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WHEN TRUST MATTERS

DNV

About

DNV is an independent consultant and has been involved with the wind and solar sector globally for the past 30

years. We work across the full prO}ect life cycle and have, in diverse capacities, played a role or provided technrcal
services to most of the world' s Wlnd and solar projects.

Relevant Expertise

Across the Northeastern U.S. DNV ‘has conducted mesoscale modeling studies coverrng alt offshore BOEI\/I Iease

areas near New York, wind, solar and load modeling for the ISO-NE offshore wind mtegratron plannlng adwsory
committee and most recently offshore wrnd profile modeling for the NYISO.

DNV has conducted more than 170 GW of onshore energy yield assessments in the U S Our energy assessment
reports are trusted and relied upon for most of the project-financed projects in the U S.
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Project Description
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Modeled hourly production at 77 utility scale

solar projects.

> 4 Existing & 73 proposed or hypothetical

solar projects

Proposed projects from NYISO, NYSERDA or
FAA lists of turbine locations

High resolution weather model data

Satellite measured irradiance

Power modeling

» Wind: High level wind-to-power model

» Solar: High level open-source solar model
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Weather Model - Wind

= DNV Wind Mapping System

» The Weather Research and Forecasting (WRF) model, a
state-of-the-art community mesoscale (regional) model

» 2 km (horizontal) resolution - hourly

» Calibrated using DNV’s database of project wind speed
estimates and the Global Wind Atlas (GWA)
= Inputs
» NASA’s Modern Era Retrospective-analysis for Research
and Applications Version 2 (MERRA-2)

> Global 500 m resolution land use, surface aerodynamic
roughness and terrain elevation data.

> Daily global 25 km analyses of lake and sea-surface
temperatures.

» 3-hourly global 25 km analyses of soil temperature and soil
moisture, snow cover and snow depth.

» Spectral nudging to preserve consistency between the
large-scale state of the regional model and the driving
global reanalysis weather patterns
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Same weather model used
for Offshore Wind Profiles
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Wind Calibration

Wind Project Locations

= Bias correction using DNV’s Windicative wind speed
estimation tool

» Calibrated version of Global Wind Atlas (GWA)

» DNV’s database of regional wind speed and shear
values

> No on-site measurements

NY Mesonet Stations

= Calibration using Analog Ensemble model
» Adjusted using station measurements at 10 m

» Did not use vertical extrapolation of wind speed
estimates from GWA or DNV Windicative.
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Average hub height wind speed bias for un-calibrated and
calibrated data at 5 tall towers

Mean Bias in un-corrected data Mean Bias in calibrated data

0.95m/s 0.24 m/s

Table 2-4 Mean Bias Error for un-calibrated and calibrated data at 10 m NY Mesonet stations

Mean Bias Error

Calibrated . Calibrated
Raw (un-corrected) WRF (using GWA)' (using DNV analog ensemble)
1.30 m/s 0.42 m/s -0.01 m/s

1 This method was the only option available for the modeled data at the wind project locations

SBING GWA Calibrated SBING AnEn Calibrated

Modeled Wind Speed (m/s)
Modeled Wind Speed (m/s)

R?=0.58 2 R? = 0.89

a4 6 8 10 12 14 0 2 4 6 8 10 12 14
Measured Wind Speed (m/s) Measured Wind Speed (m/s)

Figure 2-4 Performance of GWA and AnEn Calibrated Modeled Wind Speeds at BING
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Wind Power Modeling
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2
®  Operational Wind Farm “ ?
inton

Brockyvill ®

= WI n d TU rbl n e ®  Proposed or Hypothetical Site <
o 700 St Lawrence Frankin |
“ n

» Generic power curves for IEC design Class 1, 2
and 3 turbine: Scaled to project capacity

» Representative of turbines in next 3 to 5 years

» Hub height for hypothetical projects: 100 m

Montpelier

= Turbine Layouts
» Not modeled explicitly

> Representative project area R ) o
» Wind-to-Power Model e

» Energy production based on relationship of
simulated wind speed and wind farm power

Modeling does not account for site-

curve o :
_ _ _ specific or microscale surface
» Accounts for seasonal and diurnal air density roughness, turbine rotor diameter and
changes thrust curves, turbulence & turbine

wake interactions.
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Wind Turbine Power Curve Basics

Wind Percent of

Speed Nameplate

(m/s) Power
(1] 0.00%
1 0.00%
2 0.00%
3 0.40%
4 3.00%
5 7.10%
6 13.30%
7 21.80%
8 33.10%
9 47.20%
10 63.90%
11 81.30%
12 93.60%
13 98.40%
14 100.00%
15 100.00%
16 100.00%
17 100.00%
18 100.00%
19 100.00%
20 100.00%
21 100.00%
22 100.00%
23 100.00%
24 98.00%
25 94.60%
26 85.80%
27 73.00%
28 50.00%
29 29.60%
30 15.00%
31 0.00%
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Wind Farm Loss Modeling

» Wake and Blockage Losses « Other Applied Losses

» Wake loss: Reduction in wind speed/energy due

» Electrical efficiency
to impact of the turbines on each other

» Turbine performance losses (degradation,
hysteresis, site specific power curve adjustment,
turbine degradation)

> Blockage loss: Resistance on the wind flow
created by the turbines, deflecting flow above

and around the wind farm ) .
] . . > Environmental losses (icing, temperature
> Regional averages applied (not explicitly

modeled) shutdown)
Losses not considered
» Availability Curtailment due to avian risk
» Stochastically modeled on time series basis. Grid / economic curtailment
» Groups of turbines become unavailable for several Grid congestion

consecutive timesteps (hours/days) until they

_ Downtime due to extreme events
come back online.

) . . Project specific environmental losses
> Applied randomly throughout the time series

Explicitly modeled wake losses

9 DNV © 2023 DNV



Application of Loss Factors

= Bulk Losses
> Wake, turbine performance, environmental, electrical
> Direct application of all bulk losses -> unrealistic maximum power limit

» Wake, performance, environmental accounted for by adjusting underlying wind speeds until the target
P50 is reached

> Electrical applied as flat loss
» Time varying losses
> Availability
= Net P50 = Gross P50 - all losses

Assumed wake, performance, environmental, electrical and availability losses.

Bulk
Environmental Electrical Availability
Efficiency

| 94.1% | 96.0% 97.3% | 97.5% | 94.9%

Wake Turbine

Performance

10 DNV © 2023 DNV



Solar Irradiance

= Satellite derived solar irradiance

» 3-km resolution

» Accounts for atmospheric aerosol and water vapor

» Average hourly solar irradiance across each project area

» Global Horizontal Irradiance (GHI)
» Diffuse Horizontal Irradiance (DHI)
> Direct Normal Irradiance (DNI)
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Solar Power Modeling
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DNV'’s Solar Resource Compass (SRC) used to
estimate initial Net P50 for each project.

» High-level project configuration
Modeling for both fixed and single axis tracker

Community supported solar power conversion
model

» Open-source algorithms published by Sandia
National Labs;

> Losses due to temperature, wire resistance,
inverter clipping included

» Seasonal soiling due to dust and snow
PV time series scaled to estimated Net P50

Basic PV system configuration for single axis tracker and fixed
tilt mounting arrangements

Single Axis Tracker Fixed Tilt

60 degrees East-West 24 degrees

Parameter

Maximum Panel
Tilt
Array Axis
Azimuth
Panel Module
Type
Inverter Type

180 degrees

Monocrystalline Silicon

Central Inverter

Ground Mounted

Single Axis Tracker
DC/AC ratio 1.3

Mounting System

Ground Mounted
Fixed Tilt

1 - pvlib (Holmgren et al. 2018; https://doi.org/10.21105/joss.00884) DNV



Validation

= 5 DNV Tall Towers NY State Mesonet Locations

» Accuracy of modeled wind
speed data at hub height

>80 mto 100 m : : (MR VERMONT

= 11 NY Mesonet stations o™
> ACCUFaCY Of Wlnd speed 2 %A £ + ®Rochester SWEST Saratoga; Springs |

and direction @ 10m . SRt NEW YORK e
» Temperature ey

‘J" MASSACHUSETTS

> Irradiance

; _
\
\ m

————— ¥SBING.

CONNECTICUT

= Comparison to actual |
generation |

®New Haven

~N
PENNSYLVANIA \ #SBRON SSTON

L1/ ENepYork
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Tall Towers

Table 3-2 Mean Bias Error of modeled data at DNV Tall Tower locations
» 5 Tall Towers (80m - 100 m)

MBE (m/s)
» Statewide Coverage
Mean 0.24
> 210 5 years Standard deviation 0.30
= Modeled (calibrated) Wind Speeds 95% Confidence Limit 0.59

Calibrated Modeled vs Measured Wind Speeds at 100 m
at Tall Tower in southern New York

» Mean Bias Error (MBE): 0.24 m/s - South West New York State

Error Stats

> Slight over prediction

» Within 95% confidence limit
= Mean Absolute Error (MAE): 1.3 m/s
= RMSE: 1.7 m/s

N
o

=Y
(6]

-
o

Modeled Wind Speed (m/s)

[&)]

R%2=0.70

0 5 10 15 20 25

14 DNV ©2023 Measured Wind Speed (m/s) DNV



NY Mesonet Wind Speed

» Good agreement

= 2 years of overlap

= Modeled (calibrated) Wind Speeds

Error Stats

= Average bias at 10 m mesonet stations:

0.42 m/s

> Within 95% confidence limit of 1.7 m/s

= R-squared: 0.87 to 0.90

» Measurements indicated greater
frequency of low wind speeds

» Model cannot capture localized terrain

and roughness (trees)

» Known limitation in WRF community
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Table 3-4 Average modeled wind speed error

Wind Speed Bias Distribution for S5TON

Station MBE (m/s) | MAE (m/s) | RMSE (m/s) W Bias = MAE
SSTON 0.0 03 04 20 40
SBUFF 0.0 04 0.6 _ L
5
SBRON 0.0 0.4 0.5 £1s < 30
= =
SBELL 0.0 05 0.7 g 2
@ @
SWEST 0.0 05 0.6 210 220
@ o
sLoul 0.0 04 0.5 & &
SBELM 0.0 04 0.5 5 10
SRUSH 0.0 04 0.6
SBSPA 0.0 04 0.5 0 0 L_
SOTIS 0.0 03 0.4 =50 =25 00 25 50 0 2 4
Bias (m/s) MAE {m/s)
SBING 0.0 0.4 05
SSTON Calibrated WRF - SBUFF
14 I Modeled
6 Observed
12
£ 5
£ —
S10 3
: p
& 9 4
2 a
= g3
2 2
3 2
o
=
0 .
0 2 4 6 8 10 12 14 0 2 4 6 8 10

Measured Wind Speed (m/s)

Wind Speed (m/s)
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Wind Direction

= On average, good agreement

» Some locations (SSTON) have small
differences

> Differences are likely due to local surface
roughness or terrain effects.

= Measured data wind rose uses 15-minute
records

= Modeled data based on hourly data

16 DNV © 2023

SSTON Observed Wind Direction Frequency Distribution
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Figure 3-23 Wind Direction Frequency Distribution for Measured and Modeled data at SSTON

SBUFF Observed Wind Direction Frequency Distribution
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Figure 3-24 Wind Direction Frequency Distribution for Measured and Modeled data at SBUFF
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Wind Speed Ramp Rates

» Agreement between modeled and measured
= Measured show broader distribution and larger ramp rates/variation in hourly wind speeds.

» Expected due to mesoscale data at 2 km (smoothing effect)

Table 3-5 Measured and Modeled 1-hour Wind Speed Ramp Rate Quantiles

SSTON SBUFF
i istri i ind Speed Ramp Rate Distribution for SBUFF
Percent Rank | Modeled (m/s) | Measured (m/s) | Modeled (m/s) | Measured (m/s) Wind Speed Ramp Rate Distribution for SSTON V!g
— 30 mm Modeled Em Modeled
Minimum -2.8 -4.1 -4.0 -5.8 Measured Measured
10th -0.4 06 -0.6 -0.8 25 20
20t -0.3 -04 -0.3 -05 —_ =
£ 20 <
3ot -0.2 -0.2 -0.2 -0.3 = > 15
th 2 2
40 -0.1 -0.1 -0.1 -0.1 S 15 §
50t 0.0 0.0 0.0 0.0 = T 10
b @
6ot 0.1 0.1 0.1 0.2 & 10 u
70t 0.2 0.2 0.2 0.3 < 5
8on 0.3 0.4 0.4 05 L L
9ot 0.4 0.6 0.6 0.8 0 = 0 - -_
- -4 -2 0 2 4 -4 -2 0 2 4
99 0.9 1.3 1.2 1.7 1-hour Ramp Rate (m/s) 1-hour Ramp Rate (m/s)
Maximum 20 4.2 26 4.6
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Figure 3-34 Measured and Modeled 1-hour Wind Speed Ramp Distribution for SSTON and SBEUFF
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Solar Resource Comparison
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Day-time records only (GHI)
Biased high by about 4.1%
» Within pyranometer uncertainty of £ 5%

Normalized MBE, Mean Absolute Percentage Error
(MAPE) and Root Mean Square Error (nRMSE)

» Normalized by daily mean for each site
MAPE of 13.8%

» Within expected range (7% - 15%)
nNRMSE of 20.8%

> Within expected range (11% - 24%)

Diurnal and seasonal profiles in agreement
» Satellite-derived irradiance higher in winter
Hourly R-squared: 0.93 - 0.97

DNV © 2023

Table 3-7 Average error in hourly (satellite-based) GHI

Station MBE (%) MAPE (%) DRMSE (%) SSTON Diurnal GHI Profile
SSTON 2.7 10.1 155 500 5 — Observed
— Modeled
SBUFF 7.2 14.6 217
SBRON 38 13.1 19.2 400
SBELL 48 14.5 22.0 E
E 300
SWEST 34 14.2 213 z /
SLOUI 4.0 13.3 20.0 Z 200 f
SBELM 3.1 15.0 223 /
SRUSH 4.0 13.7 21.0 100
SBSPA 8.9 15.4 224 o ,/
soTis 22 129 204 25 50 7.5 100 125 150 17.5 200
SBING 15 14.9 227 Hour
_— SSTON.GHI SSTON Monthly GHI Profile
350 —— Observed
—— Modeled
800
300
5
£ ~
= 600 E
= £ 250
5 E
2 400 T
3 ' 200
3
=
200
150
¢ 4 6 8 10 12
0 200 400 600 800 1000 Month
Measured GHI (w/m2)
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Plane of Array Irradiance (POA)
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30-degree panel tilt

Over estimation during winter months
» Follows GHI

Average bias of 4%

MAPE: 16%

» Within expectations given measurement
uncertainty

DNV © 2023

SSTON Diurnal POA Profile

—— Observed
— Madeled

5 10 15 20
Hour

Table 3-8 Average error in modeled POA at 30° tilt
Station MBE (%) MAPE (%) NRMSE (%)
SSTON 1.9 1.9 18.8
SBUFF 6.8 16.7 258
SBRON 26 14.0 205
SBELL 5.6 17.4 275
SWEST 4.1 16.8 26.0
SLOUI 4.2 16.1 244
SBELM 3.5 17.2 26.2
SRUSH 4.6 16.5 261
SBSPA 7.9 17.0 249
SOTIS 14 14.5 227
SBING 1.1 16.7 2568

240

220
5 200
E
=180
S 160
o

140

120

100

SSTON Monthly POA Profile

—— Observed
—— Modeled
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Temperature

= Within 1°C of measurements at 2 m
= Slight timing shift

» Measurements are based on averaged
15-minute records

» Modeled data are instantaneous

» Model may not be resolving station
specific surface temperature fluxes

» Monthly profiles in good agreement
= R-squared: 0.95
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Table 3-9 Average modeled temperature error

Station MEE ('C) MAE (-C) RMSE (°C) - S5TON Diurnal Temperature Profile
SSTON 0.2 15 19 T Obseryed N
Maodeled Y
SBUFF 0.3 17 22 15 \
SBRON -0.9 2.0 286 9) 14
SBELL -0.7 1.8 2.3 @
=3
SWEST 0.2 1.9 2.5 @13
LY
- (=8
SLOUI 0.3 2.3 3.1 % 12
SBELM -1.0 1.9 25 =
SRUSH -0.1 1.8 2.3 11
SBSPA -0.2 2.0 286 10 )
SOTIS -0.8 1.9 2.4 0 5 10 15 20
SBING -0.4 1.9 2.4 Hour
SSTON Temperature - SSTON Monthly Temperature Profile
—— Observed
30 R’ =0.96 —— Modeled
N 20
) —_-
¢ 20 L
5
i 215
9 =1
£ =
E 10 e
% 210
| =
[ 2
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-10 0 10
Measured Temperature (C)

20
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Energy Distributions

» Hourly operational data inclusive of Measured vs Modeled Hourly Production Distribution at Wind Projects 1, 2 and 3
avallablllty, Ccu rtallment a nd pe rfo rmance Hourly NCF For Wind Project 1 200 Hourly NCF For Wind Project 2 Hourly NCF For Wind Project 3
35 m Modeled - Modeled 20.0 - Modeled
Iosses. " mm Measured 175 Measured B Measured
F25
» Class 2 turbine power curve ézo
) 315
> Not actual turbine model £
. . 5
» Modeled NCF uptick on right due to .
1] 20 40 60 B0
turbine being at rated power nerew
= Discrepancies may be caused by: Measured vs Modeled Hourly Production Distribution at Wind Projects 4, 5, 6
Hourly NCF For Wind Project 4 Hourly NCF For Wind Project 5 Hourly NCF For Wind Project 6
— Differences in underlying wind 2 o= temred|| 200 —=rossed | 30 - roswed

s Measured I Measured

resource data

-
@

Frequency (%)
o
=

— Turbine power curve shape and cut-
in wind speed.

w

(=]
=

20 40

NCF (%)
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Modeled and Measured Power

» Good agreement

Measured vs Modeled Hourly Production at Wind Farm 1
» Weather systems appear to be =

S 100 — Actual
captured in modeled data g . " | ~ ﬁ I — Modeled“
» Measured power data not used § - | l ‘ I ‘ | ﬁ | H |
to inform modeled dataset ® ‘ ‘ |
SO TR L
=% i | i Rl h, |
g 0 v i‘. J \ u \ ) \ ‘ ft
A Measured vs Modeled Hourly Production at Wind Farm 2
>‘100 - — T
§ 80 ﬁ \ ' \ — a?delledr
3 ‘ f ‘ |
V & |
3 | ﬁ |
‘. ”H IRV L ANy
°\° 20 ' , | {
g ° | | \ A }

2020-03-01 2020-03-08 2020-03-15 2020.03-22 2020-04-01 2020-04-08 2020-04-15 2020-04-22
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Solar Energy Distributions

» In general, good agreement

» Greater frequency of low
production

= Discrepancies driven by:

» Differences in solar
resource

» System technology and
configuration

= Daytime hours only

» Single-axis tracker
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Measured vs Modeled Hourly Production Distribution at Solar Projects 1, 2 and 3
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