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System Advisor Model (SAM). & PV\\atts

System Advisor Model

Free software that enable detailed performance and financial analysis
for renewable energy systems
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http://sam.nrel.gov/download

* Desktop Application

* Advanced Analysis Features
— Parametric
— Stochastic
— P50/P90
e Built-in Scripting Language
* Macros

Multiple ways to * Software Development Kit (SDK)
— C/C++

— Matlab

— Python **new & improved!

— PHP

— C#

— Java

— VBA

— i0S / Android
* Web Services APl (PVWatts Only)
 Open-source SAM code

access SAM models




SAM Users

System Advisor Model

SAM is started once every 2 minutes
PVWatts receives over 2 million hits per month
Over 100,000 users in 190+ countries
90+ webinars with over 100,000 views
Users include Sunrun, Enphase, AEP, Southern Company, EPRI, & more

Google Scholar Citations of SAM ® United States
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Open Source Code Contributions

System Advisor Model

Mermoud-Lejeune module and inverter models added to SDK (Timo
Richert, PVYield)

New condenser & cooling system for CSP power towers (Ana
Dyreson, University of Wisconsin, Madison)

Bug fixes and new outputs (Casey Zak, Cypress Creek Renewables)

Join us for the SAM Developer’s Conference this summer!

http://sam.nrel.gov/opensource

EI NREL / SAM @Unvatch~ | 21 KUnstar 41 YFork 6

<> Code D Issues 1B 1 Pull requests 0 1"l Projects Git clones

System Advisor Model (SAM)

10 .
Add topics
D 4.238 commits 50 branches 10
A
Branch: develop ¥ | New pull request °
2 cpaulgilman Fix #51 send-to-excel cashflow issues w 5 T '\ / .\ / ¢
\o . . [ -5
[ Sandia Replace missing mac binaries for ¢ ./ \./ \
L)
i build_linux Fix SAM linux build errors in Make .\
. (]
8 build_osx WEXDIR, not WEXLIE. \ AN
- A . / \.
[ build_vs201 Update ssc dll naming sscx32 for §
P g SSO3 0 . -0
B bulldvs2017 Update ssc dil naming ssx32 for{ 0126 0127  O28 0120 0130 O3t 0201 0202 0203 0204 0205 0208 0207 0208
[ deploy Fix #51 send-to-excel cashflow isg
[ resource Clean-up SAM repository, move d 49 41
Clones Unigue cloners
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PV Bifacial Module Model o

System Advisor Model

Implemented bifacial model
developed by Marion, Deline,
et al into main workflow of

SAM

“A Practical Irradiance Model for Bifacial PV Modules”, Marion et al, 44th |IEEE PVSC, June 2017
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Improved Python Wrappe bl

EnergyMarket = <Pvsamv1
batt_pv_dc_forecast

PV dc power forecast [kW], array.

Required if en_batt=1&batt_meter_position=1&batt_dispatch_choice=2.

FuelCell = <Pvsamv1.FuelCell objg
IEC61853SingleDiodeModel =
Inverter = <Pvsamvl.Inverter objd

tt repl t ity e
batt_replacement_capacity InverterCECCoefficientGenerator =

Capacity degradation at which to replace battery [%], number.
eI | 0 clated SAM Python wrapper
I 0 be more intuitive for the

Shiptsgenie. | many internal and external
B bl 00 |S that use the Python SDK

batt_room_temperature_celsius
Temperature of storage room [C

nverterCECDatabase =

nverterDatasheet =
nverterMermoudLejeuneModel =
InverterPartLoadCurve =

Layout = <Pvsamvi.Layout object
Lifetime = <Pvsamvi.Lifetime obj
Losses = <Pvsamvl.Losses objec
MermoudLejeuneSingleDiodeModel =
Module = <Pvsamv1.Module objeq
Outputs = <Pvsamv1.Outputs ol
PV = <Pvsamv1.PV object at 0x109f04

SandiaPVArrayPerformanceModelWithMod

batt_target_choice Shading = <Pvsamv1.Shading oH
Target power input option [0/1], number.

@=InputMonthlyTarget,1=InputFullTimeSeries; Required if en_batt=1&batt_meter_position=0&bz

SimpleEfficiencyModuleModel =
Simulation = <Pvsamv1.Simula
batt_target_power SolarResource = <Pvsamv
Gri
Rec

VY vV VY vV Y vV Y Y Y Y Y Y Y YVYYVYYVYYVYYYYY

SystemDesign = <Pvsamv

batt_tz
Gri
Rec
bat T_Vo
Bat
=L

batt_vo
Bat
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Battery Model Improvements

System Advisor Model

Fixed issues in the economic dispatch model for front-of-meter systems

1200 0.35
030 Issues addressed:
1000 ' .
e Consider
800 0.25 ~ efficiencies when
— ; .
g 600 s dispatch
s = .
£ 015 % * Consider forecast
400 o i
1 010 low value period
for charging
200 0.05
0 0.00
7/3/18 0:00 7/3/18 12:00 7/4/18 0:00 7/4/18 12:00 7/5/18 0:00

——PV clipped ——PV to grid —— Battery to Grid PV to battery —— Grid to Battery - - - PPA price

PV production forecast

A 4

v

Market forecast Battery Controller Power Signal

Cost to cycle *Model initially presented at 10t PVPMC
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Improved Weather Data Access

System Advisor Model

[
» - —— b
/ P [,
p L 2 AL o .
o . Yl : -ocation: | poulder, cof
P ~n ...:. B T e ist of available files (check files to select for dawnload): Loca
Mareh Noeth o Yoy B ; .. "I boulder_co_mts2_60_2000
1;:-:: Arlannie L e e ‘ "I boulder co_mts2 60 2001
Siean P ey~ = ind . " Jboulder_co_mts2_60_2002
k' R i boulder_co_mts2 502003
9 e o Y 1 boulder_co_mts2_50_2004
Y — Trase 1 boulder_co_mts2_60_2005
_______ b u,‘ it g 7o sl bouldet_co_mtsl_t:;o_u-nyz
) . - '4 boulder_co_mts1_50_1961
P . ¥ = A boulder_co_mts]_§0_1962
. el g redian z. boulder_co_mts1_60_1963
$oulh B Sewih Shseste Ocean " boulder_co_mits1_60_1964
Parihie "1' e CA bassldos co_satecl £0_ 106
» Utean e .
5.5a delection presets: | pgp g PSM 30 TMY 60 MTS1 60 MTS2 50 SUNY
[ Fustom selection: | Q Filter Check filtered files  Check all Clear 2l Show Il

Key:

PSM 60: Single-year 60-minute files for 1998-2077 from PSM v3.

PSM 30: Single-year 20-minute files for 1932-2017 from PSM v3.

TMY: TMY, TGY, TDY files from PSM v3, or TMY from MTS1, MTS2, or SUNY.

MTS51: Legacy single-year G0-menute files for 1961-1990 from MT5T (used for TMYZ2),
MTS2*: Legacy single-year 60-minute files for 1991-2005 (used for TMY3).

SUNY: Single-year 60-minute files for 2000-2014 for South Asia.

TMTST (TMYZ2) and MTSZ (TMY3) Nles are not avadlable for all U.5. locations.

 Download all available data NREL NSRDB data automatically

 Advanced Download capability: easily download multiple years, 30-
minute or 60-minute data, multiple locations

 Coming soon: 5-minute data for Puerto Rico & surrounding areas
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Transient Module Thermal Model

System Advisor Model

* |Implement moving average transient thermal model being
developed by Sandia/ASU, similar to investigations performed by
Southern Company with measured data (below)

* Doesn’t require many extra inputs

75 4

65 -

55 b |.',r""l"w'h‘ '\l"w‘i.'g' -.

h
" L \ v Va

35 - Y

Cell/Module Temp (deg C)

25 4

e

15 r ‘ ‘
7/2/20154:00 7/2/2015 8:00 7/2/2015 12:00 7/2/2015 16:00

— SAN - 1min Measured
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Battery Model Improvements

System Advisor Model

Battery temperature “Thermal Behavior
governs available capacity,
affects degradation
Expanded options for
battery environment
temperature

Can now model battery
with ambient
temperature from
weather file or input

time series

Environment temperature

DC/DC
Power Optimizer

EJ

Inverter
7'y

PV Array

AC Bus

A 4

DC/DC Battery
Management System

Battery

A

NATIONAL RENEWABLE ENERGY LABORATORY

Heat transfer coefficient

Set to ambient temperature

Environment temperature

Import.. \ Temp (C) Capacity(%)
-10 60
Export.. 0 80
25 100
Cory 40 100
Qoo —

Rows:

4

Battery Specific Heat (Cp)‘ 1004 |J/KgK

500 'W/m2K

Choose environment temperature option

Model assumes battery with specific heat Cp sits in
environment of specified temperature. Heat transfer to
room proportional to heat transfer coefficient h

|
20 C

Editdata.. C

Adding more complex solar +
storage layout options, including
connecting a battery to a specific
inverter input on the DC side




Single Timestep Modeling for.Co-Simulation »

System Advisor Model

e Co-simulation: multiple
sam [ N | openpss models exchanging data as

they advance through time

HELICS

/ \ * Allows linking detailed

PV+Battery models with

SAM ™~ i OpenDSS large-scale distribution

feeder or grid-level
HELICS simulations

_C N  Requires that PV and

Battery models run at a
SAM OpenDS$ single timestep

Time
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System Sizing and Resiliency. Analysis o

System Advisor Model

Image source

Add resiliency analysis and metrics, and optimal
sizing for resiliency for the PV+Battery models,
leveraging the NREL REopt tool
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https://www.teslarati.com/tesla-powerwall-demand-after-australian-blackouts/

Capacity Markets & Ancillary.Services 2

System Advisor Model

Enable financial models to allow participation in capacity markets and
allow systems to respond to external price or grid signals and receive
compensation for ancillary services provided

Ancillary Energy Markets
Services (Day Ahead and
Markets Real-Time)

Capacity
Market

Image source
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https://www.e-education.psu.edu/ebf483/node/646
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Hybrid System Modeling

System Advisor Model

Future HYbl'id Annual, seasonal,
Power Plants daily variability

Design Considerations:

* Number, type, and
operation of turbines

* Number, type, and
operation of solar

e

I Annual,
paneis seasonal,
* Number and type daily
of storage variations in
+ Overall layout of all market prices
assets and topology
and sizing of

collection system

Optimization objectives include plant
profitability(net present value, payback period, etc)

Adding capability in SAM to model detailed wind+solar+storage
systems, leveraging detailed wind system design & optimization of
NREL WISDEM tool
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PV + Agriculture »*

System Advisor Model

Simple calculations for available crop area based on PV
system layout and including crop revenue in financial
calculations
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New Technologies sl

System Advisor Model

Implementing a
PV+Battery+Fuel Cell model
within SAM

Image source

New Marine Hydrokinetic
technology model combining
simple performance model and
detailed cost model that can
leverage SAM’s existing advanced
features

Image source
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https://www.mmc.gov/priority-topics/offshore-energy-development-and-marine-mammals/renewable-energy-development-and-marine-mammals/
https://www.mmc.gov/priority-topics/offshore-energy-development-and-marine-mammals/renewable-energy-development-and-marine-mammals/

\AO
db
)'\

System Advisor Model

Probability of Exceedance Analysis

Add detailed probability of exceedance analysis framework to
SAM wind model, discussing options to add a similar
framework to the PV model

P50
(Best Estimate)

P90 .

Probability Density

Probability Density

Image source

NATIONAL RENEWABLE ENERGY LABORATORY


https://help.helioscope.com/article/141-creating-a-p50-and-p90-with-helioscope




Future Ideas (No funded agreement.in.place)

* Crowd-sourced component database
* Floating PV, BIPV, Transparent/shifted spectrum PV
e Using spectral data from the new spectral NSRDB

* Improved representation of non-linear battery
behavior in linear optimization models

 PV+CSP+Battery+Thermal Storage systems
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Thank you! Questions?

Janine Freeman - project lead, photovoltaic and wind models
Nick DiOrio - code architecture, battery storage models
Nate Blair - emeritus lead, financials, costs, systems
Darice Guittet — software development, photovoltaic models
Steve Janzou - programming, utility rate structures (subcontractor)
Paul Gilman - user support and documentation (subcontractor)
Ty Neises - concentrating solar power models
Mike Wagner - concentrating solar power models
Matt Boyd- concentrating solar power models

www.nrel.gov
http://sam.nrel.gov

iiNREL
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partment of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.






Photovoltaics

7,) Detailed & PVWatts
.d_) Battery Storage
go Coming soon: Fuel Cell
3 Wind
c Concentrating solar power
e Geothermal
o .
Q Biomass
I- Solar water heating
Coming soon: MHK
Behind-the-meter
residential
— commercial
.(_B third-party ownership
g Power purchase agreements
c single owner
.E equity flips
LL

sale-leaseback
Host/Developer
Simple LCOE calculator

25



Other Resources Online

The following information resources about SAM are available.

News

Webinars (mostly on the SAM YouTube channel)

Weather Data (Description of various weather data sources)

Sample Files (particularly scripting language examples)

Financial Model Documentation

Performance Model Documentation (detailed descriptions)

System Cost Data (sources and latest cost data discussion)

Case Studies and Validation (all data/files from our validations)

Libraries and Databases (i.e. module and inverter specs)

Source Code (linkages to Open Source code on GitHub)
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https://sam.nrel.gov/news
https://sam.nrel.gov/webinars
http://weather/
https://sam.nrel.gov/samples
https://sam.nrel.gov/financial
https://sam.nrel.gov/performance
https://sam.nrel.gov/cost
https://sam.nrel.gov/case-studies
https://sam.nrel.gov/libraries
https://sam.nrel.gov/source

Advanced Analysis Features

System Advisor Model

Built-in parametric, stochastic, probability of exceedance (P50/P90),
and scripting features enable complex questions to be answered
quickly and easily

Run simulations >

Configure
Input variables:  Add.. Edit.. Remove Correlations: | Add... o *
Quick sehup. nputs. Run simulations >

Tilt 1{ Normal [20,3]) subsarray?_ucaneth ldoy) | subseroyi_tt ey | hue_rcal fueats/hWI

Azimuth 1 Normal [180,27]) -
2 |m W FXTi
21 |7 H S3MME
2 |« ) WM
2 1 0 LI iLN
24 120 30 L3255
2% m w Lasn
2% 20 30 &30

_]Enable weather file analysis  |DNI v | Select folder: |

Run P50/P90 simulations > Select westher file folder [KSITECL IR LT T

o

P10 P50 P30

Annual AC energy (KWh) 37480 19 341 o
lnverter clipping loss DC MPPT voltage Bmits (kWh/yr) 025 233,596 maan =,
Inverter dipping loss AC power lmit (KWh/yr) 1330.57 1044.95 8572 2

Inverter power consumption loss (kWh/yr) 587443 582173 5696 §:
Inverter night time loss (kWh/yr) 04,7722 94635 %441

Annual GHI (Wh/m2/yr)  1.9015%+05  1.85727e+06  1.87115e+ z
POA front-side irradiance tolsl nominal (kWh/yr) 247032e+05 241334e+06  233477e~

POA front-side irradiance beam nominal (kWh/yr)  1.21272+05 1.75%e+06 1656452+ 1
POA front-side irradiance total after shading (kWh/yr) 2470320406 2415340406 23347704

? ~ l »e ‘-. AnT :;\\\_.v-.} > x. & t-l_; el . A E DR -‘-.-},‘ AT AN .,\7: & ,'~,I3.,;
S ruroe

EE Lt L BT R

POA froat side irradiance total after shading and solling (kWh/yr)  23468e+05 2.2979e+06  2.27803e+
POA front-side irradiance total after cover (kWiJyr)  227405e-05  2.2202e-06  214920e+

POA irradiance totsl after cover (kWh/yr) 2274052+05  22282e+06 2143260+ '
POA front-side irradiance beam after shading and soiling (kWh/yr) 1.723010406 1663450406 1573620408

Anaual DC energy nominal (KWh/yr) 432430 423331 408700 219033 400764 433995 051,56/ a34200 422597 0993
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Built-in Scripting Language. and.Macros

System Advisor Model

New Save Saveas Find Run>

21 <Lli> Press 'Run macro’ to perform the simulations and create the tornado chart.
22 <Lli> You can right click on the plot window that pops up to export the data or figure.
23 </ol>

24 @/

25 // Macro user interface widgets

26 //@ name=inputs;type=inputs;label=Input variables\nto consider:;meta=true;prompt=Specify
27 //@ name=output;type=svoutput; Label=0utput metric:

28 //@ name=percent;type=number;label=% adjustment: ;value=10
29 //@ show_save_load_buttons=true

Open

30
- Append Snow Data Run/macro}y
32 if ( typeof(macro) == ‘unknown’ ) { Subarray Layout Optimizatior Create a Tornado Chart
33 msgbox( ‘This macro must be run from withir . Tomado charts can be a helpful way to visualize sensitivities of a model to various inputs. Creating a tornado chart involves running several simulations!
E7) exit: SyStem SIZIHQ dand i di to see how much a particular output metric changes.
>
35 } Download Electric Load This macro creates a tomado chart like this one based on input ranges you specify:
36
Value of RE System
37 outvar = macro.output;
38 percent = macro.percent; Combine Cases by =]

39  vars = macro.inputs;
40 if ( #vars == 0 )

n { Download Weather Files
42 msgbox('No input variables selected.'); . . . r—rohr oo
g ( P ) Siting Considerations

43 exit;
4 3} Solar Resource File Checker . , S
45 ) ) " Rl LCOE (cemaricnty :

. . Solar Resource File Converter
46 if ( outvar == ) { Instructions:
47 msgbox( 'Please choose an output variable t Solar Resource Interpolation 1. Using the interface at the right, select one or more input variables to consider.
48 exit: 2. Select an output metric to plot on the tornado chart.

} ’ 3. Specify the p change (ds and i to apply to each input variable.
49
50 If you wish to specify different adjustments to each input variable, double click the variable or press Edit. In the popup dialog, you may enter:

. . « A custom percentage decrease and increase, such as "10%" or "23%"

51 vi = Var\ln‘co(OUtvar) 5 « A custom absolute change, such as "5". Ifthe base case input has a value of 30, values of 25 and 35 will be used.
52 outlabel = vi. label; « A custom absolute changes in both directions, such as "4, 7". If the base case input has a value of 30, values used will be 26 and 37.
53 if ( strlen (Vi . unj_ts) >0 ) outlabel = outlabe 4. Press 'Run macro’ to perform the simulations and create the tornado chart.

5. You can right click on the plot window that pops up to export the data or figure.

H —eeeeeeeeeeem

Flexible, lightweight scripting language built in to the SAM desktop
tool, allowing users to quickly run custom analyses and read/write to
other files




Detailed Cash Flow Financial. Models

System Advisor Model

No other tool provides detailed, time-based financial modeling across
multiple market sectors, including complex utility rates, combined with
detailed performance modeling
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Detailed Battery Model
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System Advisor Model

Only publicly available tool with detailed battery model that
accounts for voltage characteristics, calendar and cycle degradation, etc

300
250 -1
4
200 m 3
Calerder degracation
= 150
Thcos L shum-ion model (2 Erber custom
100 Lithium fom madel coeffidents
L) 102 varten
S0 W00 1 acptistey) ] 2]
L A k. Gmel kel Yagn 3
030 x  Koale st espindlT - 12560 © oplelSONT - V2SHE i 1T = 200, SOCa5T% 1
— 1T = 300, S0C=100%
00 Custom » 1T = 30C S0C10%
v — T = &, SOC=30)
meart. Eattery age (days) Capacity (%) 11 - S, SO0 LS |
n 100 L 1 - - 4 1
Bport %50 ” [ 1020 2000 3000 4000 S5M0 &0 Y000 &0 WX
l — Age of battery (sypn
: 7320 s Mpe Of batiery s
ey

v Currently integrated with PV and “Generic System” model
v Available on DC or AC side of PV system
v' Multiple automated dispatch strategies for different markets

v' Behind-the-meter or front-of-the-meter operation
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Extensive Help Documentation

Website — http://sam.nrel.gov

o Support Forum — Ask your question!
o General info/ online help file / contact info

YouTube Channel

o https://www.youtube.com/user/SAMDemoVideos

o All prior webinars and seminars
Bi-Monthly Round Table sessions
o SAM team asks questions live

and interactively
Email Support
o SAM support can provide

email support if question/bug

is involved

* Modeling PV-Battery Systems, July 13
« Sizing Photovoltaic Systems, August 10
* SAM Open Source, September 21
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http://sam.nrel.gov/
https://www.youtube.com/user/SAMDemoVideos

How does SAM fit in at NREL and.externally? 2;

System Advisor Model

Solar Engineers, Solar Installers, PV v Grid integration studies
Developers, Utilities. etc. Monitoring platforms, etc.

v Renewable energy futures
Over 2 million

hits per month v LCOE of breakthrough
technologies

Started every
2 Y2 minutes

v" Policy and utility rate design

(\

SAM & PVWatts

Technical potential studies

Commercial applications

Consumer Adoption Capacity Expansion Production Cost (e.g. Southern Company,
Model- dGen Model- ReEDS Model- PLEXOS AEP Sunrun)
9

Grid Integration

SunShot Vision Study Studies (ERGIS, NARIS)
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