you want.

Parasitics: Use default values.

CSP dish Stirling

The dish Stirling model is for a single or multiple dish Stirling power generating units without storage.
List of minimum inputs, organized by input page, to get started using the model:

Location and Resource: Choose a location at or near your project site from the solar resource library.
Solar Field: Type values for the number of collectors North-South and East-West.

Collector: Type values for the projected and total mirror area.

Receiver: Type values for the receiver aperture diameter.

Stirling Engine: Type a value for Single Unit Nameplate Capacity.

Parasitics: Use default values.

o Reference Inputs: Use default values.
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CSP generic model

The CSP generic model is suitable for any kind of concentrating solar power system with optional thermal
storage that generates heat to drive steam Rankine power cycle.

List of minimum inputs, organized by input page, to get started using the model:

Location and Resource: Choose a location at or near your project site from the solar resource library.
Solar Field: Complete the table of optical efficiency values describing the solar field.

Power Block: Type values for Design gross output and Estimated gross to net conwversion factor that
result in the system nameplate capacity you want.

Thermal Storage: Type a value for Full load hours of TES that represents the storage capacity of your
system (use zero for no storage).

2.7 System Costs

When you run SAM, you provide information about the cost of installing and operating the system by
specifying inputs on the System Costs page. SAM organizes the costs into three categories:
o Direct capital costs for equipment purchases and installation labor
¢ Indirect capital costs for permitting, engineering, and land-related costs
e Operation and maintenance costs for labor, equipment, and other costs associated with operating the
project
You can also specify costs associated with financing the project on the Financial Parameters page:

Construction loan

Project loan

e Taxes and insurance

e Fees associated with the project structure for projects inwlving two partners or a lease

When you create a new case or file, SAM populates inputs with default values to help you get started with
your analysis. For example, if you create a case for a utility-scale photowltaic project with a single owner,
SAM populates the inputs on the Financial Parameters and System Costs pages with values that are
reasonable for a typical PV project for power generation in the United States. The default values are just a
starting point: As you dewvelop and refine your analysis, you should change the inputs to values that are
appropriate for your analysis scenario.

Here's an example: The default module cost for a PV project with the single owner financial model in SAM
2012.5.11 is $1.95/Wdc. That cost is based on NREL research on benchmark prices in the United States to
help the U.S. Department of Energy's Solar Energy Program evaluate its programs. Obviously, the module
price for a real project is likely to be different than the benchmark U.S. price, and it is up to you to determine
appropriate costs for your analysis. For the other technologies (concentrating solar power, wind, biomass,
geothermal, and solar water heating), the default costs are similarly representative values based on the U.S.
market at the time of the SAM release.

Note. For a list of web resources with costs for renewable energy projects, see the list toward the
bottom of the System Cost Data page on the SAM website.
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SAM displays different cost categories on the System Costs page for different technologies:
e Photowltaic (PV) Systems
e Wind
e Biomass Combustion and Biomass Feedstock
e Geothermal Power
e Solar Water Heating
¢ Generic System

e Parabolic Trough
e Power Tower

e |inear Fresnel
e Dish Stirling
e Generic Solar Model

2.8 Financial Model Inputs

Annual Electrical Output

The cash flow models for the different financial models require a single value representing the system's total
electrical output in a single year to determine the project's annual income (PPA models) or savings
(distributed generation models). The performance model calculates this value by adding up the results of an
hourly (or sub-hourly) simulation of the system's performance ower the year. The weather data and system's
technical specifications from the performance model's input pages determine the annual output of the
system.

When you specify a degradation rate on the Lifetime page, SAM reduces the annual output from year to
year in Years Two and later. When the value rate is zero, SAM assumes that the annual output is the same
for all years in the analysis period.

Note. For geothermal systems, SAM uses a different method for calculating annual output that depends
on the long-term resource data rather than the degradation rate.

Financial Model Inputs

SAM's input pages are organized so that groups of related input variables appear together. Variables on the
following input pages are inputs to the financial models. The input pages that are available depend on the
financial model:

e System Costs (all models): Installation and operation and maintenance (O&M) costs for the project.

e Financial Parameters (all options): Financial structure, debt parameters, tax and insurance rates,
partner shares, etc.

Residential
Commercial

Third Party Ownership
Single Owner
All Equity Partnership Flip
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Leveraged Partnership Flip
Sale Leaseback

LCOE Calculator
o Time of Delivery Factors (PPA models): Time-dependent PPA price adjustment factors.
o Incentives (all models): Tax credits and cash incentives.
o Depreciation (commercial and PPA models): Accelerated depreciation tax benefit.
o Electricity Rates (residential and commercial models): Retail electricity pricing.
o Electric Load (residential and commercial models): Building electric load.

Financial Model Results

The Results page displays the cash flow and economic metrics that summarize the cash flow, such as the
levelized cost of energy, net present value, and others depending on the financial model.

2.9 Run Simulation

After reviewing and modifying inputs on the input pages, click Simulate to run a simulation.

After you run a simulation, SAM may display notices with information about the simulation. You can also
display the notices any time by clicking Notices.

Simulate >

Parametrics Stociiastic

P50/ PO0 Macros

You can also run a simulation from the Case menu or by pressing the F5 key:

Ed sam 2014101

@/ new My

Photovoltaic, Si

Module Clear all results

Rename
Inverter

Duplicate

Svctam Nacinn
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2.10 Results

After you run a simulation, SAM displays results from both the performance and financial models. You can
export data from any graph or table displayed on the results pages to Excel or text files.

To display results:
e Click Simulate to run a simulation and display results.

(=1

Simulate > w f

Parametrics Stochastic

P50/ P20 Macros a—

Simulate >

Parametrics Stochastic

P50 / P90 Macros

Use the tabs along the top of the Results page to display tables and graphs of data:

If you do not see all of the tabs because of the width of your computer's screen, click the ellipses to show
tabs that do not fit in the horizontal bar:

Heat map
PDF / CDF
Notices

Performance Model Results
o Summary displays the Metrics table with key metrics and graphs that summarize the performance
model results, such as total annual electrical output, capacity factor, etc.
Losses shows an energy loss diagram (not available for all performance models).
Graphs allows you to create graphs of variables with hourly, monthly, annual, and single values.
Data allows you to build tables of hourly, monthly, and annual results.
Time series graphs display time series data and statistical graphs of hourly or sub-hourly data.
Profiles displays time series data as daily profiles by month.
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o Statistics displays the mean, maximum, minimum, sum, standard deviation, and average daily minimum
and maximum values of time series data.

e Heat map displays one year's worth of time series data set in a single two-dimensional graphical
representation using colors to indicate magnitude.

Financial Model Results

SAM's financial model uses the sum of the performance model's 8,760 hourly output values in kWh as an
input representing the system's total annual electrical output in kWh. The financial model then calculates
the project's cash flow based on the inputs you specify on the System Costs and Financial Parameters
pages. SAM displays financial model results in the following places:

o Summary displays the Metrics table with key metrics such as the LCOE, PPA price, IRR, and payback
period and graphs of the project's after-tax cash flow.
e Cash Flow shows details of the project's cash flow.

o Data allows you to build tables of cost and cash flow data along, metrics, and time-dependent electricity
sales and price data.

o Time series data includes time-dependent electricity sales and price data.

2.11 Videos

The following videos are recordings of SAM webinars presented in 2013-2015. You can find all SAM \ideos
on the SAM YouTube Channel.

Note. The videos may show features in older versions of SAM that have been updated since the
recording was made.

E s Balance of System Cost Input Options
o >
Photovoltaic Battery Model = Modeling Wind Systems in SAM Scripting in SAM with LK
Introduction 2015.1.30 March 2015
June 2015 April 2015
Modeling Power Towers in SAM Parametric and Statistical Sizing Photovoltaic Systemsin

February 2015 Analysisin SAM SAM
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January 2015

i

Modeling Shading Losses for
PV Systemsin SAM

August 2014

Physical Trough sub-models

National Study: Average Loss Map

: 7

Virtual Conference 2015 PV

Snow Model
July 2015

December 2014

Modeling Parabolic Electricity Rate Structures
Trough Systems _
April 2014
June 2014
Solar Prospector Satellite Data - Resolved Backtracking Error
‘E:ENREL §Am Sl - SAM 2013.1.15 SAM 2013.9.20

Download a specific year (1998-2009), or TMY, TDY, or TGY made
from that 12 year dataset, NOT the same datasetas a
TMY2/TMY3!

Solar Resource Data 101

February 2014

Mesatop One-Axis Tracking System (Golden, CO)

PV Model Validation

December 2013

New Features in SAM

2013.9.20

October 2013

Modeling Wind Systems

June 2013

BTSN o e v SRS i 3 [ G TS B 1000 2oty sy v 4 ey 5] Gy e 5
e D -0
L m emee mees
Power Purchase Software Development Kit Residential ~and
Agreement (PPA) Models  (SDK) Commercial Financial
Models
June 2013 July 2013
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3 Reference

3.1 File Menu

July 2013

SAM's File menu provides access to commands for managing projects and scripts, and opening the inputs

browser.

New project
New script
Open project
Open script
Save

Save as...

Save with hourly results

Import cases...
Inputs browser...
Close

Quit

New project
Create a new project file using default input values.
SAM opens a project with a single case and no
results.

New script
Open the script editor for a new new LK script.

Open project
Open an existing SAM project file (.sam) file.

Open script
Open an existing script file (.Ik) in the script editor.

Save
Sawve the project as a SAM (.sam) file in its current
location.

This option saves annual and monthly results, but
does not save hourly results to minimize the size of
the file. When you open the file after closing it you
will need to run a simulation to view hourly data on
the Results page.

Save As
Sawve the project as a SAM (.sam) file in a different
location or with a new name.

Save with hourly results
Sawe the project as a SAM (.sam) file in its current
location, and include hourly results.

Use this option if you want hourly data to be available
on the Results page when you or someone else next
open the file after closing it.
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Import cases
Import one or more cases from another .sam project
file.

Inputs browser
The inputs browser lists all of the input variables for
all cases in the project file. You can use the browser
to export a list of input variables and their values to
CSV files, and to compare input variables across
cases in your file.

Close
Close the project without exiting SAM or saving a file.
SAM displays the Welcome page when you close a
project.

Quit

Close the project and exit SAM without saving a file.

3.2 Case Menu

The case menu displays commands for the current case. Click the arrow on the case tab to display
the menu.

T Simulate
Small Wind ¢ Runs a simulation for the current case.
Equivalent to clicking the Simulate button.
G
Create report
Create I'E[]CIIT Run the report generator to create a PDF
report for the current case. When you create
Clear all results a report, SAM first runs a simulation to be
Rename : sure there are results to include in the
= = : report.
Duplicate Clear all results

Clears results from the current case. SAM
removes any graphs you may have created

Move left for the case.

Move right Rename Case
Change the name of the current case.

Change model...

Duplicate Case
Reset inputs to default values Create a copy of the current case.

Excel exchange...
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Delete Case
Delete the current case.

Move left
Mowe the current case's tab to the left in the
toolbar.

Move right
Mowe the current case's tab to the right in
the toolbar.

Change model
Change the performance model, financial
model, or both for the current case.

When you change one model, SAM retains
the input values of the other model and
assigns default values to the inputs of the
model you changed. For example, if you
change a PVWatts/Residential case to
Detailed Photowltaic/Residential, SAM
keeps the Residential financial model's
inputs, and changes the performance model
to detailed photowltaic with its default
values.

Reset inputs to default values
Replaces all inputs variable values with
default values.

Excel exchange
Configure the case for Excel Exchange to
exchange input variable values with a
Microsoft Excel workbook.

3.3 Manage Cases

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

SAM highlights the active case name:
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Ed sam 204101

@ (®New Rooftop PV v Small wind v Residential solar water v

Wind, Residential Wind Turbine
Wind Resource @ Selectaturbil Active case I Search for:
() Define turbine design charactenstics
Wind Turbine Name

When there are more cases than can be displayed, click the ellipses to list the cases that are not \isible:

[ a

EA sam 2014101 |2 2]

e ik E
PVWatts, Residential d 1 . rce Iil.'fr-l—|

Location aﬂd Resource i Click a name in the list 1 am the libi
downloading a file (see i

Search for:

m

System Design

m

Why Use Cases?

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.

Tip. You can use the inputs browser to compare values of input variables in different cases.

Creating, Renaming, and Deleting Cases

To create a new case in your file:
e Click New.

Ed sam 2014101

@ (®New Rooftop PV v Small wind v Residential solar water v
Wind, Rebylential
Wind Resource {

Wind Turbine

@ Select a turbine from the library Search fi

To add. remove, and rename a case:

e Click the arrow to display the case menu and click a command.

September 2016



Manage Cases 59

Ed sam 2015630

= (PNew Rooftop PV v Small wind Vk Residential solar water v

Wind, Residential Wind Simulate
Wind Resource

Wmd Turbine a few letters of the r
Wind Farm
State
System Costs
. OR
Lifetime T
™
Financial Parameters T
e Change model... >
Incentives Sout Tx
ut
Electricity Rates VA
. WA

Rename
Change the label identifying the case that appears on the case tab.
Duplicate
Create a copy of the active case, with a duplicate set of input parameters and results.
Delete
Delete the active case.
For a file with more cases than can fit on the toolbar, click the ellipses to show a list of cases that do not fit:

E3 sam 2014201

E’ (®)New Rooftop PV v Small wind 1

Click the ellipses when there are more
cases than can fit on the toolbar.

Wind, Residential Wind Turbine
Wlnd Resource @ Select a turbine from the library
(7 Define turbine design characteristics
Wind Turbine Name

Ao PR o nar n Fases w4
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3.4 Export Data and Graphs

SAM provides several options for exporting data and graph images to other applications for further analysis
or inclusion in reports and other documents.

Input Data

The Inputs Browser lists all of the input variables for each case in the SAM file. You can export the data
from the browser to a spreadsheet or text file as tab-delimited text.

To export input variable values from the Inputs Browser:
1. Start the Inputs Browser: On the SAM File menu, click Inputs browser.

2. Use your mouse to select the variables you want to export: First click a different cell in the table,
and then carefully click and hold the cell you want to select. Then drag your mouse to select other
variables in the table.

3. Press Citrl-C to copy the values to your computer's clipboard.
Open the spreadsheet or text file to which you you want to copy the values.
5. Press Ctrl-V to paste the values.

E

Metrics Table Data

You can export data from the Metrics table by right-clicking it and choosing an option to copy the data to
your computer's clipboard, which you can paste into a spreadsheet or other document.

Note. You can also use the Data table (single value) to display and export results variables from the
metrics table, and other results that are not shown in the metrics table. For example, you can find the
real LCOE in the Data table.

Annual Energy 37,211 BE8 KWh

Capacity Factor 21.2%

First Year KWhAC/KWDC 1,861

Performance Ratic 0817 e_

PPA& Price (Year 1) 10,21 ¢_;|.;1.,.'|§ Copy table

PPA Price Escalation 1.00 % Copy as CSV
Copy table

Copies the metrics table to your computer's clipboard with columns separated by tabs.
Copy as CSV
Copies the metrics table to your computer's clipboard with columns separated by commas.
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Graph Data and Images

Right-click any graph in SAM to display a shortcut menu of options for exporting graph data or an image of
the graph. If your mouse has one button, use Control-click to display the shortcut menu. This works for
graphs on input pages and on the Results page.

To export data:
Copy data to clipboard

Copies the data visible in the graph to your computer's clipboard. You can then paste the data into
another program or document.

Save data to CSV
Creates a comma-separated text file containing the data \visible in the graph.
Send data to Excel

Opens Microsoft Excel with a spreadsheet containing the graph data.

Monthly Energy Production

3522006 -
Copy data to clipboard
— Save data to C5V... ]
Send data to Excel...
15e=008 1 To clipboard (as shown) ]
To clipboard (400:300)
‘%: 2e+006 To clipboard (800:500) 7
Export (as shown]...
15e=006 .
Export (400:300)...
Export (800:500)...
lz=006 .
Export as POF...
Somooo Export as SVG... i

a
lan Feb Wiar Agr by Jun Jul Aug Sep Ot o Dec

B Met dcenergy [ Met ac energy Manthly energy

To export a graph image:
To clipboard (as shown/400x 300/800x 600)

Copy an image of the graph as it appears on the screen or using the given dimensions in pixels to your
computer's clipboard.
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Export (as shown/400x 300/800x 600)
Creates a file of the graph image in BMP, JPG, or PNG format.
Export as PDF/SVG

Creates a file of the graph image in PDF or SVG format. This option is best for images that you plan to
resize later.

Table Data

Use the buttons along the top of the Results page to export data from tables. This works for The Cash Flows
table and Tables provide three options for exporting data shown in the tables:

Iy e D,_H_T_H_ ach e —
a () WD LAWY

Clear all selections  Copy to clipboard Gave as CSV..  Send to Ex
Q Search

@ Single Values
@ Monthly Data

s
s

@B Annual Data
@ Hourly Data

Copy to clipboard

Copies the table to your clipboard. You can paste the entire table into a word processing document,
spreadsheet, presentation or other software.

Save as CSV

Sawves the table in a comma-delimited text file that you can open in a spreadsheet program or text
editor.

Send to Excel

Sawves the table to a Microsoft Excel file. (Use Copy to clipboard to export data to a different
spreadsheet program.)

3.5 Reports

SAM's report generator creates a PDF file that may include the following:

Values of input and results variables.

Values calculated for the report using the report generator's equations.
Graphs of results data.

Tables of input or results data.

Text and images.
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System Advisor Model Report
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The report generator uses a report template to generate a report using data from the case that you specify.
SAM comes with a set of report templates for some combinations of performance and financial models.

Note. The report template editor is not supported in the current version of SAM. If you have requests for
items that you would like to appear in reports, please post your request on the SAM Support forum at
https://sam.nrel.gov/forums/support-forum.

To generate a report:

1. Open the .sam file containing the case or cases from which you want to generate the report.

2. Click the arrow on the case tab, and on the case menu, click Create report (or press the F6
key).
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-

Eq sam20156.30

= (H)New Rooftop PV v Smallwind v Resic

Photovoltaic, Co Simulate

Location and Ret: Create report

Clear all results Value
358,873 k

Rename Pl 00 59,
1,797 kW
0.75
Delete 0.00%
6.56 ¢/kV
516 ¢/kV

Module

Inverter
Duplicate

System Design

Shading and Snce=RI1x

ossas Move right $826,030
- Change model... §791,613
Lifetime §34 416

Reset inputs to default values $53,253

Battery Storage Eat=RSYaIEN Tl 140 year
L 508,966

3. Type a file name and choose a folder.

3.6

Inputs Browser

The inputs browser displays a list of the input variables in all cases in the active project. You can use it to:

¢ Review all of the input values in your project.
e Export a list of all of the inputs and their values.
e Compare inputs in different cases.

Parametric and Statistical Analysis in SAM 2: Inputs Browser
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To open the inputs browser:
e On the File menu, click Inputs Browser.

New project

New script

Open project

Open script
Save
Save as...

Save with hourly results

Import cases...
Inputs browser...

Close Lo Ctrl-w

Quit

Browsing Inputs for a Single Case

When the active project contains a single case, the inputs browser lists the variables in the case.

B3 nputs Browses === E
Variable Label untitled -

[Menthhy util | Marthly Utility Load 125630665 795:1040:1590:1925:1730:1 380: 1080 1

Ooc_Schedule Occupancy schedule IEERERERERERERERERREREEE ]

Occupants Mumber of ocoupa 4

Retrofits Energy retrafitted [ l Variable value l

Variable
names in SAM

Variable

names in S5C
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Browsing Inputs for Multiple Cases

I inputs Browser =5[]
Show different values Show equal values Show all
Variable Label Wind System Trough System
Bpar_aisc Temperature coefficient of ksc 0.
Gpar_ake_units alze Temp Coeff Units ] ] At
Gpar_area Module area | \fariable values in each case | 13
Gpar_bvoc Temperature doefficient of Voo 01

Gpar_bves_un bVee Temy \

Variable Variable

names in SSC names in SAM

When the project contains more than one case, the inputs browser lists the inputs for each case in the
project. You can filter the list to show the following:

Show different values

List variables that exist in all cases and have different values.
Show equal values

List variables that exist in all cases and have the same value.
Show all

List all variables in all cases.

3.7 Time Series Data Viewer

The time series data viewer displays graphs of time series data.

Tip. SAM's data viewer is also available as a standalone application called DView. You can download it
from NREL at https://beopt.nrel.gov/downloadDView.

The data viewer is available in SAM from the following input pages:
e Location and Resource for all solar performance models.

o Electric Load for the residential and commercial financial models.
e The viewer is also integrated into the Results page.

To open the time series data viewer:
e Click View time series data.
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Time Series Data Viewer

Hourly Daily Monthly

Data Viewer: F\sam_de\SAMnt\deploy\solar_resource\ LSA AZDeeo'ﬂley Phoenix (TMY3).cow
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Data Viewer Quick Tips

For graphs with two columns of check boxes, click a box in the left column of the variable list to display
a variable in the top graph. Use the right column to display variables in the bottom graph.

Each graph can display two types of units, on each on the left y-axis and right y-axis.
The colors in variable list indicate the line colors in the graph.
Select a segment of the graph to zoom in.

Use the controls at the bottom right of the graph to zoom in and out, and to set graph properties like
scale limits and line shapes.

Data Viewer Graph and Table Descriptions

Hourly: Time series data.

Daily: Daily totals

Monthly: Monthly totals

Heat map: Entire time series for a single variable

Profile: Daily averages by month

Statistics: Table of statistics calculated from time series data

PDF / CDF: Histogram showing distribution of time series values for a variable, probability distribution
function (PDF) and cumulative distribution function (CDF)

Duration Curve: Graph of time steps equaled or exceeded for a single variable.
Scatter: An x-y scatter plot of two variables in the weather file.

3.8 Edit Schedule

For some variables, you can specify either a single value, or a schedule (table) of values. A schedule can be
annual, monthly, or hourly, depending on the input variable.

The following are examples of input variables that have a schedule option:

Operation and maintenance costs on the System Costs page

Annual degradation rate on the Lifetime page

Production tax credit and production-based incentive on the Incentives page

Electricity price escalation rate on the Electricity Rates page (residential and commercial financial
models only)

Electric load escalation rate on the Electric Load page (residential and commercial financial models
only)

Occupancy and temperature schedules for the building energy load profile estimator on the Electric
Load page.

Tip. When you first start working with schedule, it is a good idea to try some test values and see how
they affect results to be sure you understand how SAM interprets the values. For example, you can see
the effect of annual schedule inputs in the cash flow table.
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Variables with a schedule option have a small Value / Sched button next to the variable label. The
variable's current mode is indicated in blue:

e When the word "Value" is highlighted in blue, the variable is in Value mode and has a single value that
you define by typing its value in the input box:

0.12

e When the word "Sched" is highlighted in blue, the variable is in Schedule mode and has multiple values
that you define using a table (the values do not hawe to follow a pattern):

m[ Edit... ‘ Edit Schedule (S
Value © Number of values:
1 10 25
2 10 =
3 10 Copy
4 15 —
Paste
5 15
6 15
7 15
8 12
9 12
10 20
Type a fixed cost (5) for each year. SAM does not apply inflation or
escalation to the values you specify.
OK | | Cancel | | Help

Notes.
In Schedule mode, be sure to use values with the correct units.

When you specify currency values in Schedule mode, use the nominal or current dollar values. SAM
does not apply the inflation rate to values you specify in an annual schedule.

When you specify annual rates in Schedule mode, SAM applies the rate in each year to the first value in
the table. For example, on the Lifetime page, a degradation rate 0.5% for Year 5 when the Year 1 net
annual output is 10,000 kWh results in an annual output value of (1 - 0.005) x 10,000 kWh = 9,950 kWh
in year 5. Similarly, on the Electricity Rates page, for a Year 1 buy rate of $0.10/kWh and an escalation
rate of 0.25% results in a Year 3 buy rate of (1 + 0.0025) x $0.10/kWh = $0.10025/kWh.

To enter a schedule of values for an input:

1. Click Sched to change the variable's mode from a single value to schedule mode. SAM displays
the Edit button.
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= Edit.. |

2. Click Edit to open the Edit Schedule window.

Edit Schedule ==
Value = Murnber of values:
1 10 25
2 10 - [ —
3 10 Copy |
4 15 Y
Paste |
5 15
6 15
7 15
B 12
9 12
10 20
Type a fixed cost (5) for each year. SAM does not apply inflation or
escalation to the values you specify.
OK | | Cancel | | Help

3. If Number of Values is available, type the number of rows you need in the table. For an annual
schedule, this number should be equal to or less than the number of years in the analysis period
defined on the Einancial Parameters page.

Important Note. If you specify a number greater than the number of years in the analysis period, SAM
ignores any values in the table for years after the end of the analysis period, which does not affect
analysis results. Howewer, if you specify a number less than the analysis period, SAM assigns a zero to
each year after the number of years you specify, which may cause unexpected results.

4. For each row in the table, type a valid value for the input.

You can also copy a row of values from Excel, or a line of comma-separated values from a text file
to your computer's clipboard, and click Paste to paste them into the table.

5. Click OK to save the values and return to the SAM input page.

3.9 Notes

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

To create notes:
1. On any input page or the Results page, click the Show Note button at the top right of the window.
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Show a note

2. Type your text in the Notes window.

va—

Motes &
hhe SkyStream turbine line was purchased by Xzeres  *
Wind from Southwest Windpower.

Endurance Wind 5-250
Erduranca Whind €342
You can click the Notes window's close button to hide the window and save your notes.

For input pages with a note, SAM displays a Note icon in the navigation menu indicating that there are
notes associated with the input page.

s

E3 sam 2014101

ﬂ (—DNew Rooftop

Wind, Residential

Wind Resource

Wind Turbine ~
ind Turbine ~

Wind Fam{ Note icon ]

— —

For Results page notes, SAM creates a separate note for each tab (Summary, Graphs, etc.).

To delete a note:

1. Open the Notes window you want to delete.
2. Use your mouse to select all of the text in the note press the Delete key.

3. Close the Notes window by clicking the X' in the window's top right corner. SAM will remove the
appropriate Note icon from the navigation menu.
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3.10 Excel Exchange

Excel Exchange allows you to link any input variable in SAM to a cell or range of cells in a Microsoft Excel
workbook. This feature allows you to use an external spreadsheet-based model to generate values for SAM
input variables. SAM can both import input variable values from an Excel worksheet and export input variable
values to the worksheet.

Using Excel Exchange involves the following steps:

o Prepare an Excel workbook for the data exchange.
¢ In SAM, configure and turn on Excel Exchange.
¢ In SAM, run a simulation. SAM exchanges data with the Excel workbook during the simulation.

Excel Exchange Example

For an example of SAM with Excel Exchange, download the files sam-excel-exchange-example.sam
and sam-excel-exchange-example.xlsx from the Sample Files page on the SAM website. To run it,
place both files in the same folder on your computer, open the SAM file, and run a simulation.

Notes.

Excel Exchange is designed to allow you to read values of SAM input variables from an Excel
workbook. You cannot use Excel Exchange to write values of SAM results to a workbook. If you want to
export results to Excel, you can use one of the options described in Export Data and Graphs, or you can
write a script to export SAM results.

Excel Exchange works in the Windows version of SAM and requires that Microsoft Excel be installed on
your computer. It will not work with other spreadsheet software or in the OS X version of SAM.

When SAM runs with Excel Exchange turned on, it exchanges data with a copy of the Excel file in
computer memory that you cannot see. It does not modify the file stored on your computer's disk, so
you will not see any changes in the workbook values.

If the Excel workbook contains more than one worksheet, SAM can only exchange data with the first
worksheet (the worksheet whose tab appears on the leftmost tab).

To prepare an Excel workbook for Excel Exchange:

e Create an Excel workbook with the calculations you want to perform in Excel. Use the first
worksheet in the workbook for the data exchange.

¢ Identify the cells or cell ranges you plan to use for the data exchange. You can refer to them using
either ranges (module_cost, NameplateCapacity, etc.) or cell references (A1, C15, etc.).

e For SAM input variables with multiple values specified in SAM using an annual schedule, use the
cell reference notation (A1:A12, B15:G15, etc.) rather than a named range.

To configure and turn on Excel Exchange:
1. Create or open the SAM file you want to configure for Excel Exchange.
2. Sawe the file.
3. Onthe case menu, click Excel Exchange.
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ﬂ SAM 2014.10.1: FASkyDrive\ SAMSample Files\sam-excel-exchange-example.sam

 JROLTY

Residential PV S

Photovoltaic. Ri ¢j 1, ||ate

Location and Re ffgleaeees report

hModule

Inverter

System Design
Shading

Losses

System Costs ©

Degradation

Clear all results
6,857 kWh

Rename > B
Duplicate 1,770
0.788
5.35 ¢/KWh
Move |eft 4.23 ¢/kWh
. $3,245.90
Move right 61,5395
Change model... §1,706.45
. $17,633.96
Reset inputs to default values 25112 year
Excel exchange...
L Krthhs Fr

4. Inthe Excel Exchange Window, check Turn on Excel Exchange for the base case simulation
to active Excel Exchange. You can clear the check box to keep the Excel Exchange configuration
without running the Exchange when you run a simulation.

5. For Excel file, click the E] browse button and choose the Excel file you want to use for the
exchange. You can remowe the file path if you plan to keep the Excel and SAM files in the same

folder.

6. Inthe Variables list, add the SAM variables you want to use for the data exchange: Click Add to
open the input variable browser.

7. For each variable in the list, click its name, and

a. For Excel range, type either the cell reference (A1, C10, etc.) or range name (module_cost,

NameplateCapacity, etc.) of the workbook cell or range associated with the SAM variable. Do

not enclose the references or names in quotes.

Send variable value to Excel if you want to send that variable's value to the Excel workbook,

Capture variable value from Excel if you want to read that variable's value from the Excel

b. Click
or
workbook.
8. Click OK.

9. Click Simulate to run a simulation with Excel Exchange.
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Excel Exchange @

[¥] Turn on Excel Exchange for the base case simulation

Excel file:  sam-excel-exchange-examplexlsx m

Variables:  |EEIELT<Y] em equipment, ca| W range:

Installaticn laber, capacity
Add.. | |Installer margin and overhead, ca| bos_cost
Inverter Cost
Remove | |podule Cost 1 5end variable value to Excel
Murmber of inverters

@ Capture variable value from Excel
Murnber of modules

Clear all

The Excel range can be a cell reference (such as C7) or a named range, except for annual schedule variables,
which require a cell reference (A1:412, B10:G10) rather than a named range.
You can specify an Excel file with no path if the workbook is in the same folder as the SAM file,

oK ] ’ Cancel

Excel Data Exchange Reference

Turn on Excel Exchange for the base case simulation
Check the box to turn on the data exchange.

You can clear the box to keep the Excel Exchange configuration without exchanging data when you run
a simulation.

Excel file
The name of the Excel workbook for the data exchange.

If you plan to keep the Excel file in the same folder as the SAM file (.sam), you do not need to include a
path in the file name. Use this option if you plan to share the file with someone else, or copy the files to
different computers.

E] 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.

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.
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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.

Send Variable Value to Excel Range
Configure the highlighted variable to send its value to the specified range in the Excel workbook.
Capture Variable Value From Excel Range

Configure the highlighted variable to capture its value from the specified Excel range.

3.11 Libraries

A library is a text file of comma-separated values that stores sets of data associated with a SAM input in
the libraries folder of your SAM installation folder. SAM displays the library contents in a library browser
where you choose an item from the library to populate values of a set of input variables. For example, the
detailed photowoltaic model uses a library to store inverter parameters. By choosing an inverter name, you
populate the 16 input variables required to specify an inverter using the CEC inverter model.

Note. In addition to the parameter libraries shown in the table below, SAM also creates libraries as
temporary files on your computer to store information about your wind and solar resource data files. For
more about weather file libraries, see Weather Files and Libraries.

Name Description Model Source
CEC Inwerters Photowoltaic inverters Detailed photowoltaic Go Solar California
CEC Modules Photowoltaic modules Detailed photovoltaic Go Solar California
Empirical Trough HCEs  Parabolic trough receivers Empirical trough NREL
Empirical Trough Power  Power block parameters Empirical trough NREL
Cycles for parabolic trough
Empirical Trough SCAs  Parabolic trough Empirical trough NREL
collectors
Physical Trough Parabolic trough Physical trough NREL
Collectors collectors
Physical Trough Parabolic trough receivers Physical trough NREL
Receivers
Sandia Modules Photowoltaic modules Detailed photowoltaic Sandia National
Laboratories
SRCC Caollectors Solar water heating Solar water heating Solar Rating and
collectors Certification Corporation
TOD Schedules and PPA price multipliers All PPA financial models NREL
Factors
Trough Parasitics Parabolic trough parasitic Empirical trough NREL
loads
Wind Turbines Wind turbine power curves Empirical trough NREL
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Choosing Items from a Library

SAM displays library items in a list. To choose an item from the library, click a row in the list. Depending on
the input page, SAM either populates the associated input variables with values from the library, or applies
the values after you click an Apply Values from Library button.

Heat Collection Elem

Type a few letters to filter the list.

I Receiver Library

Change the filter category.

Search for [ Mame
Mame Broken Bellows Transmissi.. Absorption  Unaccount—. AQ Al a2 -
Schott PTRI0 Vacuwm o 0.063 0963 0.56 1 018741 -0.0011%34
Schott PTRTD Lost Vacuum ] 0.563 0963 056 1

el P .
Schott PTRI0 Hydrogen 0, S 1 Click a column heading
Luz Cesmet Vacuum o 0871 0835 0525 1 ’
Luz Cermet Lost Vacuum ] 0871 0333 0825 1 to sort the table.
Luz Cermet Hydrogen o 0571 0935 0925 1 FLL b PO 11 [k
Luz Cermet/Fluarescent ] 0871 0.7 08 1 064628 082543 000014146
Solel UVACE Vacuurm ] 0871 03 056 1 1E615 0.1E741 00011594
Solel UVAC? Lost Vacuum ] 0871 036 055 1 -0.16634 087716 -0.00075342
Solel UVACY Hydrogen ] 05T 056 056 1 92419 1.36448 00010516

¥

Modifying Libraries

For most applications, you do not need to modify libraries. However, if you have reason to modify a library,
you can easily do so by editing the library file with a text editor or spreadsheet program.

Note. If you modify a library, do not change the first three rows of the library file.

The library file format is defined as follows:

Libarary files use the .csv file hame extension and are stored in the Libraries folder of your SAM
installation.

The first row of a library file is a list of the labels describing the input variables stored in the library. SAM
displays these labels in the library browser. It does not use these labels in calculations.

The second row is a list of units for each variable in the library that SAM displays in the library browser.
SAM does not use the units in calculations.

The third row is a list of SSC variables in the library. Do not change these values because SAM uses
them to identify the values in the library.

The fourth row is the set of parameters for the first item in the library.

To add an item to a library:

1. Inthe Libraries folder, open the library you want to modify with a text editor or spreadsheet program.
Use the table abowve to find the library's name.

2. Add your item after the last row of the library. Be sure to use the same units and conventions as the
other items in the library.

September 2016



Macros and Scripting 77

3.12 Macros and Scripting

An LK script is code that you write in a SAM file to automate assigning values to SAM inputs, running
simulations, and reading and writing SAM results. A macro is an LK script packaged with SAM that you run
from the Macros page.

Running Macros

SAM comes with a set of LK scripts packaged as macros. Macros are designed to allow you to run scripts
without having to write it.

To run a macro:

e Click Macros.

Simulate > | ' Dat

Parametrics Stochastic

P50 / P90 Macros, i N im—

3 sam 204101

ﬂ @ New

Solar water, Commercial A " . - Run macro »

Location and Resource * Tank losses 08

awnload Electric Load Auxiliary Gas Heater

2. Click a macro's name to - o Ch SAN's solar water heating model assumes that the solar Burming efficiency 082
see |t9 deSCri tiOn and in uts € a lornado art collector and an awdliary electric heater raise the mains
p p - waler temperature (o 3 user-defined setpoint. This script
g Considerations shows one way to use SAM to approximate the savings of a
Degradation SWH system with an auxiliary gas heater
S H
Financial Parameters Weather File Checker The script calculates the annual gas energy that would be
. required without the solar collector, the annual gas energy P .
s Weather File Converter saved by the solar collector, and the annual solar fraction 3. Review c'il’?d _Change
neentives - the macro's inputs.
= = The gas energy values are reported in KWh, bt can easily
Electricity Rates be comverted to Btu or other energy units,
Electric Load Instructions:

1. Verify the tank losses and buming effciency values at
right, You can modify the values if you want

2. Run the macro (button abave).

3. Reniew the results in the console below.

5. Check the console for messages and results.
Some macros display results in a separate window

fing...simulation complete. V

1. Click Macros to show a list
of macros available for the case.
By from gas saved with solar = 6,274 437 KWh/year

Simulate > Energy from gas used with no solar = 4.118,094 kWhiyear
Annual sclar fraction = 161
Number of hours with solar fraction of one = 2

Creating and Editing Scripts

You can write your own LK scripts to automate SAM analysis tasks:

¢ Set values of inputs.
e Run simulations.
e Read results.
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Read and write data from text files.

Create graphs.
Interact with the internet.

Create Microsoft Excel objects to exchange data with Excel workbooks.

Run SSC modules directly. (See Software Development Kit.)

For a complete reference to the LK scripting language, click Scripting reference above:

Back Home Website Forum Email support Release notes

Contents | Search

n System Advisor Medel Help [scripting --> file:///FAsam_de\SAMnt\deploytruntime\help\htmiindeshtmi?soipting. hitm])

Scripting reference

Close

About

Click Scripting Reference to
open the PDF guide o LK.

Introduction

Financial

Running Macros

SAM comes with a set of LK scripts package|

To run a macro:
Click Macros.

Simulate >

F

Parametrics Stochastic

Nokes

L k_guide.pdf - Adobe Acrobat
File Edit View Window Help x

111 i Statements

The smplest bennching construct btk i statement, For cxample:

it f ile < 0.0 )
1{
outle("Ervor: tilt asgle sust be O or greatar™)

Note the following charscteristios of the 3] satemess

1. Wi test b placoed b pareobosos. sfter tha 6 loeyword

2 A curly bewoo |indiovtos & new block of oode s atements
The folkwing prograsn oo inchude the sstemests to cxecyte when tho 1 et mcosoeds
T help groprass resdabiliny, the statotnents isside Lhe £ are ususlly indented

The eonsirust cotcbades with e | ewrly brace s indieate the end of the Biock

o o

When the if tem fails, (e program sislements isside Uhe Block are skipped

31T else Construct

Wk Vot alse Bave oom TGS you wish Lo sxecuts whin the 1f tat faili, use tho e188 clamse. For
xasple

if { power > 0 )
!
SDATEY = power * time:
SPETATing oSt = eBEIEY * eSeTgY_coat:

outlal*Errer, =o pover vas gesarated.®):
smargy = -i;
operating cost - -1;

¥

5.50 x 11.00 in ‘ m 3

LK Script notes:

e When you sawe the script, SAM stores it in a text file with the .k extension.

o LK script files are separate from SAM files.

e The LK scripting language is also part of the SAM software development kit (SDK).
o For examples of LK scripts, see the Sample Files page on the SAM website.

To create or open an LK script:

e On the File menu click New script or Open script.
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New project
New script
Open project
Open script
Save

Save as...

Save with hourly results

Inputs browser...

Close Ctrl-w

Quit
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EA F\SkyDrive\ SAMNLIC Sample scraps from Aron\lk_features_test.lk * =

New Open Save Saveas Find Run» Variables Functions Help Close

grations

1// This script tests s
2
3 cutln("Number operato
4a =1;
5 cutln(a); ) ] ]
Ga += 2; List available input
7 outln(a); and output variables.
8a *= 2.5;
9 cutln(a);
18a -= 1;
11 cutlnfa);
12a /= 3;
13 cutln(a);
14 cutIn(™"};
15
16 cutln("Concatenate strings:™);
17 = = "abc';
18 5 += "def';

1 | i |

Run the script

The console displays
script output. -

Murmnber cperators:
1
a \
1.5 —
6.5

216667

| »

m

Concatenate strings:
abecdefghi

3.13 Software Development Kit

The SAM Simulation Core (SSC) software development kit is a collection of deweloper tools for creating
renewable energy system models using the SSC library. SAM is a desktop application that provides a user-
friendly front end for the SSC library. The SDK allows you to create your own applications using the SSC
library.
To download the SSC SDK, visit the SAM website SDK page.
The SDK includes the following:

e The SSC Guide explaining how to use the tools in the SDK.

e The SSC API.

e The SSCdev development environment to explore SSC modules and build test models.

e Code examples.
A set of libraries for the following operating systems:

e Windows 32-hit

e Windows 64-bit

e OS X 64-bit
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e Linux 64-bit
A set of wrappers for the following languages:
o C#
e Java
¢ MATLAB
Python
e PHP
A set of code examples to help you get started using the SDK.

Exporting SAM Inputs to the SDK

You can export LK script that sets the values of all of the inputs in a SAM case to use with the SDK. You
can then either translate the script into the programming language you are using with the SDK, or use it
directly in the SDKtool's script editor.

To export SAM inputs to LK script:
1. Open or create the SAM file with the case you want to export.
2. Press Shift+F>5.
3. Navigate to the folder where you want to save the LK file(s).

SAM creates an LK file for each SSC module for the case. For example, for a PVWatts/Commercial
case, it creates ssc-pvwattsvs.lk, ssc-cashloan.lk, and ssc-utilityrate3.Ik.

3.14 File Formats

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

BMP
Graphics file format used to export graph images.
CSsVv

Text file containing a table of comma-delimited columns that SAM uses to export results data from
graphs and tables, store library data, and for the SAM CSV weather file format. (The NSRDB TMY3
weather file format also uses the CSV extension.)

EPW
EPW weather file format for EnergyPlus weather files.
JPG
Graphics file format used to export graph images.
LK
Text file containing LK script for automating SAM analyses.
PNG

Graphics file format used to export graph images.
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SAM

File format for SAM project files. Stores inputs and results.
SAMREPORT

File format used to store report templates.
SRW

Text file containing wind resource data for the wind power model.
TM2

Weather file in the TMY2 format from the NSRDB.
XLSX

Excel files used to export data from SAM and to exchange data between the model and Excel.
ZSAM

An obsolete file format for SAM project files (SAM 2014.1.14 and earlier). SAM cannot import files in the
.zsam format.

3.15 Software Installation

To install SAM, download the package for your computer's operating system from the SAM website's
Download page, and follow the installation instructions.

System Requirements

e Windows Vista/7/8, or OS X 10.8 Intel or later.
e About 800 MB of disk space (mostly for the built-in solar and wind resource files).

¢ An internet connection for registration and access to online databases.

SAM Installation Folder

Your SAM installation contains the SAM executable file and supporting files and folders. You may need to
access the SAM installation to find wind and solar resource data files, SAM libraries, or to remove SAM
from your computer. Be careful not to modify, mowe, or delete any files in the folder unless you understand
how SAM uses the file.

The SAM installation folder is the folder that contains the SAM executable and its supporting files:
Windows:

¢ By default, the SAM installation is in c:\\SAM\2016.3.14, although you can install SAM in any folder
on your computer.

oS X:

¢ In OS X the SAM installation is the SAM application bundle, which is distributed on a disk image
named sam-macosx-2016.3.14.dmg.

e SAM runs directly from the disk image, which can be in the Applications folder, desktop, or other
folder on your computer.
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e To open the application bundle, in Finder, control-click (or right-click) the SAM name and click Show
Contents. If SAM is in your Applications folder, command-click the name to open it in Finder.

Linux

e In Linux, SAM installs by default in home/<user>/SAM/2016.3.14, although you can install SAM in
any folder on your computer.

Removing SAM from your computer
When you install a new version of SAM or no longer need the software, you can remowe it from your
computer:

Windows

1. In the Windows Control Panel, under Programs, click Uninstall a Program (Control Panel
\Programs\Programs and Features), and select the SAM ‘ersion you want to uninstall from the list.
The SAM program is listed as SAM <wersion number>.

2. Click Uninstall.

3. Delete the SAM installation folder. (See abowve for a description of where to find the folder.)
OS X

¢ Drag the SAM application bundle to the Trash.
Linux

¢ Delete the SAM installation folder.

Running multiple versions of SAM

You can keep different versions of SAM installed on your computer and run them simultaneously as
separate pieces of software. When you install a new version of SAM, unless you install it in the same folder
as another version of SAM, it installs as a separate installation. You may want to keep multiple versions of
SAM on your computer to compare results between versions or if your work with SAM requires that you use
a specific version.

Installing SAM in a laboratory environment

If you are installing SAM on more than one computer in a teaching laboratory or other setting, please email
us for instructions to register the entire laboratory with a single key.

3.16 Registration

When you start SAM for the first time, you must provide an email address to receive a registration key and
activate your copy of SAM. Your registration key is associated with the email address you provide when you
register your copy of SAM. The email address must be valid and for an account that you can access to
ensure you receive the registration key.

¢ NREL provides SAM registration keys for free.

e You receive your registration key by email. Be sure to keep the email or a copy of the key so you can
register new versions, or in case you need to re-register SAM.
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o The registration key works with both the Windows and OS Xversions of SAM.
e You can use your registration key to register SAM on more than one computer.

Note. If your computer is connected to the internet and you have trouble registering or verifying your key,
please see Web Access and Proxies for information that you might need to troubleshoot the issue.

To register your copy of SAM:

1. Install SAM and start the software.
SAM displays the registration window. If it does not, you can display it by clicking Registration in
the bottom left corner of the Welcome page.

2. In the registration window, type your email address and click Register.
Within a few minutes, you should receive a registration key by email from sam.support@nrel.gov.

3. Cut and paste the key from the email into the Registration window.

4. Click Confirm.
SAM displays a message about registration.

5. Click OK to agree to share information about your use of SAM and register SAM, or click Cancel to
stop the registration process.

Your personal data and SAM

When you register SAM, you provide NREL with your email address, which SAM sends via secure
connection (HTTPS), and which NREL stores in a secure database on NREL seners.

After registering SAM, each time you start SAM, it verifies your registration key, and sends the following
data to the registration database, where it is stored permanently, and can be accessed by NREL staff:

e Your computer's IP address, which provides approximate location information about your computer
e The name of the SAM application and its version nhumber.

e The date and time you registered each version of SAM.

e The date and time you last started each version of SAM.

e The number of times you started each version SAM.

NREL uses this data to determine how many people are using different versions of SAM, and approximately
where people are using the software. This information helps the laboratory demonstrate SAM's value to the
U.S. Department of Energy and other sponsors who fund its development,and makes it possible for you to
use it for free.

Using SAM while off line

When you start SAM while your computer is not connected to the internet, SAM cannot ‘erify your
registration key, so it displays the registration window with an option to "skip for now." Use this option to run
SAM while your computer is off line. You can run SAM off line, but you will not be able to download weather
data, electricity rate data, or other data from online databases. SAM allows you to run your copy of SAM up
to 15 times without \erifying the registration key. The next time you start SAM while connected to the
internet, after it successfully connects to the registration database, it restores the number of times you can
skip registration to 15.
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To run SAM while your computer is offline:
1. Start SAM.

2.

In the registration window, click Close.

3. Read the verification message, and click Skip for now.

Tip. If you plan to work offline for an extended period of time during a trip or for another reason, keep
SAM open on your computer to awid using up the number of starts allowed without verifying your
registration key. If you use a hibernate or sleep mode to shut down you computer, you can keep SAM
open over multiple work sessions.

SAM Registration @

SUETNN a3 support@nrel gov Register

SAM was not able to verify your registration key with NREL servers.
This can be caused by your internet connection being unavailable, or an invalid
proxy. See help for more information.

You may run SAN 14 more times without your registration being verified.

-

1111-2222-3333-4444-5555 Confirm

Click Skip for now to
run SAM offline.

Requesting a Registration Key

If you lose your registration key, you can hawe it resent to your email address.

To request a registration key:

1

w

Start SAM. If the registration window does not appear, click Registration in the bottom left corner

of the Welcome page.
Type the email address you first used to register SAM.

Click Register without typing a key.
Click Resend key.

Within a few minutes, you should receive a registration key by email from sam.support@nrel.gov.

SAM registration and the SAM Website

The SAM registration system is separate from the SAM website registration system. You do not need to
register on the SAM website to download the current versions of SAM.
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You do need to register on the SAM website to post questions and comments on the SAM support forum,
or to download SAM 2014.1.14 and older versions of the software.

3.17 Web Access and Proxies

SAM uses your computer’s default internet access settings to communicate with websites using either the
HTTP or HTTPS communications protocols. SAM communicates with websites to download weather files,
electricity rate data, to display information from or hypertext links from the SAM website, and to collect

software usage data.

Website Addresses

The following is a list of all of the URLs that SAM may use:

http://sam.nrel.gov

https://sam.nrel.gov/iforums/support-forum

mailto:sam.support@nrel.gov

https://developer.nrel.gov/api/sam/vl/tracker
https://sam.nrel.gov/sites/sam.nrel.gov/files/content/updates/messages.html
https://sam.nrel.gov/sites/sam.nrel.gov/files/content/updates/releasenotes.html
http://mapsdb.nrel.gov/sp_data/hourly_9809/<DIR>/radwx_<GRIDCODE>_<YEAR>.tm2.gz
http://mapsdb.nrel.gov/sp_data/<TYPE>_9809/<DIR>/radwx_<GRIDCODE>_9809.tm2.gz
https://sam.nrel.goWNSRDB

http://developer.nrel.gov/api/wind/srw_aggregate_extract?
api_key=<KEY>&year=<YEAR>&lat=<LAT>&lon=<LON>

Proxy Server Configuration

If your organization uses a web proxy sener to connect to the internet, and you are having trouble
registering SAM or accessing online databases from SAM, you may need to create a proxy configuration
file. The file is a one-line text file with one proxy server address and an optional custom port.

To create a proxy configuration file:

1. Start SAM.

2. When you see the registration window, click Proxies.

3. Type the your organization's web proxy server address. For example if the proxy server address is
"proxy-server.myorganization.org", type:
proxy-server. nyorgani zati on.org
To specify a custom port, add it to the name with a colon separator (no spaces). For example, if the
custom port number is 9142:
proxy-server. nyorgani zati on. org: 9142

The next time you start SAM, it will use the proxy serer address to access the internet. You can
ch
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SAM stores this proxy address in a text file named proxy.txt in the SAM installation folder. It contains a
single line with the proxy server address and optional custom port.

If you use your computer with different internet connections, and not all connections use a proxy sener, or
they use different proxy servers, you can change the proxy configuration by following the steps above.
Delete the proxy server address to connect directly with no proxy senser.

4 Simulation

A simulation is the set of calculations made by the performance and financial models to calculate results.
The performance model makes a one set of calculations for each time step in the weather file (8,760 time
steps for an hourly weather file), and the financial model makes another set of calculations for each year in
the analysis period that you specify on the Financial Parameters page.

You can run simulations from SAM, or from a macro or script.

Multiple Simulations

Some analysis scenarios require more than one simulation. For example, a parametric analysis requires
running simulations for a range of values for one or more input variables. SAM offers three options for
multiple simulations:

o A parametric simulation allows you to assign multiple values to one or more input variables and create
graphs showing the dependence of a result on those variables. For example, you can use a parametric
analysis to create a graph of a photowltaic system's annual electricity output versus the array tilt and
azimuth angles, or, for a parabolic trough system, you can create a graph of lewvelized cost of energy
versus solar multiple to determine the optimal solar field size.

e A stochastic analysis is similar to a parametric analysis, except that SAM automatically generates
values of input variables over a range and probability distribution that you specify.

o A P50/P90 analysis inwlves running a simulation for a set ten or more single-year weather files for
consecutive years, and then sorting the annual electrical output and other metrics in order of increasing
occurrence over the time period. You can use that information to estimate the certainty of SAM's output
predictions given your assumptions.

You can use SAM to optimize the value of one or more inputs using one of the simulation tools listed above
as described in Optimization.

You can also design your own models that require multiple simulations by writing a script in SAM, or you
can call the SAM simulation core (SSC) outside of SAM with the software development Kit.

System Advisor Model 2016.3.14



88 SAM Help

Parametric and Statistical Analysis in SAM 1: Overview

4.1 Parametric Simulations

A parametric simulation involves assigning more than one value to one or more input variables to explore the
dependence of a result on the inputs. Parametric simulations are useful for creating graphs that show
relationships between a results metric and inputs, for example to show the show the relationship between
internal rate of return and power purchase agreement price for the single owner financial model. Parametric
simulations are also useful for optimizing the value of input variables, for example, for photowoltaic systems,
create a graph of annual energy (or levelized cost of energy) versus array tilt and azimuth to optimize the
array orientation.
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Note. Parametric simulation inputs, simulations and results are separate from the case simulation and
results.

Click Parametrics in the lower left corner of the main window to display the Parametric Simulations page:

Simulate » I_‘_

Par‘ametr‘i;:w% Stochastic
PSO/P90" = Macros *

T

Overall steps for running parametric simulations:

1. Set up parametric inputs by choosing parametric input variables and assigning values to them.
2. Choose output metrics.
3. Run parametric simulations.

After running the parametric simulations, SAM displays tables and graphs of the results on the Parametric
Simulations page. You can use this information to choose an optimal value for an input variable, or export
the data or graphs to explore relationships between input variables and results. These parametric simulation
results are separate from the case results that appear on the Results page.

Set Up Parametric Inputs

To set up parametric inputs, you can either use Quick Setup, or create a table by hand, or a combination of
the two:
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1. Quick Setup allows you to use a start value, end value, and increment to assign values to each input
variable.

2. Setting up the table by hand is best when your parametric simulation involves more than one input
variable and you want to limit the number of combinations of values.

Option 1. Quick Setup

Use Quick Setup with a single parametric input, or when you want to model all combinations of values of
multiple inputs.

To use Quick Setup:
1. On the Parametric Simulations page, click Quick setup.
2. Choose All combinations, Independent, or Linked.

All combinations: Assign all values to all variables. For example, an analysis on two variables, tilt
angle with four values, and azimuth angle with five values, would result in 4 x 5 = 20 simulations.
Independent: Set the value of each variable to its value on the input page and assign the values
you specify in Quick Setup to the remaining variables.

Linked: When variables have the same number of values, run only a single simulation for each set

of values. For example, an analysis on two variables, location with three values and subarray tillt
angle with three values would result in three simulations.

Note. For an annotated example of each Quick Setup option, download the parametric quick setup

example (SAM 1.1 MB)

3. In the Quick Setup window, click Add, and check one or more parametric input variables. Type a
few letters of the variable name in the Search box to filter the list.

Click OK.

In the Variables list, double-click the first variable name in the list.

For Start value, type a beginning value for the range of values.

For End value, type the last value in the range.

For Increment, type the step by which you want values in the range to increase.
Click OK.

© 0o No g A
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Yariable values

Edit Parametric Yalues for 'Tilt1 (deg)’

10
20
30
40

Add before ” Add after ” Up ” Down ” Rermove ]

-

[

Define range

Start value: 10
End value: 40
Increment: 10

Ok ] ’ Cancel ] ’ Help ]
10. Repeat Steps 5 through 9 for each variable in the list.
11. Click OK.
Parametric Quick Setup @I
Setup mode: @ All combinations (") Independent Linked

Variables:

| Add | | Remove |

Selected vanable values:

PV System Design/Azimuth 1 (deg) 10
PV Systern Design/Tilt 1 (deqg) 20
30
40

Mumber of simulations: 20 0K ] ’ T ] ’ Help

12. Click Yes to overwrite any values in the current parametric simulations table.
SAM automatically populates the table with the input variables and values along with the Number
of runs. If you cannot see the entire table, you can use the wertical scroll bar or drag the grey
divider line downward to see more of the table.

Option 2: Set up parametric table by hand
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Set up the parametric table by hand when your analysis involves more than one parametric input and you
want to limit the combinations of values. For example, for a parametric study of different types of wind
turbines, you might want to use a specific hub height for each wind turbine.

To set up the parametric table by hand:
1. On the Parametric Simulations page, click Inputs.

2. Check each input variable that you want to include in the parametric simulations. Type a few letters
of the variable name in the Search box to filter the list.

3. On the Parametric Simulations page, for Number of runs, type the number of parametric cases
you want to simulate. The table displays a row for each run. For more than about eight runs, you
may need to adjust the height of the area displaying the table by dragging the grey border below the
table down.

4. In the table, type or choose a value for each parametric input.

Choose Output Metrics and Run Simulations

The output metrics are the results you are using to evaluate the parametric inputs. For example, to
investigate the impact of photowoltaic array tilt angle on system electricity output, you might choose Tilt as
the input variable and Annual Energy as the output metric.

To choose output metrics and run parametric simulations:
1. Use one of the methods described above to set up parametric inputs.
2. Click Outputs, and choose one or more output metrics for the analysis.
3. Click Run Simulations.

SAM displays values for each of the output metrics in the table and displays a graph for each output metric
below the table.

I3 54M 2014.1111: CAUsers\Paul Desktop| Temp\parametric-simulation-sample.sam ! ===

wner v P\ ial v Wind v
Inputs.. Outputs.. Rum simulations > Number of runs:
Hub height  Wind Turbine Selection  After-tax NPV (S} LOOE [nominal) (</kWh)
Nind Turbine 1 30 Vestas VB0-2.0 1.79973e+007 251312
2 E] Vestas V90-2.0 363406e+007 15416
nd Farm 3 100 Vestas V10013 43186364007 115183
4 1z WVestas V112-310 671321 e+007 127825

Example: Graph the relationship between an input variables and aresult

The following graph is for an imaginary 58 MW wind farm with an installed cost of $1,600 per kW, and shows
the relationship between the project internal rate of return (result) of return and PPA price (input). The graph
shows that the project requires a PPA price of at least 2.25 cents/kWh to make a positive return on
investment:
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Inputs.. Outputs. Runsimulations » Mumber of runs m
PPA price (5/kWh) | After-tax IRR (%)
1 005 -3.77187
2 0.0175 -1.853717
3 0.0z ~DA15855
4 00225 100339
5 0.025 238105
1] 00275 376561
7 003 515454
] 0.0325 670176
9 0035 B32188
10 00375 100531
11 004 120599
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= W After-tax IRR : run B
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4.2 Stochastic Simulations

Stochastic simulations allow you to examine the effect of uncertainty in the value of one or more input
variables on an output metric. For example, you could stochastic simulations 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 ower the project life.
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Parametric and Statistical Analysis in SAM: Stochastic Simulati...

For stochastic simulations, you choose one or more result variables to use as an output metric for the
analysis, and one or more input variables. For each input, you choose a probability distribution from a list
(uniform, normal, lognormal, etc.) and SAM generates a sample of parameter values using the Latin
hypercube sampling (LHS) method. For analyses inwolving more than one input parameter, you can specify
an optional correlation coefficient for restricted pairing of input parameters.

Running stochastic simulations in SAM involves the following owerall steps:

1. Set up the inputs and distributions.

If you set up more than one input, define correlations between inputs (if any).
Choose output metrics.

Compute samples.

Run stochastic simulations.

o> wnDd

Note. Stochastic simulation inputs, simulations and results are separate from the case simulation and
results.

SAM's Latin hypercube sampling method is described in Wyss, G; Jorgensen, K. (1998). "A user's Guide
To LHS: Sandia's Latin Hypercube Sampling Software." Sandia National Laboratories. SAND98-0210. 140
pp. (PDE 559 KB) For a more general discussion of sampling-based uncertainty analysis, see Helton, J.;
Davis, F.; (2000). "Sampling-Based Methods for Uncertainty and Sensitivity Analysis." SAND99-2240. 121
pp. (PEDE 5 MB) For a basic description of the Latin hypercube sampling method, see the Wikipedia article
“"Latin hypercube sampling."

Click Stochastic in the lower left corner of the main window to display the Stochastic Simulations page:
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Simulate > I_‘_

Parametrics Stochastjg -

P50 / P90 Macrog

Creating a Tornado Graph using the Create a Tornado Chart Macro

SAM's Create Tornado Chart macro in an LK script that you can use to generate a tornado graph given a set
of statistical distributions and input variables.

s in SAM 5: Create Tornado ...

To run the Create Tornado Chart Macro:

1. Start SAM and open a project file or create a new case.

Click Macros in the lower left corner of the Main window.

Click Create Tornado Chart in the list of Macros available for the case
Follow the instructions to create the chart

P wnN

4.3 P50/P90 Simulations

A P90 value is a value that is expected to be met or exceeded 90% of the time. SAM can generate P50 and
P90 values for a system's annual energy output and other metrics by running hourly simulations over a
multi-year period.

System Advisor Model 2016.3.14



96  SAM Help

Parametric and Statistical Analysis in SAM 4: P50/PS0 Analysis
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SAM's P50/P90 simulations require at least 10 weather files of consecutive single-year data. The files must
be in one of the weather file formats that SAM can read and use the naming convention described below.

Notes.

Historical single year files from the NREL National Solar Radiation Database 1960-1990 (TMY2) data set
suitable for P50/P90 simulations is available on the SAM website at https://sam.nrel.go/NSRDB.

P50/P90 simulations and results are separate from the case simulation and results.

The degradation rate on the Lifetime page does not affect the Net Annual Energy values that SAM
reports in the P50/P90 analysis results. However it does affect the LCOE value because SAM calculates
the LCOE ower the analysis period for each weather file year and applies the degradation rate to
calculate the annual system output over the analysis period.

For a description of SAM's P50/P90 methodology, see Dobos, A. P.; Gilman, P.; Kasberg, M. (2012).
P50/P90 Analysis for Solar Energy Systems Using the System Advisor Model: Preprint. 8 pp.; NREL
Report No. CP-6A20-54488. (PDE 372 KB)

Before running P50/P90 simulations:
e Create a folder on your computer to store the series of single-year weather files.

o Rename each weather file using the following convention: <place name>_<year>.<extension>. For
example, paris_1950.csv, paris_1951.csv, etc.

e Place all of the files in the folder.
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To run a P50/P90 simulation:

1. On the main window, click Configure Simulations to view the Configure Simulations page.

Simulate » I_‘_

Parametrics Stochastic

P50 f PS0 Macros

2. On the P50/P90 Simulations page, for Select weather file folder, click ... and navigate to the
folder containing the series of single-year weather files.

3. Click Run P50/P90 analysis.
SAM displays a table of P50/90 metrics for the results variables available for the case.

4.4 Optimization

You can use several techniques for performing optimization in SAM:
e Parametric simulations
e Stochastic simulations
e Scripting

5 W eather Data

SAM's performance models (except the generic system model) use data from a weather file to represent the
renewable resource and ambient weather conditions that affect the system's performance.

For details about weather data in SAM see:

o Weather Files and Libraries
Download Weather File
Weather File Formats
Weather Data Elements

Typical Year and Single Year Data
e Time Convention and Sun Position

You choose the weather file on a different input page depending on the performance model:

o All solar technologies: Location and Resource
o Wind power: Wind Resource
e Biopower: Location and Ambient Conditions
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e Geothermal power: Ambient Conditions

Notes.

For more information about using weather data in SAM including links to online data sources and
documents, see the Weather Data page on the SAM website.

For a good discussion of weather data for solar energy modeling, see Sengupta et al., (2015) "Best
Practices Handbook for the Collection and Use of Solar Resource Data for Solar Energy Applications,"
NREL Report No. TP-5D00-63112 (PDF 8.9 MB)

51 Weather Files and Libraries

SAM reads weather data from a weather file stored on your computer. When you install SAM, it copies a
set of default weather files to the solar_resource and wind resource_folders in your SAM installation folder.

To use your own weather files with SAM, you should create a folder to store them, and use the folder
settings to configure SAM to look for weather files in other folders on your computer.

Note. If you store your own weather files in the SAM installation folder, you may lose them when you
remove SAM or update to a new version of the software.

The first time you run SAM, it scans the weather file folders and creates solar resource and wind resource
library files so that it can quickly display meta data from the files (station ID, latitude, longitude, etc.). When
you add a weather file folder in the folder settings, you should refresh the library so that the new weather
files appear in the list. SAM stores the library files as a comma-separated text files in your computer
operating system's temporary folder. You should not need to access those files. If you delete them, SAM
will regenerate them the next time you start the software or refresh the library.

Folder Settings

The Folder Settings window allows you to manage folders that SAM scans for weather files, and to specify
where to store files you download from SAM.

To add a folder to the list of folders SAM scans for weather files:

1. On the weather file input page, click Folder Settings.
2. Inthe Folder Settings window, click Add.
Select a folder name and click Remove if you do not want SAM to scan the folder for weather files.
3. Navigate to the folder on your computer that contains the weather file(s).
You can add as many folders as you wish.
4. Click OK to return to the input page.
SAM displays the search paths you added at the end of the list of weather files.

To remove a folder from the list of folders SAM scans for weather files:

1. Click Folder Settings.
2. In the Folder Settings window, choose the name of the folder you want to remowe.
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3. Click Remove.
Removing a search path does not delete any weather files.
4. Click OK.

To specify the folder for weather files you download with the Download Weather Data feature:
1. On the weather file input page, click Folder Settings.

2. In the Folder Settings window, under Folder for Downloaded Weather Files, navigate to the
folder where you want to store downloaded weather files. You can specify a folder that is the same
as one under Weather File Folders, or a different folder.

3. Click OK.

52 Download Weather File

SAM's Download Weather File feature allows you to type an address, zip code, or latitude and longitude to
download a weather file from either the NREL National Solar Radiation Database or NREL WIND Toolkit
databases:

e Solar Resource Data

e Wind Resource Data

Notes.

SAM's Download Weather File feature uses the Google Maps APl Geocoding Senice senvice to identify
the geographic coordinates of a location. To use the feature, your computer must be connected to the
Internet.

For information about downloading weather files and data from other sources, or for locations outside the
United States, see the Weather Data page on the SAM website.

To download a weather file:

1. Click Download on the Location and Resource, Wind Resource, Location and Ambient Conditions,
or Ambient Conditions page, depending on the performance model you are using.

2. Ifyou have a street address or zip code for the site, click Enter street address or zip code and
type a street address zip code, or latitude and longitude in the search box. For example, any of the
following three lines will return results for a location in Golden, Colorado:
golden colorado
15013 Denver West Parkway, Golden CO
80401
If you hawve a latitude and longitude for the site, click Enter location coordinates (deg), and type
the site's coordinates in the Latitude and Longitude boxes. For example:

39 44 N, 105 09 W
39.75, -105.15

3. Choose TMY to download a typical year file, or a year to download a single-year file.

4. Click OK to download the file. If your computer is unable to connect to the internet, SAM displays
the message "Failed to geocode address."
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For solar resource data, SAM stores the file in the folder that you specify in the Solar Resource Data
Settings window under Folder for Downloaded Solar Data Files. To change the location of the folder,
click Folder Settings.

For wind resource data, SAM stores the file in a default folder that it creates in your user folder: C:\Users
\[username|\SAM Downloaded Weather Files/ in Windows.

Solar Resource Data

For the following performance models, SAM downloads weather data in the SAM CSV format from NREL's
National Solar Radiation Database (NSRDB):
e Photowltaic

Concentrating solar power: Parabolic trough, power tower, linear Fresnel, dish Stirling, and CSP_generic
solar.

Solar water heating
Biomass Combustion
Geothermal

SAM downloads the following hourly data from the NSRDB:

e Global horizontal irradiance (W/m?)
e Direct normal (beam) irradiance (W/m?)
o Diffuse horizontal irradiance (W/m?2)
o Dry-bulb temperature (°C)
o Dew-point temperature (°C)
o Relative humidity (%)
o Atmospheric pressure (mbar)
e Wind speed (m/s)
e Wind direction (°E of N)
Snow depth from Solar Prospector is set to the 999 flag, which SAM interprets as no data.

The NREL National Solar Radiation Database (NSRDB) contains satellite-derived solar resource data for

cells of a grid of approximately 4 km2 superimposed owver the regions of the world shown in the map below.
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Note. SAM cannot download NSRDB files for locations in Asia. To download data for India and surround
countries, go to the NSRDB website.

You can download the following types of files from the NSRDB:

o Single-year files for the years between 1998 and 2014.

e Typical vear files based on the 16 years of data between 1998 and 2014.
For a discussion using weather data for modeling solar energy systems, see:

e Sengupta et al., (2015) "Best Practices Handbook for the Collection and Use of Solar Resource Data for
Solar Energy Applications,” NREL Report No. TP-5D00-63112 (PDF 8.9 MB)

Wind Resource Data

For SAM's wind power model, SAM downloads hourly wind resource data (8,760 time steps) in the SRW
format from the NREL WIND Toolkit.

e Atmospheric pressure at ground level (atm)

e Wind speed at 100 meters (m/s)

o Wind direction at 100 meters (°E of N)

o Ambient temperature at 100 meters (°C)
The NREL WIND Toolkit database contains single year data (2007 to 2012) for over 110,000 onshore and

offshore locations in the continental United States. The data was produced for NREL by 3Tier using the
Weather Research and Forecasting (WRF) model.

Note. For locations outside of the continental United States, you may want to consider using one of the
representative typical wind data files that come with SAM.

For a description of the WIND Toolkit:
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e Draxl, C et. al. Advancements in Wind Integration Study Data Modeling: The Wind Integration National
Dataset (WIND) Toolkit. Preprint. 2013. NREL Conference Paper. NREL/CP-5D00-60269. (PDE 142 KB)

The WIND Toolkit APl on the NREL Developer Network:
¢ WIND Toolkit API

5.3 Weather File Formats

A SAM weather file is a text file that contains data describing the solar resource or wind resource at a
particular location for a period of one year. SAM uses the SAM CSV format for solar resource data, and the
SRW format for wind resource data.

For a description of how the different performance models use weather data, see Weather Data Elements.

You can use a spreadsheet program or other software create your own weather file in the SAM CSV or
SRW format with data from a resource measurement program or meteorological stations.

SAM can also read solar resource data from files in the TMY3, TMY2, and EPW formats. You can use the
Solar Resource File Converter macro to convert files from one of these formats to the SAM CSV format.

e The TMY3 file format is a comma-delimited text format with the extension .csv. The first row of a TMY3
file stores data describing the location's name, and the geographic coordinates, time zone, and elevation
abowve sea level data required for sun angle calculations. The second row stores the column headings
showing units for each data element. Rows 3-8762 store weather data elements used by SAM's
performance models. Many of the data elements are not used by the SAM performance models. Note.
Opening and saving a TMY 3 file in Excel can cause formatting changes that renders the file unreadable
by SAM's weather file reader. Use SAM's time series data viewer to explore the data without modifying
it, or to export it to CSV or Excel files. For a complete description of the TMY3 file format, see the
TMY3 user's manual (PDE 1.7 MB) Tables 1-1 and 1-2 (p 3) describe the header data, and Table 1-3 (p
4-7) describes the weather data elements.

e The TMY?2 file format is a text format with the extension .tm2. The TMY2 format is not delimited, which
makes the data in the text file difficult to read. You can use SAM's time series data viewer to examine
and export the data in a TMY2 file. For a description of the data elements in the TMY2 format, see the
TMY2 user's manual. The header elements are described in Table 3-1, and the weather data elements
are described in Table 3-2.

o The EPW file format was developed for the U.S. Department of Energy's EnergyPlus building simulation
model. EPW files store comma-delimited data, and use the extension .epw. The first eight rows of a file
in EPW format stores header data. SAM's performance models use only the latitude, longitude,
elevation, and time zone data from the header to calculate solar angles. The remaining 8,760 rows store
weather data used by the SAM performance models and other data describing the quality of the data
that SAM ignores. For more details about the EPW format see the Weather Data Format Definition page

of the EnergyPlus Simulation Software website.

SAM CSV Format Description

The SAM CSV format is a comma-separated text format for SAM's solar performance models. It uses a
standard CSV format that you can edit in any spreadsheet program, text editor, or other appropriate
software.
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The SAM CSV format supports hourly and sub-hourly data with up to a one-minute resolution. SAM
recognizes the weather file's time resolution based on the number of data rows in the weather file. For
example, SAM recognizes a file with 8,670 data rows as an hourly data file, and a file with 35,040 rows as
15-minute data. A minute column is optional for hourly data, and required for sub-hourly data. By default, for
hourly data SAM calculates sun position angles at the mid-point of the hour. Howeer, if you specify an
optional minute column for the hourly data, SAM calculates the sun position at the minute indicated in that
column. For sub-hourly data, sun angles are calculated for the minute indicated in the Minute column. See
Time Convention and Sun Position for additional details.

SAM requires a valid value for all time steps for each data element. It does not fill data gaps. It does perform
some checks on the weather data before running a simulation, and displays messages about problems with
the data in the simulation notices. You can also run the Solar Resource File Checker macro to perform
the checks without running a simulation.

Header
The three header rows provide location information and metadata, and identify the data columns.
Row 1

Row 1 contains labels for the location and metadata values in Row 2. These labels can be in any order,
and must include at least Latitude, Longitude, Time Zone, and Elevation:

Source,Location 1D, City,State,Region,Country,Latitude,Longitude, Time Zone,Elevation
Row 2
Row 2 contains the data identified in Row 1.

The source, location ID, city, state, region, and country are text values (strings) that provide information
about the data, but are not used in calculations. They do not need to be enclosed in quotes. These
values are not required for SAM simulations, and can be omitted from the weather file.

The latitude, longitude, time zone, and elevation are numbers that SAM uses in sun position
calculations during simulations. For example, Row 2 for Phoenix, Arizona might look like this:

TMY2,23183,Phoenix,AZ,USA,33.433333,-112.016667,-7,339

Latitude is a value between -90.0 and 90.0 decimal degrees north of the equator, e.g., 39.75 for Denwer,
and -33.95 for Sydney, Australia.

Longitude is a value between -180.0 and 180.0 decimal degrees East of the prime meridian, e.g., -
104.95 for Denver, and 116.28 for Beijing, China.

Time zone is for standard time in hours ahead of GMT, e.g., -7 for Denver, and 5.5 for India.
Elevation is in meters above sea lewel, e.g., 1615 for Denver.

Solar Resource Data

Row 3
Labels identifying the data columns. SAM uses the labels to identify the columns, so they can be in
any order. SAM requires a complete column of data for each data element. The Minute column is
optional for hourly data.:

Y ear,Month,Day,Hour,Minute,,GHI,DNI,DHI, Tdry, Tdew,RH, Pres,Wspd,Wdir,Snow Depth
Row 4-8,760 (for hourly data, more rows for sub-hourly data)

Data identified in Row 3. For example:

1988,1,1,0,0,0,0,5.6,-3.3,53,983,2.1,200,0

System Advisor Model 2016.3.14



104  SAM Help

Data Units

SAM assumes that the weather data uses the following units.

Note. The format does not require leading zeros in one-digit numbers.

e Year: Four-digit number (1988)

e Month: One- or two-digit number (1=January, 11=November)
e Day: One- or two-digit number indicating the day of month.
¢ Hour: One- or two-digit number indicating the hour of day.

e Minute: One-or two-digit number indicating the minute. This value is required for sub-hourly data, and
optional for hourly data. For hourly data, the minute column indicates the time you want SAM to use for
sun position calculations. If you omit the value for hourly data, SAM uses the midpoint of the hour for the
calculations. See Time Convention and Sun Position for details.

e GHI: Total global horizontal irradiance in W/m? at the end of the time step.
o DNI: Total direct normal irradiance in W/m? at the end of the time step.

e DHI: Total diffuse horizontal irradiance in W/m? at the end of the time step.
o Tdry: Dry-bulb temperature in °C.

e Tdew: Wet-bulb in °C.

¢ RH: Relative humidity in %.

e Pres: Atmospheric pressure in millibar.

e Wspd: Wind speed at 10 m abowve the ground in m/s.

o Wdir: Wind direction at 10 m abowve the ground in degrees east of North, with zero degrees indicating
wind from the north.

e Snow Depth: Snow depth in meters.

SRW Format Description

The SRW format is a comma-delimited text format with the extension .srw for the wind power performance
model. The format allows you to use wind resource data at one or more heights above the ground, and is
designed to be flexible enough to handle a range of data:

o The file stores four data types: wind speed, wind direction, air temperature, and atmospheric pressure.

e The data can be for one measurement height or multiple heights. The measurement heights can be
different for the different types of data. The file can contain air temperature, atmospheric pressure, and
wind direction data at one height, and wind speed data at multiple heights.

o The file stores 8,760 values for a single year of hourly data.
o The file must contain a least one complete set of the four data types with 8,760 values.

e The direction measurement height must be within 10 meters of the nearest wind speed measurement
height.

o The file must contain a wind speed measurement height within 35 meters of the turbine hub height.

Note. Although the weather file format allows for wind resource data at time steps smaller than one hour,
the current version of SAM's wind power model is designed for hourly simulations, so the wind resource
data must use a time step of one hour with 8,760 values.
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After running a simulation, SAM reports the hourly wind speed and wind direction on the Results page
tables and time series graphs so you can see what values it used in the simulation. For a general
description of how the wind power model uses the data in the file, see Wind:

o For a description of how SAM determines wind speed at hub height, see Hub Height and Wind Shear.

o For a description of how SAM uses temperature and pressure data from the weather file, see Elevation
above Sea Level.

The following eight rows of sample data are for a correctly formatted SRW file containing wind resource data
at four heights abowve the ground for Golden, Colorado. You can find examples of SRW files in the \weather
folder in your SAM installation folder (c:\SAM\2016.3.14 by default in Windows).

= Sample Wind Resource Data_srw

. B8225,Golden,CO,USA, year??,1at??,lon??,1600,1, 8760
Sample data for SAM Help file
Temperature, Pressure, Direction, Speed, Temperature, Pressure, Direction, Speed, T
C,atm,degrees,m/s, T, atm, degrees,m s, C,atm, degrees,m/s,C,atm, degrees, m/s

20, 50, 50,50,680,60,680,680,110,110,110,110,140,140,140,140

14.327,0.9541608,142,3.296,14.147,0.950823,145,3.376,13.877,0.947378,146,3.3
14.197,0.953478,210,3.556,14.047,0.950035,197,3.667,13.837,0.946591,192,3.6!
14.087,0.952785,224,3.821,13.947,0.949345,219,3.957,13.797,0.5945902,214,4.D1

Header Rows 1 and 2

The first two rows of the file store information about the location, and descriptive text that you can use for
any purpose. SAM displays some of this information in the fields on the Wind Resource page. You can use
the weather data viewer to examine the data in the file before running a simulation.

Row 1
<location id>,<city>,<state>,<country>,<year>,<latitude>,<longitude>,<elevation>,<time step in
hours>,<number of rows>

SAM displays the eight location-related values on the Wind Resource page, but does not use these
values in calculations.

SAM uses the <timestep in hours> and <number of rows> to determine the data's temporal resolution,
but does not use any of the other values in calculations. SAM requires hourly data, so the time step
must be 1, and the number of rows must be 8760.

You must provide a value for each column: If you do not have a value for a column, you can use an
indicator like n/a or ?? for the missing value.

SAM ignores the extra commas at the end of the row that your spreadsheet software may insert.

Note. SAM uses the air temperature and atmospheric pressure data for each time step to adjust the
turbine power curve. It does not use the elevation above sea lewel for this purpose.

Row 2
<data source>

One line of descriptive text that SAM displays on the Wind Resource page. You may leave this line
blank.

SAM ignores the extra commas at the end of the row that your spreadsheet software may insert.

Header Rows 3 -5
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Rows 3 and 4 tell SAM what data each column contains. SAM determines the type of data for each column
based on the information in Rows 3 and 4. Rows 3 and 4 must have the same number of columns as the
resource data rows 6 - 8765.

Row 3
The resource data type definition for each column of Rows 6 - 8765. Each column in Row 3 must
contain one of the following text values (not case-sensitive) that corresponds to the resource data type
in that column: temperature, pressure, speed, or direction. The resource data types do not hawe to be in
any particular order, and can be in a different order for each hub height.

Row 3 must contain at least one column for each of the four data types. For a weather file with data at
more than one height above the ground, Row 3 must contain a set of column definitions for each height.

Row 4
Measurement units for the resource data in each column corresponding to the resource data type in
Row 3. Each column in Row 4 must contain a text value describing the measurement units. SAM
displays this text in graphs and tables. For example: atm, m/s, degrees, Celsius, etc.

Note. SAM assumes that the resource data are in the units described below regardless of the values
you specify in Row 4.

Row 5
Measurement height above the ground in meters for the resource data for each column defined in Row 3.
Each column in Row 5 must contain an integer or decimal value.

Resource Data Rows 6 - 8765

The resource data rows store the wind speed, wind direction, air temperature, and atmospheric pressure
values.

Row 6 should contain data for the hour ending at 1 am on January 1. (For time-dependent pricing
calculations, SAM's financial models assume that January 1 is a Monday.)

The 8,760 resource data rows store integers or decimal values with the following units:

e Wind speed in meters per second (m/s).

e Wind direction in degrees east of north (degrees), with zero degrees indicating wind from the north, and
90 degrees indicating wind from the east.

o Atmospheric pressure in in atmospheres.
o Ambient temperature in degrees Celsius.

54 Weather Data Elements

Each performance model uses different data elements from the weather file.

The following abbreviations represent the different performance models in the table below:
PV: Detailed photowltaic model

PVW: PVWatts

HCPV: High concentration photowoltaic model
CSP: Concentrating solar power, includes:
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o Parabolic trough: Physical and Empirical

o Power tower: Molten Salt and Direct Steam
o Linear fresnel: Molten Salt and Direct Steam
o Dish Stirling

0 Generic Solar System

SWH: Solar Water Heating
GP: Geothermal Power

e BP: Biomass Power
e WP: Wind Power

Note. The generic system model does not use weather data.

Weather Data PV PVW HCPV CSP SWH GP BP WP4
Element

Latitude . . . . o
(decimal degrees)

Longitude . . . . .

(decimal degrees)

Elevation above . . . . .
sea lewvel (m)

Hour of the day . . . . . .

Diffuse horizontal o2 . .

radiation (W/m?2)

Direct normal . . . . .
radiation (W/m2)

Global horizontal o2 .
radiation (W/m?)

Albedo o3 o3

Atmospheric . . . .
pressure (mbar)(1)

Dry bulb . . . . . . . .
temperature (°C)

Dew point 83

temperature (°C)

Wet bulb 6 . .
temperature (°C)

Relative humidity . . .

(%)

Wind velocity . . . . . .
(m/s)

Wind direction .
(degrees)

Snow depth o3

Weather files in EPW format store pressure data in pascal (Pa). SAM converts those values into millibar
(mbar).
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2For the detailed photowltaic model, the Radiation Components settings on the Array page determine
what combination of diffuse horizontal, direct normal, and global horizontal irradiance data that SAM uses.
The weather file may contain any two of those irradiance components. The weather file may also contain a
single plane-of-array irradiance value in place of the irradiance component data. By default, SAM uses the
beam and diffuse components and ignores the total horizontal radiation from the weather file.

3The PVWatts model uses the albedo and snow depth values only if it is available in the weather file. The
detailed photowoltaic model provides an option on the Location and Resource page where you can choose
whether to use the albedo value from the weather file or monthly values you specify on the input page.

4The wind power model requires wind speed, wvelocity, and temperature data at three different heights above
the ground. See Weather File Formats for details.

SWhen dew-point temperature data is missing from the file, SAM calculates the value from the dry-bulb
temperature and relative humidity values when they are present in the file. SAM uses the Magnus formula
approximation described in the Wikipedia article on Dew Point with parameters from the 1947
Phsychrometry and Psychrometric Charts and the simple approximation.

5When wet-bulb temperature data is missing from the file, SAM calculates the value from the dry-bulb
temperature, atmospheric pressure, and relative humidity values when they are all present in the file. SAM
uses the method described by A. T. Martinez in the 1994 article published in the Journal Atmésfera.

55 Typical Year and Single Year Data

SAM can simulate systems using either typical year data representing the resource and weather at a given
location over a multi-year period, or single-year data.

Because SAM's financial models use multi-year cash flow calculations, SAM is designed to work with
typical year weather data that describe weather conditions over a long time period. This makes it possible to
use a single year of data to represent a system's annual electricity output over many years. When you run a
simulation, the performance model uses hourly data from the weather file to calculate the quantity of
electricity generated by the system in one year by summing the 8,760 hourly generation values. The
financial model assumes that this value is the amount of electricity the system generates in each year of
the analysis period you specify in the financial parameters. If you specify a non-zero degradation rate on
the Lifetime page, then the financial model assumes that the system's electricity output decreases from
year to year throughout the analysis period.

For some analyses, it may be appropriate to use single year data instead of typical year data. For example:

e To model a system's performance (ignoring the financial model inputs and results).

o To explore savings and revenue when electricity prices are weather dependent, for example, in a location
with hot summers and electricity prices that increase with demand to meet summer cooling loads.

o For statistical studies involving single year data for many years, such as for P50/P90 analysis.

Note. A file in the TMY2 (.tm2) or TMY 3 (.csV) weather file format may contain either typical year data or
single year data. The file format defines how the data is stored in the file, not the time span that the data
represents.
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Typical Year Data

A typical year file uses a single year of hourly data to represent the renewable resource and weather
conditions over a multi-year period. The typical year methodology inwlves analyzing a multi-year data set
and choosing a set of 12 months from the multi-year period that best represent typical conditions ower the
long term period. For example, a typical year file developed from a set of data for the years 1998-2005,
might use data from 2000 for January, 2003 for February, 1999 for March etc. Annual simulation results from
typical year weather data are suitable for long-term economic analysis.

The following are examples of weather data files that contain typical year data:
o TMY2 files from the National Solar Radiation Database included with SAM.

The representative wind data files (SRW) included with SAM.

e TMYS3 files from the National Solar Radiation Database website.

EPW files from the EnergyPlus website.

TMY, TDY, or TGY files in TMY2 format from the Solar Prospector database.

Single Year Data

Single year data represents the weather at a location for a specific year. Single year data is appropriate for
analysis of a system's performance in a particular year, and may be appropriate for analyses involving time-
dependent electricity pricing or electric loads for a given year.

The following are examples of weather files that contain single-year data:

¢ Wind data files (SRW) from the NREL Wind Integration Dataset.
e Single-year data in TMY2 format from the Solar Prospector database.

5.6 Time Convention and Sun Position

SAM assumes that the weather file contains data for a single year. The weather file may contain hourly or
subhourly data.

The first row of data in the weather file is for the time step beginning at 12 a.m. (midnight) on January 1,
local standard time. For hourly data, the first row is for the hour ending at 1 a.m. on January 1. For 15-
minute data, the first row is for the quarter hour ending at 1:15 a.m. on January 1. For financial model time-
dependent calculations, January 1 is a Monday, weekdays are Monday through Friday, and weekends are
Saturday and Sunday.

SAM does not account for leap years or for daylight savings time.

Wind Resource Data

For wind resource data (SRW), the last two columns of the first header row indicate the time step in hours
(1=hourly, 0.25=15-minute, etc.), and number of time steps (8,760 for hourly, 35,040 for 15-minute, etc.).
The values in the header must match the number of rows.

Solar Resource Data

For solar resource data (SAM CSV), the weather file's time step depends on the number of weather data
rows (not including the header rows) in the weather file. An file for hourly simulations should contain 8,760
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data rows. A weather file for 15-minute simulations should have 8,760 hours per year x 4 time steps per
hour = 35,040 data rows.

Air mass calculations use the site elevation value from the weather file header and the solar zenith angle
calculated for each time step.

SAM's photowltaic model determines the time for sun position calculations as follows:

e For hourly data with no Minute column, the sun position is for the midpoint of the hour. For the sunrise
time step, the sun position is at the midpoint between sunrise time and the end of the time step.
Similarly, for the sunset hour, the sun position is the midpoint between the beginning of the time step
and sunset time.

o For hourly data with a Minute column and sub-hourly data (which must have a Minute column), use the
minute value as the time for the sun position calculation for all hours, including the sunrise and sunset
hours.

SAM's CSP models assume that each DNI value in the weather file represents the average irradiance over
the time step, and calculate sun angles for the midpoint of the time step.

Notes.

In weather files from the NREL National Solar Radiation Database, the irradiance data is measured
instantaneously with the following time conventions:

TMY data is measured at the beginning of the hour

Single-year data is measured at the midpoint of the hour

30-minute data is measured at the beginning of each 30-minute time step (beginning and midpoint
of the hour)

Data from the older datasets (TMY3 and TMY2) assume irradiance data is the total radiation
received over the entire hour.

SAM's detailed photowltaic, PVWatts, solar water heating, and physical trough performance models
have been tested with sub-hourly weather data. The other models may not work with sub-hourly weather
data.

6 Photovoltaic Systems

SAM offers three models for photowltaic systems (see Choose Maodels for instructions):

Detailed Photovoltaic

The detailed photowltaic model calculates a grid-connected photowltaic system's electrical output using
separate module and inverter models. It requires module and inwverter specifications along with information
about the number of modules and inverters in the system. You can either provide your own module and
inverter specifications from a manufacturer's data sheet, or choose a module and inverter from libraries. The
detailed photowltaic model estimates losses due to the effect of temperature on module performance, and
has options for calculating shading and other losses in the system. The model also includes a system
sizing assistant to help you determine the number of modules and inverters in the system.
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Use the detailed photowoltaic model when you have detailed information about the equipment that will be
used in the system.

PVWatts Model

The PVWatts model is an implementation of NREL's popular online photowiltaic calculator. It models a grid-
connected photowltaic system using a few basic inputs to describe the system's nameplate capacity, array
orientation and mounting type, and system losses. PVWatts makes internal assumptions about module and
inverter characteristics for three types of modules. SAM's implementation of PVWatts includes options for
modeling shading that are not available with the online version.

Use the PVWatts model for preliminary project analysis before you hawe information about the type of
equipment you plan to use in the system, or for other analyses that require a reasonable estimate of a
photowoltaic system's electrical output.

b P o IRy

Concentrating Photovoltaic

The concentrating photowltaic model is appropriate for grid-connected photowltaic systems with high
concentration photowltaic modules. The concentrating photowltaic model uses separate models to
represent the module and inverter. It requires information about the design of the concentrator and efficiency
of the cell at different irradiance levels. For the inverter model, you can either use specifications from a
manufacturer data sheet, or choose an inverter from a library.

The following table summarizes the three photowoltaic models:

Detailed PVWatts Concentrating
Photovoltaic Photovoltaic
Flat plate crystalline and thin film modules . .
Low concentration photowltaic (LCPV) modules . .
High concentration photowoltaic (HCPV) modules .
Array output (DC) . . .
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Inverter output (AC)

System sizing assistant

DC/AC sizing ratio

Specify system nameplate capacity

Specify numbers of modules and inverters
Specify separate module and inverter parameters

Multiple subarrays with optional woltage mismatch
calculator

Tracking options (fixed, one- or two-axis tracking)
Adjustable tracker rotation limit for one-axis tracking
Azimuth axis tracking

Shading factors for nearby objects

3D shade calculator

Self-shading for one-axis trackers

Backtracking for one-axis trackers

Self-shading for fixed arrays (no tracking)
Temperature effects on module performance

DC and AC loss inputs

Availability and curtailment factors

Loss diagram

Estimate land cost from array area

*
Optional feature

6.1 Location and Resource

The Location and Resource page provides three options for choosing a weather file for your analysis:

e Download a weather file from the NREL National Solar Radiation Database
e Choose a weather file from the solar resource library

e Use a specific weather file on disk

September 2016



Location and Resource 113

Notes.

You may want to model your system using weather data from several different sources
and locations around your project site to understand both how sensitive your analysis
results are to the weather assumptions, and how much variation there is in the data from
the different weather files.

For a description of weather file formats, time convention and sun position, typical year
and single year data, and other information about weather files, see the Weather Data
section.

You can compare results for a system using more than one weather file in a single case by using
SAM's parametric simulation option.

For more information about weather data, including where to find data for locations outside of the United
States, see Weather Data on the SAM website.

For a helpful discussion of weather data and power system simulation, see Sengupta et al., (2015) "Best
Practices Handbook for the Collection and Use of Solar Resource Data for Solar Energy Applications,”
NREL Report No. TP-5D00-63112 (PDFE 8.9 MB).

Download a weather file from the NREL National Solar Radiation Database

The NREL National Solar Radiation Database (NSRDB) contains satellite-derived data from the Physical
Solar Model (PSM) in weather files in the SAM CSV format for both typical year data and historical single
year data for 1998 through 2014 for locations in the United States, southern Canada, Central America, the
Caribbean, and northern South America. Data is also available for India and surrounding countries in Asia,
but only through the NSRDB website (SAM cannot access data for that region).
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Important Note for CSP Modelers! SAM's CSP models assume that each DNI value in the weather file
represents the average irradiance over the time step, and calculate sun angles for the midpoint of the
time step. In weather files from the NSRDB, the irradiance data is measured instantaneously at either
the beginning of the hour (TMY data), midpoint of the hour (single-year data), or beginning of the 30-
minute time step (30-minute single-year data). As a result, if you use an NSRDB weather file with a CSP
model with either hourly TMY data or 30-minute single-year data, the sun angle for each time step will be
for a different time than the time for the instantaneous irradiance values.

TMY is typical meteorological year data, and uses the NSRDB TMY weighting methodology described in the
PSM documentation, available on the NSRDB website. The typical months in these files are based on both
the global horizontal and direct radiation in the long term data, and to a lesser degree on the temperature
and wind speed data. These files may be most suitable for modeling solar power systems and for modeling
non-solar technologies that use the weather data in the file (biopower, geothermal) to estimate thermal
losses from the steam power cycle. They are not ideally suited for modeling wind power systems,

For a description of the NSRDB data, see the NSRDB website.

Notes.

The NSRDB requires an email address to download weather file. When you download a file from SAM,
SAM submits the email address that you used to register SAM. NREL uses your email address to
determine how many people are using the NSRDB. It does not share email addresses.

Different types of weather files in the NSRDB use different time conventions. See Time Convention and
Sun Position for details.

When you download a file from the NSRDB website, SAM displays a "-" for the City, State, and Country
fields because the NSRDB files do not contain that information. This will not affect simulation results
because SAM only uses latitude, longitude, elevation and time zone information during simulation, and
that information is included in the files.

SAM uses the Google Maps APl Geocoding Senice senvice to identify the geographic coordinates of a
location when you type a street address or city and state name to identify the location.

For information about downloading weather files and data from other sources, or for locations outside the
United States, see the Weather Data page on the SAM website.

To download a weather file:

1. The first time you download a weather file, click Folder Settings, and choose a location on your
computer to store downloaded weather files. You do not need to do this every time you download a
file.
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Saolar Resource Data Folder Settings [
Solsr Data File Folders

F\Weather File Test

Folder for Doemlosded Solar Data Files
FASAM Weather

oK Cancel Help

2. Click Download to open the Download window.

3. Type street address, zip code, or latitude and longitude in the search box. For example, any of the
following four lines will return results for a location in Golden, Colorado:
golden colorado
15013 Denver West Parkway, Golden CO
80401
39.75, -105.15

4. Choose TMY for a typical year file, or year for a single-year file.

5. Click OK to download the file. It may take a few moments for SAM to connect to the NSRDB
senvers, and to process your solar resource library to add the file.

Choose a weather file from the solar resource library

SAM's solar resource library contains weather files for locations around the world from the following data
sources:

o National Solar Resource Database (NSRDB): Locations in the United States from the TMY3 and TMY2
data sets, which are older versions of the NSRDB called Meteorological Statistical Model 3 (MTS3) and
Meteorological Statistical Model 1 (MTS1), respectively.

e Solar and Wind Energy Resource Assessment Programme (SWERA): Locations in Bangladesh, Belize,
Brazil, China, Cuba, El Salvador, Ethiopia, Ghana, Guatemala, Honduras, Kenya, Maldives, Nepal,
Nicaragua, and Sri Lanka

o The ASHRAE International Weather for Energy Calculations Version 1.1 (IWEC): Locations in Argentina,
Australia, Austria, Belgium, Bosnia and Herzegovina, Chile, China, Czech Republic, Denmark, Egypt,
Fiji, Finland, France, Germany, Greece, Iceland, India, Ireland, Italy, Japan, Kazakhstan, Lithuania,
Macau, Martiniqgue, Mongolia, Morocco, Netherlands, New Zealand, Norway, Poland, Portugal, Korea,
Romania, Russia, Senegal, Serbia and Montenegro, Slovakia, Spain, Sweden, Switzerland, Thailand,
Tunisia, Ukraine, Unted Arab Emirates, United Kingdom, Uzbekistan, and Zimbabwe

e Canadian Weather for Energy Calculations (CWEC): Locations in Canada.
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To choose a file from the solar resource library:

e Click the location name in the list. You can type a few letters of the file name in the Search box to
filter the list.

SAM displays location information and a statistical summary of the data in the file for the file you
choose. It calculates the summary insolation and average values from the hourly or subhourly data
in the weather file and displays them for your reference. It uses the weather data file for simulations
rather than the summary values.

Tools
View data

Display weather file data in the time series data viewer.

Note. You can also see the data after running a simulation on the Results page data tables and time
series graphs.

Refresh library

Refresh the library after adding files to the weather file folder. Refreshing the library may take seweral
seconds up to a minute.

Folder settings

Use the folder settings to tell SAM what folders on your computer it should scan for weather files to
build the solar resource library. SAM adds any weather files in the folders you specify to the library so
that you can choose them from the list. It may take several seconds up to minute for SAM to refresh the
library after you add folders. As part of the scanning process, it also checks files in the folder(s) to see if
there are problems with the data and displays a message if there are.

Open library folder

Open the folder containing the default solar resource files. This is useful when you want to see the data
for one of the default weather files.

Note. Awoid storing your weather files in the default library folder. If you do, you may lose the files when
you uninstall SAM or install a new version.

Use a specific weather file on disk

You can use a properly formatted weather file stored on your computer without adding it to the library.

Note. If you use this option, SAM does not display the location information or annual summary data for
the file, or display the data in the time series data viewer from the Location and Resource page. It can
only display this information for weather files in the solar resource library.

To use a weather file on disk:

1. Check the box under Use a specific weather file on disk.
2. Click Browse to navigate to the file.

Albedo - Sky Diffuse Model - Irradiance Data (Advanced)
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The albedo, sky diffuse model, and irradiance data inputs are advanced inputs that you can ignore unless
you have a reason to change them.

Note. Use the default DNI and DHI and Perez options unless you hawe a reason to change them.

Albedo

SAM uses the albedo (also called ground reflectance) to make a small adjustment to the amount of
irradiance incident on the array to represent irradiance reflected onto the array from the ground.

Note. For most analyses, you can use the default value of 0.2 assigned to each month.

After running a simulation, you can see the albedo value that SAM uses for simulations on the Results
page.
Monthly albedo
The albedo value by month. SAM limits the albedo to values greater than zero and less than 1. The

default value is 0.2, which is reasonable for grassy ground. A value of 0.6 would be reasonable for snow-
covered ground.

A value of zero would mean that the ground is completely non-reflective, and a value of 1 would mean
that it is completely reflective.

To see the monthly ground reflectance values, click Edit Values. To change the values, type a value for
each month that you want to change. During a simulation, SAM applies the albedo value that you
specify for a given month to each hour of that month.

Use albedo in weather file if it specified

Check this option if you want SAM to use hourly or sub-hourly albedo data from the weather file instead
of the monthly albedo values. You should also specify monthly albedo values because SAM uses those
values for any time steps that have values less than or equal to zero, or greater than or equal to one.

For each time step in the simulation, SAM checks the value in the albedo column of the weather file
to seeif it is between zero and one. If it is within that range, SAM uses that value for the albedo in
that hour. If the value in the weather file is outside of that range for a given time step, then SAM
uses the appropriate monthly albedo input value for that hour.

Note. Only some of the standard TMY3 weather files from the National Solar Radiation Database
(NSRDB) in SAM's solar resource library contain albedo values, and in many of the files that do contain
albedo values, the values are missing for a significant number of time steps. For this reason, it may be
best to use the monthly albedo input values instead of relying on values in the weather file. If you do use
albedo values from the weather file, you should check that the values in the weather file are complete
and reasonable.

Diffuse Sky Model

SAM uses the DNI and DHI data with sun and subarray angles to calculate the irradiance incident on each
subarray. Calculating the incident direct component from the DNI is straightforward, but there are seweral
methods for estimating the incident diffuse component from DHI. SAM allows you to choose the method it
uses to convert DHI data to incident diffuse irradiance.
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The isotropic model tends to under-predict the global radiation on a tilted surface, and is included as an
option for analysis comparing SAM results with those from other models using this approach. The HDKR
and Perez methods provide comparable estimates of the incident diffuse irradiance.

For more details about these methods, see the photowltaic reference manual, which is available for
download from the Performance Model Documentation page on the SAM website.

Isotropic

The isotropic method assumes that diffuse radiation is uniformly distributed across the sky, called
isotropic diffuse radiation.

HDKR

The Hay-Davies-Kluchr-Reindl combination method accounts for the increased intensity of diffuse
radiation in the area around the sun, called circumsolar diffuse radiation, in addition to isotropic diffuse
radiation.

Perez
The Perez method is the default value and is best for most analysis.

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

Weather File Irradiance Data

A weather file in SAM CSV format for the photowltaic performance models must contain at least two
columns for the solar irradiance components or a single column for plane-of-array (POA) irradiance. The
weather file may contain columns for all three irradiance components in addition to POA data. SAM
determines which columns to use for the simulation based on the Weather File Irradiance Data options you
choose.

Definitions:

DNI: Direct normal irradiance, sometimes called beam normal irradiance is the amount solar radiation
per unit area that reaches a surface that is normal to the rays of solar radiation from the sun.

DHI: Diffuse horizontal irradiance is the solar radiation per unit area that reaches a horizontal surface
from the sky dome, but not directly from the sun. DHI does not include solar energy reflected from the
ground. SAM accounts for that separately using the albedo input described above.

GHI: Global horizontal irradiance is the total solar radiation per unit area that reaches a horizontal
surface

POA: Plane of array, POA irradiance is equivalent to incident irradiance, and is the total solar radiation
per unit area that reaches the surface of the photowoltaic array.

Unless you choose one of the POA options, SAM's photowoltaic performance models always require the DNI
and DHI components to calculate the irradiance incident on each subarray. When you choose the DNI and
GHI or GHI and DHI options, SAM calculates values for the missing irradiance component from the two
components that you specify, even if the weather file contains data for the missing component. When you
choose a POA option, SAM bypasses the incident irradiance calculations.
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DNI and DHI

This is the default option, and is best for most analyses. SAM reads the direct normal irradiance (beam)
and diffuse horizontal irradiance data from the weather file. For this option, SAM calculates incident
irradiance using the DNI and DHI data from the weather file without any additional calculations.

DNI and GHI

SAM reads the direct normal irradiance (beam) and global horizontal irradiance (total) data from the
weather file, and calculates the diffuse horizontal irradiance values for simulations. SAM calculates the
incident irradiance using the DNI data from the weather file and the calculated DHI data.

GHI and DHI

SAM reads the global horizontal irradiance (total) and diffuse horizontal irradiance data from the weather
file, and calculates direct normal irradiance values for simulations. SAM calculates the incident
irradiance using DHI data from the weather file and the calculated DNI data.

POA from reference cell

Use this option if your weather file contains irradiance data measured in the plane of the array by a
reference photowoltaic cell that has the same optical characteristics as the cells in the array. SAM
assumes that the POA data accounts for angle-of-incidence (AQI) effects and remowes the calculation of
AOl-related reduction in incident DNI from the performance model.

POA from pyranometer

Use this option if your weather file contains irradiance data measured in the plane of the array by a
pyranometer. SAM uses a POA decomposition model to calculate the DNI and DHI components of the
POA irradiance for angle-of-incidence effect calculations.

Notes about the POA input options.

When you choose a POA option, SAM reports calculated DNI and DHI values in the results for your
reference. It only uses the calculated DNI and DHI values under the following conditions:

With the POA from pyranometer option to calculate a reduction in DNI due to angle-of-incidence
effects.

When you enable external shading, SAM applies the beam and diffuse irradiance shading factors to

the
calculated DNI and DHI values, and then calculates the irradiance incident on the subarray to

account for
shading.

When you use the CEC module model with the heat transfer method for temperature correction.

Irradiance Data in Results

Note. If your weather file contains data for all three irradiance components, the value of the calculated
third component that SAM uses for the simulation may differ from the value in the weather file.

You can see the calculated data on the Results page after running a simulation, for example, on the Data
tab and Time series tab:
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Irradiance GHI/DNI/DHI/POA from weather file (W/m2)

The data in the weather file. If the column does not exist in the weather file, SAM reports the values in
the results as NaN (not a number).

Irradiance GHI/DNI/DHI calculated (W/m2)

The values of the third irradiance component that SAM calculates from the other two in the weather file.
For example, if you choose the DNI and GHI option, you should see Irradiance DHI calculated in the
results. SAM uses the following equations for the calculated values, where Z is the sun zenith angle:

GHI = DHI + DNI x cos(z)
DHI = GHI - DNI x cos(z)
DNI = ( GHI - DHI ) + cos(z)

For the POA options, SAM calculates the DHI and DNI values from the POA data in the weather file
using the method described in Marion, B. (2015) “A model for deriving the direct normal and diffuse
horizontal irradiance from the global tilted irradiance.” Solar Energy, vol. 122, pp. 1037-1046.

Subarray [n] POA total irradiance after shading and soiling (W/m2)

The total irradiance incident on each subarray n.

6.2 PV System Costs

The PV System Costs page provides access to variables that define the installation and operating costs of a
photowoltaic project. Debt-related and tax costs are specified on the Einancial Parameters page.

SAM 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 SAM displays for your information.

SAM provides the categories under Direct Capital Costs and Indirect Capital Costs for your convenience
to help keep track of project installation costs. Only the Total Installed Cost value affects the cash flow
calculations, so 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 engineering category with equivalent results. After you assign costs to the categories,
you should verify that the total installed cost value is what you expect. SAM accounts for the total installed
cost in Year 0 of the project cash flow.

The Operation and Maintenance Costs categories are where you specify recurring project costs. SAM
reports these annual costs in the project cash flow under the Operating Expenses heading.

Note. The default cost values that appear when you create a file or case are intended to illustrate SAM's
use. The cost data are meant to be realistic, but not to represent actual costs for a specific project. For
more information and a list of online resources for cost data, see the SAM website, https://sam.nrel.goV/
cost.

September 2016


https://sam.nrel.gov/cost
https://sam.nrel.gov/cost

PV System Costs 121

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 SAM 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 $/Unit)
For the detailed photowltaic model, the module cost is expressed per unit or per DC Watt:
e Dollars per DC watt multiplied by Nameplate Capacity (at reference conditions) on the System
Design page, or
¢ Dollars per unit multiplied by Total Modules on the Array page.
For PVWatts, the module cost is expressed per unit or per DC Watt:
o Dollars per watt multiplied by Nameplate Capacity on the PVWatts Solar Array page, or
¢ Dollars per unit, where the number of modules is assumed to be one.
Inverter ($/Wac or $/Unit)

For the detailed photowltaic model, the cost of inverters in the system is expressed in dollars per AC
Watt or dollars per inverter:

o Dollars per AC watt multiplied by Total Inverter Capacity on the System Design, or
o Dollars per unit multiplied by Number of Inverters in the Actual Layout column on the Array page.
For PVWatts, the inverter cost is either dollars per watt or dollars per inverter:

¢ Dollars per watt multiplied by the product of DC Rating and DC to AC Derate Factor on the System
Design, or
¢ Dollars per unit where the number of inverters is assumed to be one.

The other direct capital cost categories, Tracking Equipment (HCPV only), Balance of system,
Installation labor, and Installer margin and overhead can be specified using three units. SAM
calculates the total amount for each category as shown below.

$
A fixed cost in dollars.
$/wWdc

A cost proportional to the system's DC nameplate capacity, equal to the Nameplate Capacity on the
System Design page for the detailed photowltaic model, or the DC Rating on the PVWatts Solar Array
page for the PVWatts model.

$/m2

Applies only to the detailed photowoltaic model. A cost proportional to the total module area of the array
in square meters, equal to the Total Area on the System Design page. This option is not active for the
PVWatts model.

Total
For each category, the total is the sum of the three units.
Total = $ + $/Wdc x Nameplate Capacity (Wdc) + $/m2 x Total Area (m2)
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Contingency (%)

A percentage of the sum of the module, inverter, balance of system, installation labor, and installer
margin and owverhead costs that you can use to account for expected uncertainties in direct cost
estimates.

Total Direct Cost (3$)

The sum of module, inverter, balance of system, installation labor, installer margin and overhead 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
senvce.

Note: Because SAM 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.

The five indirect cost categories, Permitting - Environmental Studies, Engineering, Grid
interconnection are each calculated as the sum of the three values expressed with the following units:

% of Direct Cost

A percentage of the Total Direct Cost value shown under Direct Capital Costs.

Cost $/Wdc

A cost proportional to the system's DC nameplate capacity, equal to the Nameplate Capacity on the
System Design page for the detailed photowltaic model, or the DC Rating on the PVWatts Solar Array
page for the PVWatts model.

Fixed Cost

A fixed cost in dollars.

Total
For each category, the total is the sum of the three units:
Total = % of Direct Cost x Total Direct Cost ($) + Cost $/Wdc x Nameplate Capacity (Wdc) +
Fixed Cost ($)
Land Costs

SAM calculates the total land cost as the sum of Land and Land Preparation. The land cost categories
use the Cost $/acre category in addition to the categories for the other indirect costs (% of Direct Cost,
Cost $/Wdc, Fixed Cost).

Total Land Area
The total land area from the System Design page.
Cost $/acre
A cost in dollars per acre of total land area.
Total
For each land cost category, the total is the sum of the three units:
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Total = Cost $/acre + % of Direct Cost x Total Direct Cost ($) + Cost $/Wdc x Nameplate Capacity
(Wdc) + Fixed Cost ($)
Sales Tax (%)

SAM calculates the total sales tax amount by multiplying the sales tax rate that you specify on the
Financial Parameters page by the percentage of direct costs you specify on the System Costs page:

Total Sales Tax = Sales Tax Rate x Percentage of Direct Cost x Direct Cost

For an explanation of the effect of sales tax on income tax, see Sales Tax on the Einancial Parameters
topic for the financial model you are using (Residential, Commercial, Single Owner, etc.)

Total Indirect Cost ($)
The sum of the five indirect cost categories and the sales tax.

Total Installed Cost

The total installed cost is the sum of all of the direct and indirect capital costs that you specify. SAM uses
this value to calculate the project's net capital cost, which is the total installed cost less any cash
incentives on the Incentives page and plus any additional financing costs from Einancial Parameters page.

Total installed cost ($)
The sum of total direct cost and total indirect cost.
Total installed cost per capacity ($/Wdc or $/kwW)

Total installed cost divided by the total system rated or nameplate capacity. This value is provided for
reference only. SAM does not use it 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. SAM 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 in Years 1 and
later..

For each O&M cost category, you can specify an optional annual Escalation Rate to represent an
expected annual increase in O&M cost above the annual inflation rate specified on the Einancial Parameters
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 that 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 from the Lifetime page, or on an annual schedule of costs, depending on the option
chosen.

Specifying O&M Costs in Specific Years

SAM allows you to specify any of the four operation and maintenance (O&M) cost categories on the System
Costs page either as a single annual cost, or using a table of values to specify an annual schedule of costs.
An annual schedule makes it possible to assign costs 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.

You choose whether to specify an O&M cost as a single annual value or an annual schedule with the grey
and blue button next to each variable. SAM uses the option indicated by the blue highlight on the button: A
blue highlighted “Value” indicates a single, regularly occurring annual value. A blue highlighted “Sched”
indicates that the value is specified as an annual schedule.

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
sewven, 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 a simulation, you can
see the replacement costs in the project cash flow in the appropriate column under Operating Expenses.
SAM accounts for the operating costs in the other economic metrics including the lewvelized cost of energy
and net present value.

Notes.

If you use the annual schedule option to specify equipment replacement costs, SAM does not calculate
any residual or salvage value of system components based on the annual schedule. SAM calculates
salvage value separately, using the salvage value you specify on the Einancial Parameters page.

Dollar values in the annual schedule are in nominal or current dollars. SAM does not apply inflation and
escalation rates to values in annual schedules.

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 of the grey and blue button is blue
indicating that the single value mode is active for the variable.
Fixed Annual Cost = 284.00 sfyr

In this case, SAM would assign an annual cost of $284 to each year in the project cash flow.

2. Click the button so that "Sched" label is highlighted in blue. SAM replaces the variable's value with
an Edit button.

gl Edit.. |
3. Click Edit.

4. In the Edit Schedule window, use the vertical scroll bar to find the year of the first replacement, and
type the replacement cost in current or constant dollars for that year.
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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, SAM will clear the cell, and you must
type a number in the cell or SAM will consider the schedule to be invalid. Type a zero for years with 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.

6.3 Edit Shading Data

The Edit Shading Data window is where you define beam and sky diffuse shading losses. To open the
window, click Edit Shading from either the Detailed Photowoltaic Model's Shading and Snow page, or from
the PVWatts model System Design page.

Each shading loss is a percentage that represents the portion of the solar radiation component (either beam
or diffuse) that is prevented from reaching the array by a nearby shading object:

e SAM reduces the plane-of-array beam irradiance (direct normal irradiance) in each hour by the beam
shading loss for that hour. Beam irradiance is solar energy that reaches the array in a straight line from
the sun.

For example, for a beam shading loss of 10% for the 8 a.m. hour of December 20, SAM would reduce
the beam radiation value in the weather file by 10% for that hour, and use that reduced value to calculate
the total incident radiation on the array for that hour.

e SAM reduces the incident sky diffuse irradiance for each hour by the sky diffuse shading loss. Sky
diffuse radiation is radiation that reaches the array from the sun indirectly after being reflected by clouds
and particles in the atmosphere. Sky diffuse radiation does not include diffuse radiation reflected from
the ground. Note that you can only specify a single constant value that applies to all hours of the year
for the sky diffuse shading loss.

Import Shading Files

SAM allows you to import shading data from the following software:

e PVsyst, photowltaic system design software, http://www.pvsyst.com
e Solmetric SunEye, shading analysis device, http://www.solmetric.com
o Solar Pathfinder, shading analysis device, http://www.solarpathfinder.com

Importing Data from PVsyst

You can import a "Near Shadings" table generated by PVsyst into SAM. SAM automatically imports data
from the text file generated by PVsyst into the Solar Azimuth by Altitude Shading loss table and the diffuse
shading loss value.
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Notes. We have tested the following procedure with Version 5 of PVsyst.

The "Near Shadings" table in PVsyst looks like this:

Shadhng laclar table [hnaas]. fos the beam componant
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The "Near Shadings" data exported to a text file looks like this (in this example with semicolon delimiters):

Shading factor table {linear), for the bean cmpnm:nt
Azimuath: r

-180° :-160°:-1407:-120":-100": —80°: —B0°: —4D": —20°: o*: 207: 407: &07: 807: 1007: 120%: 140°; 1&07: 1807
000:1. 000;1.000;1.000:1.000,1.000,1.000:1.000,1.000;1.000:1.000:1.000;1.000:1.000:1. 0001 .000:1.000:1._000,1.000

D001 000:1.000:1, 000:1 . 000:1.000:1,000:2.000:2.000:1.000:2.000:2.000:1.000:2.000:1.000:1,000:2.000:1. 000:1,000:
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Shad.mg factor for diffuse: 0.968 and for albsda: 0,820

To import a "Near Shadings" table from PVsyst:
1.

In PVsyst, follow the procedure to create and export a "Near Shadings" table. The table in PVsyst
should look similar to the one below. SAM will recognize any of the delimiter options: tab, comma,
or semicolon.

In SAM, click Edit shading (on the PV _Subarrays page or PVWatts Solar Array page) to open the
Edit Shading Data window, and click the PVsyst near shading and navigate to the folder containing
the shading file.

When SAM imports data from the file, it displays the message "Azimuth-Altitude Table and Diffuse
loss update" and populates the azimuth-altitude shading table, the sky diffuse shading loss, and
enables both options.

Disable any shading options that do not apply to your analysis.

Importing from Solmetric SunEye

The Solmetric SunEye software generates shading data in two formats: The obstruction table, which
characterizes shading using an altitude-azimuth angle table to indicate solar positions that are blocked by
nearby obstructions, and the hourly shading file, which lists hourly beam radiation shading factors. SAM can
read data from both tables.
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Use the obstruction table if you plan to model the system for different locations (assuming the same
shading obstructions). Use the hourly shading loss table if you plan to model the system for a single
location.

Note. If you use the hourly shading loss table, be sure that the weather data specified on the Location
and Resource page is for the same location as the one where the SunEye measurements were made.

To import a SunEye obstruction table:

1. Inthe Solmetric SunEye software (not the PV Designer software), on the File menu, click Export
Session Report and Data.
The SunEye software creates a set of files, and assigns a default name like
Sky01O0bstructionElevations.csv to the obstruction data file. By default, the files are in a folder
named ExportedFiles in the exported report folder.

2. In SAM, click Edit shading (on the PV _Subarrays page or PVWatts Solar Array page) to open the
Edit Shading Data window, and click Suneye obstructions table, and navigate to the folder
containing the file you want to import.

3. Open the obstruction data file for any of the available skies (Sky0lObstructionElevations,
Sky020bstructionElevations, etc.).

If the average or worst case obstruction data from multiple skylines will be used, then an extra step
is required. In a spreadsheet program, open the ObstructionElevation file containing the average and
maximum values as well as all skylines in the SunEye session. Make sure that the desired data
(average or maximum) is in the third column, delete the other columns, and sawe the file as .csv
with a name like ObstructionElevationsAVG.csv. Use this file as the obstruction data file in SAM.
SAM displays the message "Azimuth-Altitude Table updated,” populates the azimuth-altitude
shading loss table, and enables the Enable solar azimuth by altitude beam irradiance
shading loss option.

4. Be sure to enable and disable the other shading options as appropriate.

To import a SunEye hourly shading file:

1. Inthe Solmetric SunEye software (not the PV Designer software), on the File menu, click Export
Session Report and Data.

The SunEye software creates a set of files, and assigns a default name like Sky0O1Shading.csv to
the hourly shading file. By default, the files are in a folder named ExportedFiles in the exported
report folder.

2. In SAM, click Edit shading (on the PV _Subarrays page or PVWatts Solar Array page) to open the
Edit Shading Data window, and click Suneye hourly shading, and navigate to the folder containing
the shading file.

3. Open the shading file for any of the available skies (SkyOl1Shading, Sky02Shading, etc.). To use
average shading for multiple skylines, open AverageShading.csv.

SAM displays the message "Hourly Shading Factors for Beam Radiation updated,” populates the
hourly shading loss table, and enables the Enable Hourly Beam Shading Factors option.

4. To see the hourly data, click Edit Data under Hourly Shading Factors for Beam Radiation.

Be sure to enable and disable the other shading options as appropriate.
6. On the Location and Resource page, choose a weather file for the same location represented by the

SunEye shading data.

o
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Importing from SolarPathfinder Assistant

The SolarPathfinder Assistant software generates shading data in two formats: The obstruction table, which
characterizes shading using an altitude-azimuth angle table to indicate solar positions that are blocked by
nearby obstructions, and the hourly shading file, which lists hourly beam radiation shading factors. SAM can
read data from both tables.

Use the obstruction table if you plan to model the system for different locations (assuming the same
shading obstructions). Use the hourly shading loss table if you plan to model the system for a single
location.

Note. If you use the month-by-hour shading loss table, be sure that the weather data specified on the
Location and Resource page is for the same location as the one where the Solar Pathfinder
measurements were made.

To import a Solar Pathfinder obstruction table:
1. In SolarPathfinder Assistant, on the File menu, click Export, Horizon Angles.
2. In the Save window, specify the location and name of the data file.

3. In SAM, click Edit shading (on the PV _Subarrays page or PVWatts Solar Array page) to open the
Edit Shading Data window, and click Solar Pathfinder obstructions, and navigate to the folder
containing the file you want to import.

4. Open the obstruction data file you saved in Step 2.

SAM displays the message "Azimuth-Altitude Table updated,” populates the azimuth-altitude
shading loss table, and enables the Enable Azimuth-Altitude Shading Factors for Beam Radiation
option.

5. Be sure to enable and disable the other shading options as appropriate.

To import a Solar Pathfinder Month by Hour shading file:

1. In SolarPathfinder Assistant, on the File menu, click Export, Shading Data.

2. Inthe Save window, specify the location and name of the data file.

3. In SAM, click Edit shading (on the PV _Subarrays page or PVWatts Solar Array page) to open the
Edit Shading Data window, and click Solar Pathfinder month by hour shading, and navigate to
the folder containing the shading file.

4. Open the shading file you saved in Step 2.

SAM displays the message "Hourly Shading Factors for Beam Radiation updated,” populates the
hourly shading loss table, and enables the Enable Hourly Beam Irradiance Shading Losses option.

5. To see the hourly data, click Edit Data under Enable hourly beam irradiance shading losses.
Be sure to enable and disable the other shading options as appropriate.

7. On the Location and Resource page, choose a weather file for the same location represented by the
Solar Pathfinder shading data.

S

Beam Irradiance Shading Losses

SAM provides the three options described below to specify beam irradiance shading loss: Time series,
month by hour, and solar azimuth by solar altitude.
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Typically, you would enable only one of the three options. Howewer, if you enable more than one option,
SAM combines the losses you enabled for each hour to calculate a total shading loss.

Tip. If you plan to import time series, month-by-hour, or azimuth-by-altitude shading data from text files,
you can see the correct file format by exporting existing data (even if it is all zeros). You can use the
exported file as an example for your data.

Time Series Beam Irradiance Shading Losses

The time series option allows you define a beam shading loss for each simulation time step. The data's time
convention should follow that of the weather file. For the standard TMY files, Hour 1 is the hour ending at 1
a.m. on Monday, January 1.

For the Detailed Photowoltaic performance model, for subarrays with up to eight strings of modules, SAM
provides three options for estimating the subarray shading loss from the loss for each string. You can use
SAM's 3D shade calculator to generate loss values for up to eight strings and up to four subarrays. These
options are not available with the PVWatts or Solar Water Heating models.

e Database lookup uses an empirical method based on the work described in Deline C (2014) "Partial
Shading Assessment of Photowltaic Installations via Module-Level Monitoring,” available on the
Performance Model Documentation page of the SAM website.

e Average of string values averages the loss in each time step over the number of strings.
e Maximum of string values chooses the highest string loss value in each time step.
o Minimum of string values chooses the lowest string loss value each time step.

Notes.

If your system has more than eight strings, or you do not have beam shading loss data for each string,
you can model the subarray as a single string and ignore the options for estimating subarray losses from
string losses.

For Time step in minutes and Strings in Subarray [n], be sure to specify values that are consistent
with the weather file time step and the number of parallel strings defined on the System Design page,
respectively.

To specify time series beam shading factors:
1. Check Enable beam irradiance shading losses by time step.

2. For Time step in minutes, enter the time step of the weather file. For hourly data, choose 60
minutes.

3. If you have shade data for more than one string (or if you generated the data from the 3D shade
calculator), for Strings in Subarray [n] (not available for the PVWatts or Solar Water Heating
models), enter the number of strings in parallel from the System Design page. Otherwise, if the
subarray has more than eight strings, or you do not have shading data for individual strings, enter a
one to model losses for a single string.

4. If you are modeling shading losses for more than one string, choose a method for estimating
subarray losses from the string losses. See abowe for descriptions. Otherwise, for single strings,
SAM ignores this option.
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Once you define a table of hourly shading losses, you can clear the Enable hourly beam irradiance shading
losses to run a simulation with no losses without losing the shading losses data.

Month by Hour Beam Irradiance Shading Losses

Note. You can use the 3D shade calculator to automatically generate month-by-hour shade factors from
a three-dimensional drawing of the array and nearby objects.

To specify month by hour shading factors:
1. Check Enable month by hour beam irradiance shading factors.

2. Type shading data into the table, or import it from a text file.

To the month-by-hour shading loss matrix is a 24-by-12 table containing a set of 24 hourly shading losses
for each month of the year. The shading loss in a cell applies to a given hour for an entire month.

e The data's time conwvention should follow that of the weather file. For the standard TMY files, the value in
the first row and column is for the hour ending at 1 a.m. for all days in January.

o A red cell indicates a value of 100%, or full shading (beam radiation completely blocked).

o A white cell indicates a value of zero, or no shading.

e A dark shade of red indicates more shading (less beam irradiance) than a light shade of red.

To define a shading loss for a single cell:
e Click the cell and type the shading loss percentage.
e To replace the value in a cell, click the cell and type a replacement value.
e To delete the value from a cell, double-click the cell and press the Delete key.

To define a single shading loss for multiple cells:
e Use your mouse to select the cells to which you want to apply the shading loss percentage.
e Type a value between zero and one.
o Press the Enter key or click Apply to selected cells.

To import or export month-by-hour beam shading factors:

SAM allows you to import and export the shading loss matrix as a comma-delimited text file that contains
12 rows of 24 hourly shading factors separated by commas. The file should not hawe row or column
headings.

To see an example of the correct file format, export the default shading table to a text file and open it with a
text editor.

e To export the shading matrix as a text file, click Export. SAM sawes the file with the .csv
extension.

e Toimport a data from a comma-delimited text file, click Import. You can open a correctly formatted
text file with any extension, although SAM expects a .csv file by default.
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Solar Azimuth by Altitude Beam Irradiance Shading Loss Table

The solar azimuth-by-altitude table is a two-dimensional look-up table of beam irradiance shading losses.
For each hour in the simulation, SAM calculates the position of the sun as a pair of solar azimuth and
altitude angles and looks up the shading loss to use for that hour based on the solar position. SAM uses
linear interpolation to estimate the value of the shading loss for solar angles that fall between values in the
table row and column headings.

e Azimuth angle values use the following convention: 0 = north, 90 = east, 180 = south, 270 = west.

To define the azimuth-altitude shading loss table by hand:
1. Click Enable solar azimuth by altitude beam irradiance shading loss table.

2. In Rows and Cols, type the number of rows (solar altitude angle values) and number of columns
(solar azimuth angle values) in the table.
Specify a number of rows that is one greater than the number of altitude values: For example for a
table with nine rows of altitude values, specify a Rows value of 10. Similarly, specify a Cols value
that is one greater than the number of azimuth values.

3. Inthe top row (highlighted in blue), type a set of solar azimuth angle values in degrees between zero
and 360 and increasing monotonically from left to right.

4. In the leftmost column (highlighted in blue), type a set of solar altitude values in degrees between
zero and 90 and increasing monotonically from top to bottom.

5. Type a beam shading loss percentage (between zero and 100%) in each cell of the table. A value of
100% indicates that beam irradiance is fully blocked by a shading object. A value of zero indicates
that beam irradiance is not blocked.

To import or export azimuth-by-altitude beam shading factors:

SAM allows you to import and export the azimuth-altitude lookup table as a comma-delimited text file that
contains shading percentages separated by commas. The file should also include the row and column
headings indicating the solar azimuth and altitude values.

To see an example of the correct file format, export the default shading table to a text file and open it with a
text editor.

e To export the shading table as a text file, click Export. You can sawve the file with any file extension,
including .txt or .csv.

e To import data from a comma-delimited text file, click Import.

Sky Diffuse Shading Loss

SAM provides a single input for a constant sky diffuse loss that it applies to ewvery hour in the year. It
represents portion of the sky that is obstructed. A value of zero is for no shading loss, a value of 100%
completely blocks sky diffuse irradiance from the array.

To define a sky diffuse shading loss:
1. Click Enable sky diffuse shading loss (constant).
2. Type a value for the shading loss as a percentage.
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6.4 Detailed Photovoltaic Model

The following oveniew is to help you get started modeling a photowltaic system with the detailed
photowoltaic model. For a description of the model, see Performance Models.

For a complete technical description of SAM's photowltaic model, see Gilman, P. (2015). SAM Photowoltaic
Model Technical Reference. National Renewable Energy Laboratory. A 59 pp.; NREL/TP-6A20-64102. (PDF
840 KB)

Basic Steps

1. Choose a weather file

e On the Location and Resource page, choose a weather file to represent the solar resource at the
project location.

2. Specify the system's characteristics

1. On the Module page, choose a model option and module.
For most applications, use the CEC Performance Model with Module Database model unless your
module is not in the list, in which case you can use the CEC Performance Model with User
Specifications.

2. On the Inverter page, choose a model option and inverter.
Use the Inverter CEC Database option. For an inverter that is not in the list, if you hawe the
manufacturer's data sheet, choose the Inverter Datasheet model.

3. On the System Design page, specify the system's size and array tracking options.
Use the specify desired array size option for preliminary analysis, and then use specify modules
and inverters to refine the system design.

4. If you want to account for shading losses, use the Shading and Snow page for external shading by
nearby objects, array self-shading, or to account for losses due to the array being covered by snow
when your weather data includes snow depth data.

5. Account for soiling losses, DC power losses, AC power losses, and losses due to curtailment or
availability on the Losses page. You can use the default values if you do not havwe detailed
information about those losses for your system.

5. Specify the project costs

e On the System Costs page, specify values for capital cost and operation and maintenance costs.

6. Run a simulation and review results
e Click Simulate, and review results on the Results Page.
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Simulate > » :

Parametrics Stochastic

P50 f P90 Macros -

Nameplate Capacity

For photowoltaic systems, SAM considers the system nameplate capacity to be the photowltaic array's
nameplate capacity in DC kilowatts:

¢ The system nameplate capacity is the module maximum power rating in DC kilowatts (at 1,000 W/m?
and 25°C cell temperature) from the Module page multiplied by the number of modules in the array from
the System Design page:

System Nameplate Capacity = Module Maximum Power (DC kW) x Number of Modules per String x
Number of Strings in Parallel

e The DC-to-AC ratio is the system nameplate capacity in DC kilowatts divided by the product of the
inverter maximum AC power rating in AC kilowatts from the Inverter page and the number of inverters
from the System Design page:

DC-to-AC Ratio = System Nameplate Capacity (DC kW) + ( Inverter Maximum AC Power (AC kW)
x Number of Inverters )

SAM uses the system nameplate capacity for capacity-related calculations such as costs that you specify
in $/Wdc on the System Costs page, and the capacity factor and system performance factor that SAM
reports in the Metrics table after running a simulation.

Sizing the system

SAM provides two options for specifying the numbers of modules and inverters in the PV system on the
System Design page:
o Specify Desired Array Size automatically sizes the system based on a desired array capacity in DC
kilowatts and a DC-to-AC ratio..

e Specify Numbers of Modules and Inverters allows you to specify the number of modules per string,
strings and inverters explicitly.

You might want to start your analysis using the Specify Desired Array Size mode for an initial array
configuration, and then refine your design using the Specify Numbers of Modules and Inverters mode.

For information about how SAM models inverter clipping losses, see Inverter Clipping Loss. You can run the
Inverter Sizing Information macro to generate a detailed report about clipping losses and the inverter's
MPPT performance.

Specify Desired Array Size

This option is appropriate for very preliminary analyses to get a rough idea of a system's annual output, or
as a first step in determining the number of modules per string, strings in parallel, and number of inverters for
your system.

The array sizing calculator estimates the number of modules and inverters required for the array size and
DC-to-AC ratio that you specify. It uses the nominal specifications of the modules and inverters from the
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Module and Inverter pages to calculate values for the numbers of modules per string, strings in parallel, and
inverters. Because SAM makes the calculation before running a simulation, it has no information about the
expected output of the array for these calculations. Howewer, SAM does display notices based on the
expected output of the photowltaic array and inverter that you can use to refine the array size.

A better sizing approach is to optimize the inverter capacity to match the array's DC output rather than its
nameplate capacity, because in an actual system the array rarely operates at its nhameplate capacity. See
the instructions for this approach under Size the System by Hand.

To size the photovoltaic array with the array sizing assistant:
1. Choose an inverter or specify its parameters on the Inverter page. (For microinverters, see Modeling
Microinverters.)
Choose a module or specify its parameters on the Module page.
On the System Design page, choose Specify desired array size.
Type the array DC capacity value in kilowatts for Desired Array Size.
Type the ratio of DC array capacity to AC inverter capacity for DC / AC Ratio.

SAM calculates and displays values for Modules per String, Strings in Parallel, and Number of
Inverters.

6. Verify that Nameplate Capacity under Modules and Total capacity under Inverters are

acceptably close to the desired values, and check the sizing messages for any information to help
you adjust your assumptions.
If the capacity is not as close to the desired value, you can try choosing a slightly smaller or larger
module or inverter to get closer to the desired capacity. Because these capacity values are based
on a multiple of the module and inverter capacities, SAM will probably not be able to suggest a
system with your exact nameplate capacity value.

7. If the values for the inverter maximum DC woltage, or inverter minimum MPPT woltage and maximum
MPPT woltage are zero, see the note below.

8. Under Tracking & Orientation, choose options to specify the module tracking, orientation and
spacing options. For details see DC Subarrays.

9. On the Losses page, specify any DC or AC losses. You can use default values if you do not have
specific loss values for your system design.

a s~ v

Note for inverters in the CEC database with missing voltage limit data.

For some of the inverters in the CEC inwerter database, the maximum DC wltage, minimum MPPT
wltage, and maximum MPPT wltage are missing from the database, and SAM displays zeros for those
variables on the Inverter and Array pages. For those inverters, there is insufficient information for SAM to
determine whether the array rated wltages are within the acceptable ranges for the inverter. To properly
size the array, you should refer to the inverter manufacturer specifications outside of SAM. You can
either manually size the array by choosing the Specify numbers of modules and inverters mode, or
use the Inverter Datasheet option on the Inverter page to enter the ratings from the datasheet.

PV Array Sizing Calculator Algorithm

The array sizing calculator uses the following algorithm to determine the number of modules and inwverters in
the array:

1. Choose an initial number of modules per string that results in a string maximum power voltage close to
the midpoint between the inverter minimum MPPT voltage and maximum MPPT voltage.
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2. If the resulting string open circuit voltage exceeds the inverter maximum DC input voltage, reduce the
number of modules per string by one until the string voltage is less than the inverter limit.

3. Calculate the number of strings in parallel required to meet the desired array capacity.
4. Calculate the number of inverters required to meet the DC-to-AC ratio you specify.
The algorithm uses the following rules to size the array:
e The string open circuit wltage (Voc) is less than the inverter's maximum DC woltage.

¢ The ratio of the array's nameplate capacity in DC kW to the inverter total capacity in AC kW is close
to the DC-to-AC ratio that you specify.

For the inverters in the CEC database with missing wltage limits:

o [f the inverter minimum MPPT woltage and maximum MPPT wltage values are not available, then the
number of modules per string is one.

e If the inverter maximum DC woltage is not available, but the minimum and maximum MPPT wltage
values are, then the number of modules in series is determined from the MPPT wltage limits and the
module maximum power wltage (see flowchart for details).

indicates inverter values. k

( i )2 Blue indicates PV module values.
l If =0, then
Nseries = 1
Mseries =
INTEGER][ fVmp] If =0 and >0, then
Mseries = INTEGER] I Vmp]

Mparallel =
INTEGER][ Parray / ({ Nseries x Pmodule ) ]

Y
CEILING[ ( Mseries x Mparallel x Pmodule ) /
( X )]

Mseries =
Mseries - 1

Flowchart of the PV Array Sizing Calculator Algorithm

Where:
Vdcmax Inverter maximum DC woltage
Vmppmin Inverter minimum MPPT woltage
Vmppmax Inverter maximum MPPT wltage
Vmid Midpoint between inverter minimum and maximum MPPT woltages
Pinverter Inverter maximum AC power

System Advisor Model 2016.3.14



136 SAM Help
Fdc-ac DC-to-AC ratio
Voc String open circuit wltage
vVmp String maximum power woltage
Pmodule Module maximum DC power
Nseries Number of modules in series
Nparallel Number of strings in parallel

Size the System by Hand: Specify Numbers of Modules and Inverters

This option is appropriate when you know the array layout, or to determine the optimal combination of
modules, strings, and inverters. The following instructions explain one approach for choosing optimal values
for the numbers of modules and inverters based on the array's expected DC output instead of its nameplate
capacity.

To specify numbers of modules and inverters by hand:

1.

w

Choose an inwerter for the system or specify its parameters on the Inverter page. (For

microinverters, see Modeling Microinverters.)

If you are using the Inverter CEC Database model, note that some inwverters in the database do not

have the values for the woltage limits that you will need to size the system (maximum DC wltage

and minimum and maximum MPPT wltages). If you are using such an inverter, you may want to

use the Inverter Datasheet option so that you can specify all of the required parameters

Choose a module or specify its parameters on the Module page.

On the System Design page, choose Specify numbers of modules and inverters.

For Modules per String, type a value that results in a string open circuit wltage less than but as

close as possible to the inverter's maximum DC input wltage, and greater than the inverter's

minimum MPPT wiltage. For an initial estimate, you can try an integer value less than:

Modules per String = [ ( Minimum MPPT Voltage + Maximum MPPT Voltage ) + 2 ] + Module
Maximum Power Voltage

If the resulting string open circuit DC wltage (String Voc) is greater than the inverter's maximum
DC woltage, reduce the number of modules per string. You may also want to try a similar module or
inverter with slightly lower or higher maximum power.

For Strings in Parallel, type a value that results in an array nameplate capacity that is close to
your desired system DC capacity. You can choose an integer value close to the value:

Strings in Parallel = Array Nameplate Capacity (kWdc) x 1000 (W/kW) + Module Maximum Power
(Wdc) + Modules Per String.

For Number of Inverters, type a value that results in a DC-to-AC ratio (shown in the message box)
close to your desired value. To calculate the value, use the smallest integer greater than:

Number of Inverters = ( Modules per String x Strings in Parallel x Module Maximum Power (Wdc) )
+ ( DC-to-AC Ratio x Inverter Maximum AC Power (Wac) )

You may need to experiment with different sizes of modules and inverters within the same family to
find a combination that works for your system.

Under Tracking & Orientation, specify the tracking and orientation and ground coverage ratio as
appropriate.

On the Losses page, specify any losses.

Run a simulation. See below for details about any simulation notices.
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10.

11.

12.

On the Results page, check the capacity factor in the Metrics table to make sure it is a reasonable
value. (For example, the capacity factor for the default system based on mono-crystalline modules
in Phoenix, Arizona is about 17.5%.) If it seems too low, check that the total inverter capacity is not
too low and limiting the system's AC output. If it is, you may want to try using a larger inverter,
fewer modules, or a module from the same family with slightly lower capacity.

Also on the Results page, click the Time Series tab, and display the Hourly Energy variable. This is
the system’'s AC output in kWh/h. You can use this information to decide whether to reduce the
inverter capacity. For example if you specified a 400 kW inverter capacity, but the time series data
indicates the system rarely operates at that level, you could try reducing the number of inverters to
model a system with 315 kW of inverter capacity to reduce the system's installation cost.

Adjust the numbers of inverters, modules per string, and strings in parallel, and run more
simulations until you are satisfied with the cost and performance of the system.

Post-simulation Notices

After completing a simulation, SAM checks to see whether the inverter appears to be over- or under-sized
based on the actual DC output of the array. If it finds any problems, it displays notices after simulations are
complete.

Post-simulation checks include:

o Inverter undersized: The array output is greater than inverter rated capacity for one or more of the 8,760
hours in one year. SAM reports the number of hours that the array's simulated DC output is greater than
the inverter's AC rated capacity.

If the number of hours is small compared to the 8,760 hours in a year, you may choose to ignore the
message. Otherwise, you may want to try increasing the inverter capacity.

For example, for a system with 400 kWdc array capacity and 150 kWac total inverter capacity, SAM
displays the following warning message: "pwsamvl: Inverter undersized: The array output exceeded the
inverter rating 157.62 kWdc for 2128 hours."

The following time series graphs show the array's DC output in red, and the system's AC output in blue,
indicating that the inverter capacity is limiting the system's AC output:
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o Inverter output less than 75 percent of inverter rated capacity: SAM compares the inverter's maximum
AC output to the total inverter AC capacity and displays a simulation warning if the inverter's maximum
AC output is less than 75% of the total inverter rated AC capacity.

For example, for a system with 400 kWdc array capacity and 750 kWac inverter capacity, SAM
displays the following warning message: "pvsamvl: Inverter oversized: The maximum inverter output was
43.13% of the rated value 750 kWac."

In this case, the time series graph of gross AC output shows that the inverter output never reaches the
750 kWac capacity.
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6.4.1 Module

The Module page allows you to choose a model to represent the photowltaic module's performance. For
each time step of the simulation, the module model calculates the DC electrical output of a single module
based on the design parameters and the incident solar radiation (plane-of-array irradiance) calculated from
data in the weather file.

SAM assumes that the system is made up of an array of identical modules, which can be wired into up to
four DC subarrays. The photowoltaic array's electric output depends on the number of modules in the system
and the orientation, tracking, shading, and other parameters on the System Design page, and any losses
you specify on the Shading and Snow and Losses pages. The array's electrical output is fed to a bank of
one or more inverters, whose characteristics appear on the Inverter page.

SAM displays the name of the active module model at the top of the Module page. Click the model name to
choose a different model:

CEC Performance Model with Module Database v

[ Simple Efficiency Module Model

B CEC Performance Model with Module Database 1

[ CEC Performance Model with User Entered Specifications,

[] Sandia PV Array Performance Model with Module Databasé
olaria >olaria U Frameless 20

You can choose from five different module performance models:

o Simple Efficiency Module Model is a simple representation of module performance that requires you to
provide the module area, a set of conwersion efficiency values, and temperature correction parameters.
The simple efficiency model is the least accurate of the three models for predicting the performance of
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specific modules, but is useful for analyses inwlving explorations of the relationship between module
efficiency and the system's performance and cost of energy because it allows you to specify the module
efficiency as an input.

o CEC Performance Model with Module Database calculates module solar energy-to-electricity conversion
efficiency from data stored in a library of module parameters for thousands of commercially available
modules. It is an implementation of the six-parameter single-diode equivalent circuit model used in the
California Energy Commission New Solar Homes Partnership Calculator, and is an extension of the five-
parameter originally developed model developed at the University of Wisconsin.

o CEC Performance Model with User Entered Specifications uses the same algorithms as the CEC model
with Module Database, but allows you to enter your own module specifications from a manufacturer's
data sheet.

e Sandia PV Array Performance Model with Module Database calculates module conversion efficiency
based on data measured from modules and arrays in realistic outdoor operating conditions. The

database includes modules with different cell types, including crystalline silicon, and various thin film
technologies. It is an empirically-derived model dewveloped by Sandia National Laboratories.

e [EC61853 Single Diode Model calculates the module conwersion efficiency from a set of detailed
parameters describing the module's characteristics, consistent with the International Electrotechnical
Commission (IEC) power and rating standard, IEC 61853, Irradiance and Temperature Performance
Measurements and Power Rating.

For a complete technical description of SAM's photowltaic model, see Gilman, P. (2015). SAM Photowoltaic

Model Technical Reference. National Renewable Energy Laboratory. 59 pp.; NREL/TP-6A20-64102. (PDE
840 KB)

Note. You can also model a photowltaic system using the simpler PVWatts model, or a high
concentration photowltaic (HCPV) system using the concentrating photowoltaic model. To use these
models you must choose the models when you create a new file or case. (You can also choose a
different model for the current case.)

v Sandia PV Array Performance Model with Module Database

The Sandia PV Array Performance 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. SAM's Sandia module library contains parameters for modules inwlved in Sandia's Test and
Evaluation program, If you represent a module manufacturer and would like to add your equipment to the
Sandia database, you should contact the program.

The Sandia model is described in King et al, 2004. Photowltaic Array Performance Model. Sandia National
Laboratories. SAND2004-3535. (PDE 1.8 MB). Also see the Sandia PV _Modeling and Analysis website for
more on PV system performance modeling.

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. Use the search box to filter the list. Click a
column heading in the list to sort by name or parameter value.
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SAM displays the module's characteristics and model coefficients.

When you choose a module from the list, SAM 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.

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.

Note. The current version of the Sandia database contains a single low concentration photowltaic
module, listed as Entech 22X Concentrator [1994].

Module Characteristics at Reference Conditions

SAM 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, wltage, and
temperature coefficients values are those for the module operating at the reference conditions.

Efficiency (%)

The module's rated efficiency at reference conditions. SAM displays this value for reference only. During
a simulation, the model calculates an efficiency value for each hour, which you can see in the time
series output data in the Tables on the Results page.

Maximum Power (Pmp), Wdc

The module rated power in DC Watts. Equal to the product of the maximum power wltage and
maximum power current.

Maximum Power Voltage (Vmp), Vdc
Maximum power woltage in DC Volts under reference conditions.
Maximum Power Current (Imp), Adc

Maximum power current in DC Amps under reference conditions. Defines the maximum power point on
the module's I-V cunve.

Open Circuit Voltage (Voc), Vdc

Open circuit wltage under reference conditions. Defines the open circuit point on the module's -V cune.
Short Circuit Current (Isc), Adc

Short circuit current under reference conditions. Defines the short circuit point on the module's |-V cune.
Temperature Coefficients

SAM 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 SAM 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.
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Physical Characteristics

Material
A description of the semiconductor technology used in the photowltaic 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 inwlving 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, m2
The total area of the module, including spaces between cells and the frame.
Number of Cells

Total number of cells in the module, equal to the product of the number of cells in series and number of
cell strings in parallel.

Number of Cellsin Series
Number of cells connected in series per cell string.
Number of Cell Stringsin Parallel

Number of cell strings connected in parallel per module.

Sandia Temperature Correction

The Sandia temperature correction algorithm calculates 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, and a set of properties describing the thermal characteristics of the cell and module.

For more details about the algorithm, see King et al, 2004. Photovoltaic Array Performance Model. Sandia
National Laboratories. SAND2004-3535. http://prod.sandia.gov/techlib/access-control.cgi/2004/043535. pdf

Note. The SAM temperature correction algorithms do not account for cooling strategies used in some
innovative photowoltaic systems.
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Guidelines for choosing the Module Structure - Mounting (a, b, dT) parameters

The a, b, and dT parameters determine the relationship between ambient temperature and module
temperature. See the equations below for details.

SAM allows you to choose from a set of pre-determined values of the parameters for different module
mounting options, or specify your own values for the parameters. For the Concentrating PV model, you can
assign a set values to the parameters, or specify your own.

e For most analyses inwlving flat-plate 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.

o To see how a flat-plate module might perform under different mounting conditions, choose an appropriate
option from the list. Be sure to choose an 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 For the Concentrating PV model, use the default values (click Default Temperature Inputs) unless
you have a set of a, b, and dT values for your module. See the equations below for details.

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 a, b, and dT. See the equations below
for details.

Table 1. Description of the module structure and mounting options.

Module Structure Description
and Mounting

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.

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.

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.

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.

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.

Glass/Cell/Polymer Sheet
Open Rack

Glass/Cell/Glass
Open Rack

Polymer/Thin Film/Steel
Open Rack

Glass/Cell/Polymer Sheet
Insulated Back

Glass/Cell/Glass
Close Roof Mount

Sandia Temperature Correction Method

SAM uses the Sandia temperature correction method to calculate a module and cell temperature and

temperature correction factor for the Sandia, simple efficiency and high concentration photowltaic (HCPV)
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 time series 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:
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o 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.

¢ 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 weather data from the Location and Resource page, or viewing the time series results data after running
a simulation:

¢ Incident direct normal radiation

¢ Incident diffuse radiation

e Ambient temperature

e Wind speed

Table 2. 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 358 0113 3
Open Rack
Glass/Cell/Polymer Sheet 281 -0.0455 0
Insulated Back
Glass/Cell/Glass
Close Roof Mount 2,98 0.0471 1
Concentrating PV Module -3.2 -0.09 17
User Defined -99 0 0

Note. The default values for the User Defined option effectively remove temperature correction from the
model so that the cell temperature is equal to the ambient temperature.

Table 3. 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
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Sandia Temperature Correction Equations

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:

-, BT S
TRack = Elncident - € Wind 4 T mbient

Note. SAM assumes that the ambient temperature and wind speed data in the weather file are mid-hour
values and that the radiation values are end-of-hour values. SAM interpolates temperature and wind
speed values by averaging the current hour value with the previous hour value.

Next, the cell temperature is calculated based on the module back temperature, incident radiation, and dT:
Elncident
Tcet = TRack + ——— -dT
Ey
The temperature correction factor FTempCOrr is:
FrempCorr = 1 + ) * (Tcen — TRer)
In general, the temperature corrected module power is the product of the power calculated by the module
model and the temperature correction factor. Each module model (Sandia, Simple Efficiency, Concentrating
PV) uses a different algorithm to calculate the module power before temperature correction:

PTsmpCm = PBefc-rsTampCm ) FTampCm

Where,

E ncident (W/m?) The sum of the direct normal and diffuse radiation for the current hour in the weather
data. SAM determines this value based on the data in the weather file.

E0 (W/m?) The reference total incident radiation, equal to 1000 W/m?.

Tref (°C) The reference temperature in degrees Celsius, equal to 25°C.

gamma (%/°C) The maximum power temperature coefficient from Module page.

a,b 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.

dT 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.

Viind (m/s) Wind speed from the weather file in meters per second.
TAmbi et (°C) Ambient temperature from weather file.

FTempCOrr Temperature correction factor

PBeforeTempCorr Module power before temperature correction
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PTempCorr Temperature-corrected module power

CEC Performance Model with Module Database

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 photowltaic modules maintained by the California Energy Commission (CEC) for the
California Solar Initiative.

The five-parameter model calculates a module's current and wltage under a range of solar resource
conditions (represented by an I-V cune) using an equivalent electrical circuit whose electrical properties can
be determined from a set of five reference 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 Photowltaic Testing Laboratory.

Note. SAM's CEC module library contains parameters for the modules in the List of Eligible SB1
Guidelines  Compliant  Photowltaic  Modules at  http://www.gosolarcalifornia.org/equipment/
pv_modules.php as of the date of the SAM software release for the current version.

If you represent a module manufacturer and would like to add your module to the CEC database, you
should contact the CEC directly. See http://www.gosolarcalifornia.ca.govequipment/add. php.

The five-parameter model is described in De Soto 2004, Improvement and Validation of a Model for
Photowltaic Array Performance, Master of Science Thesis, University of Wisconsin-Madison. http://
minds.wisconsin.edu/handle/1793/7602.

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. SAM displays the model's characteristics and
model coefficients.

When you select a module from the CEC database on the Module page, SAM displays module's
parameters. You can see the complete set of parameters in the Module library by using SAM's

library editor.
Module Characteristics at Reference Conditions

Efficiency, %

The module's rated efficiency at reference conditions. SAM displays this value for reference only. During
a simulation, the model calculates an efficiency value for each hour, which you can see in the time
series output data.

Maximum Power (Pmp), Wdc

The module rated power. Equal to the product of the maximum power wltage and maximum power
current.

Maximum Power Voltage (Vmp), Vdc
Reference maximum power wltage at the reference conditions.
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Maximum Power Current (Imp), Adc

Reference maximum power current at the reference conditions.
Open Circuit Voltage (Voc), Vdc

Reference open circuit voltage at the reference conditions.
Short Circuit Current (Isc), Adc

Reference short circuit current at the reference conditions.
Temperature Coefficients

SAM displays the temperature coefficients in %/°C and W/°C at maximum power, open circuit, and
short circuit.

The temperature coefficients are based on data collected from laboratory test results and may not
match coefficients provided by the manufacturer on the module's data sheet.

CEC Temperature Correction

The CEC model provides two modes for modeling the effect of cell temperature on module performance:

e The NOCT method determines the cell temperature based on the nominal operating cell temperature
(NOCT) specified in the module parameters. In SAM 2010.11.9 and earlier \ersions, this was the only
available temperature correction option for the CEC mode. For a description, see De Soto 2004,
Improvement and Validation of a Model for Photowoltaic Array Performance, Master of Science Thesis,
University of Wisconsin-Madison. http://minds.wisconsin.edu/handle/1793/7602.

e The mounting-specific method uses a steady state heat transfer model to calculate cell temperatures,
and is described in Neises T, 2011. Dewvelopment and Validation of a Model to Predict the Temperature
of a Photowltaic Cell. Master of Science Thesis. University of Wisconsin-Madison. http://
sel.me.wisc.edu/publications/theses/neises11.zip.

Notes.

The temperature correction algorithms use wind speed and ambient temperature data from the weather
file. SAM assumes that the ambient temperature and wind speed data in the weather file are mid-hour
values and that the radiation values are end-of-hour values. SAM interpolates temperature and wind
speed values by averaging the current hour value with the previous hour value.

When you specify a vertical or horizontal mounting structure option, SAM also uses wind direction data
in the cell temperature calculation. Note that for the NREL TMY weather data files, the degree of
uncertainty in the wind direction data is high.

Temperature Correction Mode

¢ NOCT cell temp model. Choose this option to use the nominal operating cell temperature (NOCT)
method from the original five-parameter model.

e Mounting specific cell temp model. Choose this option to use the steady state heat transfer model
for calculating the cell temperature, and when you want to model different module mounting options.

Nominal operating cell temperature (NOCT) parameters
The NOCT parameters are active in NOCT Cell Temp Model mode.
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¢ Mounting standoff Choose the option that best describes how the module is mounted: Ground or
rack mounted when there is a when there is a lot of space between the module back and the ground
or roof surface; For roof-mounted modules, choose a distance between the module back and roof in
inches; or choose building-integrated for a module that is part of the building structure.

For standoff heights less than 0.5 inches, and between 0.5 inches and 3.5 inches, SAM increases
the NOCT value by seweral degrees as the standoff height decreases to account for reduced airflow
between the module and roof surface. This is the same approach as is used in the CECPV Calculator

Spreadsheet, available at http://gosolarcalifornia.ca.gov/tools/nshpcalculator/index. php.
e Array height Choose the option that best describes the height of the array from the ground.

Mounting configuration heat transfer cell temperature model
These parameters are active in Mounting Specific Cell Temp Model mode.

The mounting configuration affects the movement of air around the module and the transfer of heat
between the module and the building surface or ground. SAM assumes that all modules in the array use
the same mounting configuration.

e Mounting Configuration Choose the option that best describes how the modules are mounted:
Rack when modules are mounted on open racks that allow ambient air to flow freely over the front and
back of the modules; Flush when modules are in direct contact with a roof or wall, preventing air from
flowing over the back of the module; Integrated when modules form part of the roof or wall so that the
back of the module is in contact with the indoor air (when you specify integrated mounting, you must
also specify the temperature behind the module); Gap for modules that are mounted with a space
between the module and building surface that allows limited air flow over the back of each module
(when you specify gap mounting, you must also specify the mounting structure orientation and gap
spacing).

e Heat Transfer Dimensions Choose whether you want SAM to calculate the cell temperature based
on the module or array dimensions. The Array Dimensions option assumes that modules in the array
are in direct contact with each other and results in a higher calculated cell temperatures than the
Module Dimensions option. Use the Array Dimensions option for more conservative array output
estimates.

e Mounting Structure Orientation (gap mounting configuration only) Choose how the mounting
structure interferes with airflow under the modules for the gap mounting configuration: None if the
mounting structure does not impede air flow ower the back of the modules; vertical supporting
structures if the mounting structures on module back are perpendicular to the roof ridge and impede
air flow parallel to the ridge; or horizontal supporting structures if the mounting structures are parallel
to the roof ridge and impede air flow perpendicular to the ridge.

Module Width
Length of side of module parallel to the ground.
Module Height

SAM calculates this value by dividing the module area from the parameter library by the module width
that you specify.

Module Height (m) = Module Area (m?) + Module Width

When you choose array dimensions for the heat transfer dimensions, you must also specify how modules
are physically configured in the array.
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Rows of modulesin array (array heat transfer dimensions only)

Assuming a rectangular array, the number of rows of modules, where a row is parallel to the line defined
by the Module Width variable.

Columns of modulesin array (array heat transfer dimensions only)

Assuming a rectangular array, the number of modules along the side perpendicular to the line defined by
the module width variable.

Note. The rows and columns of modules variables are independent of the similar variables on the Array
page and Shading page. Before running a simulation, verify that the values on the different pages are
consistent.

Temperature behind the module (integrated mounting configuration only)

The indoor air temperature for the integrated mounting configuration option. SAM assumes a constant
indoor air temperature.

Gap spacing (gap mounting configuration only)

The distance between the back of the modules and the roof or wall surface for the gap mounting
configuration option.

Physical Characteristics

Material
A description of the semiconductor technology used in the photowltaic cells.
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.

Additional Parameters

T _noct
Nominal operating cell temperature
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A_ref
Modified ideality factor at reference conditions
I L ref
Photocurrent at reference conditions
|_o_ref
Rewerse saturation current at reference conditions
R_s

Series resistance (constant)
R_sh_ref
Shunt resistance at reference conditions

Simple Efficiency Module Model

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 using the Sandia

temperature correction algorithm.

To use the simple efficiency module model:

1.
2.

On the Module page, choose Simple Efficiency Module Model.

Enter a temperature coefficient. This is the number typically reported on manufacturer specification
sheets as the maximum power coefficient. See Sandia Temperature Correction for suggested
values.

Enter the module's total cell area in square meters, equivalent to the product of the cell area and
number of cells.

Type values for the module's maximum power and open circuit wltages. SAM uses these values for
array sizing on the Array page.

Choose a module structure from the three available options (displayed as front material / cell / back
material). See Sandia 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.

In the Radiation Lewel 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
13.5% constant efficiency, you would assign the value 13.5 to each of the five radiation values 200,
400, 600, 850, 1000.

Choose the radiation level that represents the reference value, often 1000 W/m? for flat-plate
modules.

SAM uses the reference value to calculate the module's rated power, displayed as the Power
variable on the Module page.
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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. SAM 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 Sandia Temperature Correction for details.

Area, m2

The module collector area in square meters. To calculate the area for a given module power rating at a
given reference radiation level, 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 m>.

Maximum Power Voltage (Vmp)

The wltage at the module's maximum power point. SAM uses this value for Array sizing.
Open Circuit Voltage (Voc)

The module's open circuit wltage. SAM uses this value for Array sizing.
Module Structure and Mounting

The module's front and back materials (front material/cell/back material) used in the Sandia temperature
correction algorithm.

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 conversion efficiency at a given incident global radiation level. SAM 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 the value to use for the reference calculations. SAM uses the reference values to calculate the
module’s rated power on which module costs are based.

Diffuse utilization factor

This advanced input allows you to adjust the difuse component of the radiation incident on the module.
For most applications, you should use the default value of 1. For modules that do not use all of the
diffuse radiation, such as low-x concentrator, you can use a value less than one.
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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:

Py nodute = ETotalncident * “Aodute * Thiodute ~ £ TempCorr

Where,

ETotaIInci dent (W/m?) Total incident radiation from the weather data processor.

AModuIe (m?) The module area in square meters.

Nviodule Module efficiency at a given incident global radiation lewel, calculated by
extrapolating values from the Radiation Lewel and Efficiency Table.

FTem nCorr Temperature correction factor. See Sandia Temperature Correction for details.

CEC Performance Model with User Entered Specifications

The CEC Performance Model with User Entered Specifications allows you to run the CEC module model
with module specifications from test data supplied by the module manufacturer or an independent testing
laboratory, or data from a manufacturer's module data sheet.

When you use the model, you first enter a set of specifications to generate a set of coefficients for the
module on the Module page, and then run a simulation of the PV system after specifying the rest of the
system on the Array, Inverter, and other input pages.

SAM uses the module specifications you provide to calculate a set of parameters at reference conditions for
the equivalent electrical circuit in the CEC module model. During a simulation, the model adjusts
temperature and incident irradiance coefficients to calculate the module efficiency at operating conditions
other than STC. Note that the model does not account for all non-linear effects in the relationship of module
power and irradiance.

The calculations involve a combination of empirical regressions and heuristic methods to automatically solve
a multidimensional set of non-linear equations. An error checking algorithm ensures that the model can find
solutions for most modules.

Note. SAM stores the calculated parameters with the case in your zsam file. It does not store them in a
library that you can use in other files or cases. To use a module in a different file or case, either savwe a
copy of the file, or duplicate the case. If you plan to enter parameters for many modules for use with
different SAM files, you can create your own library of modules, see Libraries for details.

If you use specifications from a manufacturer's data sheet for a module that exists in the CEC Performance
Model with Module Database, SAM may calculate a different set of parameters than those in the CEC
library. That is because the specifications used to generate parameters in the CEC library are based on
specifications provided by third party testing facilities, which may differ from data on the manufacturer data
sheet.

To use the CEC Performance Model with User Entered Specifications:
1. On the Module page, choose CEC Performance Model with User Entered Specifications.
2. Enter the required module specifications.
Module description is an optional field you can use for the module name or other description.
3. Click Calculate and plot.
After solving the module model equations, SAM displays a current-wltage (I-V) curve at STC.
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Note. In some rare cases, SAM may not be able to find a solution for the set of specifications you
provide. (It performs a series of internal checks that should ensure that it finds a solution in most cases.)
If SAM displays an error message, first verify that the specifications you entered are correct. If the
specifications are correct, you may be able to generate an I-V curve by making small adjustments to the
specifications, such as slightly increasing the Isc value.

4. Under Mounting Configuration, choose the standoff height and array's height above ground.

General Information

Module description
An optional string describing the module.
Cell type

A description of the semiconductor technology used in the photowltaic cells. This parameter is used to
guide the solution of normalized module coefficients, but is not directly used for power calculations once
the coefficients are determined.

monoSi: Single-crystal silicon

multiSi: Multi-crystalline silicon

CdTe: Cadmium telluride

CIS: Copper indium diselenide

CIGS: Copper indium gallium sulfide

amorphous: Amorphous silicon
Module area, m?

The surface area of the entire module.
Nominal operating cell temperature, °C

The nominal operating cell temperature (NOCT) of the module is the measured cell temperature of the
module at NOCT test conditions: 800 W/m?2 incident irradiance, 20 degrees Celsius ambient
temperature, and 1 m/s wind speed. The mounting configuration under test conditions is typically open
rack, except building-integrated (BIPV) modules which are tested in a building-integrated configuration.

Electrical Specifications

Maximum power point voltage (Vmp), V

The reference maximum power point wltage at STC.
Maximum power point current (Imp), A

The reference maximum power point current at STC.
Open circuit voltage (Voc), V

The open circuit wltage at STC.
Short circuit current (Isc), A

The short circuit current at STC.
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Temperature dependence of Voc, V/°C or %W°C

The absolute change in Voc per degree change in temperature, also called alpha.
Temperature dependence of Isc, A/°C or %/°C

The absolute change in Isc per degree change in temperature, also called beta.
Temperature dependence of Pmp, %W/°C

The percentage change in the maximum power point Pmp per degree change in temperature, also
called gamma. To convert units from W/°C to %/°C, divide the %/°C value by Pmp.

Number of cellsin series
The number of cells wired together in series inside the module.

Mounting Configuration

SAM's CEC Performance Model with User Entered Specifications uses the NOCT Cell Temperature model
from the CEC Performance Model with Module Database model.
Standoff height

The standoff height is the distance between the back of the module and surface of the roof for roof-
mounted modules. For modules integrated with the building (BIPV), or for ground mounted modules,
choose the appropriate option.

Note. SAM does not make NOCT adjustments for the Building integrated, Greater than 3.5 in, or
Ground or rack mounted options. For these options, the Nominal operating cell temperature value
you provide should be at conditions appropriate for those types of installations.

Approximate installation height

SAM uses the installation height option to make an adjustment to the effect of wind speed on the cell
temperature calculation. SAM assumes that an array with an installation height of one story or lower
experiences lower wind speeds than those in the weather file because of the effect of nearby trees and
structures. For the two story building or higher option, the wind is less impeded.

Nominal Maximum Power Ratings at STC

Power, Wdc
The module’s rated maximum power point power at STC. This is equal to the product of the maximum
power point wltage and maximum power point current.

Efficiency, %

The module’s rated efficiency at STC 1000 W/mz2 irradiance. SAM displays this value for reference only.
During a simulation, the model calculates an efficiency value for each hour, which you can see in the
Tables on the Results page.

IEC 68153 Single Diode Model

The IEC-61853 Single Diode model is a detailed method for predicting the performance of flat plate
photowltaic modules. The model uses data from modules tested according to the International
Electrotechnical Commission (IEC) power and rating standard, IEC 61853, Irradiance and Temperature
Performance Measurements and Power Rating. The standard describes requirements for testing PV module
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performance at maximum power operation for a set of 23 operational conditions, denoted by a * in the table
below.

Irradiance (W/m2) Tmodule =15°C Tmodule=25°C Tmodule =50°C Tmodule = 75°C

1100 N/A * * *
1000 * * * *
800 * * * *
600 * * * *
400 * * * N/A
200 * * * N/A
100 * * N/A N/A

At each test condition, the module’s Pmp, Vmp, Voc, and Isc are measured. SAM uses this data to
calibrate parameters for an extended single diode model that is used to predict the module’s performance at
any operating condition. The details of the underlying model and parameter extraction method are detailed
in Dobos, A.; MacAlpine, S. (2014). Procedure for Applying IEC-61853 Test Data to a Single Diode
Model. Proc. IEEE 40th PVSC Conf. Denver CO.

In addition to the test data, the module area (m2), nominal operating cell temperature (NOCT) (C), number
of cells in series, and cell type are required inputs.

Thermal and optical behavior of the module is predicted using the CEC NOCT cell temperature model
described in De Soto, W.L. (M.S. 2004). "Improvement and Validation of a Model for Photowoltaic Array
Performance." University of Wisconsin-Madison. (ZIP_1.8 MB).

The module cower uses the PVWatts Version 5 model to predict the relative performance of standard glass
versus antireflective coatings described in Dobos, A. (2014). "PVWatts Version 5 Manual." 20 pp.; NREL
Report No. TP-6A20-62641. (PDE 714 KB).

The spectral response is governed by the Sandia model polynomial for air mass described in King, D.L.;
Gonzalez, S.; Galbraith, G.M.; and Boyson, W.E. (2007). "Performance Model for Grid Connected
Inverters." 47 pp.; Sandia Report No. 2007-5036. (PDE 1.3 MB).

To use the IEC 68153 Single Diode model:

1. Obtain test data for your PV module from a testing laboratory or a manufacturer. SAM does not
include a library of test result parameters for this model.

2. Enter the data into SAM'’s input table. The table structure is a little different from the matrix abowe.
Each row in SAM’s table corresponds to a test condition. The columns are: irradiance (W/m2),
module temperature (C), maximum power (W), maximum power wltage (V), open circuit wltage (V),
and short circuit current (A).

Note. Some test labs are not able to test up to 75 degrees, as defined by the standard, and may provide
measurements only at 60 or 65 degrees. In other cases, some test conditions may be missing. In this
situation, enter all of the data that you have available, and SAM will do its best to extract model
parameters. Data at standard test conditions (1000 W/m2, 25 C) is always required.

3. Enter the number of cells in series, and select a cell type. The module area and NOCT cell
temperature are also required.

4. Click Calculate parameters.
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SAM displays a message details about how it determines the STC, Rsh, Rs, and temperature
coefficient parameters for the model.

5. If the parameter estimation was successful, click OK and the model parameter inputs will be filled in
automatically, along with the I-V curves on the graph.

6. Choose a mounting configuration, including a standoff height and an approximate mounting height.
7. Choose the type of module cower: standard glass, or anti-reflective coating (AR) glass.

8. Ifyou hawe data available, you can change the spectral response by adjusting the air mass modifier
polynomial coefficients.

6.4.2 Inverter

The Inverter page allows you to choose an inwverter performance model and either choose an inverter from a
list, or enter inverter parameters from a manufacturer's data sheet using either a weighted efficiency or a
table of part-load efficiency values.

SAM can only model a photowltaic system with a single type of inverter. Specify the number of inverters in
the system on the Array page.

SAM displays the name of the active inverter model at the top of the Inverter page. Click the model name to
choose a different model:

Inverter CEC Database v

B Inverter CEC Database
0 Inverter Datasheet

[ Inverter Part Load Curve
BOV [CEC 2012]

You can choose from three different inverter performance models:

¢ Inverter CEC Database calculates the system's AC output using parameters from SAM's CEC database
of inverter parameters with the Sandia inverter model. To use this model, you simply choose an inverter
from the list. Use this model for most analyses.

o Inverter Datasheet allows you to specify the inverter's parameters using values from a manufacturer's
data sheet, and calculates coefficients for the Sandia inverter model from the parameters you provide.
Use this model for an inverter that is not in the CEC database.

o Inverter Part Load Curve allows you to specify a table of part-load efficiency values for an inverter using
data from a manufacturer's data sheet or other source. Use this model when you have the inverter's part-
load efficiency data.

Each of the three inverter models calculates a DC to AC conwersion efficiency, assuming that the DC power
input to the inverter is equal to the derated DC output of the photowltaic array. The inverter models limit the
inverter's output to the inverter's Maximum AC Power parameter so that the inverter's output is "clipped" to
this value. SAM uses the inverter Operating Ranges parameters to either size the system or display sizing
suggestion messages on the Array page.

The inverter model reports sewveral hourly simulation results on the Results page that you can use to
understand how SAM models the inverter or to troubleshoot your analyses:
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For a complete technical description of SAM's photowltaic model, see Gilman, P. (2015). SAM Photowoltaic
Model Technical Reference. National Renewable Energy Laboratory. A 59 pp.; NREL/TP-6A20-64102. (PDF
840 KB)

Inverter Clipping Loss

SAM models two types of inverter clipping loss.

e Power limiting losses occur in time steps when the inverter's AC power output exceeds the total inverter
nameplate AC capacity. During those time steps, SAM adjusts the inverter output to the inverter
nameplate capacity (it does not adjust the inverter's input voltage).

o MPPT woltage limit losses occur in time steps when the Array's DC wltage falls outside the rated
inverter minimum and maximum MPPT limits. In those time steps, SAM adjusts the array DC wltage to
the inverter's maximum or minimum MPPT wltage limit as appropriate.

You can see inverter clipping losses in the time series results and in the loss diagram.

Notes.

SAM cannot model MPPT woltage limit losses with the Sandia or Simple Efficiency module models
because those models assume that the module operates at its maximum power point, and do not allow
the module's operating wltage to be changed from the maximum power point.

You can run the Inverter Sizing Information macro to generate a detailed report about clipping losses
and the inverter's MPPT performance.

Inverter Parameters

Gross ac output (kWh)
The inverter's AC output in kilowatt-hours before the interconnection derate factors from the Array page.
Inverter clipping loss (Wac)

The portion of the inverter's AC output not delivered to the grid during hours when the AC output exceeds
the inverter's maximum AC output. During these hours, inverter's gross AC output is equal to the
inverter's maximum AC output. SAM assumes that the system is designed to handle this excess
electricity, but does not explicitly model the hardware required to do so.

Inverter dc input voltage (V)

The DC wltage at the inverter's input, equal to the array's DC string woltage. For systems with two or
more subarrays, SAM estimates the inverter DC wltage as the average of the subarray string wltages.

Inverter efficiency (%)

The inverter's DC to AC conwersion efficiency. The inwverter efficiency is equal to the gross AC output
divided by the net DC array output.

Inverter night time loss (Wac)

The amount of electricity consumed by the inverter at night when the array does not generate electricity.
The night-time loss is equal to the value you specify for hours when the gross DC array output is zero.
The night-time loss is zero for hours when the gross DC array output is greater than zero.
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Inverter power consumption loss (Wdc)

The amount of electricity consumed by the inverter, not including the night-time loss. SAM estimates
the hourly power consumption loss by adjusting the value you specify for Power consumption during
operation based on the inverter's DC input wltage. The Inverter Part Load model assumes that the
inverter's power consumption is accounted for in the part-load efficiency table that you specify, so it
reports an inverter power consumption loss value of zero for all hours.

Net ac output (kWh)
The inverter's AC output, before the interconnection derate factors.

Inverter CEC Database

The Inverter CEC Database model is an implementation of the Sandia Model for Grid-Connected PV Inverters
(Sandia inverter model). It is an empirically-based performance model of inverter performance that uses
parameters from a database of commercially available inverters maintained by the California Energy
Commission (CEC).

The Inverter CEC Database model consists of a set of equations that SAM 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
coefficients for each inverter are empirically determined from data provided by the inverter's manufacturer and
either field measurements from an inverter of the same type installed in an operating photowltaic system, or
laboratory measurements. Measured values are taken using the CEC inverter test protocol.

The Sandia inverter model is described in King D et al (2007) Performance Model for Grid-Connected
Photovoltaic Inverters, Sandia National Laboratories, SAND2007-5036, and on the PV _Performance
Modeling Collaborative website.

The CEC inwerter test protocol is described in Bower W et al (Draft 2004) Performance Test Protocol for

Evaluating Inverters Used in Grid-Connected Photovoltaic Systems, and on the PV _Performance Maodeling
Collaborative website.

Note. SAM stores the list of inverters for the Inverter CEC Database model in the Sandia Inverter library.
The library contains parameters for inverters in the List of Eligible Inverters per SB1 Guidelines at http://
www.gosolarcalifornia.org/equipment/inverters.php as of the date of the SAM software release.

If you represent an inverter manufacturer and would like to add equipment to the list, you should contact
the California Energy Commission (CEC) or Sandia National Laboratories directly. For information about
the Sandia Test and Evaluation program, see http://energy.sandia.gov/?page_id=279. For a list of Sandia
contacts, see http://energy.sandia.gov/?page_id=2772. For CEC contacts, see http://
www.gosolarcalifornia.ca.gov/equipment/add. php.

To use the Inverter CEC Database model:

1. Onthe Inwerter page, click Change and choose Inverter CEC Database.

2. Choose an inverter from the list of available inverters. You can type a few letters of the manufacturer
or inverter name in the Search box to filter the list.
If you are modeling an inverter not included in the database and want to use the Sandia inverter
model, you can use the Inverter Datasheet model with values from a manufacturer's data sheet.
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Each inwerter listing shows the manufacturer name, model number and AC wltage rating, and information in
brackets about the organization responsible for generating the test data and the year the data was
generated. "CEC" indicates that test data was generated by the California Energy Commission.

Efficiency Curve and Characteristics

When you select an inverter from the list, SAM displays an efficiency curve and the inverter's parameters for
your reference. The parameter values are from the Sandia inverter library, and are values that the Sandia
inverter model uses as inputs.

Note. SAM displays a few of the parameters from the CEC database on the Inverter page. If you want to
see the complete set of parameters, you can do so in the library editor.

Weighted Efficiency, %

SAM calculates and displays both the CEC weighted efficiency and European weighted efficiency for
your reference. It does not use these efficiency values during a simulation. To calculate the efficiencies,
SAM calculates the inverter's nominal efficiency at seven different power levels, and applies the set of
weighting factors for the CEC and European methods of calculating the weighted efficiency.

The following list briefly describes the each parameter that SAM displays on the Inverter page. You can read
more about these and all of the other Sandia inverter model input parameters in the King 2004 reference
cited above. The names in brackets are the names used in the King reference.

Maximum AC power [Power ACo], Wac

Maximum output AC power at reference or nominal operating conditions. Available from manufacturer
specifications.

Maximum DC power [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.

Power consumption during operation [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.

Power consumption at night [PowerNTare], Wac

AC power consumed by the inverter at night to operate wltage sensing circuitry when the photovoltaic
array is not generating power. Available from manufacturer specifications.

Nominal AC voltage [AC Voltage], Vac

Rated output AC wltage from manufacturer specifications.
Maximum DC voltage [Vdcmax], Vdc

The inverter's maximum DC input woltage.
Maximum DC current [I[dcmax], Adc

The maximum DC wltage input, typically at or near the photowoltaic array's maximum power point
current.

Minimum MPPT DC voltage [MPPT-low], Vdc

Manufacturer-specified minimum DC operating wltage, as described in CEC test protocol (see reference
abowe).
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Nominal DC voltage [Vdco], Vdc
The average of MPPT-low and MPPT-high, as described in the CEC test protocol (see reference abowe).
Maximum PPT DC voltage [MPPT-hi], Vdc

Manufacturer-specified maximum DC operating wltage, as described in CEC test protocol (see
reference abowe). The test protocol specifies that the inverter's maximum DC woltage should not exceed
80% of the array's maximum allowable open circuit voltage.

The four coefficients CO0..C3 are empirically-determined coefficients that are inputs to the Sandia inverter
model. Manufacturers do not provide these coefficients on inverter datasheets.

co, v
Defines the relationship between AC and DC power levels at the reference operating condition.
C1i, v
Defines the value of the maximum DC power level.
C2, v
Defines the value of the self-consumption power level.
C3, IV
Defines the value of Coefficient CO.

Inverter Datasheet

The Inverter Datasheet model is an implementation of the Sandia Model for Grid-Connected PV Inverters that
allows you to model an inverter by entering data from a manufacturer's data sheet.

The Inverter Datasheet model consists of a set of equations that SAM uses to calculate the inverter's hourly
AC output based on the DC input (equivalent to the derated output of the photowltaic array) and a set of
coefficients that describe the inverter's performance characteristics. SAM calculates the coefficients from
the manufacturer data you provide.

Note. If you have a table of part-load efficiency values for the inverter, you may want to use the Inverter
Part Load Curve model instead of the Inverter Datasheet model.

To use the Inverter Datasheet model:

On the Inverter page, click Change, and choose Inverter Datasheet.
e Enter input values from the manufacturer's data sheet. See below for descriptions of the inputs.

Power Ratings
Maximum AC output power

The inverter's rated maximum AC output in Watts. Manufacturers may use different names for this value,
such as continuous output power, rated active power, peak output, etc.

Weighted efficiency and Manufacturer efficiency

Inverter manufacturers provide different efficiency ratings on their product data sheets. SAM can model
the inverter using either a weighted efficiency or a nominal efficiency. If the manufacturer provides a
weighted efficiency, you should use it rather than the nominal efficiency. The weighted efficiency more
accurately reflects the inverter's performance under different operating conditions.
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If you choose Weighted efficiency, you can use the weighted efficiency calculated with either the
European or CEC method. The European method is best for locations with lower solar resource where
the inverter operates more often at lower load levels. The CEC method is best for sunnier locations
where the inverter operates at higher load levels. See Inverter Efficiency Values for more details.

If you choose Nominal efficiency, you can use either a peak efficiency or another efficiency value from
the data sheet that represents the inverter's efficiency at a single load level. You should also specify a
value for Power consumption during operation to improve the accuracy of the model at low power
levels.

Maximum DC input power

SAM calculates and displays the equivalent rated DC input capacity based on the maximum AC output
power and efficiency value that you specify (either weighted or nominal):

Maximum DC Input Power (Wdc) = Maximum AC Output Power (Wac) + Efficiency (%) x 100%

SAM uses the maximum DC input power value to size the array when you choose Specify desired
array size on the Array page, and to display sizing messages when you choose Specify modules
and inverters.

Operating Ranges
SAM uses the operating range variables to help you size the system on the Array page.
Nominal AC operating voltage
The inverter's nominal AC output voltage.
Maximum DC voltage
The inverter's maximum input DC woltage.
Maximum DC current
The inverter's maximum input DC current.
Minimum MPPT DC voltage
The inverter's minimum DC operating wltage.
Nominal DC voltage
The inverter's nominal DC operating wltage.
Maximum MPPT DC voltage

The inverter's maximum DC operating wltage.

Losses

The two loss variables account for electricity consumed by inverter components during operation and to
keep the inverter in standby mode at night when the array is not generating electricity.

When you specify the inverter's efficiency using a weighted efficiency, you only need to specify a value for
the night-time power consumption because the weighting factors account for the power consumption during
operation.

SAM displays a suggested value for each loss variable, which is based on an analysis of the loss
parameters for the inverters in the SAM 2013.1.5 CEC library, and should be a reasonable approximation for
inverters currently available on the market. If the manufacturer does not provide values for the inverter's power
consumption, you can use the suggested value. (You must type the value in the input box, SAM does not
automatically assign the suggested value to the variable.)
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Power consumption during operation

Electricity consumed by the inverter during the day when the photowoltaic array is generating power.
SAM disables this variable when you specify a weighted efficiency.

SAM calculates the suggested value using the following equation:

Suggested Value for Consumption during Operation (Wdc) = 0.8% x Maximum AC Output Power
(Wac)

Power consumption at night

Electricity consumed by the inverter during the night when the photowoltaic array is not generating
power. This value is sometimes also called tare loss or standby loss.

SAM calculates the suggested value using the following equation:
Suggested Value for Consumption at Night (Wac) = 0.025% x Maximum AC Output Power (Wac)

Inverter Part Load Curve

The Inverter Part Load Curve model allows you to model an inverter by entering part-load efficiency and other
data from a manufacturer's data sheet. Unlike the CEC Database and Inverter Datasheet inverter models,
this model is not based on the Sandia inverter model. Instead, it determines the inverter's hourly conversion
efficiency based on the part-load efficiency data points and night-time loss values you provide.

Note. If you do not hawe a table of part-load efficiency values for the inverter, you may want to use the
Inverter Datasheet model instead of the Part Load Curve model.

To use the Inverter Part Load Curve model:

1. On the Inverter page, click Change, and choose Inverter Part Load Curve.

2. Type a value for the Maximum AC output power, and choose CEC efficiency or European
efficiency.

3. Type values for the Operating Ranges input variables and for Power consumption at night loss.

4. Type values in the part-load efficiency table and for the operating range input variables.
See below for descriptions of the variables, and more detailed instructions for working with the part-
load efficency table.

Power Ratings
Maximum AC output power

The inverter's rated maximum AC output in Watts. Manufacturers may use different names for this value,
such as continuous output power, rated active power, peak output, etc.

CEC efficiency and European efficiency

Specify the inverter's weighted efficiency calculated with either the European or CEC method. The
European method is best for locations with lower solar resource where the inverter operates more often
at lower load levels. The CEC method is best for sunnier locations where the inverter operates at higher
load levels. See Inwerter Efficiency Values for more details.

Maximum DC input power

SAM calculates and displays the equivalent rated DC input capacity based on the maximum AC output
power and efficiency value that you specify (either weighted or nominal):
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Maximum DC Input Power (Wdc) = Maximum AC Output Power (Wac) + Efficiency (%) x 100%

SAM uses the maximum DC input power value to size the array when you choose Specify desired
array size on the Array page, and to display sizing messages when you choose Specify modules
and inverters.

Operating Ranges
SAM uses the operating range variables to help you size the system on the Array page.
Nominal AC operating voltage
The inverter's nominal AC output woltage.
Maximum DC voltage
The inverter's maximum input DC woltage.
Maximum DC current
The inverter's maximum input DC current.
Minimum MPPT DC voltage
The inverter's minimum DC operating wltage.
Nominal DC voltage
The inverter's nominal DC operating wltage.
Maximum MPPT DC voltage
The inverter's maximum DC operating wltage.

Losses

The two loss variables account for electricity consumed by inverter components to keep the inwverter in
standby mode at night when the array is not generating electricity.
Power consumption at night

Electricity consumed by the inverter during the night when the photowltaic array is not generating
power. This value is sometimes also called tare loss or standby loss.

Part Load Efficiency

SAM uses the part-load efficiency table you specify to determine the inverter's efficiency during a simulation.
You can either type values in the table by hand, import values to the table from a properly formatted text file,
or paste data to the table from your computer's clipboard.

SAM uses linear interpolation to calculate efficiency values for output power levels between the points in the
table. If you specify only a single row, SAM assumes that the inverter's efficiency is constant ower its full
output power range.

Tips for working with the part-load efficiency table:
e To clear the table, change Rows to 1, and then change it to the number of rows in your data set.
e Double click a cell to select it.
e Use the Tab and Shift-Tab keys to move between columns.
e Use the Enter key to move down a column.
e If you type a non-numeric character, SAM replaces the character with a zero.
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To specify the part-load efficiency curve using the table:

1. Under Rows, type the number of data points you want to include in the table. You must specify at
least one row of values in the table.

2. For each row in the table, type a value for output power as a percentage of the inverter's rated
capacity, and a DC to AC conversion efficiency value as a percentage.

SAM displays the part-load efficiency curve in the plot area as you type values in the table.

To import partload efficiency data from a text file:

1. Prepare a text file of comma-separated values. The file should have one line for each output-
efficiency value pair separated by a comma with no header rows. For example:

0,0
10,96.1
20,97.55
30,97.87

The output percentages should increase from the first row to the last, but not necessarily in equal
increments.

You can also export the efficiency data from the default flat plate photowltaic case to see an
example of what the file should look like.

2. Click Import.
SAM populates the part-load efficiency table with data from the file.

To paste part-load efficiency data from your computer's clipboard:

1. Prepare a spreadsheet file or text file with one row for each output-efficiency pair, and output and
efficiency values in separate columns or separated by a tab.

2. In your spreadsheet program or text editor, select the two columns containing the data. Do not
include column headings or other labels or data.

3. In SAM, on the Inverter page under Part Load Efficiency, click Paste.
SAM populates the part-load efficiency table with data from the clipboard.

Weighted and Manufacturer Efficiency Values

When you use either the Inverter Datasheet model or the Inverter Part Load Curve model, you must provide
SAM with an efficiency value that determines the invereter's maximum DC input power that SAM uses for
sizing the photowoltaic array.

Inverter manufacturers often show several efficiency values on an inverter's datasheet. Weighted efficiency
values are more accurate representations of an inverter's efficiency owver a range of output levels than an
efficiency value at a single operating point.

Many inverter data sheets will show two \ersions of the weighted efficiency value: The CEC weighted
efficiency, or the European weighted efficiency. The table below shows the weighting factors used to
determine both versions of the weighted efficiency. In general, you should use the CEC weighted efficiency
to model a system in a sunny location, and you should use the European weighted efficiency for less sunny
locations. The following equation shows how the weighted efficiency is calculated, where nweighted is the
weighted efficiency value, F1..F7 are shown in the table below, and n5, nl10... are the inwerter part-load
efficiencies at 5%, 10%... of maximum AC output:
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nweighted = F1 x n5 + F2 x n10 + F3 x n20 + F4 x n30 + F5 x n50 + F6 x n75 + F7 x n100

Weighting Factors for CEC and European Weighted Inverter Efficiencies

Percent of Inverter Factor CEC Weighting Factor  European Weighting
Maximum AC Output Factor

5 F1 0.00 0.03

10 F2 0.04 0.06

20 F3 0.05 0.13

30 F4 0.12 0.10

50 F5 0.21 0.48

75 F6 0.53 0.00
100 F7 0.05 2.00

Modeling Microinverters

For an example of how to model a PV system with microinverters, see the sample file PV
Microinverters.zsam (on the File menu, click Open sample file).

A microinverter is an inverter designed to be connected to a single module. A PV system with microinverters
has a single inverter for each module, rather than the more traditional single inverter connected to the array
or to individual strings of modules. Microinverters track each module’s maximum power point independently,
and minimize shading and module mismatch losses associated with string inverters.

Notes.

SAM assumes that all modules in the array operate at their maximum power point. The derate factor
associated with module mismatch losses is an input on the Array page. When you model a system with
microinverters, you should change the mismatch derate factor to 100% as described in the procedure
below.

SAM's self shading model does not account for MPPT tracking of individual modules and is not suitable
for use with microinverters.

To model a system with using microinverters in SAM:
1. On the Inwerter page, choose the CEC Database inverter model.
2. Choose an Enphase inverter from the inverter list.
3. On the Module page, choose a module matched with the microinverter.

For the Enphase microinverters, choose a module with rated maximum DC power ratings (Pmp) in
the range of 200-240 Wdc, and a nominal maximum power DC woltage (Vmp) in the 30-60 Vdc
range.

Consult the Enphase datasheet for more specific details.
4. On the Array page, choose the Specify number of modules and inverters mode.
For Modules per String, enter 1.

6. To calculate the number of Strings in Parallel, divide the system's nameplate capacity by the
module maximum power rating (Pmp) from the Module page:

o
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Strings in Parallel = System Nameplate Capacity (Wdc) / Module Maximum Power (Wdc)

7. For Number of Inverters, enter the value you calculated for the number of strings in parallel:
Number of Inverters = Strings in Parallel
8. Under System Derates, for Mismatch, enter 100.
Microinverters awid system losses due to module-to-module mismatch.
9. Onthe PV System Costs, be sure that the inverter cost is appropriate for the microinverter.
10. On the Shading page, clear the Enable Self-Shading Calculator check box.

6.4.3 System Design

Use the System Design variables to size the photowltaic system and choose tracking options. If your
system includes battery storage, configure the battery bank on the Battery Storage page. Battery storage is
available only for the detailed photowltaic model with the residential or commercial financial model.

Note. Before sizing the system, choose an module and inverter for the system. SAM can only model
systems with one type of module, and one type of inverter.

System Sizing

The System Sizing variables determine the number of modules in the system, string configuration, and
number of inverters in the system. SAM considers the system's nameplate capacity to be the photovoltaic
array's size in DC kW.

For detailed instructions, see Sizing the System.

Notes.

SAM models inwerter clipping due to power limiting and inverter MPPT wltage limits. See Inverter
Clipping Loss for a description.

Choosing an appropriate module and inverter for your system depends on many factors, some of which
are outside of the scope of SAM. Finding the right combination of inverter and module to model for your
system in SAM will probably require some trial and error and iteration.

SAM provides two options for specifying the system size. You can either have SAM automatically size the
system for you (Option 1), or you can size the system yourself (Option 2).

Option 1: Specify desired array size

Specify desired array size allows you to type a desired value for the system nameplate capacity and a
DC-to-AC ratio. SAM calculates the number of modules and inverters to get as close as possible to the
desired size. Use this option for a rough estimate of an array layout. For a description of the sizing
algorithm, see PV Array Sizing Calculator Algorithm.

For Desired Array Size, type the DC capacity, and for DC to AC Ratio, type the ratio of nameplate
capacity (DC kW) to total inverter capacity (AC kW) you want for your system. If the resulting nameplate
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capacity under Configuration at Reference Conditions is not suitable for your analysis, you may need to
choose a different module or inverter.

Note. The desired array size and DC to AC ratio is likely to be different from the actual Nameplate
capacity and DC to AC ratio because the desired array size is typically not an even multiple of the
module capacity.

Type values for the array size

System Sizing and DC-to-AC ratio
@ Specily desired array size
Dresired array size Maodules per string
D€ to AC ratier 110 Strings in parallel 116
Humber of inverters 3
Configuration at Reference Conditions
Modules Inverters Sizing rmessages (1ee Help far details):
Mameplate capacity 199752 EWdc Total capacity 180,000 kWac Actual DC to AC ratio is 1.11. a
Murnber of modules Q28 Total capacity 187269 kWde
Modules per sting 8 Number of inverters 5
Strings in parallel 116 Mazimurn DC voltage 6000 Vdc i
Tetal module ares 11544 m° Minamaum MPPT voltage 2500 Ve Voltage snd capacity ratings are st module
String Vec 3816 V hmamum MPPT voltage 4500 Vde reference conditiong shewn on the Module
String Vmp 3280 v page. A

SAM displays messages to help you
size the system. They do not prevent
you from running a simulation

Verify that the nameplate
capacities and other parameters
are appropriate for your system

Option 2: Specify numbers of modules and inverters

Specify numbers of modules and inverters allows you to specify the number of modules per string,
strings in parallel, and number of inverters in the system. Use this option to model a specific array layout.
For detailed instructions, see Size the System by Hand.

For example, the line diagram for a system with 7 modules per string, 2 strings in parallel, and 1 inverter
would look like this:
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Modules per string

The number of modules connected in series in a single string. SAM assumes that all strings in the array
have the same number of modules connected in series, even when the array consists of multiple

subarrays.

The number of modules per string determines the array's open circuit wltage (String Voc) and
maximum power rated woltage (String Vmp).

For most analyses, you should ensure that String Voc is less than the inverter Maximum DC voltage.
If the inverter does not have a value for the maximum DC woltage, you can find the value on inverter
manufacturer's data sheet, which you may be able to find on the manufacturer or equipment supplier
website.

Similarly, you should ensure that String Vmp is between the inverter Minimum MPPT voltage and
Maximum MPPT voltage.

Strings in parallel

The number of strings of modules connected in parallel to form the array. Once you specify the number
of modules per string to determine the array's string wltage, the number of strings in parallel determines
the array's nameplate DC capacity in kilowatts.

Number of inverters

The total number of inverters in the system, which determines the total inverter capacity. SAM assumes
that all inverters in the system are connected in parallel so that the inverter bank's rated woltage limits
are the same as those of a single inverter. The current version of SAM does not model string inverters
with different woltages.

Note. If you are modeling a system with microinverters, see Modeling Microinverters for instructions.
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Type values for number of

) N modules and inverters
lgnore these values

~System Sizing
Specify desired array size @ Specify modules and inverters
Desired array size 200 | k'Wde Modules per string T
DC to AC ratio 110 Strings in parallel 116
Humber of inverters 5
~Configuration at Reference Conditions
Modubes Imverters Sizing messages (see Help for details):
Nameplate capacity IN5GT kWde Tetal capacity 180000 kWac Beetual DC bo AC ratio is 180, N
Mumber of madules 1,508 Total capacity 187269 kKwWdc ::;f:r::;?‘ :-:E;g:ﬂ?:g!:ﬂz‘: :::tlr::?:er
Madules per string 13 Humber of nverters 3 conditions. Consider using fewer modules
Strings in parallel 116 Mazirnum DC voltage 6000 Vde per stng. il
Total module area 11544 m* Minimum MPPT valtage 2500 Vde

Violtage and capacity ratings are st module
String Voo 6401 v Mamum MPPT voltage 4500 Vdc reference conditiont shown on the Madule

String Ymp 5330 V page. /‘

Verify _that the nameplate SAM displays messages to
capacity and other parameters help you size the system

are appropriate for your system

Sizing Messages

As you type values to determine the array layout, SAM displays messages to help you ensure that the DC-
to-AC ratio is close to your target value, and that the nominal string wltages are within the inverter rated
wltage limits. These messages are based on the module and inverter rated wltages from the manufacturer
data sheets, not on operating wltages. After running a simulation, you can check the operating wltages to
refine your system design.

The sizing messages do not prevent you from running a simulation.

Sizing messages (see Help for details):

Actual DC te AC ratio is 1.80. -
The string voltage exceeds the inverter
maximum rated voltage at reference
conditions. Consider using fewer modules

per string.

Yeltage and capacity ratings are at module
reference conditions shown on the Module

page.
The sizing messages display the following information:

e DC to AC ratio based on the array and inverter capacities:

Actual DC to AC Ratio = Total Nameplate Array Capacity in DC kW + Total Nameplate Inverter
Capacity in DC kW x 100%
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e Array string open circuit wltage exceeds inverter maximum DC woltage:
String Voc > Inverter Maximum DC Voltage

e Array string maximum power voltage exceeds the inverter maximum MPPT woltage:
String Vmp > Maximum Inverter MPPT Voltage

e Array string maximum power voltage is less than the inverter minimum MPPT woltage:
String Vmp < Minimum Inverter MPPT Voltage

Configuration at Reference Conditions

SAM calculates the values under Configuration at Reference Conditions based on the values you
specify under System Sizing and from values on the Module and Inverter page. Use these values to verify
that the array is correctly configured.

Notes.

You cannot edit the configuration values. To change the values, you must edit values under Specify
System Size, or on the Module or Inverter pages.

Reference conditions depend on the conditions used to define the parameters on the Module page. For
the Sandia and CEC module models, reference conditions are 1,000 W/m2 incident radiation and 25°C
cell temperature.

Modules
Nameplate capacity, kWdc
The maximum DC power output of the array at the reference conditions shown on the Module page:
Nameplate Capacity (kWdc) = Module Maximum Power (Wdc) x 0.001 (KW/W) x Total Modules

The module’'s maximum power rating is from the Module page. The number of modules is the value
listed under Actual Layout.

Number of modules
The number of modules in the array:
Total Modules = Modules per String x Strings in Parallel
The numbers of modules and strings are the values listed under Actual Layout.
Modules per string
The number of modules per string.
Strings in parallel
The number of strings of modules in the array.
Total module area, m2
The total area in square meters of modules in the array, not including space between modules:
Total Area (m?) = Module Area (m?2) x Number of Modules
The area of a single module is from the Module page.
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String Voc, V
The open circuit DC wltage of each string of modules at 1000 W/m2 incident radiation and 25°C cell
temperature:
String Voc (Vdc) = Module Open Circuit Voltage (Vdc) x Modules per String
The module open circuit wltage and reference conditions are from the Module page.
String Vmp, V
The maximum power point DC wltage of each string of modules at the module reference conditions
shown on the Module page:
String Vmp (Vdc) = Module Max Power Voltage (Vdc) x Modules per String
The module's maximum power point voltage is at reference conditions as specified on the Module page.

Inverters
Total capacity, kWac
The total inverter capacity in AC kilowatts:

Inverter Total Capacity (kWac) = Inverter Maximum AC Power (Wac) x 0.001 (kW/W) x Number of
Inverters

The inverter's nominal AC power rating is from the Inverter page.

Total capacity, kWdc
The total inverter capacity in DC kilowatts:

Inverter Total Capacity (kWdc) = Inverter Maximum DC Input Power (Wdc) x 0.001 (kKW/W) x
Number of Inverters

The inverter's maximum DC input power is from the the Inverter page.

Number of inverters
The number of inverters in the system.
Maximum DC voltage, Vdc
The inverter's maximum rated input DC voltage from the Inverter page.

For systems with more than one inverter, SAM assumes that inverters are connected in parallel so that
the rated wltages of the inverter bank are the same as those of a single inverter.

Minimum MPPT voltage and Maximum MPPT voltage, Vdc

The inverter minimum and maximum operating wltages, as specified by the manufacturer, from the
Inverter page.

Note. When SAM displays zero for the inverter woltage limits, you should refer to the inverter data sheet
for those values and make sure that array string Voc does not exceed the inverter's maximum DC
woltage. SAM displays a value of zero for inverters in the CEC library for which there is not a value in the

database.

DC Subarrays

The DC Subarrays variables allow you to divide the array into up to four subarrays, each with its own
orientation, shading, soiling, and electrical loss parameters.
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String Configuration

When you create a detailed photowoltaic case, SAM assigns the Number of Strings in Parallel to the
number of strings for Subarray 1, and enables only Subarray 1. If you are modeling a system as a single
array, you do not need to enable any other subarrays.

To model a system that consists of multiple subarrays, check Enable for each additional Subarray 2, 3, or
4 that you want to include in the system, and type a number of strings to allocate to each subarray. SAM
allocates remaining strings to Subarray 1.

Note. SAM assumes that all subarrays are connected to a single inverter or bank of parallel-connected
inverters, and that all subarrays have the same number of modules per string.

For example, to configure strings for a 10 MW system consisting of SunPower SPR-305 modules, and
Advanced Energy Solaron 333 inverters with two subarrays of 5 MW each:
1. On the Module and Inverter pages, choose the SunPower module and Solaron inverter.

2. On the System Design page, choose Specify numbers of modules and inverters, and specify 8
modules per string, 440 strings in parallel, and 3 inverters.

3. Enable Subarray 2, and type 220 for the number of strings allocated Subarray 2.

Note. You can enable any combination of subarrays. For example, you can model a system with two
subarrays by enabling Subarrays 1 and 3, and disabling Subarrays 2 and 4.

To model a typical system with a single array, enable a single subarray (Subarray 1) and disable Subarrays
2,3, and 4.

Modeling multiple subarrays may be useful for the following applications:
o A residential or commercial rooftop system with modules installed on different roof surfaces with different
orientations.

e A ground-mounted system with groups of modules installed at different orientations, with different
lengths of DC wiring, or exposed to different shading scenes or soiling conditions.

o A system that combines different tracking systems

Note. You cannot use subarrays to model a system that combines different types of modules or
inverters.

The detailed photowoltaic Subarrays page allows you to specify the number of strings, tracking and
orientation, shading and soiling, and DC losses for up to four subarrays of modules.

To model a system with a single subarray of modules (typical):

1. Size the system as described abowe.

2. Disable Subarrays 2, 3, and 4.

3. For Subarray 1, specify the array tracking and orientation parameters.

4. On the Shading and Losses page, specify shading, soiling and electrical losses for Subarray 1.

To model a system with a multiple subarrays of modules:

1. On the System Design page, either specify the desired array size, or specify the number of
modules per string, number of strings in parallel, and number of inverters.
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2.
3.
4.

Enable Subarrays 2, 3, and 4 as appropriate. Subarray 1 is always enabled.
Specify the tracking and orientation parameters for each subarray.
On the Shading and Losses page, specify shading, soiling and electrical losses for each subarray.

Tracking & Orientation

The four tracking options allow you specify whether and how modules in each subarray follow the movement
of the sun across the sky.

Note. SAM does not adjust installation or operating costs on the System Costs page based on the
tracking options you specify. Be sure to use appropriate costs for the type of tracking system you

specify.

To specify subarray tracking and orientation:

1.

For each enabled subarray, choose a tracking option: Fixed, 1 axis, 2 axis, or azimuth tracking.

If you use an option other than fixed, 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 costs include the cost of maintaining the system.

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

If you are unsure of a value, you can use the location's latitude (displayed in the navigation menu
under Location and Resource and on the Location and Resource page), or check Tilt = Latitude
if you want SAM to automatically assign the value of the latitude from the weather file to the array
tilt angle. Note that SAM does not display the tilt angle when you choose this option, but it does
use the correct value in the simulation.

If the subarray is oriented away from due south in the northern hemisphere, change the default

azimuth angle to the desired value. For southern hemisphere locations, change the azimuth value
to zero degrees for an array facing due north.

An azimuth angle of 180 degrees in the northern hemisphere, or zero in the southern hemisphere
(facing the equator) usually maximizes energy production over the year.

Fixed 2 AXis

The subarray is fixed at the tilt and azimuth The subarray rotates from east in the morning
angles defined by the wvalues of Tilt and to west in the ewening to track the daily
Azimuth and does not follow the sun's movement of the sun across the sky, and
movement. north-south to track the sun's seasonal
movement throughout the year. For two-axis
tracking, SAM ignores the values of Tilt and
Azimuth.

PV array facing south at fixed tilt.
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1 Axis
The subarray is fixed at the angle from the
horizontal defined by the value of Tilt and
rotates about the tilted axis from east in the
morning to west in the ewvening to track the
daily movement of the sun across the sky.
Azimuth determines the array's orientation
with respect to a line perpendicular to the
equator. For a horizontal subarray with one- " m;‘-mm.- c
axis tracking, use a Tilt value of zero.
Twa-axis tracking PV array
A on Azimuth Axis
The subarray rotates in a horizontal plane to
track the daily movement of the sun. SAM

- . ignores the value of Azimuth.

-} E

One axis tracking PV array w

with axis oriented south. N

1
& fsks of ratation E
Arimuth-axis tracking PV array
Tilt = Latitude

Tilt, degrees

For a horizontal subarray, use a tilt angle of zero.

Azimuth, degrees

Assigns the array tilt value with the latitude value stored in the weather file and displayed on the
Location and Resource page. Note that SAM does not display the tilt value on the Array page, but does
use the correct value during the simulation.

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 ertical and facing the equator (in both
the southern and northern hemispheres.

As a rule of thumb, system designers sometimes use the location's latitude (shown on the Location and
Resource page) as the optimal array tilt angle. The actual tilt angle will vary based on project
requirements.

Applies only to fixed arrays with no tracking. The array's east-west orientation in degrees. An azimuth
value of zero is facing north, 90 degrees = east, 180 degrees =
regardless of whether the array is in the northern or southern hemisphere.

south, and 270 degrees = west,
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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. This convention is different than that used in older versions of SAM. Please be sure to use the
correct array azimuth angle convention.

Ground coverage ratio (GCR)

The ratio of the photowoltaic array area to the total ground area. For an array configured in rows of
modules, the GCR is the length of the side of one row divided by the distance between the bottom of
one row and the bottom of its neighboring row. An array with a low ground coverage ratio (closer to zero)
has rows spaced further apart than an array with a high ground coverage ratio (closer to 1).

The ground coverage ratio must be a value greater than 0.01 and less than 0.99.

SAM uses the GCR to estimate self-shading losses for fixed and one-axis trackers, determine when to
backtrack for one-axis trackers with backtracking enabled, and to estimate the array's land requirement
for system cost calculations.

To see the effect of the ground coverage ratio on the system's performance, after running a simulation,
you can compare the time series results Nominal POA total irradiance (kW/m2) and POA total
irradiance after shading only (kW/m2). You can also run a parametric analysis on the ground coverage
ratio value to find its optimal value.

Tracker Rotation Limit, degrees

For one-axis trackers, the maximum and minimum allowable rotation angle. A value of 45 degrees would
allow the tracker to rotate 45 degrees about the center line in both directions from the horizontal.

Backtracking
Backtracking is a one-axis tracking strategy that awids row-to-row shading.

Without backtracking, a one-axis tracker points the modules toward at the sun. For an array with
closely spaced rows, modules in adjacent rows will shade each other at certain sun angle. With
backtracking, under these conditions, the tracker orients the modules away from the sun to awid
shading.

The following diagram illustrates how backtracking awids row-to-row shading for a simple array with two
rows:

*/( PR

Mo Backtracking With Backtracking
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Estimate of Overall Land Usage
SAM calculates an estimated land area required by the array in acres for any land-related costs you specify
on the System Costs page in $/acre.
Total module area, m?
The product of the area of a single module and the number of modules in the system.
Total land area, acres

An estimate of the land area required for the array, not including additional land for balance of system
equipment.

Total Land Area (acres) = Total Module Area (m2) + GCR x 0.0002471 acre/m2

PV Subarray Voltage Mismatch

The subarray mismatch option is an advanced option that calculates the effect of wltage mismatch between
subarrays for systems with two or more subarrays.

Because the number of modules per string is the same for all subarrays in the system, the subarrays have
the same nominal string wltage. However, during operation each subarray is exposed to different radiation
levels and wind speeds, which causes the cell temperatures in each subarray to differ. Because cell wiltage
depends on cell temperature, each subarray will have slightly different woltages. This wltage mismatch
causes electrical losses so that the inverter input wltage is less than the array's maximum power \oltage.

SAM uses two methods to estimate the inverter input voltage.
Averaging Method (check box clear)

SAM calculates each subarray's output at its maximum power point wltage (Vmp), and assumes that
the inverter DC input woltage is the average of the subarray Vmp values.

This method is fast and works with both the Sandia and CEC module option.
Iterative Method (check box checked)

SAM tries many string woltages to find the value that results in the maximum power from the array. For
each test wltage, it finds the current from each subarray, and adds up the currents. Then the power is
the summed current times the test wltage. The test woltage that yields the maximum power is used for
each subarray to calculate the total output power, and this woltage is also the inverter DC input woltage.

This method takes on the order of 10-30 seconds for a system with two or more subarrays.

Notes.

The subarray mismatch option is only active with the CEC model option on the Module page.

The iterative method typically results in lower system output over the year than the averaging method.
The averaging method is a reasonable approximation of mismatch losses, and is suitable for simulations
where the main metric of interest is the system's total annual output for financial analysis. The difference
in annual output between the two methods is often less than one percent.
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6.4.4 Shading and Snow

The detailed photowltaic model accounts for the following kinds of shading and snow losses:

External shading, which SAM assumes affects each subarray uniformly. SAM models external
shading as a set of hourly shading losses that reduce the plane-of-array beam solar irradiance, and a
single sky diffuse loss. SAM's 3D shade calculator can generate shading loss values from a three-
dimensional representation of the subarrays and nearby objects. You can also characterize external
shading of the array by entering a set of external shading losses or importing files created by PVSyst,
Solmetric Suneye, Solar Pathfinder, and other software

Self shading for fixed subarrays or one-axis tracking systems where neighboring modules within the
subarray shade each other. SAM models self shading as a set of DC losses that reduce the array's DC
output.

Snow Coverage estimates losses caused by snow covering the modules.

Notes.

The monthly soiling losses on the Losses page also reduce the irradiance incident on the array.

The self-shading model does not work with the Simple Efficiency Module model on the Module page.

3D Shade Calculator

The SAM 3D Shade Calculator uses a sun position algorithm and a three-dimensional drawing of a
photowoltaic array and nearby shading objects to generate hour-by-month tables of beam irradiance shade
loss percentages, and a sky diffuse loss percentage. It has the following features:

Uses Bing Maps geocoding to automatically find latitude, longitude, and time zone for any street
address.

A three dimensional drawing, or shade scene, represents the photowltaic array and nearby shading
objects.

The scene consists of active surfaces (photowltaic subarrays) and shading objects.

Four three-dimensional shapes are designed to represent most shading objects: Box, cylinder, tree, and
roof.

View and edit the shade scene in three-dimensional, bird's eye, and elevation views.

Add an optional aerial photograph from Bing Maps or your own image as an underlay for the bird's eye
view to help position objects on the scene.

Drag the three-dimensional view to see shadows on active surfaces and the shade loss at different sun
positions.

Calculate diurnal and hourly beam irradiance shade loss for a single year based on the scene location
and relative positions of each active surface and shading objects in the scene.
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To use the SAM shade analysis calculator:

1. On the Shading and Snow page (detailed photowltaic model) or System Design page (PVWatts),
click Open 3D shade calculator.

2. Define the scene location (latitude, longitude, time zone).

3. Add shading objects to the scene -- these are trees, buildings, and other structures near the array
that may block direct solar irradiance from reaching the array.

4. Add active surface objects to the scene to represent the photowltaic array or subarrays.

5. Sawe and close the calculator to apply shading factor valuess to the SAM shading inputs.

6. Generate shade data.

7. Export shade data to use in SAM or other simulation software.

For more step-by-step instructions, see How-To.

For a description of the 3D shade calculator's features, see Reference.

External Shading

External shading losses represent a reduction of the solar radiation incident on the array due to shadows on
the array created by nearby objects such as trees and buildings. SAM assumes that the entire array is
uniformly shaded.

External Shading in Results

To see the effect of shading losses on the radiation incident on each subarray, after running a simulation,
you can compare values in the hourly Tables on the Results page for nominal POA irradiance with the "after
shading only" and "after shading and soiling" values. The radiation incident on the subarray is the POA total
iradiance after shading and soling value (W/m?).
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Enabling and Disabling External Shading
SAM offers several options for specifying shading losses.

e You must choose at least one option.

e SAM does not prevent you from enabling more than one option even if that results in an unrealistic
shading model. Be sure to werify that you have enabled the set of options you intend before running a
simulation.

To enable the external shading:

1. Click Edit Shading for the subarray for which you want to enable external shading. For a system
with a single array, only Subarray 1 is available.

2. If you are working with a shading file from PVsyst, Solmetric Suneye, or Solar Pathfinder software,
in the Edit Shading window, click the appropriate button under Import shading data from
external tools to import the file.

3. [If you are using a table to specify shading factors (you can type, import, or paste values into the
table), check the appropriate Enable box in the Edit Shading window.

Note. For detailed instructions on specifying shading losses, click Help in the Edit Shading Data
window.

Subarray 1 PP | Cashe 3 <
External Shading Edit shading data: (for sub-amray 1)
Edit shading factors | Edit shading.t — Py e @
Self Sh-'ld'lg PWsyst near shading... SunEye hourly SunEye chetruchions table... SolarPathfnder month by hoy

Shading mode |1
Enable hourly beam radiance shading factors

Medule crientation | Pasrait Enable month by hour beam Eradiance shading faciors
B vering loss (0..1) 0.5 |
Enable solar azimuth by altitude beam imadiance shading factor table

Tradang error (9..1) 1 |
l Enshle dov diffuce shadng factor (constant)

Array Dimensions for Self Shading and Snow Losses

To model the effects of self shading and snow cowverage, SAM needs basic information about the
arrangement of modules and rows in each subarray. The total number of modules in each subarray is
defined on the System Design page.

Notes.

The Array Dimensions input are only active for a subarray when you either choose a self-sha