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Chris Deline (NREL)
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Fatima Toor (University of lowa)
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Dirk Jordan (NREL)
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e SAM Introduction
e Photovoltaic Model
e Battery Model
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System Advisor Model (SAM)

Free software that combines detailed Technologies
performance and financial models to
estimate the cost of energy for systems

Photovoltaics, detailed & PVWatts
Battery storage

Concentrating solar power
Wind

; Summary Losses Graphs Data Cash flow Time series Profiles  Statistics

Location and Resource ) ) o Geothermal

Metric Value Menthly Enzrgy Product
Module Annual energy (year 1) 7,482 kWh 800 e 3 .
Inverter Capacity factor (year 1) 21.2% B | O m a SS

Energy yield (year 1) 1,860 kWh/kW

; Performance ratio (year 1) 079 .

e Besen st atcncy aor i Solar water heating
Shading and Snow Levelized COE (nominal) 745 ¢/kWh

Levelized COE (real) 5.89 ¢/kWh B
05585 Electricity bill without system (year 1) §973 Z w0l

Electricity bill with system (year 1) §161
Lifetime Net savings with system (year 1) 812 . . |

Net present value $4.716 a0k FI na nCIa S
Battery Storage Payback period 11.0years

Net capital cost 12,452
System Costs Equity 0

Debt §12,452 o
Fremesl BErEmEEE Jan Feb Mar Apr May Jun Ju Aug Sep Oct Nov Dec B .

ehind-the-meter
Incentives Energy Loss Ml FOA shading loss . .
Electricity Rates .;S':::‘\‘:rsﬁm reSIdeﬂtI al
Electric Load r Tm EZ x;:ﬁ?jpt:g . : |
BC mismetch oss commercia
[l DC dioges and connections loss
EF - Il DC wiring loss P
< ower purchase agreements
= e
T | e single owner
jenc, . .
Simulate > l‘_ er 7 ) eqU|ty ﬂ|pS
Parametrics Stochastic 4G performance sqsment st
. sale-leaseback
P50 / P90 Macros -

Simple LCOE calculator
http://sam.nrel.gov/download
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PVWatts or SAM?

PVWatts
PVWatts® Calculator e Provides a simple performance
and financial assessment for
o Sra:

smaller-scale PV systems given
an address, system design, and
NREL's PYWatts® Calculator simple $/kWh electricity rate.

Estimates the energy production and cost of energy of grid-connected
photovoltaic (PV) energy systems throughout the world. Tt allows homeowners, S AM
small building owners, installers and manufacturers to easily develop estimates

of the performance of potential PV installations.

* Provides detailed performance
assessment for small to utility
scale systems

e Model complex shading and
other losses.

*The SAM team maintains the PVWatts * Can model detalled financial
model, and it's included with SAM. parameters, mcludmg C.omplex
utility rate tariffs, incentives.

e Models custom load profiles.

e Detailed outputs and

visualization
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Questions you can answer with.SAM

Metric

Annual energy (year1) 7,482 kK\Wh

Capacity factor (year 1) 21.2%

Energy yield (year1) 1,860 kWh/ kW Ervuegy IR L L L L L. L

Performance ratio (year1) 0.719 ARNINGS

Battery efficiency 0.00% R s R e = = = s -

Levelized COE (nominal) 7.45 ¢/kWh mm; 2 4 . . g :
AN Swwd sxparms |

Levelized COE (real) 5.89 ¢/kWh [T TIPSR p—— 1} [ [ o [ [ [

Electricity bill without system (year1) $973 S T : . & e 5 =

Electricity bill with system (year1) §161 Frnparty las sggeras (51 L] £ Lz L& L L3
o eapoac L ) w3 wa o L

Met savings with system (year 1} 8812 l-l::g-nulﬂ [] [ [] [ [J [

et present value 84,716 e ] g = L e e =

Payback period 11.0 years {tedurtibe e 18] Ll ™ " A 17 17

Net capital cost 812,452 MRGEET DEET

E . w D ks [ | 11452 im nnr piEL e nmi

quity [ — [ i o . L sk

Deht 312 452 Pl papvesat (31 [] Fi m = ¥ ny

Faisl PAI deiri paymeck 75 L] Bl EEY) L asd el
e Predicted technical and financial e Detailed cash-flow financials

performance over project lifetime

400k 4
1000 4
0 1 1 1 1 1 L 1
) ‘ . 0o IE] 06 g 12 15 13 21 00
1 2 3

4 5
Run number Jan 01

e System design to maximize financial e Time series behavior of system
return performance
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Detailed photovoltaic model

Irradiance
Transposition using Isotropic, HDKR, or Perez
Measured plane of array (POA) input

. . h—nm.-amnﬂ-wu:mumuml.ﬂmm
Shading B | ] Sl s s mette ot
. . doramiowded i ba T =it 1o euror orarp 10 A el mpee N e B belaw
Irregular obstruction shading from 3D scene e e L WAL s
. Insari
Self-shading for regularly spaced rows :M_; kit g o i 1 e e e . i e i 3
. . - g o st ETUCAETE & N [T L
External input from SunEye, Solar Pathfinder iecing arel Snow . 1
Snow cover loss model Lesses - - gt T Bt
. 1 el Lxi] e
Module o e -
. .. Battery Sienrae 158 A2 L el peecm | [THIVE s D ALLTE 7 ™
Slmple efﬂoency model T LR 27 Dims Morithan &8 TRV} priel 216 L1 3 o0
el LIGA KT Duav Valigy Phass (TRWT) proz 1] FET EAET ] 3 am
Single diode model (CEC database or datasheet)  rrancs ssamesers ey A b . S A e
Extended single diode model (for IEC-61853 tests) neente: ekt iy o oo e v pr
. Elacsrs et s AT Eingran (amex) (Taivd) pria ] EC ) kTS ;) pLE]
Sandia PV Array Performance Model S USA 2 Lk 4 P e 2
Elecwric Laad LA AT Pl’.! B (arees) [THYT] T o BAAF Y ol 134
Inverter L s — o p— 2 -
Sandia/CEC grid-tied inverter model P — oot R ———
~ - fima AL brotnn Bm  Longhok BRI rfﬁ-!
Datasheet part-load efficiency curve s R — Tk — e —
SyStem Dana e CASMRAIRLG 3L usodi stveuiofilf5i AZ Paenia (TR s ,;‘;_;m'__
SIZIﬂg W|Zard or e|eCtrlca| |ayOUt ol boroniul A bty emngu temp o 24 L
Multiple subarrays e B .
Curie bt R P Blgairrui s Jepth LT

Fixed, 1 axis, backtracking, azimuth axis, 2 axis
Battery storage

Ui 5 il wisatherr Tl o dik

SIS R 3030 T Rt 1 JREaiE § o W S T0ERD G e (Cat i Al T B 10 1Teb 0 L TR fCainaF WO

Degradation 5 SR v B e
Extrapolated single year S 4 1"" [B) ot - 5o e o - imadonce s ey
Lifetime simulation of all years

Simulation

1 minute to 1 hour time steps
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Resource Data

National Solar Radiation Database (NSRDB)

Home About Data Sets Resources Contact

SAM allows selection from NREL NSRDB, TMY3, or input of a custom user
defined weather file in an easy to use format.

Multiple sources of data available: sam.nrel.gov/weather

NSRDB — 4x4 km data at 30 minute resolution for North and Central America.
10x10 km hourly data for various countries in South Asia
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Module and Inverter Modeling

IEC61853 Single Diode Model v

rModule test data (according to IEC-61853) rSTC p: (from test data)

Irr(W/m2)| Te(K)| Pmp(W) | Vmp(V)| Voc(A)] Isc(A) ~ i i
e e rostnn___wiw emasees____5v| - (Can choose which performance model to
= D |50 |Gy e S Voltage (Vmp) 646 v Short circuit current (Isc) 118 [a . )
100 50 (59371 |55.8834 |70.77510.1191, Current(lmij Effmen:y% US@ (S|m p|el C EC, Sa nd |a, IEC—61853)

100 75 |5.36686 |50.0207 64.5146 0.1203
200 15 |13.889 662973 |82.4388 0.2350 [ Installation and thermal behavior
Rows: 200 25 [13.5153 642559 |80.0352 0.236 AreamZ
200 50 125576 |59.1117 |74.0262 0.2382
Nominal i w3
200 75 |11.5662 |53.9109 68.0172 0.2407 ominal operating cell temp -

D n s s sosem s oninmnen | Select module and inverter from a
Ol il S} (e database maintained by the California
Nurnber of cels in series 116 T r— Module cover| Standard glass vl . . .
—— ey ause | o sos s | ENNEIQY COMIMission or specify your own
e ot ranetes o K165 parameters from a datasheet or part load
D.udefa::,c(:ﬁm“er?aso71 S:;:mw;ﬁnm e HF I | ! | I ‘ I I ] CU rve

Light current (I} 18951 A beta 0217 |ysc

gamma 0258343 |y

=

Saturation current (Io) | 2.08522e-009

Bandgap voltage (Eg) 0.737668 |y el
Rsh parameters =z
el 193015 £
3

474,64

c3 148746 aal
Update plot —@ 1000 W/m2,25C
Rs parameters — @800 W/m2, 25 C
D1

13.5504 oz —@ 600 W/m2, 25 C
— @400 W/m2, 25C
D2 0OV — @200 W/m2, 25C

D 0237327 1] 10 Fal 30 @ 70 8

[

40 50
Voltage (V)

Dobos, A.; MacAlpine, S. Procedure for Applying [EC-
61853 Test Data to a Single Diode Model. Proc. IEEE 40t
PVSC Conf. Denver CO, June, 2014
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System Design

Auto size the system or specify the module strings and inverters directly.

~System Sizing
() Specify desired array size @ Specify modules and inverters
Desired array size| 4 |dec Modules per string &
DC te AC ratio| 110 | Strings in parallel 2

Mumber of inverters 1

~Configuration at Reference Conditions

Modules Inverters Sizing messages (see Help for details):
Mameplate capacity 4.022 kWdc Total capacity 4000 kKWac Actual DC to AC ratio is 101, i
Mumber of modules 12 Total capacity 4186 kKWdc
Madules per string 6 Number of inverters 1.
Strings in parallel T Maximum DC voltage 6000 Vde
Total modulearea 196 m’ Minimurn MPPT valtage 2500 Vde M
tngue  ATLA N MeimumMPPTukage 0 Vie ooty not et okl
String Ymp 338V page.

Configure up to 4 sub-arrays, each with a specific:
e Tracking system

o Tilt

o Azimuth

e Ground Coverage Ratio

« Shading Table

NATIONAL RENEWABLE ENERGY LABORATORY



3D shading calculator

Calculates linear beam irradiance shading
losses and sky diffuse view factor loss

Imports 2D mapping underlays from
online maps

Outputs are diurnal or hourly/subhourly
time series linear shade loss percentages

You can group PV surfaces into subarrays
and specify parallel strings

Scripting to automate panel layout and
import/export geometry data

NATIONAL RENEWABLE ENERGY LABORATORY
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New Open Save Location Create w 3Dscene Bird'seye Elevations Analyze Feedback Help
untitled 4 (Roof)
untitled 1 (Active surfac

€

untitled 5 (T
untitled 5 (T
untitled 5 (T
untitled 5 (T
untitled 2 (Box)

ree)
ree)
ree)
€)

€)
(Tree)
ree)
ree)
ree)
ree)

REEEE

Azimuth: 220.5 Altitude: 33.0 Shade fraction: 0.261

x

New Open Save Location Createw 3Dscene Bird'seye Elevations Analyze Feedback Help
untitied 4 (Roof)
untitled 1 (Active surface)

res)
reg)
reg)
€)
reg)
€}
€)
€)
€)
reg)

e R R R R E ]
ccccllccce e

untitled 2 (Box)

X 15.5

Y -22.75
Diameter 9.055385
Height 12

Top Diameter 3.5
Trunk Height | 1
Shape Rounded




Loss Modeling

e Irradiance Losses

o Soiling
* DC Losses

o Module mismatch

o Wiring

o Diodes and connections
e AC Losses

o Wiring

o Transformer
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Financial Modeling

Financial models:

Residential (distributed)

Commercial (distributed)

Third party ownership

PPA single owner (utility)

PPA partnership flip with debt (utility)
PPA partnership flip without debt (utility)
PPA sale leaseback (utility)

LCQE calculator (FCR method)

No financial model

=
%

Specify electric load
Specify utility rate structure

From perspective of off-taker (customer)

Utility scale systems with various ownership
structures

Power purchase agreements specify value of
selling power to grid throughout the year

Non cash-flow based fixed-charge rate
method for calculating LCOE.

Best for market level (not project level)
analysis.

If you are only interested in system
performance, not financial performance

All financial calculations generally require some information about system
costs, loans, taxes, inflation rates, discount rates, depreciation, and other
relevant parameters, depending on the model

NATIONAL RENEWABLE ENERGY LABORATORY




Complex Utility Rate Tariffs

QpenEl "¢ e boesescomunty Utility Rate Database

* Tool in SAM to download and
automatically populate complex
inputs from utility rate database.

* http://en.openei.org/apps/USURDB/

Modeling

e Time-of-use energy and
demand charges with ability to
model usage tiers.

. * Monthly demand charges
Dec . .
INSEENEENEENSEEEEEENEEEE Multiple metering and rollover
~Rate Structure for Energy Rates

Period| Tier Max. Usage| Max. Usage Units Buy ($/kWh)| Sell ($/kWh)| OptiOﬂS
11 1e+naame KWh - 026687  0.26687 .
2 1 1e+038  kWh 008328 0.08328 e (Convenient OUtpUt Of
3 1 1es038 | KkWh 022057  0.22057
4 1 1e+038  kWh 008326  0.0832 energy/demand Charges by
month, period, tier, etc.

NATIONAL RENEWABLE ENERGY LABORATORY



Validation Studies

iiNREL

T

Validation of Multiple Tools for
Flat Plate Photovoltaic Modeling
Against Measured Data

Janine Freeman, Jonathan Whitmore,
Mate Blair, and Aron P. Dobos

| B
P syst
I Fsol
- Watis\

Hourty FMEE (%)

STF Forrestsl RSF1 REFY VadoParong MexaTop FrelSobr? DeSste  FratSolar

Figure 3. Normalized hourly RMSE of each tool, sorted in order of system size [1]

NATIONAL RENEWABLE ENERGY LABORATORY

Photovoltaic Modeling

Comparisons of SAM and other
tools to measured performance
data:

Most recent study concluded
SAM annual errors within +/-
8% of measured data

https://sam.nrel.gov/case-studies

Upcoming Validation

Comparison of SAM and other
tools 3D shading calculations
against Sunkye measurements.

Preliminary results suggest
potentially large differences
between tools




SAM Batter




Motivation for behind-the-meter.storage

PV Self-Consumption Time of Use Optimization Demand Charge Reduction
[[] chargeBatteries  [] Discherge Batteries B orpeax [ Patiai-peak [ o0 peak | crid [] satterics
LOAD 4 2004
Discharge Battarias
___ Ba — Bia 1 Batiory
Charge Discharge T
£
o =
r a
: 3 :
5 i} 4
T A S
12 a3 12 &m0 12 4 B 1z 4 B 12
AM AM PM PH PM AM  AM  AM  PM PM PM  PM
TIME TIME TIME

Images from: http://www.aquionenergy.com/

. ¥

e Batteries charged primarily ¢ Residential and commercial ® Commercial utility
from PV eligible for Federal utility rate structures with structures can have very
ITC subject to 75% cliff high TOU charges. high TOU demand charges.
e End of NEM in some states ¢ Charge when rate is low,
discharge when rate is high

NATIONAL RENEWABLE ENERGY LABORATORY



Model Overview

e Techno-economic model for
residential, commercial, and
third-party ownership

After Tax Cash Flow- Systern Lifetime
systems ‘ paaSEsiuisincsianss
. Ciy . . Battery replacements
o Lead acid & Ilthlum Ion “=r #| resultin additional costs

battery chemistries

o System lifetime analysis | Runnmenmmns sunnuniad G50 |
including battery »
replacement costs

o Models for terminal voltage,  voltage oischarge
capacity, temperature

o Multiple dispatch controllers
available

Yoltage (W)
(o]

Il L 1 L | L 1 L 1 L I
0 20 40 &0 &0 100
Depth of Discharge (%)
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Modeled Configuration

Weather

=)

PV Array

Grid

Module parameters

Meets any unmet
portion of load after PV
and battery

NATIONAL RENEWABLE ENERGY LABORATORY

Electric
consumption

' Inverter Parameters l

AC Bus

0a/JV

ov/2d

Battery

<

\ Load

Conversion efficiencies

Properties on capacity, power, voltage,
temperature, lifetime, dispatch




Implementation in SAM

B sam 2016.3.14

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

Photovoltaic

Photovoltaic (PVWatts)

High concentration PV

Wind

Biomass combustion
Geothermal

Solar water heating

Generic system

CSP parabolic trough (physical)
CSP parabolic trough (empirical)
CSP power tower molten salt
CSP power tower direct steam
CEP linear Fresnel molten salt
CSP linear Fresnel direct steam
CSP dish Stirling

CSP generic model

CSP Integrated Solar Combined Cycle

Residential (distributed)

Commercial (distributed)

Third party ownership

PPA single owner (utility)

PPA partnership flip with debt (utility)
PPA partnership flip without debt (utility)
PPA sale leaseback (utility)

LCOE calculator (FCR method)

No financial model

OK Cancel

NATIONAL RENEWABLE ENERGY LABORATORY

SAM 2016.3.14

File v @ dd

Photovoltaic, Commercial

Enable Battery v

Location and Resource
Module

Inverter

System Design
Shading and Snow
Losses

Lifetime

Battery Storage

System Costs
Financial Parameters
Incentives

Electricity Rates

Electric Load

r Battery Bank Sizing

@) Specify desired bank size () Specify cells

Desired bank capacity 3 kWh Mumber of cells in series ‘:
Desired bank voltage 12 v MNumber of strings in parallel ‘:
~Ch y
Battery type | Lithium Ion: Nickel Manganese Cobalt Oxide (NMC)
rVoltage Properties
Cell nominal voltage L Internal resistance 01 Qhrr
C-rate of discharge curve 0.2
Fully charged cell veltage 41 v
Exponential zone cell voltage 405 v
MNominal zone cell voltage EEA
Charge removed at exponential point 178 o
Charge removed at nominal point 889 %
rCurrent and Capacity
Cell capacity 225 Ah Max C-rate of charge
Max C-rate of discharge
-Comg i Properties
MNominal bank capacity 30132 kwWh Maximum power 3
Mominal bank voltage 714-4\( Time at maximum power
Cells in series s Maximum charge current 20
Strings in parallel 93 Maximum discharge current 2
r Power Converters
AC to DC conversion efficiency 99 %




Battery Financials

100

 Lifetime \ . L]
= Hr ]
PV simulation over analysis period v &
PV Array Performance Degradation g 80 .
Module degradation rate B0 0 %fyear g ol ]
Applies to the array's hourly DC output, E — DoD: 20%
By —Dol: 80% .
0 Tmo 1m0 w20 200 300 m@ 40 40 5000
Cycle number
* System Costs
Direct Capital Costs
Medule 928 units 0.2 kKWdc/unit 1998 kWdc S/ Wdc -
Inverter —5 units ﬁ kWac/unit m kWac 0.21 |5 Wdc -
Batterybank 3.0 kWhdc 60000 S/kWhdc

e Battery Bank Replacement (Battery Storage page)

r Battery Bank Replacement

Battery capacity
fades with cycling,
depends on depth-
of-discharge

© No replacements Battery bank replacement threshold % capacity

(0 Replace at specified capacity
= Edit data...
© Replace at specified schedule Battery bank replacement schedule it data

SAM applies both inflation and escalation to the first year cost to calculate
Battery bank replacement cost §/kWh out-year costs, See Help for details.,
Battery cost escalation above inflation Wfyear
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Battery Dispatch

rStorage Dispatch Controller
-Choose Dispatch Model -Charge Limits and Priority -Automated Grid Power Target Model
() Peak shaving: 1-day lock ahead Minimum state of charge 30 % Enter single or monthly powers v|
() Peak shaving: 1-day look behind Maximum state of charge 95 % Single or monthly | Edit values... | kW
© Automated grid power target Minimum time at charge state 10 min Time serieslmh‘ﬂ

@ Manual dispatch

-Manual Dispatch Model

Charge Charge from grid Discharge To activate the manual dispatch model, choose Manual Dispatch under "Choose
from PV Allow % capacity Allow % capacity Dispatch Model” above. These inputs are inactive for the automated dispatch options.

[<]

]
!

Ln

The manual dispatch model aims to minimize purchases from the grid. It first tries to

]
!!
Ln || bn

Pered & - meet load with PY, then battery, then grid. Choose whether PV should meet the load or
Period 3: 25 charge the battery below, Use the timing controls to constrain the battery controller,
See help for details.
Period 4:
@ PV meets load before charging battery
Period 6: (71 PV charges battery before meeting load
Weekday Weekend

Jan . 111 11111111111 14111 0011411411111 11111111111 11111
Feb . 111 111 11111 111 111 1 Ffb 11114111141 1111111111111 111
Mar . 111 111 11111 111 111 1 a1 4144141141111 1111111111111
Apr . 111111111111 11 1 1 1 1 Apr {1 1 1 1 /1 /1 1 1 1 1 /1 1/1 1 11 /1/1 1 1 1111
May . 111111111111 11 1 1 1 1 Mayf19 1 1 1 /1 /1 1 1 1 11 1/1 1 1 1/ 1/1 1 1 1 11 1
Jun . 111111111111 11 1 1 1 14 Jun {1 1 1 1 /1 /11 1 1 1 /1 1/1 1 11 /1/1 1 1 1111
Jul . 111111111111 11 1 1 1 1 Jul [T 1 1 1 /41 /1 1 1 1 1 /1 1/1 1 11/ /1/1 1 1 1 111
Aug . 111 11111111111 1111 0011111111111 1111111111111
Sep . 111 11111111111 1111 5011114111141 1111111111111 1 11
Oct . 111 11111111111 1111 0ct 114141411141 1111111111111 111
Hov . 111 11111111111 1411101141141 1141 1111111111111 111
Dec . 111 11111111111 111 1 0ec 1114111411111 1 11111111111
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Dispatch Visualization

Peak shaving for demand charge reduction Manual dispatch for energy arbitrage

300

= Power to load from PV (kW) ] == Power to load from PV (kW)
== Power to load from battery (kW) .

250k == Power to load from battery (kW) 1 300

== Power to load from grid (kW) == Power to load from grid (kW)

200 -
: /'\‘t
-
100 .
O 1 1 1 1 Il 1
oo 03 06 09 12 15 18 21 0o
Jul 31 Aug 13
- 1 30000 ]
15000 H
I ] 25000F .
10000 . 20000F )
=t I | =
150004 1
5000 - 10000 ]
I 5000 ]
0 0
Jun Jul Aug Sep Jun Jul Aug Sep
- O url}l' Data: Demand cha rge without S}l'StEm [5} - HO url'_'ﬂ' DatarE nergy cha rge withiout S'_'.l'St‘E'm [5}
== Hourly Data: Demand charge with system (5) == Hourly Data: Energy charge with system (5)
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Example Case Study

e Evaluate economics of installing PV-coupled battery
system for demand-charge reduction:

o Los Angeles, CA

o 27,625 ft2 grocery store with 247 kW peak load
o Southern California Edison TOU-GS-2 Option B

S u m m e r Seaso n.](. Begins at 12 a.m. on June 1 and continues untll

12 a.m. on October 1 each year.

Weekdays Weekends and

Helidays

Cost per kWh

Mic: Pea Mid-Peak -

1 pm. B am. 12 noan 6 p.m. 1 p.m. All Day

Image from SCE TOU-GS-2 Option B datasheet
NATIONAL RENEWABLE ENERGY LABORATORY




Simulation Data

o One-minute weather data
taken from NREL's January 1%, 2012
Measurement & P |
Instrumentation Data Center
network, location in Los
Angeles.

o Five-minute electric load 0 200 400 o0 of‘?,'ga,‘“"’“ 1200 1400
data obtained from 1000
EnerNOC's free online
database for commercial
facilities.

o Assumed California’s SGIP R | o
0 200 400 G600 800 1000 1200 1400
ad p p||ed Minute of Year

1507

100+

Electric Load [kW]

o
L=

BOOT
600
400+
200+

Beam Irradiance [W/m2)
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Lithium lon Battery System

Table 3: Tesla Powerwall Specifications [13]

e Model battery similar to Tesla :j::‘*"‘-" :;']:E
Powerwall Capacty 7 kWh
o Lithium-ion nickel manganese Efﬁ“w :;;:W continuous, 3.3 W peak
cobalt Voltage 350 — 450 V
o Assumed can cycle full 7 kWh  _Curent 5.8 A nominal, 8.6 A peak
0 Weight 100 kg
down to BOA) Of State-Of- Dimensions 1300 mm x 860 mm x 180 mm
charge, for a full capacity of
10 kWh.

o Price given as ~S$300/kWh
before balance of system
costs.

o Assumed lifetime of 10-15
years before degrading to
70% of original capacity

Image from teslamotors.com/powerwall
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Parametric sizing results

Value vs. Battery Size

20000
o OO0 o
o
o o
15000+ o o
— o LT
6'—9' 3 ()
© 100001 x
E 0 x (o]
o a 0 00 g x
..>_- " o o ©
c  5000¢r x
3 ) 0 0 L0
9 * 0 0
o of i
g o
x [m] o
-5000¢+ o PV=0kW it
= PV =50kW
Q o PV=125kW
-10000 : :
0 50 100 150
Battery Capacity [kWh]
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NPV maximized for no
PV system, battery bank
capacity of 70 kWh
lllustrates simulation-
based method to
approximate ‘optimal’
sizing.




Upcoming features

DC-connected battery

e Additional system [-@H
configurations i b [

e Additional battery chemistries $¢E<_&

e Battery systems for PPA TI T Load

financial models |
Flow batteries

e Continued improvement of I i ) G
dispatch controllers A I B

e Improved lifetime modeling for | I
some battery chemistries | o

Image from tantaline.com
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Battery summary

e Battery model adds on to SAM’s powerful PV and
inverter modeling capabilities to evaluate behind-
the-meter storage systems.

 Can answer questions like:

o What sizes of battery/PV system will provide value
over the system lifetime?

o How will battery replacement costs affect economic
viability?
o How does the dispatch strategy affect bill savings?

NATIONAL RENEWABLE ENERGY LABORATORY



Questions?

* Resources:
o https://sam.nrel.gov/learning
o https://sam.nrel.gov/videos
o https://sam.nrel.gov/webinars
 Reports available

o Economic Analysis Case Studies of Battery Energy
Storage with SAM

— http://www.nrel.gov/docs/fy160osti/64987.pdf

o Technoeconomic Modeling of Battery Energy Storage
in SAM

— http://www.nrel.gov/docs/fyl50sti/64641.pdf

NATIONAL RENEWABLE ENERGY LABORATORY
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Bifacial Photovoltaic (PV) Cells T UniversiTy
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A SiN layer

n” (phosphorus diffused layer)

P-type mono CZ silicon substrate

p’ (boron diffused layer)

'Aghl SiN layer '

Image Source: "High efficiency screen printed bifacial solar cells on
monocrystalline CZ silicon” Prog. Photovolt. Res. Appl. (2011) 19:275-279
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Bifacial Solar Modules
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Installation with High Reflection Vertical Installation
Direct sunlight EVA g Q
to front side % I
; HIT Solar Cells Direct
sunlight I
Glass to front side Fteﬂgnted
sunlight
I to rear side
Reflected
sunlight
to rear side
el

Image Source: Sanyo Energy Corporation via Solar Electric Supply
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Daily Energy Production of Bifacial -
versus Monofacial Modules The UbiveRsrry

. up to 30% gain up to 50% gain
A P 2

bifacial 280W

monofacial 280W
monofacial 250W

> >

. bifacial 280W: east west
Modules facing south = single axis tracking t

Image Source: Radovan Kopecek, ISC Konstanz, 2015 bifi PV Workshop
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Bifacial gain values from literature The UNIVERSITY
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Some bifacial gain values from literature (mainly experimental / test systems):

bsolar 2014

15C Konstanz 2014 EdF R&D 2014 ECN 2014

Image Source: Christian Reise et al., Fraunhofer ISE, 2015 PV
Performance Modeling and Monitoring Workshop
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Image Source: Tokyo Solar Building Materials Corp.
and Applied Energy Technologies (AET)

September 12th, 2016 Solar Power International 41




Bifacial PV History
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1974-2000 russian space appllcatlnns

1966 bifacial
cell proposals

1954 bifacial n-type IBC

| TR O T D -.
e T na

._'n.'l

998 bifacial installations
Nordmann in Switzerland

WQ,%M
F E B

P'.f PVG Solutions

bSolar

Tow Bibysial ¥ Cofl Commpaiy

14

ﬁnrkshnp

2014 2nd bifiPV

LA Wasiresien 72015 bifacial cell
2010+ first bifacial cell productions
production awaan |

first t::-iﬁF“h,Jr

workshnp

‘__OMegﬁ{ el

2013 large bifacial
installations in

2000+ bifacial concepts Japan

UKN- POWER 2001  [tismresitsisiist ey

ISFH- OEKO 2003 -

ANU- SLIVER 2003

ISC/ECN- FOXY2007
and otherf

Image Source: Radovan Kopecek, ISC Konstanz, 2015 bifi PV Workshop
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1.25MW Solar Plant Starts Operation With Bifacial Panels

"Asahikawa Hokuto Solar Power Plant," a 1 25MW solar plant using bifacial solar panels (source: Nishiyama Sakata Deanki)
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Bifacial x-Si Modules will Beat the Efficiency and fg
Cost Targets Needed for $1/W System Price [he UNIVERSITY

$1.00 -
$0.90 -
$0.80 - Above target
$0.70
$0.60 -

Module Cost  $0.50 -

(s/W) $0.40
2030

$0.30 -
$0.20
$0.10 -

Belowtarget

$0.00 T T T | |
o% 10% 20% 30% L0% o%
Module Efficiency (%)
Target =@»Epi-5i =8 Bifacial 25 Cu Metallization =—#=Standard c-Si

Image Source: Toor et al., 2013 Lux Research Report, “Continuing Education:
Going back to school for PV Innovation”
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Cost of Ownership (CoO) of 60-cell modules [HE UNIVERSITY

340 W

320 W -

300 W -

280 W 4

P/60 cells module

avg. estimated CoO

2013 Standard Mndulﬂ . sales price range (Q4/2014)

260 W -

Standard efficiency

240 W I . [ Low r:c::st

v I I v T v T v T v 1
0,4 0,6 0,8 1,0 1,2 1.4 1,6 1,8
Data from: Pvinsights, Photon, ITRPY 2013, Eurotron, own
U$$pr calculations {CoO depending on location of manufacturing site)

Image Source: Radovan Kopecek, ISC Konstanz, 2015 bifi PV Workshop
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Bifacial Bison module with 290W front side Pmpp can produce the same
kWh/AWp as a monofacial module with 350 W Pmpp (20% Albedo)

Image Source: Radovan Kopecek, ISC Konstanz, 2014 bifi PV Workshop
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Image Source: Meyer Burger, 2014 bifi PV Workshop
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Company/institute  Country Name Bifacial cell structure  Technology Efficiency [%]  Reference
Yingli China PANDA H-pattern Diffused, SP 19.5 7]

ECN Metherlands n-Pasha H-pattern Diffused, SP 20 (8]

INES France NN H-pattern Diffused, SP 20 9]

ISC Konstanz Germany BiSoN H-pattern Diffused, SP 20 [10]

PVG Solutions Japan NN H-pattern Diffused, SP 20 [11]
Suniva USA NN H-pattern Implanted, SP 20 [12]

LG Electronics Korea Neon H-pattern Implanted, SP 20.5 [13)
Bosch Solar Germany iBIN H-pattern Implanted, SP 20.5 [14]
Hareon Ghina NN IBC Diffused, SP 20 [15]
Samsung Korea NN IBC Implanted, SP (metal glass) 20.5 [16]

ISC Konstanz Germany ZEBRA IBC Diffused, SP 21 [17

Table 1. Diffused and ion-implanted 6" industrial n-type solar cells from different companies/institutes with screen-
printed (SP) metallization and with two different geometries, both having a bifacial characteristic. (Efficiency values

are rounded to 0.5% abs., as different measuring conditions were applied.)

R. Kopecek and J. Libal, PV international, September 2013 Photovoltaics International
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n-type wafer and solar cell producers The UnIVERsITY
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_ H Megacell
- PRODUCERS

L 3 Pillar
~ 4 BOSCH

~ SOLAR CELL PRODUCERS
1 Asunpower (IBC) 1993 R
- B Panasonic (HIT) 1997 ] '

C Solarwind (NN) 2005 - {
D Yingli (Panda) 2010 /' . 50~

'EPVGS  (EarthOn) 2011 @ |

F LG electronics (Neon)2013 .
G Misson Solar (Nexolon) .‘ R
" gy

| MegaGroup
WAFER AND INGOT

1 SunEdison
2 Norsun

5 FerroTec
6 China

| 7 GTAT

. 8 Comtech
- 9 Longi

10 Solargiga
11 M Setek
... (non exhaustive list)

Image Source: Radovan Kopecek, ISC Konstanz, 2015 bifi PV Workshop
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Bifacial gain = Energy yield of rear (KWh)/Energy yield of front only (kWh)

1%

s -
%%
surface albedo
[ﬁ] = Fii.
water 8 E‘
dry dark soil 13 8.
grass 17-28 8
dry sand 35 G |
dune sand 37
old snow 40-70 |
reflective roof coatings | 80-90
fresh snow 73-95 - | _ _ _
0% 0% A0% 60 80% 100%

albedo

Image Source: Radovan Kopecek, ISC Konstanz, 2015 bifi PV Workshop
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Bifacial gain in the largest bifacial PV

Installation ~ 10% to 20%

Power generation [MWh/ 5 Month

T

ssm  Rear

54.1

Z 25.0

12A8

102.4

1A 2A

=== Front —+— System performance ratio

3A 4R SR 6A 7R 8AR 9AR 10A 1183

PVGS, bifiPV workshop, 2014

1.2
Monthly trend ] -

+ 0.8
- 0.8
- 0.4

- 0.2

0.0

PRI(-]
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Bifacial gain for a range of tilt angles, heights, and fm
albedo values Trte Universrry

Test Condition Min Height Azimuth Bifacial

h (m) D (deg) Gain (%)

30 0.63 10% 180 18%
30 0.76 77% 180 37%
30 0.2 77% 180 27%
20 0.2 70% 180 18%
20 0.2 68% 180 20%
20 0.2 22% 180 12%
10 0.3 75% 180 18%

Image Source: Jose Castillo-Aguilella, Prism Solar, 2015 PV
Performance Modeling and Monitoring Workshop
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One day yield comparisons (bifacial versus monofacial):

0.36 +19.8Y%
.0 /o
— T 50 Bifacial gain:
Q. + 15.1% T * BiSoN
s 034+FA s 2. 110 451———— . ZEpRa
40--—-—-—— Irradiance:

E 0.324 wn W _ 35— —=— Indirect/Direct
= o @ < 30
L= 7 E E ~ 25 T
S 0.30- £ E g 20]
- = ol 15
> [ z 0 N2 10]
5028/ z@ 5| |s@ 2 o
o . O = - = 5 . . . ' . |
@ 1l » a1 08:00 10:00 12:00 14:00 16:00 18:00
W 0264 re e _ time (HH:mm)

Image Source: Radovan Kopecek, ISC Konstanz, 2014 bifi PV Workshop
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Bifacial module gain when installed at latitude tilt 7
faCinq south THE UNIVERSITY
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outdoors measurement on roof of PV lab at UKON

(southern Germany) 2002
80 ! —

70k .
— 60 [ e e ..... h
S
FIE- 50 S S : .
£ i o
S 40k e
- aveni'age gain in P of 33;‘? . .
i . :
) . ; s
20 '

white board | | 10 12 14 16 18
time during one day in August [h]

Image Source: Radovan Kopecek, ISC Konstanz, 2013
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Comparison of bifacial gain: vertical east/west i

0 +1 Tue UNIVERSITY
versus 30° tilt south Al
2014-05-18, Winterthur, Switzerland
1000.0 ~ 300.0
5000 Zzh = — _
AW e e Irradiance
—— Power East/West so0.0
800.0 Power South
700.0 /rﬁ‘—\-\
~ 2000
bi-facial
E 600.0 conv. 30° South
= 2.03kWh/day =
S 5000 - 1500 =
=5 (-9
£ £
$ 400.0
) 100.0
300.0 .
bi-facial
200.0 vertical EfW
. 2.20 kWh/day
+8.4% S >0
100.0 -
0.0 : : 0.0
5 8

11 14 17 20
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Outdoor test results from ISC site El Gouna, Egypt

* Monofacial Reference Module: Standard technology, STC Power 256W
* Bifaciality gain in energy yield (Wh/Wp): 14.3%
* Instantaneous peak power of 313 W at irradiance of 1214 W/m2

Image Source: Apollon Solar, 2015 bifi PV Workshop
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Bifacial gain in Sanyo HIT bifacial modules T Unversmy

= HIT Double +24.3%
m HIT Standard :

b |

o

wn

=

kWh/kWp lacc.)

e

KWh/KWp (daily)

012009 022009 032005 O42005 OS2005 062005 OF2009 OB2009 052005 102009 112005 122005 act

Field installation in Germany, Albedo 64%, Sanyo HIT-DNKHE1: 70% back-to-front
efficiency, Sanyo data sheet 04/2010

Sanyo bifacial: 24% more energy yield compared to own standard module.

— Need to define Pmax evaluation for energy yield prediction and for economical
evaluation of the bifacial modules.

Image Source: N. Ferretti, Photovoltaik-Institut, 2014 bifi PV Workshop
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Bifacial gain as a function of albedo THE UNIVERSTTY
Height=55 cm
Angle= 30°

Area background: 7m x 5m
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1ECCRD
nPERT bifacial module B .. Commercial P type mono
RN | = m nPERT

’ =

FE ’m
e
]
=3

[-2aea]
5

S e
L
3

S
=]

" 2000

= . I
Q
Darydl DayO2 Daydd Daydd Dayd3 Dayd8 CaydT Caydd DaydS Oey 10 Dey il Ouy i2

p-mono reference module
(246W)

+ "~30% output gain for nPERT bifacial module (60 cells):
320W effective output as compared with p-mono reference
module.

Image Source: P.T. Hsieh, Motech, 2014 bifi PV Workshop
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f day

Ime O

function of t

galn as a

Bifacial

4+ Higher PR gain in morning and evening (standard installation)

63

Image Source: P.T. Hsieh, Motech, 2014 bifi PV Workshop
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Sunny Day Front and Back Side Measured Irradiance on
NREL Sunpower Array

e ™~
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=
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|

o o
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Image Source: Chris Deline et al., NREL, 2016
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Rooftop Measured Reflectance oF Towa

Spectral Reflectivity for Soiled Beige Roof
50
45
40 —
35
. 30 ——Case 1 - SCI
X 25
20 ——Case 2 - SCI
15 ’ ———Case 3 - SCI
10 ——Case 4 - SCl
5
0
E EEEEEEEEE
C C € C€ € € C C C C
O O O O O O o o o o
O O < 0N O O S 0 N
N < - T NnD N O W O~
. . Spectral Reflectivity for Clean Beige Roof
Spectral Reflectivity for White Roof 20
100 60
80 —_— 50
60 ~ Case 1 - SCI o 40 ——Case 1-5Cl
X [ =N 30
40 ——~Case 2 - SCI 20 ——Case 2 - SCI
0 ——Case 4 - SCI 0
EEEEEEEEEE EEEEEEEEEE
BSIIRBBS IR B3I RIB3IRA
N < < < D in © O OV~ N < - < < 0D n O W O~
Image Source: Chris Deline et al., NREL, 2016
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Rooftop Array Tre UntvERsiTy

Comparison Between Sunny Day Back to Front Irradiance
Ratios on CU Array with Beige and White Roof
(Front Row)
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Image Source: Chris Deline et al., NREL, 2016
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0.17
e 0.16

tio

1m

B 0.14

L

m 0.5m
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ceR

d
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Module open area

*Little impact on backside resource from a more
transparent module

Image Source: Chris Deline et al., NREL, 2016
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Snow impact on ground mount array The UbnversrTy

Sunny Day Back to Front Irradiance Ratios on SolarTAC
Array (no snow)
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Image Source: Chris Deline et al., NREL, 2016
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4 module array was simulated according to spec

Suniva 60 cell monofacial Prism 60 cell bifacial modules

modules \

x10° L —x
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Image Source: Chris Deline et al., NREL, 2016
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For a bifacial power rating standard to gain
acceptance with monofacial manufacturers, the
backside resource needs to be consistent with the
existing power rating standard (IEC 60904-3)

Existing resource definition:
= 900 W/m? DNI

= 100 W/m? diffuse

= Light soil albedo (R =0.21)

m AM 1.5 spectrum

m 37 tilt, ground clearance undef.

60904-3 deployment case

Image Source: Chris Deline et al., NREL, 2016
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Back Irradiance Simulation- height sensitivity Te Universiy

Single module under 60904-3
conditions

Adjust ground clearance to see 170 40%

I 1 . Irradiance
Impact on avg. back irradiance <10 | < | 35%
- 30%
Resulting back irradiance W/ ey
avg.. 130 \ / - 20%
150 W/m? at 1 m height 120 A - Ei
Uniformity - (3

<5% spatial uniformity (class B) / \

. - 5%
above I1m.  (Irry, — I )1y, 100 | B uniform |
1.0 2.0 3.0

Suggested reference resource: 0.0 4.0
o 150 W/m? Ground clearance (m)

=

(S

o
|

[EY
N
o

Nonuniformity

Back Irradiance (W/m?

=
—
o

o AML.5 spectrum for
simplicity
C. Deline et al., “Evaluation and Field Assessment of Bifacial Photovoltaic Module Power Rating Methodologies”,
2016 PVSC (not yet published)
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Indoor, 1-sided flash measurements: 8A | front, 4A |, back

Covered 4

1000 W/m?2

Image Source: Chris Deline et al., NREL, 2016
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monofacial [BIFACIAL!QaCiaI

- AR

- No albedoll
- Too expensivel
>> NONSENSE

2015

4{ monofacial J

2020+

? R

Image Source: Radovan Kopecek, ISC Konstanz, 2015
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-’K MODELING COLLABORATIVE

Modeling the Performance of Photovoltaic Systems using
the Open Source PVLIB Toolbox in Matlab and Python

Joshua S. Stein, Ph.D.
Sandia National Laboratories, Albuquerque, NM
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Why Model PV Performance? ) .

To answer three types of questions:

1. How much energy will a PV system produce over its lifetime?
= 100% of financial investment is made before any energy is produced.

2. What PV technologies will work best at my site?
=  Module technology (c-Si, CIGS, Cd-Te, etc.)
= |Inverter technology
= Design factors (tilt, azimuth, row spacing, tracking vs. fixed tilt)

3. Is my PV system operating as expected?
=  What do | compare my measured performance to?




Two Versions ) e,

PVLIB Matlab PVLIB Python
= |ntegrates with Matlab " Free
environment (help, search) = (Can beintegrated with a huge
= Extensively tested by Sandia ecosystem of Python libraries
National Laboratories = Comprehensive unit tests
" No extra toolboxes required = Areal Python library, not just a

wrapper with awkward syntax

= Requires Matlab license (SS) High-level features that do not

= Not fully integrated into GitHub (yet?) exist in PVLIB MATLAB
(yet) = A growing community on GitHub
= Updates have been slow to be
released. =  Getting started with Python,
= No formal way report/fix bugs NumPy, SciPy can be challenging
except for email. = Not as many functions as PVLIB
MATLAB 20




PVLIB Documentation rh)

Matlab Python

pvpmc.sandia.gov/applications/pv_lib-toolbox/ pvlib-python.readthedocs.io

2 i & pvlib-python
wnnf?:ﬁclglrﬂnm;jngﬁu‘? A inchrary o Rkl Labenalorg oz deloadin L e proee Peclovndlon: Pl s Mo * Dipes = [-"\"Iil'-'l'[-"'r'”'ﬂ-lll {'}Fr_iT anGitHuk
it =0 + Modelng Siops M Sysiem Anhbodun o spploations & ook &8 Rezowces & Events

pvlib-python

pul_clearsky_Inalthan

LHETE OER S L SR F RSN SR FWLIB Python is a community supparted tool that
provides a set of functions and classas for simulating
the perfermance of phetovaltaic energy systems.
FWLIE Pylhon was ariginally parlee fromn Lhe PYLIG
MATLAE toalbos developed at Sandia Mational
Labaratories and it implements many ot the models
Compariaon wil A ATLAR and methods develapecd at che Lahs. Mare
infermation an anciz Labs PV parfarmance
reeleling programs can be feund al
https:Spvprmcsandiagow’. We collaborate with the
FWLIE MATLAR project, but operate indepandent by
of it.

Waria
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PVLIB on GitHub

github.com/pvlib/pvlib-python
github.com/sandialabs/MATLAB _PV_LIB

Please go here!

L R o T A T [=
L 2 |0 GilHub, Inc. [U5] https:igithubcomdpyibfplio- ovthon wrlad B =
D Taiig resosilony Pull requests lssues  Gist A H- H -
pulib / pylib-python @ Unwatch = 22 s Unstar 37 YFork 58
¥ Code |ssuas 38 Pull raquests 11 Wiki Pulss Graphs Setings

A oset of documented funciions for simulating the performance of photoveliaic energy systems. — Edit

D B25 commita 73 branches £ T releages %12 contibutors
Branch: master = New pull requesi Create new file  Upload files  Find file Clang or download =
E wholmgran remove skip decorators for linue+python and pandas 018.0 (#1871 - Latest commil Th12fb3 a day ago
ol Fix Appuayor builds by using |etest Miniconda (#170) 15 claye ago
| docs remaye skip dacorators for linuxs-+eython3 and pandas 0.18.0 (#187] 8 day ago
i pvlin remioe skip decorators lar limoeepylhond and pandas 01R.0 (F187) a day ano
=] -gfatributzs edded vergionesr for varsioning a montt ago
7:] gilignore romeclions as in hbpssdgithob comfpdib pelib-pybondpolli T Odmile 4 rmonihs ago
=| ravis.yml TEeMove UNNecessan Favis e acdons 4 rnonths ago
] ’ : I

FRTIE LA

CEEEn




A bit of History ) S,

Matlab version started as an internal tool at Sandia in 2010-2011
developed to help standardize analyses across the PV group.

= PVLIB Version 1.0 — May 2012 — 29 functions

= PVLIB Version 1.1 —Jan 2013 — 38 functions

= PVILB Version 1.2 — Dec 2014 — 44 functions

= PVLIB Version 1.3 — Dec 2015 — 59 functions

= Python version was initially developed from 2013-2014 by Rob
Andrews under contract from Sandia.

= 2015 Python PVLIB converted to Open Source GitHub project
largely managed by Will Holmgren at University of Arizona.

= Download links available on PVPMC website:

= https://pvpmc.sandia.gov click on Applications and Tools link

83




PVPerformance

An Industry and National Laboratory collaborative to Improve Photovoltaic Performance Modeling
MODELING COLLABORATIVE

# Home = ModelingSteps & PV Research Projects . «f Applications & Tools - & Resources & Events Q,

This area of the website explore various tools, datasets, and applications that relate to PV Performance Modeling.

= PV_LIB Toolbox — PV performance modeling functions available in Matlab and Python
« Grid oolbox — A tool for modeling power flow and voltage pattems on distribution feeders with PV

« PV Variability Datasets — A collection of high frequency 1 -30 sec)iradiance data samples across the US

= Wavelet Variability Model - A model for estimating the variability in PV plant output based in point sensors of irradiance and PV plant
geometry.

« Summary of Data Needs - This page provides a summary of the data needs for running and validating a performance model




PV Performance An Industry and National Laboratery collaborative to Improve Photovoltaic Performance Maodeling
MODELING COLLABORATIVE

# Home = Modeling Steps & System Architecture @ Applications & Tools & Resources & Events

PV_LIB Toolbox for Matlab Function Documentation and Help PV LIB Matlab

We provide here a collection of online help pages identical to what is provided in the PV_LIB Toolbox for Matlab download (see thtml folder). We are 2
providing them here for users who might not have Matlab installed or may prefer to use this online version. Click the links to the rightto view the Example Scripts
documentation for each function PVL _TestScriptt

PVL _TestSeriptz

Time & Location Utilities
pvl_date2doy
pvi_dovzdate
leapyear

pvi_exceltimezmatlab
labtimezexcel

btimezmatlab

pvl maketimestruct
pvl_makelocationstruct

Irradiance and Atmospheric
Functions

pvl readtmy3
pvl_readtmy2
pvi_get!SDdata
pvl_readISH

pvl_ephemens

pvi_extraradiation
pvl_altzpres
pvl preszalt
pvi _relativeairmass
pvl_absoluteairmass
disc
dirint
erbs
pvi_louche
pvl_orgill_hollands

pvi_reindl 1

pvl_clearsky_ineichen




PVL_TestScript1 i Sandia

Example script to demonstrate the modeling of a PV system

This script demonstrates how to use the PV_Lib Toolbox to model the power output of a fixed-tilt photovoltaic array in Albuguerque, New Mexico, USA. The
script uses irradiance and weather data that is read in from a Typical Meteorological Year 3 (TMY3) formatted file that contains one year of hourly-
averaged data.

Contents
= PV_LIB Functions used in this example
Step 0: Define PV System
0.1 Define the PV module
0.2 Define the Inverter

0.3 Define the Array configuration

0.4 Define Additional Array Parameters

Step 1: Read in Irradiance and Weather
1.1 Define Time and Irradiance Variabiles
1.2 Define the Site Location

1.3 Calculate Sun Position
1.4 Calculate Ar Mass

Step 2: Calculate Incident Radiation

21 Calculate Solar Angle of Incidence

2.2 Calculate Beam Radiation Component on Array

2.3 Calculate SkyDiffuse Radiation Component on Array

2 4 Calculate Ground Reflected Radiation Component on Array

step 3 Shading and Soiling

Step 4: Calculate Cell Temperature

Step 5: Calculate Module/Array IV Performance
Step 6: DC and Mismatch Losses

Step 7: DC to DC Max Power Point Tracking
Step 8: DC to AC Conversion

PV_LIB Functions used in this example
» pvl_sapmmoduledb
» pvl_snlinverterdb

» pvl readtmy3

pvl_maketimestruct

pvl_makelocationstruct

pvl_ephemeris

pvl_absoluteairmass

pvl_relativeairmass

pvl_getaoi

pvl_kingdiffuse

pvl_grounddiffuse

pvl_sapmcelltemp

pvl_sapm
pvl_snlinverter 86




i sNREL

NATIOMAL RENEWABLE ENERGY LABORATORY

Modeling of Partially Shaded PV
Systems

Chris Deline

September 12, 2016 7 - ' Sh O‘t

Solar Power International 2016 Y LS. Dapartment of Energy

NREL is a national laboratory of the U.5. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.



Shading on PV systems

Shading and mismatch occur
on all types of PV systems

« Nearby obstructions like trees
and telephone poles

« Horizon shading (mountains,
buildings)

 Self-shading from adjacent rows
« Dirt, snow, bird droppings, etc.

Some types of shading are easier to
qguantify and model than others.

1 Lakewood, CO. 2: Arlington, VA

88

NATIONAL RENEWABLE ENERGY LABORATORY



Mismatch l0ss and hotSpotdneRV

Shade / orientation
mismatch leads to power
loss from reduced irradiance

(non-recoverable) and panel nshaced catl
mismatch (recoverable) \

A

Shaded cell

The better the peak-power
tracking (MPPT) granularity,
the higher the recoverable

Vi o

Mismatched panels / cells in
power a series string can result in
reverse bias and HOTSPOT.

C. Deline, B. Marion, J. Granata, S. Gonzalez. A Performance and Economic Analysis of Distributed Power Electronics in
Photovoltaic Systerns. NREL Report No. TP-5200-50003. Golden, CO: National Renewable Energy Laboratory, December

NATIONAL RENEWABLE ENERGY LABORATORY 89



Mismatch l0ss and hotSpotdneRV

Shade / orientation
mismatch leads to power

loss from reduced irradiance
(non-recoverable) and panel -
mismatch (recoverable) 3
The better the peak-power

tracking (MPPT) granularity,
the higher the recoverable
power

20 Global max [A] 1000
Local max [B]
<—

—> _
o
10} 1500 =
O
o

0 ' ; 0

0 50 Volts 100 150

Distributed MPPT allows partially
shaded modules to operate at their
independent max-power point

C. Deline, B. Marion, J. Granata, S. Gonzalez. A Performance and Economic Analysis of Distributed Power Electronics in

Photovoltaic Systerns. NREL Report No. TP-5200-50003. Golden, CO: National Renewable Energy Laboratory, December
NATIONAL RENEWABLE ENERGY LABORATORY
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Overview of Distributed MPPI

Finer peak-power tracking granularity
leads to reduced mismatch

L INVERTER
T Module Annual performance improvement
* p under heavy shade
€
+2% +8% +12%
String Module Cell

MPPT Granularity >

String

Substring

S.M. MacAlpine, M.J.Brandemuehl, R.W.Erickson, “"Potential for power recovery: simulated use of distributed
power converters at various levels in partially shaded photovoltaic arrays,” in Proc. PVSEC 2011.

NATIONAL RENEWABLE ENERGY LABORATORY



Sub-module converters.in.Close-packedarrays

*Mismatch occurs within
—_— he module

Annual Energy with Row Shading

g 1700

& 1600

=

< 1500

S 1400 MPPTgranuIc?lrity
B Conventional
€ 1300 e Sub-MPPT
A 1200

0.00 0.25 0.50 0.75 1.00

Ground Coverage Ratio

Sub-module converters inside the PV module (3-6 per module)
enables 10-20% closer row spacing

C. Deline et al., “Evaluation of Maxim Module-Integrated Electronics at the DOE Regional Test Centers”, 40t [EEE
Photovoltaic Specialists Conference, Denver, CO, 2014

NATIONAL RENEWABLE ENERGY LABORATORY 92



Examples of Distributed MPRI-products

i %L = =
o T TIRE S T R
iL ;m - :

-
— e

i "{é;f’fjil
L o . .
[@]enphase Tigo @ 1.

Gy energy

Frame - attached J-box embedded Laminate embedded

Credit: Enphase Energy, Tigo Energy, Maxim Integrated

NATIONAL RENEWABLE ENERGY LABORATORY 93



US Single-Phase Inverter Maiket(204:5)

Other
Fronius ' 5%

10% SolarEdge

Module-level 29%

solutions are 53% of
the US single-phase
market share

Enphase
22%

Source: GTM Research, Global PV Inverter and MLPE Landscape, June 2016

NATIONAL RENEWABLE ENERGY LABORATORY



Distributed MPPT pro/con

Pro: Con:
* Flexibility of design e Cost
* Safety o Efficiency

e Data monitoring e More potential

 Shade / orientation . .
points of failure

performance
« Redundancy * O&M concerns

NATIONAL RENEWABLE ENERGY LABORATORY



PV Power Electronics for Safe

 DC Arc Fault detection
e Battery management

e Ground Fault detection

 Reduced Hotspot
susceptibility

NATIONAL RENEWABLE ENERGY LABORATORY



Flectric code updates tor Eirelighter Satety.

Greg Ball: Rooftop PV
and Firefighter Safety,
2016 PVSC

NATIONAL RENEWABLE ENERGY LABORATORY



NEC 690.12 (2014) "Rapid.Shutdewn

Code requires rooftop PV SOLAR PV SYSTEM EQUIPPED
) WITH RAPID SHUTDOWN
conductors greater than 10’ from

TURN RAPID SHUTDOWN
SWITCH TO THE "OFF"

the array to be de-energized in suTo Soacrons
event of emergency e

Compliance options:

Remote relays Roof-mounted inverters ~ Microinverters and Power
Optimizers
Credit: Midnite Solar, SMA, Tigo

NATIONAL RENEWABLE ENERGY LABORATORY



NEC 690.12 (2017) 219 draft

Next revision requires control inside array:

- 80 V maximum within 30 seconds

- Other allowances for reduced shock hazard, non-
conductive construction

Compliance options:

Remote relays Roof-mounted inverters ~ Microinverters and Power
Optimizers

Credit: Midnite Solar, SMA, Tigo

NATIONAL RENEWABLE ENERGY LABORATORY



Overview of inter-row. shadingsmodel

=
i

=
o

Analytical model f Reference model 1.02

|

String Power PP,

+— L 4
A 1;1‘ =
|
+ -
4 = 4 . i
[ £ o .
=TT T 1T 1T
e + o+ s -
Lo ' - 4+
S ! ' m
|
a

aee 0 , -
"'".

0.6 \ g "8

3
05} ', 2 06

’ &

{shaded 0.4 Jt-. &
fractian) g E 04

0.3 : TS 3

0 0.05 0.1 0.15 0.2 0.25
Fraction of string submadules shaded 5 @ 0.2
1 — '
X : 0.2 0.4 0.6 0.8 1
(shaded fraction) N parallet strings Parallel strings shaded (X)

Partial Shading Empirical Model
definition

Model validation
< 6% error

*C. Deline et al., “"A simplified model of uniform shading in large photovoltaic arrays,”
Solar Energy 2013
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Comparison with Field Data.aRdRP\VSyst

1x Portrait 2x Landscape
P '
[7)] 0, _ (7]
g 30% 2T o Ba0%
—

[} [}
© ©
© ©
N = N -
(V5] 7))
g S 10% -
ke ke
& _ & Field data

O% T T 1 O% T T 1

0.40 0.50 0.60 0.70 0.50 0.60 0.70 0.80

Ground Coverage Ratio Ground Coverage Ratio

Calculated shade losses in SAM and PVSyst
are within 2%-5% (absolute)

NATIONAL RENEWABLE ENERGY LABORATORY



Using inter-row shading.in.SAM.(live.demo)

Location and Resource
Module

Inverter

System Design
Shading and Snow
Losses

Lifetime

Battery Storage
System Costs
Financial Parameters
Incentives

Electricity Rates

Electric Load

rArray Dimensions for Self Shading and Snow Losses

The product of number of modules along side and bottom should be equal to the number of modules in subarray.

length of sid%[ )

7

oW spacing

Mumber of modules along side of row 1 | 2 | | 2 | 2 |
Mumber of modules along bottormn of row 12 | g | | 9 | g |
Murnber of rows 53 | 0 | | 0 | 0 |
Modules in subarray from System Design page 636 | 0 | | 0 | | 0 |
number of w‘wg
number of mcdules//‘ N
alang side '
number of modules along bottom
~Self Shading for Fixed Subarrays and One-axis Trackers
Self shading is shading of modules in the array by modules in a neighboring row.
Self shading type [Standard (Mon-line '] |Nnne '| |Nor1e '| |N|:|ne '|
Medule orientation [Portrait "] |Portrait v| |F'|:urtrait "| |F'nrtrait "|
Length of side (m) 17 | 34| | 34| | 34|
GCR from System Design page 0.3 | 03 | | 0.3 | | 0.3 |
Row spacing estimate (m) 566667 | 113333 | 113333] | 113333 |
module orientation
odiie wilth = module area + 17 / {Z'f? -
!f / / Module area 16310 m?

NATIONAL RENEWABLE ENERGY LABORATORY




3D shading calculator

Calculates beam irradiance shading
losses and sky diffuse view factor loss

Imports 2D mapping underlays from
online maps

Outputs are diurnal or hourly/subhourly
time series linear shade loss percentages

You can group PV surfaces into subarrays
and specify parallel strings

Non-linear shade response of string
inverters uses shade database (see
MacAlpine, Deline: IEEE PVSC 2015)

Linear response of microinverters /
optimizers uses linear model.

NATIONAL RENEWABLE ENERGY LABORATORY
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New Open Save Location Create w 3Dscene Bird'seye Elevations Analyze Feedback Help
untitled 4 (Roof)
untitled 1 (Active surfac

€

untitled 5 (T
untitled 5 (T
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untitled 5 (T
untitled 2 (Box)

ree)
ree)
ree)
€)

€)
(Tree)
ree)
ree)
ree)
ree)

REEEE

Azimuth: 220.5 Altitude: 33.0 Shade fraction: 0.261

x

New Open Save Location Createw 3Dscene Bird'seye Elevations Analyze Feedback Help
untitied 4 (Roof)
untitled 1 (Active surface)

res)
reg)
reg)
€)
reg)
€}
€)
€)
€)
reg)

e R R R R E ]
ccccllccce e

untitled 2 (Box)

X 15.5

Y -22.75
Diameter 9.055385
Height 12

Top Diameter 3.5
Trunk Height | 1
Shape Rounded




Using 3D shading in. SAM.(live.demo)

Location losses apply in additicn to sy
Ly Lo
ModUlE|! sddmes: 1100 univemity dr tempe, A7 Latitusde: TAZEES  Longitude A1OZATSE  Time zone i
. ted from shade anahsis
\rvarar | Banikiip Aclifieds Urpilste rmsg Trom Cocddinales Load TG Pasie 1T Manual scale B 8 £ 3 AW erlay this P iF Th 5
System Subarray 4
Shadirsg s
LOs58s
Lifetime
Battery 3
System .
Financia
Incantiv
Elactriciy
T ules adcng bottom
None
Partrar
& 14 i
GCR from System Design page 13 b3 03 03
Row spacing estimate [rm] 11.3333 11,3335 113333

medus oriehlales
lnwspnuq - |r|'|\':|lhl:|| side = GCR 'ﬂ"}"i!l
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3D shading tool comparisonwith.dield.data

Microinverter Model (linear) String Inverter Database (nonlinear)

o
N
\
o
~
v

Cumulative Energy (AU)
o
Ul
Cumulative Energy (AU)
o
Ul

0.25 0.25
P10 P50} P90 P10, P50 P90
0 L1 |=| L RN TR TR N T T S N O | L: MR REN T (IR TN N N S S|
-20%  -10% 0% 10% 20% -20% -10% 0% 10% 20%
Model Bias Error (%) Model Bias Error (%)

S. MacAlpine, C. Deline “Measured and Estimated Performance of a Fleet of Shaded PV
Systems with String- and Module-level Inverters”, Unpublished

NATIONAL RENEWABLE ENERGY LABORATORY



Thank You!

This work was supported by the U.S. Department of
Energy under Contract No. DE-AC36-08-G0O28308
with the National Renewable Energy Laboratory

www.nrel.gov

iiNREL

NATIOMAL RENEWABLE ENERGY LABORATORY

partment of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.
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Degradation (Rates) Curves

7] P~ EW“-

== == !‘nc 7 jﬁ*\
S & =7 h - :: - é | W

Solar Power International

Las Vegas, NV

Dirk Jordan, Tim Silverman, Sarah Kurtz

9/12/2016

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.




Outline

% Economic & technical motivation

» Literature degradation & methodologies

s Climate

** Module &> System

** Non-linearities & degradation modes

NATIONAL RENEWABLE ENERGY LABORATORY



Why degradation (rates, curves, modes) matter

Degradation

Economic Technical

5SS

Energy output prediction
Warranty default
Significant impact on LCOE

Chamber tests

\ / Field tests

Low cost & Lifetime prediction

NATIONAL RENEWABLE ENERGY LABORATORY



/

*%* Literature degradation & methodologies
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> 30 system studies of 20+ years field exposure

Geographic distribution of

degradation rates (R,) Studies of systems > 20+ years in field

O Algeria A Sweden
ale® 35- + Brazil V' Switzerland
50 o~ .'i." . e Y < Canada < Tunisia A
w. ’ ‘ay be , e = 1 X China > yUsa
1 Nelg™ 2 N . o __u_:>J-__ A Germany

g ] v 30 Y Greece Z O >
0- . ‘. 2 YV India > 9

S |Zmay S Z Vv S

x ‘ 5 ¥ Korea A
e )
o 250 Libya < *V
=30 Ee;;%%s Q <] SaudiaArabia > >
= ] D’ Spain XO
@ . ® 1990s AN +
, ® 2000s 201 A < Yxvz B>
-100 _— =+
Hawaii @ 2010s
: | ; | T ' T T T T T
100 0 100 1995 2000 2005 2010 2015
Longitude Publication year

NATIONAL RENEWABLE ENERGY LABORATORY

Increased interest in recent years in long-term performance & degradation



Sampling bias is present — representative of the population?

Literature survey

2011 2016
250 : N 1.0 - - — All data (11029)
Median: 0.5 %/year . Lo L — Highquality (2162)
200 Average: 0.8 %/year o 05 ”F-' - | — Study median (312)
9] : L
> 150 # reported rates = 2128 | =1 ‘[l H
c g ‘ | ]
< = 06 oI
z 100 - b ’ S
[J] N
s T
50 e |
fe o n
o L
0 < 02 ;l N !1 -
o A * neie . 2 o T
Degradation Rate (%/year) 0.0 N 5 1 % B &
Jordan et al., “Degradation Rates — An Analytical Review”, Dlég"rala'étib‘r{ }-é:[e (%/year)

Progress in PV, 2011 ) . .
& Jordan et al., “Compendium of photovoltaic degradation

) ) rates”, Progress in PV, 2016
e Few studies with > 1000 modules

e Aggregated distribution is dominated by particular module, system, mounting, method etc.
e Counteract overrepresentation = analyze in different ways

* Median per study & system = second peak disappears

e High quality data (multiple measurements, calibrations etc.) 2 second peak disappears

NATIONAL RENEWABLE ENERGY LABORATORY 11



Majority of R, are determined by single measurement.

Percent of studies Percent of degradation rates

Measurements -1 -2 -conti uuuuu -discrete

NATIONAL RENEWABLE ENERGY LABORATORY



Majority of R, are determined by single measurement.

Percent of studies Percent of degradation rates

Measurements -1 -2 -continuous -discrete

How are R, determined with 1 measurement?

100

90—

Did it start at 100%?
Distribution? '
Linear?

5 10 15 20 25

[¢)
o
1

Percentage of Nameplate Rating

[e)]
o
o

Year
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R, using nameplate rating may have significant error.

Studies using nameplate rating Historical deviation from nameplate rating

=

o

©
I

0o
o
I

Percentage of Nameplate rating

60 Climate Continent
PY Desert 0] Africa
P Hot & Humid A Asia
40_ Py Moderate v Europe vieasurernernt
PY Snow - North America ) Indoor IV
9O South America Y Outdoor IV
S e e
S N %) ) \) \ N N\ N ) ) \) \f \% %
) ) N ™ > > P 0% ;\9)% N O ™ > % 0% 3

e |Indoor IV seem closer to nameplate rating (though limited data)

e Qutdoor seem farther away trending towards nameplate rating.
Outdoor data may include light-induced degradation (LID)

NATIONAL RENEWABLE ENERGY LABORATORY



Reducing sampling bias x-Si 2 median 0.5 - 0.6, mean 0.8 %/year

All degradation rates Median per study & system

3

Degradation rate (%/year)

|
1 P
j+—1>>1> =

w w w w w w w w w w w w w w w w w w

ol ol ol 9o|lo|lgo oo 9 oo 9 ol 9o o|lopdl8 &8 888 8 8|88 & 8|8 &8 8 8|8
8/ 8/ 88 8 8 2 2/8/2 2/8/lg ¥ g/g8 ¥l o0 x|lao oo o o o|lg o oo & S
S|lo|loaol a0 oo ool a0l ol o8 8 X238 383 % 8[/3 % 838 &8
(o) (o) — — o~ o (o) ~N — o~ (o) — ~N ~N — — N ~N ~ ~ — — ~ ~ ~ ~ — Y N — Y ~ — — Y
He-Si a-Si HIT CdTe ciGs x-Si He-Si a-Si HIT CdTe CIGs x-Si

‘-----q-‘.“;------

Significant difference between all R; & median per study & system
a-Si Ry > 1 %/year

Hetero interface (HIT) R, similar to a-Si than x-Si

CIGS around 0.5 %/year

2010s

_'

echnology
pc-Si

a-Si
HIT
CdTe
CIGS
x-Si

Measurements
O 1

A2+
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% Climate
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Hotter climates may show higher R,

Climate category: simplified Koppen-Geiger

All degradation rates Median per study
]
" A
|
— .
[ . -
® ! Climate
< . A o A @ Desert
N " /%’\\ @ Hot & Humid
Q : °® Moderate
H -
E : P Snow
[ n
o T ‘ul Measurements
4+ " O 1
g :. N - — i) o —
© " A 2+
[  —i
8’0 .
a "
]
]
]
1 2+ 1 2+ 1 2+ 1 2+ |m 1 2+ 1 2+ 1 2+ 1 2+
]
Desert Hot & Humid Moderate Snow s Desert Hot & Humid Moderate Snow
]
]
]

1-measurement studies show statistically significant higher rates

Hotter climates appear to show higher R
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Some modules more susceptible to hotter climates & mounting.

3.0

I I |
o Manufacturer
g O Siemens
§ < Solarex @)
= ABp
3
C O
c ~
Rel
)
©
©
© A 8
bo —— —  e— —— m—— s—— s —— — — —r
0 A
° L
Solarex Siemens Solarex Siemens BP Solarex BP Siemens Siemens Solarex
Manufacturer
Rack Roof Rack Roof Roof Rack Roof Rack M ti
ounting
Desert Hot & Humid Moderate Desert Moderate
Climate
1 2+
Measurements

Solarex:

Show low median R, across climates

Desert (1-measurement) shows higher R, = 1-axis tracker & 2.5x concentration
Siemens:

Roof mounting shows higher R, even for moderate climate

Hot & Humid shows higher R, than Solarex
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** Module &> System
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System vs. module degradation?

20 year old mono-Si system at NREL
Year
1954 1998 20132 .2005. 20|1D 2014

S
g 2
o o
a &
b
g
% >
z 3
| b

20-. 8 2

0 ° o o® ¢ 0

. 0 50 100 150 200 250
Siemens M55 modules Month

Size: 7.4kW
No inverter clipping

Performance and Aging of a 20-Year-Old Silicon PV System, Jordan et al., J. PV, 2015.
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System & module degrade similarly

s -047 West N u East m— || @Continuous Data
< - - T A outdoor IV
X —n = . ¥ Indoor I-v
o 067 __ T- { M Best string/module
c | @ Worst string/module
5 ¢ - 4 -
“ 0.8 »
o
%) ¢ [ _g —4
4 5
4%}
o' — 1 -
-10 |
\I\ I T_ | | | I
S\ S\ e A 2 N
::2? X > @ > Lo o
N) O O N
. Aef’ ] Qef’ .(\%Q ) e’ ) e.c’
S N & S &
3 & 2 3 oY
g Q N <°

e The worst string appears to determine the subarray and array performance

e System degradation matches module degradation if modules degrade similarly,
System degradation > average module degradation when large spread
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At median systems & modules degrade similarly

High —quality, x-Si data

Z o8-

S

o

o
O 06—
a

QO 3 =desssssssssesafettdiianahansannannnnanannnnannnnnnnnnnn;
=

)

© 04—

g — Modules, all (1552)
8 — Systems, all (385)

02— — Modules, median (61)

— Systems, median (71)

I
2 3

| S — — — — — — — — - -

Degradation rate (%/year)

At median modules degrade a little less than systems but in general very similar

For less well-performing products more significant gap between modules &
systems
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** Non-linearities & degradation modes
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Appears linear for most modules, worst modules non-linear

Studies that measured sample modules several times in 20+ years

100
—
s [Epm— F.-_ o —
— e
r =
- 60, I
20years § : - 80
E [ ]
g 40- Modules measured: 191 Modules measured: 8
§ ARCO " 70 Siemens
20 -
S S & 9 & > o ©
O P S D P S & S
5 RN A I A SRCHERC RSP SISO
:..E 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 1 L 1 1 L 1
£ 100==
[T
° }_ h‘F—
o
B0 80
©
: F
30 years & r ' ¢
y S 60 i s~ 1t measurement
o Modules measured: 288
taken after 11 years
40
® Northern California - 70
20 ® Colorado
® Switzerland ARCO r ARCO )
Modules measured: 54
® |taly - 60
0 o N N S S 6 G N S N
'\9% \9@ \?)Q "90 ’196 ,19’\« '19\' ';9 QQ 0)0) ’LQQ ,196 ’1,6» ,19'\/
Year

Distribution skews towards low end = worse performing modules
show some non-linearity
Central tendency & better modules - fairly linear
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Literature degradation modes

Percentage of reports
0 10 20 30 40 50 60

Discoloration
Delamination
Hot spots

IC discoloration
Diode/Jbox
Baclsheet
Fractured Cells
Front Class
Soiling

IC failure
Structural/frame
PID

Other

... but is that the most important effect?
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Encapsulation discoloration associated with small power loss

25

O - 100 £ o
mono-Si

+ poly-Si

2.0

[Ye]
o
|

1.5+

1.0

o]
o
|

0.5+

O Pmax A Voc

Degradation rate (%/year)
Normalized to nameplate (%)

T T T T T T T
0.0 — - - - . —
- l,.-.,, ,|-,,,|,,,A-,,- I Tntarnca | Fivcoitng rllcrr\l. nnnnnnn .I « q N « N
EVA discoloration Internal circuitry &S ,\/QQ ,\9& ,\9& ,\90 ,\9& S
discolor./corrosion NN I IRV A N RN

Jordan, et al., 35th PVSC,

Honolulu, HI, USA, 2010. Date

Encapsulant discoloration associated with lower power loss in direct comparison.

Encapsulant discoloration shows linear decline below 0.5 %/year, dominated by Isc losses.
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Modules with hot-spots exhibit higher power loss

Median reported percentage
0 10 20 30 40 50 60

Discoloration

Delamination -
O Switzerland

Hot spots + ea

IC discoloration
Diode/Jbox
Baclesheet

Fractured Cells

Front Class

Degradation rate (%/year)
%

Soiling

AAAAAAA

IC failure Non hot-spot Hot-spot

Structural/frame
PID

Other

Hot-spots can have several causes such as cracked cells or solder bond failure.

Modules with hot-spots in 1-1 comparison studies showed higher power loss
than modules without.
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Single solder bond failure causing hot-spot

Solder bond on cell busbar causing hot-spot in 22 year

old mono-Si system String IV measurements
T 5 %
IATANATEHN a 3
L ' & X
I‘JI‘T g 80 %
[ 11 c

| 8 =

8

N 70 O Pmax o}
g + Isc o
AR ®)

L | z

. I ! |

O I L L O O
SRS

Visual image of affected cell IR image of the back

Month
Siemens M55 model The first 20 years decline
Module was replaced appears to be around 0.5 %/year.

Only replacement out of 280 modules

More rapid decline associated
with FF loss.
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Multiple solder bond fatigues causing non-linearities

Continuous Pmax data

- Power fit

Normalized to nameplate (%)

64
NI /é

Module exposed outside but problems with
data acquisition

25

2.0

15

1.0

Current (A)

/ BUT PE 05

0.0
Q Q Q Q
©  © &
Month

Temperature correction to 48C

|-V curves

=== 10/18/2000 — 12:00 pm
---10/15/2010 — 12:00 pm

5 10 15

Voltaae (V)

20

Non-linearity due to solder bonds can be seen in thermal cycling testing.*

NATIONAL RENEWABLE ENERGY LABORATORY

*Herrmann, et al., 37th PVSC, Seattle, USA, 2011.
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Solder bond fatigue — non-linear

Cracks in interconnect
ribbons but haven’t
failed yet.

IR image shows hot-spots
along cell interconnect ribbons
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Solder bond fatigue — non-linear

Cracks in interconnect
ribbons but haven’t
failed yet.

IR image shows hot-spots EL shows change of connectivity
along cell interconnect ribbons when pressure is applied
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Cracked cell causing non-linearity

-V measurements

120
o — 2005
3 EE 1007 —— 2009
5 95 = — 2016
) Z 80~
£ R
[ 90~ +— 60—
(o) [
+ et
S 85- 5
u O LACSS  — Pmax O 40
= + Spire — Isc
g 80- | SOMS — Voc 20
®) X Outdoor = FF
pd
> 'Q 'Q 'Q ' 'Q ' 'Q 'Q 'Q 'Q 0o 20 40 60 80 100 120
v » © %) ,\9 \:L ,\}

Month Voltage (% NP)

LACSS: large area solar simulator

Spire: indoor flash tester

SOMS: standard outdoor measurement system
Outdoor: Daystar field measurements

e Module was stable for several years
* Now we see more precipitous decline associated with FF losses, Rs increase
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Risk priority number can quantify risk

Risk priority number (RPN) = Occurrence * Severity * Detectability

= Number of reports*Number of affected modules * Severity * Betectability

Severity Rating
Major impact on power & unsafe 5
Major impact on power 4
Significant impact on power 3
Slight deterioration of performance )
No effect on performance 1
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Hot spots & fractured cells have become more important recently

Older installations — before 2000

RPN (%)
0 10 20 30

Discoloration
Delamination
IC discoloration
Soiling
Fractured Cells
Diode/Jbox
Front Class
Baclsheet -

Hot spots -
IC failure -
Other -
PID -

Structural/frame -

40

Newer installations — after 2000

RPN (%)
0 10 20 30

40

Hot spots
Discoloration
Fractured Cells
IC discoloration
Diode/Jbox
Delamination
Structural/frame
Front Glass
Soiling
Baclisheet

IC failure

PID

Other

Older installations most important factor was discoloration because large number

of modules affected by it

Newer installations most important factors are hot spots & fractured cells.
Modules affected are rather small but more publications reporting it.
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Thin-film: Cracked circuit — 2-step profile

Shell CIS system *

S o 100 x  °X XX 5X><
L B o 50 0% 6% 9.
< o IR SRR
X 8 O o 0 <o
~ E 95—
& c A A A
i |

= O 4|0 AA DO AAAéA AL
< e o @ © o O
O © O €))
Y () o
e} N
()] Tg 85— O Pmax A Voc
w 06- ; c:'Temp-cc:rrected & O lsc x FF
s .' array responsivity S

N =

0.8 e —
Q NS ) x )
¢ O Q”
‘\.ﬂ, ‘\.ﬂ, "iﬂ, '&fq, '&fq, "\f",
o o of o o &
Date

Cracked mbdule first observed

Visible

May see more 2-step profiles in the
future because of inverter clipping .

*Jordan et al. in 37t" PVSC, 2011.
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Summary

% 1-measurement studies show significantly higher R, probably because
of nameplate rating deviation

% Increased R, in hotter climates & mounting for some products

** x-Si has median in 0.5 - 0.6 %/year range, mean in 0.8 %/year range

** Non-linearities have significant financial impact, need to more
accurately measure curves instead of relying solely on rates.

¢ Discoloration is the most commonly observed failure mode but is
associated with less power loss. In contrast, hot-spots are not as
frequently observed but show greater power losses.
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Motivation: PVWatts v5

PVWatts® Calculator :: NREL

et Started: (D HELP  FEEDBACK

NREL's PYWatts® Calculator

Estimates the energy production and cost of energy of grid-connected
photovoltaic (PV) energy systems throughout the world. Tt allows homeowners,
small building owners, installers and manufacturers to easily develop estimates of
the performance of potential PV installations.

http://pvwatts.nrel.gov/ PVWatts v5 released in 2014
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PVWatts v5 DC-AC default loss values
| lossMechanism | VSloss | ViDerate |

Soiling 2% 0.95
Shading 3% 1.0
Snow 0% 1.0
Mismatch 2 028 Default DC-AC derate:
Wiring 2% 097 PVWatts v1: 0.77
Connections 0.5% 0.995 PVWatts v5: 0.825
Light-induced degradation 1.5% -
Nameplate rating 1% 0.95
Age 0% 1.0
Availability 3% 0.98
Total losses 14 % 16.5 %
Inverter Efficiency 96 % 0.92
Effective DC-AC Derate 0.825 0.77

A. Dobos, PVWatts v5 manual http://www.nrel.gov/docs/fyl4osti/62641.pdf
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Analysis of 50,000 systems = 1.7GWatts Capacity

American Recovery & Reinvestment Act, Section 1603

52
48 .
Data available:
44 AC production (up to 4 years)
Predicted AC production
o 10 Zip code location
=g
= Nameplate
% 36
= Comments
32
Data not available:
28 '"{\ f Installation Year Irradiance
© 2009 Orientation
24 ® 2010
® 2011
e . - - © 2012
116 -112 -108 -104 -100 -96 -92 —¥8 8 B0 -76
Longitude

Data filtering rules:

** Nameplate or predicted value =production year1,2,3,4 = reject production years
** Predicted capacity factor: actual production/potential production= 3-40%

¢ Yearl production = Year2 production = reject year2 entry

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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Categorization of Performance Comments

Data Category Sub-category Comment Example
Normal N/A Normal variance in solar irradiance
Project Delay Delay in construction for up to two months.
Utility/Grid Erratic voltage on grid line shuts down inverter
Construction PV system turned off for building's renovation process.
Design System design (tilt) changed after initial application.
Financials House went into foreclosure and the system has been shut down.
Hardware Inverter The inverter had a problem and needed to be replaced.
Repair Maintenance interruptions. Difference due to unscheduled outages.
Fuse, Wiring Multiple string fuses had to be replaced.

Module defective

Solar panel damage, system underperformed.

Module recall

System was shut down module recall.

Unauth. shutdown

Vandals switched disconnects "off" until locks were secured.

Data Collection

Missing Data

We are missing production data from April - May.

Data acquisition

Internet monitoring feed problems

Poor initial estimate

Overestimated the systems output in optimal conditions.

Weather Snow Heavy snow fall in the winter reduced generation in the winter.
Shading Original production was based on the original shading analysis.
Lightning Local power transformer was struck by lightning,
Hurricane Power outage due to Hurricane Sandy




No Evidence of Massive failure

Year of Operation: Year 1 Year 2 Year 3 Year 4
Data Points: 48,259 18,632 5,825 479

Bl Normal 91.5 95.3 97.6 95.8
I prsgbesere 0.7 0.6 0.5 0
[ Weinfsmation 0.8 1.0 0.1 0.2
-Data Collection 5.8 1.3 0.7 2.3
-Hardware 0.9 0.9 0.6 0.8
-No information 0.2 0.9 0.7 0.8

Project/Site: Delay, grid interconnection, construction etc.

Weather: Snow, soiling, lightning, hurricanes etc.

Data Collection: Data acquisition, less than a year of data, etc. (not performance related)

Hardware: Inverter, module, breaker, fuses etc.

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
NATIONAL RENEWABLE ENERGY LABORATORY




Most systems produce as expected

Measured vs. predicted production for all operation years

Year 1 Year 2

le+7

Data Points:
18,632

1es5. Data Points:
48,259

le+5
le+d

le+3

Year 4
Data Points: 479

le+7 Year 3

1es5. Data Points:
5,825

Measured Production (kWh)

1e+5 Variable

® MNormal
O Project
+ Hardware
£ Weather

le+4

le+3

le+3 le+d le+s le+6 le+7 le+3 lesd les+h le+b le+7

Predicted Production (kWh)

Project issues data points tend to be farther away from unity line 2>
They don’t occur that often (previous slide) but if they do they tend to have larger impact

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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Histogram
Probability density function
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Probability
Count

0.04 —

+ Easy to see shape, central location
- Hard to determine probability

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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Histogram
Probability density function

0.16 —

0.12 -

Probability

0.08 —

0.04 —

+ Easy to see shape, central location
- Hard to determine probability
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Cumulative Probability

Area under curve
from -o= to x

Cumulative distribution function

0.8 —

0.6 —

0.4 —
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Variable

- Easy to determine probability
+ Hard to see Shape, central location

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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Cumulative Distribution Function (CDF)
is often used in risk analysis

Histogram
Probability density function

I
. I
0.16 !
I

0.12 -

Probability

0.08 —

0.04 —

+ Easy to see shape, central location
- Hard to determine probability

—150

—100

Count
Cumulative Probability

~50

Area under curve
from -o= to x

Cumulative distribution function

0.8 —

0.6 —

0.4 —

0.2—

Variable

- Easy to determine probability
+ Hard to see Shape, central location

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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90% chance that production exceeds 90% of predicted

CDF measured/predicted production

Normal data

> 08

E P50: 50% of the data lie
2 067p50 above it (median).

4

& 04 P90: 90% of data lie

=

E above it.

=

L

0.2

I

|
................... frevsererennsannannnns

l

A 5 O~ N A
Measured/Predicted

*» Absence of discontinuities = smooth tails of distribution

** P90 ca. 90% of predicted
** P50 by several percent higher than predicted

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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New PVWatts default derate appears to fairly accurate

PVWiatts: free modeling tool that estimates the energy production of grid-connected PV

Measured/Predicted production

1
- PVWatts I
| : P50: 50% of the data lie
2‘ 08 | above it (median).
£ 1
5 0.6~ ' 0 :
2 . P50 : P90: 9QA> of data lie
o y ' above it.
s 04
= Derate _
g — Unknown (354) Bra.uckets. number of data
S s 590 —0.77 (12) points per category
B . 1..... —0.825 (7)
I ¢ - —0.88  (2)
| T I | I T I
Qﬂ N Q7 AN SN N ’*}
Measured/Predicted

Derate: DC-to-AC conversion efficiency, default = 0.77

Jordan: Field Performance of 1.7 Gigawatts of Photovoltaic Systems, IEEE PVSC 2014
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