GREBE

Generating Renewable Energy
Business Enterprise

Northern Periphery and
= Arclic Programme

Resource Assessment Toolkit for Solar Energy

Author:
Desislava TodorovaEnvironmental Research Institute

Contact:Desislava.Todorova@uhi.ac.uk
July 2018

www.grebeproject.eu



THEGREBEROJECT JULR018

The GREBE Project

Wh at is GREBE?

GREBE (Gerating Renevable Energy Business Enterprised s m @ T fy&ar2(20952018) transnational

project to support the renewable energy sector. Iltisebdzy RSR 60& (GKS 9! QaArctio@®ML KSNY t &
Progamme. It focuses on the dlllenges of periphel and arctic regionsas pblces for doing businesand

helps develop reneable energy business opportunitiesaneas with extreme conditions.

The project prtnership includes the eightgstners from six countries, Watern Development Commission
(Ireland), Action Renewables (Northern Irednd), Fernanagh & Onagh District Council (Northern leeld),
Environmenél Research Institute (Scodind), LUKE (Fiuid), Karelia University ofApplied Sciences (Famid),
Narvik Sciege Rark (Norway) and Innowation Icebnd (Iceand).

Why is GREBE h  appening?

Renevable Energy entrepreneurs working in the Ali@tea face challengesincludinga lack of criti@ mass,
dispersed settlements, poaccessibility, vulnebility to climate change effectsand limited networking
opportunities.

GREBE will equip SMéfsl start-ups with the skilland confidence to overcome these alengesand use
place based ratural assets for RE to best sasiable effect.The renewable energy sector contributeto
sustinable regioral and rural developmentand has potental for growth.

Wh at does GREBE do?
GREBE suppontsnewable energy srt-upsand SMEs

I To grow their business, to provide Bgobs,and meet energy demnds of lo@l communities.

1 Bysupporting diversifigtion of the technologial capacity of SMEand start-ups so tlat they @an exploit
the natural conditions of their loations.

1 By providing REatiored, expert guidnceand mentoring to give SMEsd start-ups the knowledgend
expertise to grovand exmand their businesses.

1 By providinga platform for transrational sharing of knowledge to demonsite the full potental of the RE
sector by showasing innoations on RE technolognd strengtheningaccessibility to expertisand
business supporvailable loally and in other NA regions.

1 To connect with other reneable energy businesses to develop new opportunitiesllgcregiorally and
transmationally through the Virtal Energy Idas Hub.

f By conducting resich on the processs opeating in the sector to improve undesf RAy3 2F GKS 4SO
needsand make the @se for public policy to support the sector.

For moreinformation, visit our website:
http://grebeproject.eu/

Follow our Blog:
https://greberenewableenergyblog.wordpress.com/

Like us on &ebook:
https://www.f acebook.com/GREBEProject/

Follow s on Twitter:
https://twitter.com/GREBE _N®

" GREBE ¢ Pridaioiy -
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TheToolkitoutlinesbest piactice techniques foassessingolr resource potentilsasa
foundation for a solar resourceassessmentSohr resourceassessments indispenable in
estimating the solar potential in a given loation, the socal and environmenal impacts
accompmnyingthe resourceexploitation and the economicviability of solar utilization
scerarios.
The scope of th&@oolkitcovers:

U Governingorinciples of sar energy

U Measuring Sdr Irradiation

U Parameters for choice of opti@ measurementstation

U Dataacquisitionand quality control

U Sobr radiation modellingg satellite-based models

U Applying scdr resource @dtato solar energyprojects

U Foreasting Sadr Irradiation

U Best pactices in orsite monitoring progammes

? GREBE 0N s -
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Governing principles of sal energy

Sobr energy is okdinable inabundance in mosparts of the world, even in the NfPremit.

As seen in thesolar irradiation map below, the NRw S 3 A a@eyagedum of salr

irradiation is well below most arts of Europe. However, during the summer period, the
countries lased in the NRregion getaround 17 to 19 hours ofaylightand those in the
Arctic Circleget 24 hours. Sat PV requires dylight (soér irradiation), rather than sunshine
and high tempeatures, which nakes ita viable technology choice for businesses in theANP
region.

() Global Mean Solar Irradiance &y 3TIER

Figure 1.Glokal mean horizonl irradiation map !

Theamount of sobr energy incidenbn the eNJi K Qaie ishpgrbidimately 1.5 x 1018
kWh/year, which isabout 10,000 times the currerdnnual energy consumption of the entire
world. The density of poweladiated from the sun (referrd to as solar energyconstnt) is
1.373 kW/mZ2? Likeany genegtion source, undersinding of the quality and future
dependhbility of the fuel is vial for preciseanalyses of system perforamceand the

financial feasibility ofa project. With sodr energy systems, thietermittence of the supply

! https://cleantechni@.com/2013/08/19/germany-breaks-monthly-solar-geneiation-record/
% Resourcedssessment Bhdbook APCTT, 2009

= REBE (‘ Narthern Pariphary and
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of sunlightembodiesthe utmost uncersinty inasolr power phy 0 Q& LINBRA OlG SR
performance?

Sobr Characteristics

Sohbr spectrum

Light of different vavelengths reaches different prts of the Erth's atmosphere. Visible
light and infrared radiation reach the surbce, warming the suréce to liveable conditions.
With an effective tempeature of approximately 6,000 K, the sun emitsdiation overa
wide range of wavelengths, the sak spectal powerdistribution, or sahr spectrum,
commonlylabelledfrom high-energy shorter \@velengths to lower energy longer
wavelengthsas ggmmaray, xray, ultraviolet, visible, infared, and radio waves. Theeare
called spectal regions Most (97%) sal radiation is in the vavelength range of 290 nm to
3,000 nm.

Solar Radiation Spectrum
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Figure 2Sobr radiation spectrums

% Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL,2015,

“ GREBE § Yo B
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Sobr Irradiance

Sobr irradianceis the power per unitirea received from the Sun in the form of
electromagnetic rdiation in the wavelength enge of the masuringinstrument.Irradiance
variesaccording to the watheray R K S atioulzy thesskyf TRi©lation continuously
changes throughthedy duetoctay 3Sa Ay 0 alitude (or KlSatioh)dngl©ahd
its azimuth (or compss)angle The figure belowvillustrates this.

Qorth
B = elevation angle, 8; = zenith angle, Ba = azimuth angle,
measured up from measured from measured from

horizon vertical North
Figure 3Altitude, zenithand azimuth angles.4

Total Solar Irradiance

The total radiant power from the sun is unuslly consent. The sar output (radiant
emittance) las commonly beenatled the soér constnt, but the currentlyaccepted term is
total irradiance (TSI), taccount for theactual variability with time. Thereare cycles in the
number of sunspots (cooleratk areas on the sungnd geneal sobr activity of
approximately 11 yers.
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4. https://pvpmc.sandia.gov/modelingsteps/l-weather-designinputs/sunposition/
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Figure 4 Fousolar cycles show the tempatl variations of TSI in composite rasurements from atellite-based
radiometers €olourcoded)and model results produced by the Worlddration Center (WRC)

Rehktive Air Mass

The effectiveatmospheric depth will b@ffected by theapparentay 3t S 2 T ays KS & dzy Q3
with the ground {llustrated in Figure &bove). Theactual path length (Figure ¥through the

al Y232 LIKSNB A& RSaoONivaaitrRaa dafaTYigalud Wilkdepérl Ny WNES f

the height of the siteabove sealeveland the soér altitude ¢ at higher \alues of redtive air

mass, less sat radiation will reach the eNJi K Qage arid dablBigher frequencies

(blue/green light)are increasingly settered, so leding to light domiated by lower
frequencyred/orange.

Relative atmospheric mass, AM /{(l}
AM=(sin(y.)) AM=0
3L earth’s surface / it outer reaches
when altitude=¢ | f atmosphern
/ A ‘
Atmosphere / Jltude | | A"‘/"f]

Figure 5 Re#tive atmospheric nass.’

Absorption converts grt of the incoming salr radiation to heat and raises the tempegture
of the absorber. The longer thegth length through theatmosphere, the moreadiation is
absorbedand sa@ttered. Sattering redistributes the adiation in the hemisphere of the sky
domeabove the observer, including reflectingnp of the radiation back into s@ce. The
probability of s@ttering increasesas the @th (AM) from the top of theatmosphereto the
ground incr@ses.Toaccount for the effect of the climte and pollutionat a particular

local A 2y X GKS YHOR ¥ KErepregeltdtiheRnlulipR: of @a dryatmospheres
that would produce the equialent sobr attenuation to the actual atmospheric conditionsit
a particular location. This anges froma value of 2 for very clan, coldair to 3 for warm air,
and above 6 foralocation with heavily pollutedair.

Directand diffused bem radiation

When the sddr radiation reaches the eNIi Kufkage the direct component of the saf
energy, knowrsd (i Kaf irrédlimySO S Qasuced @ rpendiculr to the direction of the
sun) will beaffected by the site eleation. The terrestral sobr radiation is divided into two
components.Toaccount for ths, an altitude correction &ctor isapplied to the kasic bam

® |bid 4

? GREBE 0N s -
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irradiance that will also be dependent on the skyacity. This correctiondctor is shown in
Figure6 for a Linke Turbidity &ctor of 3.5.

140 A
Correction to be applied to
135 /000 m direct beam only
A 2000 m
1.25 Linke turbidity = 3.5
1.20 A

Correction ratio for site elevation

1000 m
1.10 A

500 m 8 = = =
=2 \\’\,_.\A

I b ———0——o—o—o—0—o
1.00 -

0 10 20 30 40 50 60 70 80 90

Solar altitude (degrees)
Figure 6Effect of site eleation in metres on thepredicted beam irradiance

After passing through th@tmosphere, the norral beam irradiance has a maximum \alue of
approximately 950 W-nif. Inaddition to the direct irediance, there isa diffuse component
that ¢ as the rame suggests is nondirectional and will depend on thetmospheric
(notably climatic) conditionsas wellas the surrounding suates.As the Linke Turbidity
Factor increases, the diffuse iadianceat a given sadr altitude rises, see in Figure gince
there is greter sattering of light.
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Figure 7.

The ground reflected iadiance iscan be found by using the following egfion:
Rinl 7T G (W)

Where

"¢ -groundalbedo

ry- the ground slopedctor

G - the clear sky glolal irradiance ona horizontal surface (W-m?)

ground slopedctor -rg=(1¢02& 6§ 00 K H

ry= 0.5for vertical surfaces

The figure below illustates, the value of soér decliration, d, is independent of l@tion but

related to the time of yar (varying from +23.5around 20 June to Gt the verral and

spring equinoxand -23.5°around 22 DecemberO. ltao be determined bya simple

sinusoidl function. Only loali A 2 ya Ay dlitkides betwae® 2305°Rril 23.56S) an

have the sun vertially above @t a solar altitude of 90°, zenith of 0°). When consideriag

particular location, the angular height of the surabove the horizon, the sat af (G A (sdzZRS >
and itsangular position in the horizordl plane, the sodr al A Y dzi raEbe @lculated.

Latitude angle, Lat

| Equatonal Plane
Figure 8 8lar geometryat a point on the eNJi K Qaie rehtilz\th the angential vistal horizon®

AAYPOT aAYyO61L 07 AAyowmidpbO2a010i 0286u0i 0240. 0

G2 500 "' BIAANDPEYOL 00 KO60246u0i O246 !

6 https://www.cibsejourral.com/cpd/modules/201307/
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(i Kc&culaiion eing required to esiblish the qadrant where .s resides.

omegy; =absolute \alue of the hourangle (e.g., noon = 0°, 2pm = 30anH= 45°, etc.)

v &titude
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Beforecontinuing our discussion of solradiation, it is imporant to understaind afew basic

radiometric terms, sumrarized inthe table below.

Quantity Symbol Sl Unit Abbreviation | Description
Radiant energy | Q joule J Energy
Radiant flux U watt W Radiant energy per
unit of time
Radiant watt per steradian | W/sr Power per unit of
intensity solar angle
Radiant M watt per squere wW/m2 Power emitted
emittance meter from a surface
Radiance L watt per steradian | W/sr/m2 Power per unit solig
per sguare meter angle per unit of
projected source
Irradiance E, I watt per square W/m2 Power incident ora
meter surface
Spectal 9 < watt per square W/m2/nm Power incident ora
irradiance meter per surface per
nanometre wavelength
"Ibid 6
_GREBE '$ Yo -
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Sobr components’

Radiation can be transmitted, absorbed, or sattered byan intervening medium inariable
amourts depending on the avelength.Multifaceted interctions of the BENIi Etfdasphere
with solr radiation result in three fundmental broadband components of interest to saf
energy conversion technologiedirect normel irradiance (DNI), diffuse horizoatirradiance
(DHNand glokal horizongl irradiance (GHI)

*HORIZONTAL" IRRADIANCE “GLOBAL TILT" IRRADIANCE “DIRECT NORMAL" IRRADIANCE
ity ;\-/fs_l,- b RN ':_'/Z‘\\“,' Ak
o | B o A /&
<. -DIRECT i b 8.
&, from sun

“DIFFUSE" N\

*DIFFUSE"
from sky

| 'DIRECT" ¥ =

V) i 4 X from sky
:\, | \/
FIXED HORIZONTAL FIXED TILTED

COLLECTING SURFACE TRACKING
COLLECTING SURFACE

COLLECTING SURFACE

Figure 9 direct norma irradiance (DNI), diffuse horizoaltirradiance (DHIjand global horizon#l irradiance
(GHI)?

DirectNormal Irradiance (DN

DNIlis theamount of soér radiation received per unitrea by a surface that is always held

perpendicuér (or nornel) to the rays that come ina straight line from the direction of the

sunat its current position in the skyFor sar resourceassessmenbNIis understoodas the

G adition received fromasmall soliday 3t S OSy (i NS R ¢ Bh side Kf$hisa dzy Qa RA
G aalsoliday 3f S¢ TFTaNdYSyLhavysda NBO2YESydorgeBondligg 0S p
to and approximate 2.5-degree lalf angle) This is beause instruments for DNI

measurements (pyrheliometers)dve to track the surell the way through its @th of motion

in the skyand snall trackingerrors have to be expected. Tharle field of view (FOV) of
pyrheliometers decrases the influence of sucharking aults.

Diffuse Horizontal Irradiance (DHI)

DHlis theamount of radiation received per unitrea by a surface (not subject t@ny stade
or shadow) that does notarrive onadirect path from the sun, but Bs been sattered by
moleculesand particles in theatmosphereand comes eqally fromall directions

Global Horizontal Irradiance (GHI)

GHlis the total amount of shortwave radiation received fromabove bya surface horizonél
to the ground.This \alue is of @rticular interest to photovolgic ins&llations and includes
both DNland DHI The totl hemispheriel solr radiation onahorizontal surface is the sum

% Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL,2015
o https://ffirstgreenconsulting.wordpress.com/2012/04/26/differeatie-betweenthe-dni-dhi-and-ghi/

? GREBE 0N s -
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of the flux density resulting in the Dl the givensolar zenithangle SA, and the additional
DHI:

DIL I' 5bA+DH / 2a 6{ %

This funé@mental equation is the foundtion of most sadr radiation measurement system
designs, dta quality assessmentsand atmospheric adiative transfer modelsaddressing the
needs for sar resource dta.

Global Titled kradiance

Sobr conversion systemas flat-plate collectors or norconcentating photovolieics (PVare
tilted toward the sun. Estirting or modelling therradiance incident upon these systems is
essental to the performanceand yield ealuation of these systemsThe GTlan be

measured directly by pyanometers that are tilted as the collector @ne.

Estimating DHI from GHI

During clar and partly cloudyconditions, diffuse irmdiance ona horizontal surface, DHI, is
often arelatively snall part (< 30%) of the GHI. During ovast conditions, the GHind DHI
should bealike. When DHI mesurementsare notaccessible, ealuations of the diffuse ray
be needel in combiration with GHI dtato estimate DNI DHI isalso useful for dylighting
applications. Geneaglly empiri@l correltions between the globl clearness index, Kgnd
either the diffuse faction, K € DHI/GHI), or the diffuse emess indexare used.

0 Kt (Claarness index or gladd horizontal transmittance of theatmosphere
=D Lk og)fiL /i 2)PANJ %
o Kd Qiffuse tansmittance of theatmosphere

' 51 Lk { U i 06 Na
Estimating DNI from GHI

DNI @n beassessedndirectlyfrom the models of the previous section, once the gibband
diffuse componentsare known, ordirectly through other sepration models ttat are not
based on the diffuse &ction approach.

0 Kt (Clearness index or glad horizon@l transmittance of theatmosphere)
=D LK G i/ 265Ndiceétlys

o Kn (Direct nornal transmittance of theatmosphere)
' S5bLg®{Li ONJ

Where:

A TSI = Tal sobr irradiance (man TSI, ~1366.7 Wi + 7 Wm2)
ro = mean Earth-sun disance (149,598 km)

r = Erth-sun disanceat the time of interest

SA = Solr zenithangleat the time of interest.

, GREBE o Fromeieiy -
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Smatial and temporal variability of solar resources

Smatial and temporal variability of sobr resourcesentails the effectsof the atmosphere,
weather, climate, and geogephy on the wariation of sobr resourcesat the EBNIi K Qage. & dzNJF
Disparities in soér radiation from month to month, espeally in the hktitudes outside the

tropics, followan annual pattern, generlly during the summer, with loweralues during the

winter. Inter-annual variability - the year-to-year variation in these tterns. The coefficient

of variation (COY is the ratio of the seandard devation to the men of a set of given
averages) an be used to gantify this \ariability.

Variations in weather and natural events suctas forest fires, volanic eruptions, dust clouds
from drought regionsand agricultural activity all can contribute to interannual variations.
Smatial variations in solr resources often come into question, esmdli if nearby or
neighbouring mesured dita are obtainable fora site without measured dita. Mountainous
terrain or highly wariable urban, agricultural, or other microclinate influences may
contribute to high sptial variability of the soér resource Preailing windsand cloud motion
patterns can also affect both smtial and tempoial variability throughout disances froma
few to hundreds of kilometres.
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Measuring sohr radiation

Precise gantities of thearriving irradianceare vital to sobr power phnt project desigrand
implementtion. Since iradiance cita are comgaratively multifarious,and hence costly
compared to other meteorologial measurements, theyare obtainable for onlya limited
number of loations. Irradiance mesurementsare also used to developnd trial models for
appraising iredianceand other soér irradiance components &sed onavailable surbce
meteorologi@l obsenations or stellite remote sensing techniques. ddiance
measurements wilblso phy a signifi@ant role indeveloping s@r resource foreasting
techniques. This section focuses on the instrument choiceallasbn, designand O&M.

Instrumentation choice

Ahead of choosingnstrumentation and committing to theassocated costs, thedeveloper
hasto assesghe data accuracy or uncerainty levels ttat will fulfil the ultimate analyses

based on the adiometric measurements. Thiwvill guarantee that the best \alue is attained
after the accessible numerous nasurementand instrumenation choicesare considered.

By instituting the project requirements foadiometric data accuracyfirst, the developer
can considerinstrumentchoiceand the levels of effort neceasy to opelate and maintain
the measurement system oan ovefll costperformance determiration. Redundnt
instrumentation isan additional key consideation to guarantee buoyancyin data quality.
Multiple radiometers within the project laation and/or providing for the masurement of
all three soér irradiance components (GHI, Didhd DN) are reconmended.

Instrument types

Instruments intended to masu@any form of rdiation are called radiometers. Heresa
description ofthe types of adiometers most frequently used to nasure saodr radiation
resources.

Pyrheliometeris used to masure direct bam radiation at normal incidence Sunlight
enters the instrument througla window and is directed ont@thermopile which converts
heat to an electri@l sigral that can be recordedPyrheliometersare used to masure DNI
Thereare two types ofPyrheliometers:

", GREBE () nmasmye -
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o SHPLlitisapyrheliometer device well equipped witin interface having both
digitized RS 485 Modbaed an intensifiedanalogue output. This pyrheliometer

drying cartridge . alignment aids ) quartz window

-

housing

connector v"; . | . ! 1 1 ( 1
ik ([ ) ‘!L .

) |
smart interface detector aperture rings

rain shield

offersa smart interfaceand isan advancement of the CPH 1 version. Moreover, the
SHPZlso hasaresponse period below 2 seconds. Vlrdividually measure
temperature correction \aries from negtive 40°C to positive 70°C.

Figure 165HP1 Sart Pyrheliometer™

o CHP 1This type of pyrheilometer completely complies with thtebt standards set
by Interrational Seandardization Organization (ISOxnd World Meteorologiel
Organization (WMO) regrding the criterafor First Gdss Nornal Incidence
Pyrheliometer. Bch pyrhelometer is checked for anufacturingand supply
standards withatraceable checking certifate issued by the Worlddgiometric
Reference (WRD).

Pyrheliometersare mounted inautomatic sobr trackers to naintaA y G KS Ay & & NHzY S
alignment with the sar diskand fully illumirate the detector from sunrise to sunset.

Configuation of the pyrheliometer with the sal disk isgovernedby a simple dioptre,

or asighting device in whicasmall spot of light (the s@r image) &lls onamark in the

centre ofatarget loated near the rear of the instrument.Viewlimiting apertures inside
apyrheliometerallow for the detection of adiation in a narrow annulus of skyaround

the sunto allow for snall variations in trackeralignment

Pyranometer is atype ofactinometer used forcalculating solar irradiance ona

planar surfaceand it isintendedto measure the sadr radiation flux density (W/m)

from the hemispherebove withinawavelengthey 3S n ®o >TMistgp&ofo > Y @
radiometer @n be fixed ora horizontal platform to measure GHI. In this orieation,

the pyranometer has athoroughview of the sky domePrefeiably, the mounting

location for this instrument is free ofatural or artificial obstructions on the horizon.
Alternatively, the pyanometer @n be mounted tilted to masure tilted iradiance,

10 http://www.omniinstruments.co.uk/shpismart-pyrheliometer.html
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vertical irradiance, or reflected irdiance. Pyanometer measures the sar energy
that is coming into the system while power meter aseires what electrical power it
produces. Knowing these twaluesat all momentsallows @lculating the

sun shield

bubble level

housing

fixed foot adjustable feet

performance iatio of asolar plant. PR isn important parameter that can indicte if
the sobr plant is opeating well or if thereare issues suchs soiling, shding, short
circuits or module degdation. Thereare two types of pyanometers: thermopile

pyranometersand semiconductor pyanometers.

Figure 11 CHP Pyrheliometér

o Thermopile pyanometer - measures the toél amount of radiation onasurface. It
hasathermopile detector & device that convertsthermal energy into electrial
energy) with strong lighbsorbing bhck paint that ingestsall radiation from the sun
equally. The thermopile pyay 2 Y S (I $adIuehce arfiformlyabsorbs sair
radiation across the s@r spectrum.The sadr spectrum ighe range of wavelengths
of light given off by the sun. Blue, white, yelload red stars each have different
temperaturesand therefore different sa@r spectrums. This producesemperature
variance between the lack surbce of the sensorand the bodyof the instrument
and results ira small voltage at the sensor tlat can be measuredand transkted into
W/m?2.

Theadvantages of thermopile pyanometers reste to their extensiveusage and
accuracy.Athermopile pyay 2 Y S (i SoKIuehce airfiformlyabsorbs sair
radiation across the shorivave soér spectrum from 0.285 to 2.800 pnThe uniform
spectial responseallows thermopile pyanometers to masure the following:

1 http://www.omniinstruments.co.uk/cmp3pyranometer.html

A GREBE P Yo -
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reflected sodr radiation, radiation within canopies or greenhouseand albedo
(reflected: inciden) when twoare deployedas an up-facing/downfacing ir.**

o Silicon photocell pyanometer - produces a pA output current simiar to howa solar
pay St O2y @SNl & (KS adzyQa Sy S Nasbseés thioygin?
shunt resistorijt is transformed toa voltage sigml with a sensitivity of seveal
HV/W/m?. Aplastic diffuser is used to proviceuniform cosine responsat varying
sunangles.The spectal response of silicon photocell @ometers is restricted to
justaportion of the solr spectrum from 0.4 to 1.1 unAlthough these
pyranometers only ample a portion of the shortwave radiation, theyare attuned to
deliveran output simiér to thermopile sensors under @g sunny skies.

Silicon photocell pynometersare often used irall sky conditions, but
measurement errorsare higher when cloudare present.Silicon photocell
pyranometersare typiclly seveal times less expensive @h thermopile
pyranometers.The disdvantage of thesilicon pyanometer is that its spectial
sensitivity is limitedThese pyanometers performbest when theyare used to
measure glolal sobr radiation under the sme cler sky conditions used tcalibrate
them. They should not be used within vegibn canopies or greenhouses, or to
measure reflected adiation.*

Figure 12Commrison between the masured output ofa siliconcell pyanometer and a secondiry-
standard blackbody thermopile reference sensondoth sunnyand over@st days

The silicorcell sensor is dibrated under sunny, clr-sky conditions;it closely eqals the
higherend sensor in those environmentgraph on the left Conversely, betisethe silicon
cell sensor only sulbmples sadr shortwave radiation (0.4 to 1.1um), errorsare introduced
when the sky conditions enge, the gaph on the right.This specific sensor reportesl
positive8% difference from the reference @m over@ast day.

Silicon-Cell Output Comparison

Shottwame Suditon |W s
Ss
®
e
—

Dy of You

12 https://www.solarpowerworldonline.com/2015/03/wlat-is-a-solar-pyranometer/
13 https://www.campbellsci.eu/blog/pyanometersneedto-know
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ThelSOand the WMO have estblished cassifi@tions and specifiations for the
measurement of sar irradiance (ISO 1990, WMO 2008he tble below demonstatesthe
WMO pyrheliometer categories.

WMO Characteristics of Operational Pyrheliometers
for Measuring DNI*

Characteristic | High Quality® | Good Quality®
Response time (95% response) =15s =30s
Zero offset—response to 5-K/h change in ambient 2 Wim2 4 Wim?
temperature
Resolution—smallest detectable change in W/m2 0.51 1
Stability—change per year, percentage of full scale 0.1 05
Temperature response—percentage maximum error 1 2

caused by any change of ambient temperature within an
interval of 50 K

Nonlinearnty—percentage deviation from the responsivity | 0.2 05
at 500 W/m” caused by any change of irradiance within
the range from 100 W/m2to 1,100 W/m2

Spectral sensitivity—percentage deviation of the product | 0.5 1.0
of spectral absorptance and spectral transmittance from
the corresponding mean within the range from 300 nm
to 3,000 nm

Tilt response—percentage deviation from the respon- 02 05
sivity at 0 degrees tilt (horizontal) caused by a change in
tilt from 0 degrees to 90 degrees at 1,000 W/m?

Achievable uncertainty (95% confidence level):

1-min totals Percent 089 1.8
kJ/m? 0.56 1
Whim? 0.16 0.28

1-h totals Percent 0.7 1.5
kJ/m? 21 54
Wh/m? 583 15.0

Daily totals Fercent 05 1
kJ/m? 200 400
Wh/m?

* High qualify means “near state of the art™; good quality refers to instruments for network
operation.

Figure 13 WMO dracteristic of opeational pyrheliometers for masuring DNI**

14 Best Pactices Hindbook for the Collectioand Use of Sar Resource Bta, NREL,2015.
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The &ble below demonstites the ISO 960 spec#itons

ISO 9060 Specifications Summary
for Pyrheliometers Used To Measure DNI

Pyrheliometer Specification List
Class of Pyrheliometer

Specification

Secondary

Standard Class

First Class

Response time—95% response =156s =20s =30s

Zero offset . . .
Response to 5-K h-1 change in +1Wm- +3 Wm" + 6 Wmr’
ambient temperature

Resolution—smallest detectable +0.5Wm™ +1Wm™ +5Wm~

change in Wm™

Stability—percentage of full scale, +0.5% + 1% + 2%

changefyear

MNaonlinearity—percentage deviation +0.2% +05% + 2%

from the responsivity at 500 W/m?

because of change in irradiance

between 100 Wm-2 and 1,000 Wm™

Spectral selectivity—percentage +0.5% + 1% + 5%

deviation of the product of the spectral

absorptance and the spectral

transmittance from the corresponding

mean between 0.35 ym and 1.5 ym

Temperature response—total + 1% + 2% + 10%

percentage deviation because of

change in ambient temperature within

an interval of 50 K

Tilt response—percentage deviation + 2% +0.5% + 2%

from the responsitivity at 0 degrees tilt

(honzontal) because of change in tilt

from 0 degrees to 90 degrees at 1,000

W/m™ irradiance

Traceability—maintained by periodic With a primary With a With a first-

comparison standard secondary class

pyrheliometer standard pyrheliometer
pyrheliometer or better

Figure 14SCOcharacteristic of opeational pyrheliometers for masuring DNF®

15 Best Pactices Hindbook for the Collectioand Use of Sar Resource Bta, NREL,2015.
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The &ble below demonsttes the WMOpyranometerscategories.

WMO Characteristics of Operational Pyranometers
for Measuring GHI or DHI

_ Moderate

Charactenstic Quality | Quality | Quality
Response time—95% response =158s =30s |=60s
Zero offset—Response to 200 W/mz net thermal 7Wim* | 7Wim® | 7 Wim®
radia_tinn (ventilated) Response to 5-K/h change in aowim® l2wim? |2 wim?
ambient temperature
Resolution—smallest detectable change 1Wim* | 5wim® | 10 wim®
Stability—change per year, percentage of full scale 08 15 3.0

Directional response for beam radiation—the range of |10 Wim® | 20 Wim®| 30 W/m®
errors caused by assuming that the normal incidence
Rs is valid for all directions when measuring, from any

direction, a beam radiation that has a normal incidence
irradiance of 1,000 W/m?

Temperature response—percentage maximum error 2 4 8
caused by any change of ambient temperature within
an interval of 50 K

MNonlinearity—percentage deviation from the Rs at 500 |05 1 3
W/m? caused by any change of irradiance within the
range from 100 W/m® to 1,000 W/m®

Spectral sensitivity—percentage deviation of the 2 5 10
product of spectral absorptance and spectral
transmittance from the corresponding mean within the
range from 300 nm to 3,000 nm

Tilt response—percentage deviation from the Rs at 05 2 5
0 degree tilt (honzontal) caused by a change in tilt from
0 degree to 90 degrees at 1,000 W/mz2

Achievable uncertainty—95% confidence level
Hourly totals 3% 8% 20%
Daily totals 2% 5% 10%

Figure 15 WMO dracteristic of opeational pyranometersfor measuringGHland DHI*®

16 Best Pactices Hindbook for the Collectioand Use of Sar Resource Bta, NREL,2015.
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The &ble below demonsttes the WMOpyranometerscategories

ISO 9060 Specifications Summary
for Pyranometers Used To Measure GHI and DHI

DE d [0

Class of Pyrheliometer®

R Secondary )
Standard Class | | "=t Class

Response time—95% response <16s <30s <60s
Zero offset
Response to 200 Wm™ net thermal +7 Wm™ + 15 Wm™ + 30 Wm™
radiation (ventilated)
Response to 5-Kh™' change in +2 Wm™ +4 Wm™ + 8 Wm™
ambient temperature
Resolution—smallest detectable +0.5% + 1% + 3%
change

Stability—percentage change in
responsivity per year

Nonlinearity—percentage deviation + 10 Wm™ +20Wm= | +30Wm™
from the responsivity at 500 W/m®

because of change in irradiance
between 100 Wm-2 and 1,000 Wm™

Directional response for beam radiation + 3% + 5% + 10%
(the range of emrors caused by assuming
that the normal incidence responsivity is
valid for all directions when measuring,
from any direction, a beam radiation that
has a normal incidence irradiance of
1,000 Wm™

Spectral selectivity—percentage deviation 2% 4% 8%
of the product of the spectral absorptance
and the spectral transmittance from the
comesponding mean between 0.35 pm
and 1.5 pm

Temperature response—total percentage +0.5% + 2% + 5%
deviation because of change in ambient
temperature within an interval of 50 K

Tilt response—percentage deviation
from the responsitivity at 0 degrees tilt
(honzontal) because of change in tilt
from 0 degrees to 90 degrees at 1,000
W/m™ irradiance

* The highest category for pyranometers 1s the secondary standard. because the most accurate
determination of GHI has been suggested to be the sum of the DNI as measured by an absolute cavity
radiometer and the DHI as measured by a secondary standard pyranometer shaded from the DNI by a
disk.

Figure 16 IS claracteristic of opeational pyranometersfor measuringGHland DHIY’

" Best Pactices Hindbook for the Collectioand Use of Sar Resource Bta, NREL, 2015.
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Sobr radiation data delivered va pyrheliometricand pyrmanometric measurements nay
characterize time resolved inforation: e.g. irediance (insantaneous masurements of
solar energy flux), iradiation (integrated energy flux over time), averaged irradiation.
Depending on masurement setup, the aa can be for horibntal or inclined surdce. The
data can characterize different types of ladiation: beam, diffuse, or to#l. This is exemplified
in the flow clart below.

Pyrheliometric Pyranometric
Data Data
\ ) ¥ 4
/
N £
Solar Radiation Data
Time resolved information Types of radiation
i ./"‘ Y - — G P G TeA <
:ELZ?;ZT;Z&OUS“—"/? \—’; Beamradiation |
rhGasiTanientS) l Measurement setup . |
| | |
Irradiation / ‘ | \ ! :
(integrated <— ~—L5 Diffuseradiation ,
overtime) } ‘ | [
| Horizontal /| Inclined R T
Averaged | surface < > surface \ 7
iradiation __  Totalradiation
(overtime) .
Figure 177

Other measurement tools

Some of the errors of pyrheliometeasnd pyrmnometerspointed outabove can be reduced
by correction of the s@r zenith/cosineresponse Simikbrly, particularly if the sensor
temperature of pyranometersand pyrheliometers is mesured usingatemperature-
dependent resistor nar to the thermopile,atemperature correction @an beapplied too.
Correction coefficientare supplied bythe manufacturer. Measurements from only lalck
pyranometers @n be corrected for the ther offset usingadditional measurements from
pyrgeometersApyrgeometer isadevice that measures nar-surface infra-red radiation
spectrum in the vavelength spectrm approximately from 4.5 um to 100 pm.

It measures the resisince/voltage \ariations ina material that is sensitive to the net energy
transfer by aediation that occurs betveen itselfand its surroundings, Yalso measuring its

18 https://www.e-eduation.psu.edu/eme812/node/644
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own tempeiture and making someassumptionsabout the rature of its surroundings itan
infer atemperature of the lo@ atmosphere with which it is ex@mging ediation.
Alternatively, alessaccurate correction @n be made based on estimtions of the thernal
offset from the dten negative measurements collected during the night

Rotating Skadowband Irradiometer (RSI)

RSI sensors provide higtaity sokr irradiance measurements witha single devicet lower
cost. The RSI sensor comprises of two red@mn¢iorizontlly leveledsilicon photodiode
radiation detectors, positioned in the center afspheri@lly curved shdowband (Fig. 1).
While the sladowband is in its rest position below the sensor (Fig. 2), the photodiodes
measure Glolal Horizongl Irradiance (GHI). In fixed inteals, the sladowband rotates
around the rdiation sensors (Fig. 3). During the aton, the slkadowband blocks the direct
beam irradiation from the sun fora brief moment.

This ausesamomentary drop of the photodiode sigais (Fig. 4and thusallowsthe
determination of the Diffuse Horizort Irradiance (DHIjand the subsequentaculation of
the Direct Nornal Irradiance (DNI) from GHI, DEid the known s@r incidenceangle.The
initially loweraccuracy of RSIs conaped to ISO 9060 firstass pyrhdometersand
secondry standard pyranometersare often compensted by someadvantagesas :low
soiling susceptibility low power denand, and comgaratively lowercost (instrumenation
and O&M).RSlIs show signifiot advantages compred to thermal sensorsvhen opesated
under the masurement conditions of remote vaher stations.

Sensor head with slicon photodiodes |

1000 Giobal
irradation
800 § 2
g Diffuse
600 Diract lrradiation irradiation
400 n§ Sensor
Signal

200

| Rotating shadowband
Fig. 1: Components of RSI sensor Fig. 21 RS] sensor in rest position Fig. 3: RSI sensor during rotation Fig. 4: Schematic sensor signal during rotation

Figure 18 Components of RSI
Then DNI isatculated using the following ecation relating GHI, DHBand DNI:
DNI = (GHt DHI) Cos (%%

0 RSIs with continuous ration - rotation is performed with congint angular velocity
and takesapproximately 1 secongand the irradiance is masured witha highand
constnt sampling iate. This masurement is alled burst or sweepAt the start of
the rotation, the pymanometer mesures GHI. In the moment when the center of the

19https://www.unioldenburg.de/fileadmin/user_upl(ad/physik/ag/ehf/enmet/downIoad/fachtagung_2016/po
ster/Poster_ CSPS_Enmet_2016_Breraeem.pdf
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shadow falls on the center of the sensor,approximately detects DHI; however, the
shadowband covers some portion of the sky satlthe minimum of the burst is less

than the DHIAN RSI with continuous ration of the stadowband necessities

pyranometer withafast response time (< 1 second, eapproximali St & mn >30T
therefore, thermal sensorsas described in ISO 9068nmot be used. Instad,

semiconductor sensomre used %

o RSIs with discontinuous ration - do not measure the complete burst, but only four
points of it.First, the GHI is n@sured while the shdowband is in the rest position.
Then the shdowband rotates from the rest position toard the positionat which it
nearly shades the pyanometer,stops,and a measurement is &ken.Then it
continues the roétion toward the positionat which the sladow lies centered on the
pyranometer,and another measurement is éken. Theadst point is masured ina
positionat which the sladow just mssed the pyanometer.

RSIs with discontinuous m@ton can use sufficiently long nasurement times for
each of the four points tallow the application of thermal pyranometers The
azimuthalignment of RSIs with discontinuous ation is crucal for their accuracy.
Also, theaccuaO& 2 F U KS Zat®sasd 2hbdine is @@ eimdeentyfor the
discontinuous radtion. The dumtion of the measurement witha discontinuous
rotation increases the masurement uncerinty.*

Sunshine Recorders

The traditional standard instrument used to masure the "duation of sunshine's the

CampbellStokes sunshine recorder. This instrument consisesgidiss spherehat focuses

the direct sodr radiation and burnsatrace onaspecal pastebaard card. These recorders

have beenreplaced in most insdllations by photo detectoactivail SR Wa dzy aKAY S a6 A
The major advantage of this type of recorder is its simplicagd ease of use. Therare no

moving farts and it thus requires very little mntenance. The unitan be usedanywhere in

the world with little or no modifietion to the designThe gass sphere; typically 10cm (4

inches) in dameter ¢ is designed to focus theys from the sun ont@ card mountedat the

backand is set orastand.

The ard is held in @ce by grooves of which thege three overpping sets, tallow for
the altitude of the sun during different ssons of the yar. The recording ofah day goes
onto one @rd. Each ard is marked as to the hour, with loal noon being in the centregnd
is read in tenths.The single biggest problem is in theating of the erds. On @ys when the
sun isalternately coveredand exposed by clouds, tremount of burn on the ard may be
the same for 30 secondas for 5 minutes. Thus, the ading of the erd may differ from one
observer toanother.

2 Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL, 2015.
21 .
Ibid 20
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Longterm data and typical metorologicl year (TMY) cta

Understinding the longterm spetial and temporal variability of available soér resources is
central to any assessment of saf energy potentl. Information resultant from historical
solar resource dtacan be used to choose optimum energy conversion technologies, design
systems for specific lations, and opeiate and maintain installed soér energy conversion
systems.

Longterm data can be represerdtive ofthe climate if the period of record ist least 30
years. Clinali S aaf Zamecomputed ach de@de to address tempeature, pressure,
precipitation, and other surbce meteorologial variables.Normal refers to the 30year
average ofan observed prameterthat is updated every 10 yars. Thus, theaveraging
period shifts every 10 s.

TMY dhta is determined with various meteorologial measurements nade at hourly
intervals overa number of yars to build upapicture of the loal climate. A simpleaverage
of the yearly data underestimates theamount of \ariability, so the month tlat is most
representtive of the lo@tion is selected. Foraeh month, theaverage radiation over the
whole mesurement period is determined, together with tla@erage radiation in each
month during the masurement period. Theatafor the month that has theaverage
radiation most closely egal to the monthlyaverage over the whole masurement period is
then choseras the TMY dtafor that month. This process is then regied for each month
in the yer. The monthsre added together to give full year of hourly smples?

ATMY ditaset provides designemnd other users witha small sizedannual data set that
holds 8,760 hourly meteorologitvalues thet typify conditionsat a specific loetion
throughoutalonger period, suclas the 30year climatic normal. Different types of TMYs
exist. Twelve TMMs (tymtmeteorologi@ months) selected on thedsis of their simérity
of individual cumuktive frequency distributions foredected dita elements comprise the
TMY dtaset. The longeterm distributionsare determined for tlat month using dta from
the full period of record. The TM®&lare then conetenated, essentlly without
modification, to forma single yar with a serially complete dtarecord.

The resulting TMYatla set contins measuredand modeled timeseries sar radiation and
surface meteorologial data, although some hourly records ag contin filled or
interpolated datafor periods when origial obsenations are missing from the dta archive.
ATMY ditaset should not be used to predict sokesources foa particular period of time,
nor to evaluate real-time energy production or the dailed power pant design. Bther, a
TMY dhta set represents conditions judged to be tygithroughoutalong period, suclas
30 yers. Beause it represents typat rather than extreme conditions, it is not suited for

2 https://www.pveducation.org/pvcdrom/typial-meteorologi@l-year-data-tmy
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designing systemand their components to meet the worgiase weather conditionsthat
could occurat alocation.

N N L SN S S
Parameters for choiceof optimal measurement
station

To gther useful DNI resourceath, the effective desigand implemengtion of a solar
resource masurement sétion necessiites areful consideation of few physiel
parameters

Loation - Availability of Land and Foundition needs

The princial determiration of setting upa solar resource masurement sétion is togather
datathat allows topreciselydepictthe sobr irradianceand applicable meteorologi@l
parametersat a specificlocation. Prefeiably, the instruments would ballocated within the
chosenanalysisarea, but in some ases sepration distances nay beacceptedcontingent
on the complexities of lat climate and terrain discrefancies Lower wariability in terrain
and climete usually renderslower variability in the soér resource overdrger spatial sales.
These effects should be well understood befdeidingthe final location of a
measurement sétion. Attentions shouldalsobe given tahe passibleinfluencesof local
sources of pollution or dughat couldvitiate the measurements.The dnd must be pdin
and continuous. Non fertile,dren land hould only be considered. Rocterrain shell be
preferred so that the cost of foundtion will becheaper.

Instrumentchoiceis an essental factor, beause measurements with greter precisionwill
better reflect theactual resourcelnstrument pacement isalsoa signifiant matter. If
nearby objects {rees or buildingsshade the instruments for somperiod of time during the
day, the subsequenmeasurement will notaccurately characterizethe available solar
resource. Disint objects,particularly mountains, may bereal impediments as the skadows
they ast are likely to producean effect beyond thearea local to the instruments.
Conversely, narby objects an potentially reflect soér radiation onto the instruments,
likewise resulting in masurements tlat do not represent the lod natural environment.
Such eses could includa nearby wall, window,or other highly reflective object. The best
practice is to loate instrumentsaway fromany objects tlat are in view of the instrument
detector.

Thesimplest way to definethe quality of soblr access is to sn the horizon forafull 360
degrees obzimuthand note the ele®tion of any objects protruding into the skgbove the

? GREBE () axn B
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local horizon(buildings, treesantennae, power polesand power line Most loations will
have some obstructions, but whether they will babsantial in the context of thenecessary
measurements must be determined. Gerdly, pyranometersare very insensitive to sky
blockage withinapproximately 5 degrees eleation above the horizonPyrheliometers
however,are more sensitive, betise objects an entirely block the DNIgontingenton the
daily path of the sunthroughthe year. To bea concern, the object must be in thegea of
the sun nar sunrise or sunset, the timand azimuth of which ary throughout the yar.

For most of the horizon, objects blocking the sky will In@a factor, be@use the sun rises
in alimited range in the @st and sets likwise in the west during sunséiowever, the
farther north in ktitude the site is loated, the grater the range of these sunrisand sunset
areas of interestAsolar horizonmap, or everma sketch of obstructions by elation and
azimuth, will help determine thareas where horizon objeds will affect the measurement.

Consideations for lo@ting a station shouldalso include environmerat concerns, suchs
wildlife habitat, migratory paths, drinage,and antiquities orarcheologi@l areas®®

Station securityand acccessibility

The less visibland accessible the stion is to the public, the less likely it will be tharget
of theft or vandalism. Security fences should be used if peoplewimals are likely to
intrude. Fencig should beat least 6ft tall, and tailored with locking gtes in highprofile
areas,while less edborate fendngmay serve imareas that are largely secureand where only
curiosityhas tobe discouaged. In remote venues with few huan hazards, attle fence
panelingaround 4ft highare sensible ifdrge animals wanderin the area. It may not be
possible to keep satler animals out of the sation compound,and safeguards should be
taken to garantee that the equipment, abling, supports, etc.,an endure encounters with
theseanimals.

Access to the equipment mustso be @rt of a station construction phn. Since routine
maintenance isa main aspectinfluencingdata quality, provisions must be ade for
reasonable and easyaccess to the instrumentsattors here could includease ofaccess to
crosslocked property, wetmaintained all-weather roads,and roofaccess tlat might be
controlled by other deprtments. Sfety mustalso bea consideation. Lo@tions that
present tazardous conditionsnust be avoiéd?*

Power requirenents

Consant measurements necesste a dependible source of electred power to reduce
system stoppge from power oudges. In someareas, power from the utility grid is
dependible, and downtime is masured in minutes per ya&. In otherareas, multiple aily

% Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL, 2015.
24 .
Ibid 22
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power interruptionsare routine.Contingenton the toleanceto missing dta of the
requiredanalysis,safety measuresshould be éken toguarantee that gaps in the dta
stream from power outges do not seriouslgffectingthe results.

The moststandard and economi@ measurefor power outges isan uninterruptible power
supply whichhas interral storage hatteries that are usedasa source of power in the event
of an alternating current AC) power interruption. When thAC power is interrupted,
internal circuitry makesan almost semless switch from gridonnectedAC power tcAC
provided throughan inverter connected to theditery bank. When power iseinstated, the
uninterruptible power supply redrges the interal battery from the AC line power. Power
loss igdentified rapidly, as is switching to &tery, and it is mesured in milliseconds or
partial line cycles. Some equipmenignbe grticularly susceptible to even millisecond
power interruptions during switchingnd should be identified through & and error to
avert unexpected downtime despite use of the uninterruptible power supply.

The uninterruptible power supply is sizadcording to the opeating capacity @mount of
power in watts; it can continuously supply either on or off grabnnectedAC powej and
longevity of lattery power fiow long the lattery can last underanticipated maximum laad).
Developersshouldevaluate the lengthiest conceable power outge and size the
uninterruptible power supply for the aximum laad of attached devicesnd the maximum
period of kattery capacity. Batteries should be tested frequently to grantee that the
device an still function per design speciéitons. Interral battery test functions sometimes
report errors only when &teries are closeto complete &ilure and not when perfornance
has degeded. Atimed fullpower-off test should be direed ocasiorally to certify that the
uninterruptible power supply will deliverdekup power for the time needed tavert
measurement systemdlure.

In remote peripherl locations where utility power is nodccessible, laal power geneation
should be crated. Options for orsite electri@ power geneation include PV or sall wind
turbine systems (or bothgnd gasoline or diesefueled geneators with kattery storage. The
renewable energy systems should be sized to deliver enough energy for digrmam
continuous lad and power through sevet days of cloudy wather when soér geneagtion
would beminimal Some oversizing is required @aocommodite degadation of PV anels
and battery storage,and consideation should be given tambient tempesgture, which
affects theability of abattery to deliver energy.

Equipment should be specifiehd tested for seHpower-on ability in the event ofa power
outage. This ensures #hwhen power is reesblished, the equipment wikhutomatically
resume masurementsand logging without opeator intervention. This isn important
consideation for remote lo@tions where considable downtime might occur before
personnel could be digpched to resart a system.

, GREBE o Fromeieiy -
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Groundingand shielding

Station equipment should be secutleagainst lightning strikesnd safeguarded from adio
frequency interfeencethat couldimpair equipment or decrase the alidity of the
measurements.Thefollowing guidlinesshould be éken when designingnd constructinga
measurement sétion: 2°

0 Useasinglepoint ground (e.g.acopper rod driven sevel feet into the ground) for
all sigral ground connections tavert ground loops tht can introduce noise or
biases in the masurements.

0 Use twisted pir, shielded ables for lowvoltage measurements canectedas
double- ended measurementsat the datalogger. Doubleended maasurements
require se@rate logger clannels for +and ¢ sigral input conductors. These inputs do
not share a mutual sigral groundand hence considebly decrese the potentals for
electrical noise introduced in the sighcable.

o Physially isobte low-voltage sensor @les from narby sources of electrat noise,
suchas power @bles If apower @ble must be nar a sigrel cable, always position
the two at right angles to ech other.This limited coract will reduce the likelihood
of induced voléges in the siga cable.

0 Metal structures suclas mastsand tripods should be connected to the ground to
providean easy path to the ground in the event dd lightning strike. This will help
protect sensitive instruments. Electronic equipment ofteas b specal ground lug
and assocated internal protection to help protectgainst stray voltages from
lighting strikes.

% Best Pactices Hindbook for the Collectioand Use of Saf Resource Bta, NREL, 2015.
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Data acquisitionand quality control

Data acquisition

Datalogging tools must &we performance conditions tht do not reduce the potendl
measurement of the adiometer sigrls (e.g.analog-to-digital conversion of lowevel direct
current voliages, tempeature response coefficientsnd environmendal limits of opestion).

Most radiometers outputa voltage/current/resisance that is measured bya
voltmeter/ammeter/ohmmeter. The masured \alue is subsequently éansformed to
engineering units through multiplier and/or an offset determined by aibration to a
recognized masurement sandard. Dataloggers should be selected sattihe
measurement sigal iscoherentwith the uncerginty of the sensarThe logger shouldiso
have arange that can measure thevoltage or resistinceat near full s@le to best epture
the resolution of the dta. Most modern d@taloggers lave seveal selectionganges
allowing thedevelope to enhance the match for each instrument. Beause of the m@ture of
solar radiation, radiometers can sometimes produce 200% or more ofarlsky readings
under certin passing cloud conditiongnd the logger ange should be set tavoid over
ranging during unusal sky conditions.

The logging equipment shoudsliso have environmenal provisions tlat are wellmatched
with the environment where the equipment will be used. Loggeminted outside iran
arctic environmentwill require more stringent environmeral performance specifiations.
Equipment enclosuresan create an internal environment seveaal degreesaboveambient
air temperature beause of sadr heating, heat genelated by electronic devices mounted
inside,and lack of ventiétion to help purge hat. Vent plugsare available to provide
ventilation openingsand avert insectsand water from entering the enclosure

The samplingincidenceand time s#tistics of the sar resource dta should beresolute
from the anticipated data analysisnecessitiesFor eample, monthly mans, dhily totals,
hourly, minute, or sudl-minute datarecords @an beuseful. @taloggers an usually be
designedo produce output of insintaneous or integated valuesat any reasorable time
period consistent with theadiometer timeresponsdeatures. A high-temporal-resolution
data-logging schemean be down ampled orintegrated to longer time periods tn the
other way around. Datalogging equipment, aatransfer meclanisms,and data storage @n
normally handle 1-minute dataresolution,and this time r@lm should be considered the
fundamental resolution in the dtalogger. Beause mostapplications address the sar
energyavailable over time, integated data of subminute samples within the dtaloggeris

", GREBE (N o -



WWW.GREBEPROJERT JuLY018

acommontechniqueof data output irrespectiveof the final data resolution required by the
analysis. If the gie ofameasured dita set isa crucil issue (e.g., limitedata
communi@tions throughput), thedevelopercan determine the lowest tempa resolution

neededfor the %Elication and oetimize the eitacoIIectionast:cordinglﬁ.6

Data communia@tions

Stipubtions should be nade for transferring ditafrom the datalogger toa data processing
facility. This is the fouration for effectively frequent dta control. The nanual transfer of
datarecorded on strip carts physially carried or shipped from the obsemg sation to a
data center has been repdced byadvances in electronicand telecommunietions that
allow remote data collection from nexrly any loation (please see the RERNiInd Toolkit for
more detiled information on dataloggers)

Atelephone modem link tht uses conventioa dial-up phone lines to connectations to
data centers @an now be substituted with cellat telephone technology, removing the
requirement fora physi@l connection between loggeand phone line. The cell phone
network is designed to deliver virdliinternet links betweerm measurement sétion and the
data center. Stellite up and downlinksare also available for datatransfers inareas that are
not served by either wire or ceflased phone service. Within the¥ea of an observing
station, shortdistance wireless commun@tions suchas WtFi connectivity ray be useful to
minimize the need for longables between adiometersand data loggers?’

Opermation and maintenance (O&M¥®

Correct O&Mproceduresare vital for obtaining precisesolar resource masurements.
Numerous components ia chain form a quality systemand mllectively,they delivercorrect
and consistent s@r resource dta. Suittble O&M requires longerm uniformity, attention
to detail, and an in-depth apprecation for the signifiance of preemptive and remedal
maintenance of sensitive equipment.

Calibrations are performed with clan instrument opticsand a carefully aligned detector. To
properlyapply the @libration factor, the instrument should bkept in the me condition
during field masurements. To mintain the @libration relationship between iradianceand
radiometer output, proper claningand other routine naintenance is necessy. The
maintenance process includes:

o Checking thealignment ofthe detector - pyrheliometersmust beaccurately aligned
with the sobr disk foraccurate DNI masurements Pyranometer detectors must be
horizontal for GHland DHI masurementsand accurately aligned witha flat-plate

% Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL, 2@
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collector for pane ofaray measurements. Theadiometer orienttion should be
checked ocasiorally.

o Claning the instrument optics to measureaccurately the soér intensity, no
contaminant should block or reduce thamount of sunshinedling on the detector.
The outdoor environmenprovides nany sources of such caarhination, suchas
dust, precipittion, dew, pant matter, insects,and bird droppings. The sensors
should be claned frequently to reduce the influence of caminants on the
measurements. Depending on the laconditions, this an cll for daily
maintenance of unventiéted or otherwise protectedadiometers.Radiometer
designs bsed on optial diffusersare less vulneable to dust conamination than are
instruments with cler optics Soiling of the windowed oraimed radiometers @an
quicklyaffect the measurementand increase by nany-fold the measurement
uncertainty. This is espedlly relevant for pyrheliometers

o Documenting the condition of theadiometer - for analysts to comprehend
limitations of the @ta, conditions ttat affect the measurement must be
documented. This conssbf subsandard measurement conditions, but it is juss
important to document proper opations toadd credibility to the dta set.
Obsenations and notes providea critical record d conditions that positivelyand
negatively affect data quality. Radiometers should bearefully cleaned at each
inspection, een if soilingappears minimal. With sucha practice in pace, theanalyst
can be surethat the instruments were kept cln according to the documented
schedule.

o Documenting the environment a consistency check, note the sayd weather
conditionsat the time of nmeintenance when interpreting dtafrom the radiometer,
including masurements with unusal values.

o Documenting theinfrastructure - the measurement sétion as awhole should be
examined for geneal robustnessAny defects should be noteahd corrected.

o0 Remote sites if asite will be clallenging to naintain for extended periodsa higher
class windowed instrumentight not be optinal, despiteits prospective for better
measurements. The cost of amtenance foraremote site nay direct the projected
cost of setting u@and opeiating a station. Thisaspect should banticipated when
planninga measurement @ampaign. Maintenanceat remote measurement sites will
necessidte a qualified person narby who @n perform the essenél maintenance
responsibilities.

o0 Maintenance schedule arobust maintenance schedule will support the credibility
of the measurement éita setand provide theanalysta base of justifiation when
assigning confidence inteals for the data. Daily inspection should be scheduled for
instruments with clar optics,and twice monthly inspections should be scheduled
for diffuser instruments. More frequent spot inspections should be conduatest
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signifiant weather events (ust storms, havy rainfall, rainfall during periods with
high optial depth,and storms).

0 Documented- all O&M should be arefully documented with log sheetpreferably
with electronic ditabases that contain enough infornation to reveal problemsand
solutions or b assert that the instruments were in good form when inspected. The
exact times d the maintenance events should be noted, not esations.

Data quality control, correction, assessmentand metadata

The dita quality is geneally establishedwhen the mesurement is ékenas lttle can be
doneafter the fact to improve funé@mental quality. In order toavoid a situation where, for
example,a station is poorly meintained and producing dta with presumedapparent errors
there isaneed for dita quality control. The magnitude ofthe errors is not likely to be
discerrable until days orweeks éter and there isno way to systenatically diminish the
uncertainty of sucha measurement Data quality control involvesa well-defined supervisory
process by which ation operators are confident that, whena measurement is aken with
unattended instruments, the instrumentsre inastate that produces @ta of known quality.
It also includesa critical inspection orassessment of theatato help detect problems not
evident from physia inspection of the instruments.

Data quality assessment ia method by which dta quality can be judged bsed on critera
for aparticular application. Seveal particular errors of meteorologia data can be detected
by automatic screeningalgorithms. @ata can be compared to cerin physi@l limits that
have been @termined to be sensiblewith redundant measurements, or with physat or
empirical models all of which will provide some degree of independemeasure fora
guality judgment.However,the stricter the screening prametersand their corresponding
values,too many or too few events @y be identified. Furthermore, thealues of some
parametersare site dependenticcording to corresponding vegher conditions; therefore,
the results of theautomatic screeningalways denand a manually check ofan expert to
enaire their \alidity.

The interpretition and application of sobr resource masurementsis contingent gretly on
the efforts to recordand include meadata relevant to the obserations. This includes site
location; local horizon survey; aa acquisitionsystem(s); input sigah channel assignments;
radiometer types, models, satinumbers, elibration histories,and insgllation schemes;
information on eventwl post processing of theatla and maintenance records. For exnple,
effectsthat have to be documeted may includedamaged or misligned sensors,
maintenance works on the instruments, detection of soiled sensmd subsequent sensor
cleaning, obstructed sensorand temporarily erroneous alibration consants in the
program code. These evengse frequently not detecteciutomatically or sometimes not
even detecéble by automatic quality-control screening tools. Hence,amual checksare
essental.

The three-component coupling test all three components®NI, GHland DH) are
measured.Measurement redundancy isapparent, be@useany one componentan be

2 Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL, 2015.
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derived from the other twoThis technique helps @ntify the rektive erroramong the
three componentsalthough it does not esserdily define strictly which masurements
is/are in error.However, opeational knowledge of the instrumentand trackers an
provide \aluable insight into likely errors.

An effective quality-control process necessies elements of gaity assessmenand
feedback. The fgurebelow illustiates a quality-assulancecycle trat couples @ta acquisition
with quality assessmenand feedkack.

The Quality
Assurance Cycle

Data
Acquisition

Quality Operations
Assessment ) Feedback

Figure 20 qality assuance cyle®

The cycle sarts with data acquisition, where some critexiare used to stablish data quality,
then the results of the qality assessmenéare analyzedand formed into feedlack that goes
back to the dita acquisition module. Thactivities in the boxesan take seveal forms. For
example, quelity assessment could be theatly site inspectionand the analysisand
feedback could beasimple procedue that corrects equipment ralfunctions. Or the gality
assessment could beweekly sumnary of dataflags,and the analysis provides
determination of specific instrument error @t is transmitted back to maintenance
personnel with instructions to correcteficiencies or further troubleshoot problemghe
faster the cycle runs, the sooner errors will be spottawld the fewer lad data will be
collected One paectical aspect of this cycle is the impa@rice of positive feedaickt a

% Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL, 2015.
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regular report back to sitepersonnel of error conditionand of highquality operations or
data sets exceeding ality thresholds.

The gulity-assuance cycle is deliberate part of the quality-control processand it should
be well definedand funded to naintain a consistency of aa quality over time

Sokbr radiation modelling ¢ satellite based models

GHland DNIlare the magnitudes of interest for resourcassessmenand characterization at
a particular location. Highquality solr resourceassessmentdst-tracks technology
deploymentand reducesdoubt in investment decisions. Sack-based measurements of
DNIland GHI an be nade only ona comparatively s@rce area, bearing in mindthe costs of
O&M. However thosemeasurementscan beused in combiation with models to crate
maps of suréce soér radiation. An aernative possibilityis to use information from
geosttionary satellites to estmate GHland DNIat the surface, as itisavailable at regular
intervals onafixed-grid surbce.

Radiation can beavailable for the entire globet temporal and sgtial resolutions
representtive ofa particular satellite. Thissectioncoversan overviewto satellite-based
models, infornation about currently opeational models ttat provide suréce radiation data
for current or recent periodand a summery of radiative transfer modelsused in the
operational models®!

Satellite - based models

Satellite-based remote sensing & essental player in monitoringand foreasting the séte
of the Earth's atmosphere.Geosttionary satellites suchas METEQOY offer cloud
information in ahigh sgtial and tempoml resolution. Theseatellites are also usefulfor the
estimation of sobr irradiance,as the knowledge of theadiance reflected by clouds is the
basis for thecalculation of the transmitted irradiance. Moreoverijt is necesary to havea
comprehensive knowledgabout atmospheric @rameters involved in sttering and
absorption of sunlightA precise estimtion of the downward sobr irradiance is not only of
particular importance forassessing theadiative forcing of the clirate system, butlso
absolutely necessy for an efficient panningand opeition of sobr energy systemand the
estimation of the energy lad. Soér resourceassessment from geoationary satellites

31 Best Pactices Hindbook for the Collectioand Use ofSobr Resource Bta, NREL, 2015.
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constitutesa powerful alternative to a meteorologi@ ground network for both
climatological and opetional data.>?

The Europan Organization for the Exploigtion of Meteorologi@a Satellites Union owns the
METEOSAT series ofatellites that covers Europand Africa as wellas the Indan Ocean. The
visibleand infrared imager on the METE®@S firstgeneiation satellites (up to METEQ@S 7)
had 3 ctannels in the visible, ater vapor, and infrared. The visible @dnnel produced 8
nadir resolutbn; the infrared chay” Y S fad &esolfition vas km. Repetition frequency is
imagery every 30 minutes. The Spin Bnte Visibleand Infrared Imager on the METE@S
Second Geneation (MSG) atellites (METEQOS 8 onvard) provide stellite imagery every
15 minutesat anominal 3km resolution for 11 @dmnels (Schmetz etl. 2002). The 12th
channel,a high-resolution visible cannel, hasa nadir resolution of km.

Pokr-orbiting satellites are also used to continuously sense tharta and retrieve cloud
propertiesand sobr radiation at the surface. An example of one such instruments is the
Advanced Very High ResolutiormdRometer on the N@Aseries of par-orbiting phtforms.
Another recent eample is the Modeste Resolution Iraging Spectradiometer instrument
on NASAQ Aqua and Tera satellites. Alithough poér orbiters provide globl coverge, their
temporal coveage is limited beause of their orbit, in which they esseally covera
particular location only onceaday at the lower ktitudes.

Physial models commonly useadiative transfer theory to directlyassessurface radiation
based on first principles. Thesarctbe @tegorizedas either bradband or spectal,
conditional on whether the adiative transfer @lculations compriseof a single bradband
calculation or multiple @lculations in different vavelength ands.An advantage of physial
models is tlat they @n useadditional channels fromnew satellites (suchas MSG) to
improve cloud property retrieal and, hence, sugce rdiation modelling®

Currentlyavailable operational models

NASA/Global Energyand Water Cycle Experiment Suate Rdiation Budget

The World Clirate Resarch Progamme's (WCRP) GlabEnergyand Water Exclanges
(GEWEX) progm isan integrated program of research, obserations,and sciencectivities
with the mission to "Observe, undesstd and model the hydrologa cycleand energy
fluxes in the Brth's atmosphereand at the surface.”" The MASAYGEWEX SRB projecaikey
component of the GEWEX ghlulata project portfolio. The objective of the ABWGEWEX
SRB project is to determine sack, topof-atmosphere,and atmospheric shortvave and
longwave radiative fluxes with the precision needed to describe the legn mean and
variability of the components bthe surfice radiation budget and alsounderstnd its

% Rethinking atellite-based sadr irradiance modelling: The SOLISatisky module 2004.

* Best Pactices Hindbook for the Collectioand Use of Sal Resource Bta, NREL, 2015.
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contribution to the energyand water cycles of the ginet. The M\SAYGEWEX Suate
Radiation Budget (SRB) Reke-3.0 dhta sets conains glotal 3-hourly, daily, monthly/3
hourly,and monthlyaveragesof suriace and top-of atmosphere (T®) longwave and
shortwave radiative parameters ona 1°x1° grid.

Model inputs of cloucdamountsand otheratmospheric stte parametersare alsoavailable

in some of the dta sets. Primary inputs to the models include: visibdad infrared radiances
from International Satellite Cloud Cliratology Project (ISCCP) pikelel (DX) dta, cloud
and surbce properties derived from thoseath, temperature and moisture profiles from
GEOS! reanalysis product oldined from the MSA Glokal Modelingand Assimibtion Office
(GMAO),and column ozon@mounts constituted from Tal Ozone Mpping Spectrometer
(TOMS), TIROS Opional Vertia Sounder (TOV&jchives,and Statospheric Monitoring
group'sOzone Blendednalysis (SMOB), an assimibtion product from N@As Clinate
Prediction Center?

NASA Prediction Of Worldwide Energy Resources

Sobr and meteorologiel data sets from MSA research for support of renewable energy,
building energy efficiencgnd agricultural needs The Renewable EnergyArchive is designed
to provideaccess to prameters specifially tailored toassist in the design of swland wind
powered renevable energy system3.he Suidice meteorologyand Soér Energy (SSE)
project is oneof the earlier activities funded by thedpplied Science Progm to foster use of
NASAQ Zata Boldings. The SSEtd-delivery website is focused on providingsgaccess to
parameters \alued in the renewable energy industry (e.g. swland wind energyand was
initially released in 1997.

The sohr and meteorologial data contained in this first relase was based on the 1993
NASA/World Clinate Resarch Progam Version 1.1 Swa€e Radiation Budget (SRB) science
dataand TIROS Opational Vertial Sounder (T®WS) dta from the Interrational Satellite
Cloud Cliratology Project (ISCCP). Resle 2 of SSEas made public in 1999 with
parameters specifially tailored to the needs of the reneable energy community.
Subsequent relases of SSESSERe#se 3.0 in 20006SHRelase 4.0 in 2003, S$Helase
5.0 in 2005and SSHRelase 6.0 in 2008 have continued to build upoan interactive
dialog with potental customers resulting in u@tied parameters using the most recent
NASA data as wellas inclusion of new grameters that have been requested by the user
community.Recent upgades to the SSE component of POWER wereatmitito include
Geogaphic Information System (GIS) functiality asan option to the dita ordering/access
process.

SSEGIS constituted the Resle7.0 version, but did provide upted data sets. The POWER
Release-8 encompasses the three focusedath components of POWERSSE, Suahable

3 https://gewex-srb.larc.nasa.gov/
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Building,and Agroclimatology - in a new responsive aa portal built on upgades to the
underlying lased metrologgcal data, and is designed to fit on desktopglilet and snart
phone pbtforms, and adds geosgtially emabled online tools todcilitate data orderingand
viewingas wellas analysis of the s@r and meteorologiel data. The meteorologial
data/parametersin POWER Relse-8 are based upona singleassimibtion model from
GodaaNR Q &al Nbotiefingand Assimibtion Office (GM\O). The upeted meteorologiel
dataare derived from the GMO Modern Ea RetrospectiveAnalysis for Resarch and
Applications (MERR-2) assimibtion model productsand GMAO Forvard Processing
Instrument Tams (FAT) GEOS 5.12.4aereal time products.

The MERR2 data spans the time period from 1981 to within sexa¢months of rel time;
the GEOS 5.12.4th span the time period fom the end of the MERR2 data stream to
within severl days of ral time. The MERR2 and GEOS 5.12.4 versiaare essentilly the
same and thus discontinuities it are oftenapparent between differentassimibtion
modelsare minimized. The sat baseddata/parameters in POWER Re$®-8 will continue
to be based upon atellite obsenations with subsequent inversion to sade solr
insoktion by NASAQ &  dDEnrgyand Water Exclange Project /Sudce Radiation Budget
(SRBand NASAQ Zst bngvave And SHortwave Rudiative project (FASHFIuxy®

DLRISIS Model
transfer model
atmospheric
ISCCP profiles
cloud properties - {
surface
propetties
Radiative Transfer
l | sun geometry
cloud amount average
DLR-SIS
Direct Normal Global
Irradiance Hemispherical
{DNI) Irradiance {GHI)

% https://power.larc.nasa.gov/documents/POWER ala_v8_methodology.pdf

% Figure 21 DLFSIS Model.
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Based on stellite data aglobal data set covering more thn 21 years was derivedat the
Institute of Atmospheric Physics describing thmount and the \ariability of the soér
irradiance imagingthe earth's surface. DLRSIS isaculated with the radiative transfer code
libRadtran that was developedit the Institute. It is lased on the cloud cliatology ISCCP
(International Satellite Cloud Cliratology Project) provided by ABA and glolal data sets of
aerosol, water vapour and ozone distribution.

o0 Sobr EnergyApplications

The most imporént application of the DLRSIS dta set is the use of the DNBath during the
planning skge of concentating solr power phnts. The DLRSIS dtaset is used to
determine theaverageannual irradianceat sites for new concenéting sobr power phants,
evaluate the \variability of irradiance from yer to year and study the effect of extreme
atmospheric conditions on the iadianceat the surface e.gafter avolcano eruption.
Sensitivity of DNI to @mge in cloudamount and aerosol Iad is very high. Therefore,
variability of theseatmospheric constituents results in strongriability of irradianceat the
surface of the Erth. Due to this higlvariability, measurements of onhafew years are not
representtive for the longterm averages.

In the images belowaverages over one yar, two years etc. of iredianceare comgared to
the longterm average over 21 yars. DNIlaverages Bken over onhasingle yar of data
differ from the 2kyear mean byas muchas 17%. Onlgfter 13 years of mesurements is
the average within 5% of the 2¥ear mean. Consideringll 6596 grid boxes of the DUBIS
data set,averages fora single yar differ from the 2tyear value byan average 20%. Faall
DLRISIS grid boxes, the derivaderage DNI is within 5% of the loigrm mean onlyafter a
minimum of 12 yars.

HelioClim

The HelioClimatabase contins daily values of the sar radiation reaching the ground. This
GEOSS (Glabkearth Obsenation System of Systemsyia Collection of Open Resources for
Everyone (Bta-CORE) covers Europérica and the Atlantic Ocen, from 1985 to 2005. It is
freely accessiblet no cost through the SaService. Sevalassessmentsf the HelioClim
data against measurements nade in meteorologial networks revel that the
HelioClindatabase offersareliable and accurate knowledge of thesolar radiation and its
daily, seasoral and annual variations over recent yars. The Helioat-2 method converts
imagesacquired by meteorologa geosttionary satellites, suchas Meteosit (Europe),
GOES (U9 or GMS @pan), into cata and maps of sadr radiation receivedat ground level.

Imagesare regubrly processed with the Helias2 methodevery 15 min to upake the

Heliodim3 database.Heliosit-2 combinesaclear sky model wittad Of 2 dzZR A Y RSEé¢ & ¢ F
indexapproach is lased on theassumption tlat the appearance ofa cloud overa pixel

results inan increase of reflecance in visible iragery; theattenuation of the downwelling
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shortwave irradiance by theatmosphere ovema pixel is redted to the magnitude of clange
between the reflecance that should be observed undercloudfree skyand that currently
observed. This agnitude of clangeis quantified by the cloud indexXdeliost-2 combinesa
clear-sky model witha "cloud index". The cloud indeapproach is lased on theassumption
that the appearance ofa cloud overapixel results iran increase of reflecance in visible
imagery; theattenuation of the downwelling shortave irradiance by theatmosphere over
apixel is redted to the magnitude of clange between the refle@nce that should be
observed undea cloudfree skyand that currently observed.

This nmagnitude of clange isquantified by the cloud indeXelioClim3 version 4 (HC3v&nhd
version 5 (HC3v3e the two mostadvanced versions of the HelioClighdatabase. HC3v4
uses the ESRclear-sky model (Rigollier etl. 2000, Scarmer etal. 2000) with the
climatological database of tte Linke Turbidity &tor of Remund eél. (2003)as input. The
major drawback of this dtabase is that it is never updted to take intoaccount clanges in
the atmosphere turbidity due to loa effects suctas maritime inputs, volanoes, fires,
evolution ofthe water vapor content, pollution®® The HelioClin8 database stores the 15
minute GHI alues. When the usealincharequest, postprocessingdyersare applied to
correct these glues,as illustiated by the following picture on HelioCliwersion 5. Tén
decomposition models compute thediation components on the phe orienftion as
requested.

— m—
-~
/ CCECMWF o> EUMETSAT \
0; wv  AOD MSG images
* Latitude Every4h Every4h Every3h Every 15 min
= longitude 80 km 80 km 120km 3 km at Nadir
« (Altitude) L A i
* Date_begin R o U
* Date_end McClear CloudIndex All the radiation
= Tilt
. Azimuth Radiatipn values components over
z:mg el by the horizontal,

= Toke into e fix-tilted and

account the normal plane

horizon (or not} J{
* Time step
* Time reference Post-processing
« Albedo laves -
- Outputformat L

\ - : _-
\___ Helisblim-3 version 5/

Fugre 2dnputs, outputs,and models in HC3v5.

% http://www.soda-pro.com/help/helioclim/heliost-2
¥ Ibid 37
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The \ble below presents the scoring schemeitthas beenapplied for each ategory, thus
resulting to thenext figure wherehe color givesn indiation on howa database sands
among the whole dtabases, from green for the highest scorertml for the lowest score

Table 2. Details of the sconing scheme

Category

Sub-category

score=| score=2

lowest

score=3

score=4
highest

Representativeness

Data type

Operating mode

Spatial coverage
Spatial resolution
I'meframe
Updating schedule

Companents

T'ime step

Aggregation

Accessibility

Price

Smaller area

Mono-saiellite

Multi-satellite

Lowest to highest resolution using a loganthm scale

Lowest to highest peniod using o loganthm scale

None Potentially
GHI only GHI & DNI
Monthly Dayly

Dataset only

Offline request FTP access
only (Email) only

Commercial

Periodically

Partially, among
GHI, DHI, GT1 & DNI

Hourly

lime-senes only

Partial GUL'web service
otherwise offline

request

Free for scientific usage

Global

Day+1

All components

Sub-hourly
Dataset & time-
series

GLU/ web

Service

Free

G w S LIN & &5 igf $ha datébase dels with the geogaphical area covered by the
satellite, its sptial and temporal resolutionand the tempoal coveilage; the &tter is rebted
to both the dustion, in year, and the upditing strategy which nay reveal the potentil
obsolescence of theatlabase.

G atal @ Ldsaks with the SSlataitself, i.e. the product tht is delivered to the endiser.

It consists in thavailable component of the saf radiation (GHI, GTdand diffuse¢ DHI¢ for
PV projects, DNI for CPV), the possibility to retr@deataset foratypical year through 12
monthly valuesand/or to work on timeseries fora specific periodand time ampling. The
possibility to get TMY is natidressed in this study bagse it involves complex processing

of the raw sokbr radiation estimation along with the retriewal of other rebvant

meteorologi@ parameters suctas theair temperature or the wind speed.

G h La8 Ny 3 finalriGcéses on the process used for retrieving tiagagfrom the
availability of a graphical user interéce (GUI), web servicaad/or offline requestthrough
email exclange, to the firancial conditions foraccessing the ata.
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Name Provider URL Coverage Ref.
ITIER JTIER 3tser.com Global -
CM SAF DWD emsaleu Europe, Africa [16]
DLR-ISIS DLR www.pa.op.dir.de/ISIS/ Global [17)
EnMetSol Umiversity of Oldenburg energy-meteorology. de Europe, part of Afnca [18]
focus solar focus solar GmbH focussolar de North-America, Europe, -
Afnica, part of Asia,
Oceania

HelioClim-1 MINES PansTech - Armines  soda-is.com Europe, Africa, part of [19]
South-Amenca

HelioClim-3 MINES PanisTech— Armines  soda-15.com Europe, Africa, part of [20,21]
South-America

Land SAF European consortium lnndsaf meteo pt/ Europe, Africa, part of 122
South-Amenca

meteonorm METEOTEST meteonorm.com Global [23]

NASA SSE Release 6.0 NASA cosweb lure nasa. gov/sse! Global

OSI SAF European consortium os1-saf org Europe, Africa, -
America

PVGIS CM-SAF JRC 1€ JTC.CC.CUropa. eu/pvs/ Europe, Africa [24]
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Figure 23 Overvie of thetellite ¢ based ditabases.®®
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Figure 24 Synthesis of the scoring of the 16 S@bedses™
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