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BACKGROUND

URUGUAY'S SOLAR ENERGY LAB
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BACKGROUND

Some general information

~3.2 millon people (~5% of france)

e Nl 176.000 km? (~ 1/3 of france)

Colombia

Mostly plain, temperate climate

Uruguay's countryside landscape
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URUGUAY HAS VERY UNIQUE CAPACITIES
CONCERNING RENEWABLES MANEGEMENT

Can generate more than the double of
its demand based on renewables

Can met a monthly demand with 99.9%
renewable generation (0.1% thermal backup)

Can run for more than 24hs only
with renewables (demand + exports)

Potencia instantinea. @2019-03-24 11:36:02
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BACKGROUND

UNIVERSIDAD DE LA REPUBLICA
(~85 000 stud., 6500 grad stud., 6000 teachers)

FACULTY OF ENGINERING REGIONAL SALTO

7500 students (1300/year) 3800 students
350 grad students 300 teachers
850 teachers

PHYSICS INSTITUTE PHYSICS DEPARTMENT

60 teachers 10 teachers
25 professors 3 professors

SOLAR ENERGY LABORATORY Gt

(15 members, 4 professors, 5 grad stud.) : SR

Monlevideo
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BACKGROUND

Global Horizontal Irradiance

MEASUREMENT'S NETWORK (Kipp & Zonen +first class)

S58°W 56'W 54°W

Diffuse horizontal Irradiance
(SPN1 DeltaT radiometer)

Temperature, others
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OTHER MEASUREMENTS
SOLYS2 station (GHI, DHI, DNI)
DHI with shadow band

Vaisala Weather Station

Rotating Shadow Radiometer

Outdoor calibration facility
Secondary Standart K&Z CMP22

BACKGROUND
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Solar passive
arquitecture

Heat transfer
in buildings

Experimental
Facility fFor
testing walls
(Trombe Wall)

BACKGROUND

Solar Resource Solar Resource
Assessment Forecasting

V-
[ -9

Solar Heating

l l

Low cost solarwater Measurements Numencal Weather
heaters for low temp. Network (RMCIS) Predict (GFS+WRF)

CSP prototype Special high-quality Satellite Forecast
(low-medium temp.) measurements

All-Sky camera
Solar testing Facility Satellite short-term Forecast

forsolarwater heaters resource
(ISO standars) assessment Time series analysis
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SATELLITE

SATELLITE IMAGES
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SATELLITE

Different satellite orbits: trade-off between space and time resolutions
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SATELLITE

GEOSTATIONARY SATELLITES

In geostationary orbit: always in the same position with respect to Earth

Global coverage via a WMO network (under the operation of different countries)
High time resolution (10-15-30 minutes schedules / 3 hourly images)

Moderate space resolution (500m to 1-4 km, depending on the spectral band)

Global Geostationary Satellite Coverage

Meteosat Elektmﬁ GMS GOES-W GOES-E Meteosat
FY-2
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®|ES SATELLITE

FULL-DISK VISIBLE CHANNEL IMAGE (0.47 um)

GOES-EAST SETT TR 4TH JUNE
POS: -75° PATS RS o . S 12:00 UTC
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®|ES SATELLITE

FULL-DISK VISIBLE CHANNEL IMAGE (0.60 um)

Meteosat <L -l 4TH JUNE
POS: 0° e . A 12:00 UTC
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®|ES SATELLITE

FULL-DISK VISIBLE CHANNEL IMAGE (0.60 um)

Msat IODC . 5 4TH JUNE
POS: +41.5° o 12:00 UTC
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®|ES SATELLITE

FULL-DISK VISIBLE CHANNEL IMAGE (0.60 um)

Msat IODC 4TH JUNE
POS: +41.5° 12:00 UTC

'
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SATELLITE

What is a satellite measuring?

PAST GOES-EAST SATELLITE (1997-2017)
A SATELLITE MEASURES vis

(ch1) ® Reflected solar radiance

OUTGOING RADIANCE ® Emited earth radiance
REFLECTED AND/OR EMITTED BY THE EARTH

VISIBLE CHANNELS
MEASURE SOLAR RADIANCE
REFLECTED AT THE EARTH

IRB IRE
(ch2) (chd)

INFRARED CHANNELS (>4.0 um)
MEASURE EMITTED
RADIANCE BY THE EARTH

IRE IRB
(ch3) (che)

spectral radiance (W/m® str o)

IN-MIDDLE BANDS LIKE FORMER

CHANNEL 2 REQUIRE DAYLIGHT

PROCESSING TO REMOVE SOLAR '
REFLECTED CONTRIBUTION | '

5.0
wavelength (=4n)
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®|ES SATELLITE

FULL-DISK VISIBLE CHANNEL IMAGE (0.47 um)

GOES-EAST SETT TR 4TH JUNE
POS: -75° PATS RS o . S 12:00 UTC

PIMENT Seminar - Universite de la Reunion - 7th June 2019



SATELLITE

FULL-DISK INFRARED CHANNEL IMAGE (10.3 um)

GOES-EAST 4TH JUNE
POS: -75° f A e M R, (R 12:00 UTC
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SATELLITE

FOR SNOW-FREE AREAS
WITHOUT HIGH ALBEDO
(i.e.salars), VISIBLE CHANNEL
IMAGES CAN BE USED TO
IDENTIFY CLOUDS

REFLECTANCE FACTOR:

Lvis
Fr = i

G F,

REFLECTANCE OR ALBEDO:

- Lvis
— s —
Pp = G¢ Fn, cosf,
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SATELLITE

60°W 55°W 50°W 65°W 60°W 55°W 50°W

60

Factor de reflectancia (%) Reflectancia planetana (%)

CH1 FR 16-11-2016 20:38 UTC : CH1 RP 16-11-20816 28:38 UTC
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RESOURCE ASSESSMENT

(some videos now!)
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SATELLITE

LES-LAB INFRASTRUCTURE:

PROCESSING
RECEPTION - STORAGE

} PRODUCTS
INTERNET /

DELAY 2 HOURS - 25TB

- SYnc
100 Mbps (RAU) - =)

DEDICATED

@solargate @backup-sat

RECEPTION

-~
-~
IRB H

\
b COMM. SAT — OPERATIONAL

DELAY 20-30 MINS = SERVICES

‘ GNC ‘ = (satellite images)
: (assessment)

@solarcast (Forecasting) @solarweb
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SATELLITE MODELS

ALL-SKY SOLAR IRRADIATION MODELS
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SATELLITE MODELS

Satellite-based solar resource assessment?

satellite
images cloudiness solarirradiation
. = f —_lrl-u . : !u,,,,
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Why geostationary satellite images?

1. Solar irradiance is highly variable in space and time. Spatial coverage.
2. Satellite images provide information for intra-hour estimation.

3. Interpolation of ground measurements presents high uncertainty.

4. Extense satellite datasets: ~20 years since GOESS.
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SATELLITE MODELS

tradeoff between

Measurements  cranyend Satellite

Low uncertainty in the measurement site. ®|ES CHL RP 02-05-2017 17:08 UTC

It is not possible ko measure in all the points. "Measures" in all points at the same time ~1km

In soma cases: short measurements time span. . .
P There is more than 20 years satellite images.
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SATELLITE MODELS

Relative RMSE

¥

250
Distance from station (km)
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SATELLITE MODELS

SOLAR IRRADIATION SATELLITE-BASED MODELS

EMPIRICAL MODELS

Tarpley et al. model
Cano et al. model
Machine Learning models

PHYSICAL MODELS

Heliosat-4
NASA/SSE
Brasil-SR / Chile-SR
GL model (Brasil)

SEMI-EMPIRICAL MODELS

SUNY model
Heliosat-1/2 models
SolarGIs model

Rely in a set of parameters that have to be adjusted for the region
High-dependence in the availability of high quality measurements

Simple but not extrapolable (to other regions) models

Attemp to model in detail the radiative transfer in the atmosphere
Require a high-detail/quality knowledge of the atmosphere state

More feasible to extrapolate to regions that lack of measurements

Have a physical basis but rely in some adjustable parameters

Trade-off: simplicity, measurements availability and extrapolation

Commonly used in commercial platforms (Geomodel, SolarAnywhere)
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SATELLITE MODELS

UPDATED TARPLEY MODEL (statistical)

I, =1.. F, cosb, (a + b cosf, + ¢ cos? 93) + d(Frm — FRro)

A SIMPLE PARAMETRIZATION OF THE
HOURLY SOLAR IRRADIATION

reflectance
Isc Solar constant hourly value Factor

Fn Excentricity Factor (Earth-Sun distance)
FRm Hourly mean "brigthness" in a cell. Cell size is tuned to represent an hourly value.

FRD Background mean "brightness" for the pixel position and time

a,b,cand d are empirical coeficients to be tuned with ground measurements
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SATELLITE MODELS

Effect of
Clear-sky part of the model cloudiness

Iy, =1I.. F,, cos@, (a +b cosf, + ¢ cos? 93) + d(Frm — FRro)

Background "brightness"” estimation

1 ® Factor de Reflectancia  ® Modelo de brillo de fondo
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SATELLITE MODELS

PERFORMANCE

Hourly and daily evaluation

1200

1 Modia JPT-v2 Modeds JPT=v2
Estmcstin: Saho LES/ UdelaR Esimcisn: Salto LES/UdalaR
Escala horaria Eacala dimria

1000
I

B

Irradiacién GHI por satélite (MJ/m®)

be
¥
7
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1 ] ] I ] 1 1 1
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Irradiacion GHI medida (Wh/m®) Iradiacion GHI medida (MJ/m®)
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SATELLITE MODELS

CLOUD INDEX MODELS (CIMs - hybrid)

Clear-sky model

Cloudiness
attenuation

AN

CLEAR SKY MODELS (some of them) THE CLOUD INDEX IS DEFINED
FROM THE SATELLITE ALBEDO

* ESRA: Rigollier et al., 2000. n = Pp—Pmin

Pmax — Pmin

* Simplified SOLIS: Ineichen & Perez, 2002.
DIFFERENT IMPLEMENTATIONS
llenvseEhs e, 2 WE USE THE BACKGROUND

MODEL FOR MIN AND A FIXED
*McClear Model: Lefevre, 2013. ALBEDO VALUE FOR MAX
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SATELLITE MODELS

CLEAR SI(Y MODELS Model Name Year h p, p T RH w, u, w V k Ty 1, 190 @ f w, Total
ASHRAE 1972

Gueymard, 2012 HL) 1976 +
KEumar 1997

A comparison of 18 clear-sky models Fu-Rich 1999

performance over 5 stations that 5 Heliosat-l 1996

account fora wide range of climates. ESRA 2000
Heliosat-2 2004 »

The inputs variables considered for ¢ loeichen 2008

each model are different
(From O to 8 input variables, REST2)

Yang
) NRCC
Hoyt

lable 1. Requested atmospheric inputs (besides date, zenith angle and solar MAC 1988
constant) for all models considered here. Possible inputs are: h, site

elevation (m); p,, surface albedo; p, barometric pressure (mb); T, METSTAT 1998
temperature (°C) RH, relative humidity; u,, total ozone abundance (atm- )

cm); uy, total nitrogen dioxide abundance (atm-cm); w, precipitable water GSR 1998
(cm); V, horizontal visibility (km}; k, atmospheric transparency; T}, Linke MRM.-5 2008
turbidity coefficient; 1., broadband aerosol optical depth; 1,700, acrosol

optical depth at 700 nm; a, Angstrém's wavelength exponent; #, Angstrom's Bird 1981
turbidity coefficient; w,, acrosol single-scattering albedo. The total number

. ) ]-:]]:u.a|-'lf'f 1983
of inputs appears in the last column.

i REST2 2008
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SATELLITE MODELS

# Model Name Year h Py P TRH u, u, w V k T; v, 1,000 @ [ w, Total
1 ASHRAE 1972

RMSD (%)
A comp Global Irradiance
perform ' P

account ARM-SGP

Golden

Medium term models I Mauna Loa
HI"- ar ol e
may be around 5% { Solar Village

&

Theinp
each mc

ro
o

3
Q
7]
=
@

Well—calibrated mﬁdels
may be between 2-4%

lable 1. Requeste

constant) for all

elevation (mj}; p, I _ o o
temperature (° , 3 I
cm}; g, total nitl

(cm}; V, horizon§

turbidity coefficl 9 10 11 12 13 14 15 16 17
optical depth at

turbidity coeffick

of inputs appears in the last column.

18 REST2 2008
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SATELLITE MODELS

CLEAR SKY MODELS - our evaluation

McClear modelis a succesful RTM model that use
atmosphericinf. (MACC) and is operational via LUT

Comparison between McClear and ESRA with local
average seasonal TL values (Pampa Humeda evaluation)

ERf00O0ONEEER

relative MBD (%)

Special behavior of McClear model
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SATELLITE MODELS

CLOUD INDEX MODELS (CIMs - hybrid)

SUNY-v2 model: ol

/

Gh=Gesk X f(n)=Gesk % [a+b(1—n)]

Heliosat-2 model:
ESRA

Y

Gh — Gcsk X f(n)

THE CLOUD INDEX ARE COMPUTED
DIFFERENTLY IN BOTH MODELS
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SATELLITE MODELS

CLOUD INDEX MODELS (CIMs - hybrid)

Ineichen, 2014 - evaluates several models in 18 measurements sites in Europe.
- standard deviations between 17-24% for GHI and 34-49% DNI.
Perez et al. 2013 - typical GHIl uncert.: 7-20% arid/semi-arid and 15-30% for complex sites.

SolarGis Helloclim 3 Solem|

Gh An [ Bn Dh Bn

mbd sd mbd sd ; mbd sd mbd sd mbd sd
| 15 154 | 134 ' 161

I n'r‘.i?.’.'.'i.] : 21 166 | <13 60 71 | 34 160| 31 78

6% 4 7% l 10% 45% 2% J0% | 0% 44% | 21% 58%
1.91 1.49 1.82 .05 1.47

{H[,:;ﬂ.r;” 0.00 0.05 0.34 0.18 1.23|-0.12 046|006 058 |-0.34 1.37] 0.28 0.60

0% A% l -1% 2 4% 23% 3 y 5% 1% l B% 31% 2% 15% | 0% 35% | 19% 41%
107.7 110.2 12.0 2.8 111.0 114.6 42.6

[:1',;',::,::3] 0.1 39 |-1.4 107 1.8 4 5.3 | -36 61] 18 68 |-108 170 90 9.0

0% 4% |_ 1% 10% 4 %Y 11% J 5% ! 149 2% 6% 0% 15% | 21% 21%

Heliomont m Solutions IrsOLay

Gh | B Dh Gh ' | Bn Dh
mitd | mid 5 mibd g imibd 5 mibd g G it I g it

320 | 325 132 443 465

w:‘:::::]l;h] 2 64| 9 13| 0o so| 11 e | 58 196 | -22 77

1% 20% | 3% 41% | 0% 38% | 2% 19% | 12% 42% [-16% 58% |

3.53 }.58 1.46 4.40 4.62 1.49

ik\&:ﬂ:"l:ﬂj 0.06 034|017 085|-001 034)|012 046|053 1.27|-019 056|002 T | 0.04 0.42

1% __24% 11% | 1% 28% |-13% 37% | 0% _12% | 0o % __30%
4a1.7 132.4 d42.8 40.9

rr-,;;::.-::l:;] 0.1 4.5 : 16.2 15.2 I 50 6.9 0.6 6.4 0.5 159 | 1.6 5.4

0%  11% 12%  11% | -14% 16% | 1% b 15% [ 4%  13%
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SATELLITE MODELS

CLOUD INDEX MODELS - our evaluation Heliosat-4 (CAMS)

& CIM-McClear

18.3 CIM-ESRA

l M17.2
1258 Different satellite
iy inputs

Heliosat-4 -> MSG
CIMs -> GOES-East

HS4-or HS4-sa CIM-ESRA CIM-MC H54-or HS4-sa CM-ESRA CIM-MC

relative MBD (%)
relative RMSD (%)

GHI esktimates (Whim<)
GHI esktimates (Whim<)
GHI esktimates (Whim<)

400 800 1200 400 800 1200 400 800 1200
GHI ground measuremants {Whim®) GHI ground measuremeants {Whimd) GHI ground measuremeants {Whimd)
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RESOURCE ASSESSMENT

SOLAR RESOURCE ASSESSMENT
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RESOURCE ASSESSMENT

APPLICATION OF SATELLITE MODELS

UNCERTAINTY = FINANTIAL RISK

PROJECT UNCERTAINTY RESOURCE UNCERTAINTY

Annual
degradation
(0.5 - 1%)

Transposition
To Plane of Array

(0.5-2%)

THE SOLAR RESOURCE UNCERTAINTY AT THE DATA UNCERTAINTY IS THE HIGHER
THE SPECIFIC PROJECT SITE IS THE HIGHER Schnitzer et al., 2012
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RESOURCE ASSESSMENT

APPLICATION OF SATELLITE MODELS

THE MODELS CAN BE USED TO ESTIMATE SOLAR IRRADIATION TIME-SERIES AT SPECIFIC SITES

THE IRRADIATION SERIES ARE ESSENTIAL FOR SOLAR APPLICATIONS DESIGN AND SIMULATION

USING LONG-TERM SATELLITE IMAGES IT IS POSSIBLE TO ESTIMATE THE SOLAR IRRADIATION
IN ANY SITE (~2 km resolution) AT AN INTRA-HOUR TIME BASIS ENABLING THE ASSESSMENT

LA JACINTA - 15 afos de irradiacion horaria

LA JACINTA
L =

&
E
5
=
-
a

T | 1 T T T T T ] T T )
2008 2010 2012 2014 2016

Fecha (afo)

. ey I I ' I J I
7 RADITON ) 2000 2002 2004 2006

RADITON = 15 anos de irradiacion horaria

GHI (Wh/m®)

2008 2010 2012 2014 2016

Fecha (afio)

2000 2002 2004 2006
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RESOURCE ASSESSMENT

URUGUAY'S SOLAR MAP

(second version, 2017)

First long-term characterization

Spatial resolutionl: ~2 km 'a._,-
Input information:

~5 years of ground measurements '

~16 years of satellite information ‘
Uncertainty: 4 '
2% For monthly an annual maps ‘ P

4% For month-to-month estimates

6% for daily estimates 4
13% For hourly estimates

35S —— 35°S
59°'W 58"W 5TW 56°'W 55'W 54°W B3'W

- — [

4.4 45 46 4.7 48
promedio anual de irradiacion GHI diaria

if &6 BF B4 B4 B8 & aF &4 dd &8 T TF Ta Pl FEF B4 F8 58 38 AF 54 34 5@ 48 aj
prormedad mendual o8 GHI dana - ENERD perorTeisthed Merriasl de Gl dana - JUNID
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®|ES RESOURCE ASSESSMENT

ONLINE SOLAR MAP TOOL

e Solar de [ A" ABCEATORIOD [
Mapa Solar del Uruguay @ .oroko o

Coordenadas

Emwiar Borrar

.Ix s GHI: Irradiacion global en plana horizantal AT kWM’ dia
- GTI: Irradiacion global en plano indinada 2 15° 5 16 k¥Wh/m’ dia
b DIz Irradizcicn dirscta en inddencia normal 506 kWhim'® dia

Porta Alegre

Lani; 57,415

I ¥ =

I--I

1 Fasa ot \

Ill : il GTl DM

ol ] ek
HOS3 0 o - Iruguay

Y a 1 -- Promedio anual: 4.78 kWh/m® dia

01 Wik e ' - g = Lat; -31.886
M KL X F
b I T = :
mr ]

Infoddes eduuy - Por mds informacion sobre el mapa solar

http://les.edu.uy/online/msuv2/
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RESOURCE ASSESSMENT

INTER-ANNUAL VARIABILITY

6

95% of the yearly sums
are between + 6% (P95)
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c=6%

95% of the yearly sums
are between x 12% (P95)

0

Anomalia anual DNI (%)
-6

-12

2000 2002 2004 2006 2008 2010 2012 2014 2016
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RESOURCE ASSESSMENT

TYPICAL METEOROLOGICAL YEAR - SOLAR APPLICATIONS
SALTO - Serie anual tipica de GHI

| | | I I I |

03 04 05 O6 07 O08 09 10 11 12

Fecha (mes)

SALTO - Serie anual tipica de temperatura

L1 1 1 1 1 1 |

Temperatura (°C)

| | | | | | | | |

01 02 03 04 05 06 07 08 09 10 11 12
AVAILABLE IN: http://les.edu.uy/productos/amtues-2/ Fecha (mes]
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RESOURCE ASSESSMENT

TYPICAL METEOROLOGICAL YEAR FOR SOLAR ENERGY APPLICATIONS

SANDIA-NREL METHODOLOGY (TMY3, EEUU) jan Feb mar apr

The typical characteristics of each year-month data set
is quantified by comparing with the long-term CDF 15

The typical measure of each variable is weighted in Ll

accordance to its importance for solar energy projects

A special smoothing procedure is required in each
month interface for the non-solar variables 2002 2006 2003 2013

TYPICAL YEAR

TODAS LAS ESTACIONES - brradiacién maensual TODAS LAS ESTACIONES - Temparatura mansual TODAS LAS ESTACIONES - Humedad relativa mensual

o Temperabura maxeme
« Temperatura madia
# Temperabura minema

L] ‘
2o

o

Irradiacién mensual AMT (MJ/m®)
Temperatura mensual AMT (5C)

Humedad relativa mensual AMT (%)

I 1
10 15 20 25 10 15 20 25 BO
Irradiacién mensual promedio (MJ/m®) Temperatura mensual promedio (%C) Humeadad relativa mensual promesdio %)
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RESOURCE ASSESSMENT

OUR CURRENT WORK
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CURRENT WORK

TODAS LAS ESTACIONES - 15 anos de irmdiacidn homaria

TR

CURRENT WORK

varaciin de kT

e — E—
D) 2002 2004 2006 2008 2010 2012 2014 2016
Fecha (afo)

UNDERSTAND SHORT-TERM

VARIABILITY IN URUGUAY INCERTEZA 4

RELATED TO (minutal, 10-minutal, hourly) 50%,
SOLAR PV

POWER 40 |
PLANTS
LOCATED REDUCE THE UNCERTAINTY

IN URUGUAY OF SOLAR FORECASTING i TENICas!

hourly satellite forecast TECICast
some days-ahead NWP forecast 105 | G=c satelez horano: - z13% |

L
1 Carac. satelice diaro: ~6-7%
1
1

= | . >
1hora PROMOSTICO HORARID o 45 PRONOSTICO DIARIO ¢ 43z ﬁt

IMPROVE SATELLITE MODELS (GHI, DNI and GTI): semi-empirical and physical models.

ALL TECHNIQUES FOR POINT FORECAST: NWP, satellite, all-sky cameras, time-series analysis.
PROBABILISTIC FORECAST: with Philippe and Mathieu (in collaboration with PIMENT).
ENHANCE SATELLITE INFORMATION USE IN URUGUAY: cloud classification, fog, rain estimates, etc.

NOW: accessing satellite data For other parts of the world
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THANKS!

Thank you for your attention!

LABORATORIO DE Rodrigo Alonso Suarez
ENERGiA SOLAR http://les.edu.uy/

r.alonso.suarez@gmail.com
- UMNIVERSIDAD DE LA REPUBLICA http://les.edu.uyf/online/

] £ J @ralonsosuarez
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