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System Advisor Model (SAM).&«R\AAaits »

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
 Built-in Scripting Language
* Macros
Multiple WEWR to « Software Development Kit (SDK)
— C/C++
— Matlab
— Python **new & improved!
— PHP
— C#
— Java
— VBA
— i0S / Android

« Web Services API (PVWatts Only)
« Open-source SAM code

access SAM models




SAM Users bl

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 = Unitad Statos
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Recent Hig




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

[ NREL / SAM @Umwatch> 21 WUnstar | 41 YRok 6

O Code (1) Issues 13 11 Pull regquests 0 1| Projects Git clones

101
Add topucs
D 4.238 commits 150 branches - 10
.

Brarch:develop = || P pidl sacquest *
< cpaulgliman Fis 51 send-to-sxcel cashfiow issues - 5'7 .\ /'\ /.

\. . o . L5
W Sandia eplace missing mac hinaries for { ./ H.f \

[ ]
1 Build_inux Fox SAM linuox buikd esrors in Mal .\
[ ]
i build osx WEXDIR, r B \ /.\\ H
: . H .‘_‘pﬂ‘-‘. .““""h..
build_vs/

| build_vs, o e L a
I boild_veah 0U26  0U27  Ou28  OU20 0120 O3 0201 0202 0203 0204 0205 0208 0207 02008
[ deploy
W resnurce Clean-up SAM repasitary, mave d 49 41

Clones Unigue cloners
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PV Bifacial Module Model

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, 44t [EEE PVSC, June 2017
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batt_pv_dc forecast
PV dc power forecast [kWw], array.

Improved Python Wrappe

Reguired if en_batt=1&batt meter position=1&batt dispatch choice=2.

batt_replacement_capacity
Capacity degradation at which to replace batter

batt_replacement_option
Enable battery replacement? [
Constraints: INTEGER,MIN=8,MA

batt_replacement_schedule
Battery bank replacements per
Reguired if batt_replacement

pbatt_resistance
Internal resistance [Ohm], num

batt_room temperature celsius
Temperature of storage room [

batt_target_choice
Target power input eption [8/1], number.

number.

Updated SAM Python
wrapper to be more intuitive
for the many internal and

external tools that use the
Python SDK

f=InputMonthlyTarget,l=InputFullTimeSeries; Required if en_patt=1&batt_meter position=0&bs

batt_target_power
Gri
Regq

batt_ta

NATIONMAL RENEWABLE ENERGY LABORATORY

Yy ¥ Y Y Y ¥ Y Y Y Y Y Y Y Y Y Y IYYYIYTYY

2 FuelCell =
= [|ECE18535ingleDiodeModel =

s Layout =
= Lifetime =

= Shading =

: SolarResource =
: SystemDesign =

<Pvsamvi
=Pwvsamvl.FuelCell obijd

EnergyMarket =

Inverter = <Pysamvl.Inverter obije

: InverterCECCoefficientGenerator =

= InverterCECDatabase =

InverterDatasheet =

= |InverterdMermoudLejeuneModel =
: InverterPartLoadCurve =

<Pysamvl.Layout object
<Pysamvi.Lifetime obj

Losses = <Pysamvl.Losses objec

: MermoudlLejeuneSingleDiodeModel =
= Module =

<Pvsamv1.Module objed

Qutputs = =Pysamv1.Qutputs ol

= PV = <Pvsamv1.PV object at Ox109f04
= SandiaPVArrayPerformanceModelWithMod

<Pysamv1.Shading of

= SimpleEfficiencyModuleMode| =

Simulation = <Pyvsamv1.Simula
<Pwsamy

<Pyvsamy




Battery Model Improvements

System Advisor Model

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

1200 0.35
Issues addressed:
1000 0.30 .
e Consider
800 025 ~ efficiencies when
—_ g .
5 600 s dispatch
= = .
g 0152 e Consider forecast
o
400 o 1
1 010 low value period
for charging
200 0.05
0 0.00
713/18 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

v

A 4

Market forecast Battery Controller Power Signal

Cost to cycle *Model initially presented at 10" PVPMC
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Improved Weather Data. Access fas

System Advisor Model

ra—
| il
rrEn "
f Adwvanced M5REDB Download
by e -] :
. -oEakian: | boulder, cd
: - oc oulder,
[ ¥ .
. o | o — e e T g Famimr et - 151 3 aailable files (check files to sebect for download): Loc
L
.Ilpu:u LI - iy Bl [[] boulder_co_mts2 &0_2000
i e 4 e ‘ [[] boulder_co_mts2 50 2001
'''' P i = 3 [ boulder_co_mt=? 60_2002
i P e [1 boulder_co_mts2_50_2003
4 -l T boulder_co_mis2_50_2004
- L . S |1 boulder_co_mis2_50_2005
T = = BT | boulder_co_mis|_60_trmy2
— 5 . mire A boulder_co_mtz1_50_1961
—ni " ¥y L [ boulder_co_mis1_50_1962
! b ™ a it [ boulder_co_mis1_50_1963
aaaaa ] e s, HTFE E boulder_co_rmis1_H0_ 1964
L 1 i L L | [T 1 P, ¥ L T, T L
S - @4 T Selection presels: | pepg ) P5M 30 THAY 60 MTS1 6D PATSZ 60 sUMNY
/ —ustom selechion: | & e Check filbared filas Check all Clear il Shawe il

my

P8 B Single-year B0-rranute Diles Tos 1T998- 2077 frorm PSR 3.

P5bA 30 Single-year 30-rinute files for 1998-2007 frormn PSR w3,

TRTY: TRV, TGEY, TOY files from PS8 w3, or TMY from MTS1, MTS2, or SUNY.

PATST™ Legacy samgle-year Bl-menute Dbes for 1907 -1900 Trom T3 (used For TMYZ),
MATS2*: Legacy single-year 60- minute files for 1991 -2005 (ussd for TR¥I).

SUMY: Single-year 80-rminute files for 2000-2014 for South Asia.

TRATET (TRYE) and BT [TRA¥3) Niles are not avadlable for all L5 lecations,

« 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

2
Ln

Ln
L

bl ||'|r'1'r['lrw‘lu ""'p"h,.-,ﬁ, ._
A

S

L
Ln
i

Cell/Module Temp (deg C)
I
Ln

25 +

r—

15 T T T
7/2/2015 4:00 7/2/2015 8:00 7/2/2015 12:00 7/2/201% 16:00

— SAMN - 1min Measured
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Battery Model Improvements

System Advisor Model

Import...

Battery temperature “Thermal Behavior
| Temp (C) Capacity(%)

governs available capacity, Temp () C
affects degradation Boot. o 80

* Expanded options for T
Paste

battery environment

temperature 4

* Can now model battery Battery Specific Heat (Cp)| 1004 |y/kgK
W|t h am b | ent Heat transfer coefficient 300 \W/m2K
te m p e I"at LI re frO m 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 b

weather file or input Set to ambient temperature
time se ries Environment temperature 20 C

Environment temperature | Edit data..  C

EJ

pover optimizer | T Lmere! Adding more complex solar +
storage layout options, including

connecting a battery to a specific

inverter input on the DC side

AC Bus

\ 4
> DC/DC Battery .
Battery < Management System

4
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Single Timestep ModelingdosCo-Simulation L

SAM N

OpenDSS

HELICS

—

N

Time

SAM ) C

OpenDSS

HELICS

SAM

N

OpenDSS
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System Advisor Model

« Co-simulation: multiple

models exchanging data
as they advance through
time

Allows linking detailed
PV +Battery models with
large-scale distribution
feeder or grid-level
simulations

Requires that PV and
Battery models run at a
single timestep




System Sizing and Resiliency.ARalysis *

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 & Ancillapyuoerndces »

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)

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

Hybrid System Modeling L

System Advisor Model

Future Hybrid Annual, seasonal,
Power Plants daily variability

Design Considerations:

* Number, type, and
operation of turbines

* Number, type, and
operation of solar

I Annual,
paneis seasonal,

* Number and type daily
of storage variations in

« Overall layout of all
assets and topology
and sizing of
collection system

market prices

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 s

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 s

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/

e
_.,
)

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]

4

Frobabifity Density

Probability Density

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




Future Ideas (No funded.agreementinplace)

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

 Improved representation of non-linear battery
pehavior in linear optimization models

o PV+(CSP+Battery+Thermal Storage systems

NATIONMAL RENEWABLE ENERGY LABORATORY



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

NREL/PR-6A20-74214

This work was authored by the National F WWw.n rEI .g ov

operated by Alliance for Sustainable .
Energy (DOE) under Contract http.//Sam.nreLgOV

the U.S. Department o s

Energy Solar Energy Tec > art ' -" N R I I
do not necessarily represent the Ve

U.S. Government retains and the publi artic ' l !ﬁ

publication, acknowledges that the U.S. ( WATIOMAL RENEWABLE ENERGY LABDRATORY
paid-up, irrevocable, worldwide license to pub _
form of this work, or allow others to do so, for U.S. G@

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






Photovoltaics

7, Detailed & PVWVatts
.d_) Battery Storage
go Coming soon: Fuel Cell
3 Wind
(- Concentrating solar power
e Geothermal
g Biomass
- Solar water heating
Coming soon: MHK
Behind-the-meter
residential
— commercial
.(_3 third-party ownership
g Power purchase agreements
c single owner
.E equity flips
LL

sale-leaseback
Host/Developer
Simple LCOE calculator
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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)

e (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)

NATIONMAL RENEWABLE ENERGY LABORATORY


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
Inputvariables | Add.. | Edit.. | | Remowve Carrelations | Add.. Edi . Sacto =
Chuick sehop.. Inpets..  Outputs.. Fun simulations @
Tilt 1 [ Marmal [20,3] ) sasbuantary | acinneth Fikou) | subon o T_GL oy | Bose:_secal s AT
Ezimuth 1 [ Marrnal [150,77] ) -
2 |2 H A
B |m w T
m 3 5
B im o P
FTR T Y 3355
FY m u EREL]
) 10 W L5

I Enable weather file analysis  |DNI | Selectfoldes |

Run P50/P90 simulations

Pi0 P50 0 I
Annual AC energy (i) 374401 Y T
Inwarter clipging loss DC MPPT voltage Bmits (MWh/yr) 0255 231,596 1141 _E,
Iivweerber lipping loss AC powes Timil (KWhiyr) 1330 57 044,65 T 3
Inverter power consumpticn loss (KWhiyr) 397441 581973 a0t -
Inverter night time loss (KWh/yr) 9,77 225350 a1 §
Annual GHI (Whim2/yr)  150150e+05 185727e=06  181115es F

FOA Tronl-side mradiance bolasl inal (KWhiyr)  Z4T032e+05) 2415834e+06  Z3377e+

POA front-side irradiance beam nominal (KWhiyr)  1.8137e+05 1.75%e+06  1.65645e+

POA frent-side irradiance total after shading KWh/yr) 247037406 24158340006 2334770+

PO front-side rradianoe total after shading and colling (KWhfyr)  2.3468e-05  2.29T0e+06 12718032+

POA lront-side irradiance total alter cover [(KWhfyr)  227405e-05 22253e-06  27482Fe-

POA irradiance total after cover (KWhiyr)  1274052+06  22362e+06 174626+
POA fromt-side irmadiance beam after shading and soiling WWhfyr)  1.7230 e 06 1RG50 D6 19730204 06
Anmual DC energy nominal [KWhyr) 432430 473331 404700
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Built-in Scripting Language.and.Macros

System Advisor Model

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

u @/

25 // Macro user interface widgets

26 //@ name=inputs;type=inputs;Llabel=Input variables\nto consider:;meta=true;prompt=5Specify
27 //@ name=output;type=svoutput; Llabel=0utput metric:

28 //@ name=percent;type=number;label=% adjustment:;value=18
29 //@ show_save_load buttons=true

Save Find

Open

i’? Append Snow Data Run macro >

32 if ( typeof(macro) == ‘unknown' ) { Subarray Layout Optimizatior Create a Tornado Chart

33 ITISgbOX( ‘This macro must be run from within B Tomnado charts can be a helpful way to visualize sensitivities of a model to various inputs. Creating a tornado chart involves running several simulations,
7] exit; SYStem SlZ\ng decreased and increased independently to see how much a particular output metric changes.

35 } Download Electric Load This macro creates a tornado chart like this one based on input ranges you specify:

* Value of RE System

37 outvar = macro.output;

38 percent = macro.percent; Combine Cases

3% wvars = macro.inputs;
4 if ( #vars == 8 )

a1 | Download Weather Files
42 msgbox('No input variables selected.'}; . . ; i o] 1
g ( P ) Siting Considerations e
43 exit;
4 3 Solar Resource File Checker . |
T i i w16 te fe i G

45 3 Real LCOE [cants/kh)

. . 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 mare input variables to consider.
43 exit: 2. Select an output metric to plot on the tornado chart.

} ’ 3. Specify the p change (d and increase) 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 dialag, you may enter:

+ A custom percentage decrease and increase, such as "10%" or "23%"
51 vi = varinfo(outvar); « A custom absolute change, such as "5". [Fthe 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 . units) > B ) outlabel = outlabe 4. Press 'Run macro’ to perform the simulations and create the tornado chart.

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

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

ATIONAL RENEWABLE ENERGY LABORATOR



Detailed Cash Flow FinancialModels

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

TCD factors E FE FFFFEEEEE EEeceegegeseeese kg
T E E E &R = 8 &
od 1| 14514 = =
. . ;
Peicd2 [ 08317 b 5
Fenod 3 10144 War 5
Pericd 4: 1.2855 v ] =
| ueste] ] N :
Peiod&: [ 1,008 33 EEE 1 HocaTi s
Pericd -'r:l 1.132."' . 10100 7 [r—— o MR ARG ARG FUATY W W k| R T Sy
SysiaT Design
T ==
B -. twcheg ared Lawiul P& prics fomem kWi U omEEy A REATE METD AN uEE W M
Pencd & 09977 KR a1 o LMIIE AT BTG RTAE GLav| 3MSim| Lemes) L
5 -. 2 e TE| ¥ reaan For dum anedca:
5 i Sboang s 1 [: 4 1 3 a o [3 3
M — e s e
Bamery rzrage
————————— R L L L b I EE e
i rslor Conls

UPLRATIMG ERFLHELY

Fnand zl Fzramsmrs

ST Rp— [: 3 1 2 [ [3 3
wru ol Cewery lsgors (WS prodectios baecd caperec 1) ! ‘ - 1 L L ! £
TR e —T] UOCEADE  IENA IEmCT VLMY TS e Sad Do
noantses Frariy L espemse 3 [: [3 a o [ [3 ]
. [Eprrp—raT ) R R L R LR e A TR T BT T T
s s L P e p— [ Mima GEET GIES JED RS DLW O T

Slecmiziy Ranes

L »

T T P e TH lkqminidi Ko, O Lpuliymg ol 1 ne -
Vrgres e losk,  flhwaw Kivmikes ke lms Brs du 010 Pk iy fon, R 12
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Detailed Battery Model o

System Advisor Model

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

200

I

Capacity lade

=T = M S50

v
v
v
v

— | T = 3 SO0 |
=T =&, G003
11 = SR S e | m—

i L N L L L
[ 1000 3000 3000 4000 500 el00 Yool &00 i
Aage ot haieny (ol

Currently integrated with PV and "Generic System” model
Available on DC or AC side of PV system

Multiple automated dispatch strategies for different markets
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

= Medeling Maolten Salt Power Tower Systems, May 18

= Electricity Rates and Monthly Bill Savings for
Residential and Commercial Projects, June 1

= Maodeling PV-Battery Systems, July 13

* Email Support

o SAM support can provide -
email support if question/bug s

NATIONMAL RENEWABLE ENERGY LABORATORY


http://sam.nrel.gov/
https://www.youtube.com/user/SAMDemoVideos

How does SAM fit in at NREL.and.externally? *

System Advisor Model

\

Solar Engineers, Solar Installers, PV

ol Grid integration studies
Developers, Utilities. etc. Monitoring platforms, etc.

\

Renewable energy futures

Over 2 million

hits per month v" LCOE of breakth rough
technologies

Started every
2 V2 minutes

\

Policy and utility rate design

\

Technical potential studies

SAM & PVWatts

Commercial applications

Consumer Adoption Capacity Expansion Production Cost (eg Southern Compan)',
Model- dGen Model- ReEDS Model- PLEXOS AEP Sunrun)
)

Grid Integration

SunShot Vision Study Studies (ERGIS, NARIS)
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