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Abstract

Optimum tilt ard azimuth angles for solar panels were calculated fori@é of0.1x by 0.1x National
Solar Radiation Data Base (NSFERBIY cellscovering thecontinental United StatesTheaverage
globalirradiationincident on a panel at this optimum orientati@ver one yeawas also calculated, and
was compared to the solar radiatiseceived by dlat horizontal panel and 3-axis tracking panel.
Optimum tilt and azimuth angles varied by up toxEtbm the rule of thumb of latitude tilt and due
south azimuth especially in coastal areas, Florida, Texas, New Mexico, and Coloosgared to
global horizontal irradiationyiadiationat optimum fixed tilt increase@ith increasing latitude andy
10% to 25%er year Irradiationincident ona 2-axis tracking paneh one yeamwas 25% to 45% higher
thanirradiationreceived by a panelt optimum fixed orientation. The highest increases in tracking
irradiationwere seen in the southwestern states, whenadiationwas already large, leading to annual
irradiation of over 3.4 MWh n¥.

1. Introduction

Solar photovoltaic (PV) systems areayly gaining popularity in the United Staf@sS.) thanks to
incentive programs and enhanced interest in environmestetainability and energy independendss
more PV systems are installed acrosstth8, it becomes increasingly important to maxaatheir
power2 dzii LJdzi @ ! AA RS FNRBY AYyONBlFraiAy3a I LI yStQa azfl NI
increased byonsideringhe solar geometnas well as theseasonaand dailyvariationof atmospheric
transmissivityat a particular siteSpecificallyit is important to know what the optimum tilt and azimuth
anglesare at which to mount a fixed tilt paneh a flat roof oron the groundsuch that it receives
maximumirradiation. In addition knowingthe increase irsolar radiation incident oa two-axistracking
panelwill allow analysis afhe economics of tracking PV systenvhich are more expensive to install
and maintain

Since thepower prodution of a PV panel islose to linearly proportional tthe amount of solar
radiation (photons)reaching the panel surfacancidentirradiationis an excellent proxy for power
output. Tomaximize absorptionf solar radiatiorin clear skieshe normal to the plane of th€V panel
should bepointing towards the susuch that thesolar direct beam iperpendicuar to the panel
surface. While a fixed tilt panel can only be normal to the incident sunlight once a dayg-axis
tracking panelmproves over a fixed tilt panel by followitige sun through the sky such that tipgane
of array normals alwaygaralkl to the incident sunlightHoweverwhen the majority of global
irradiance is diffuse, horizontal alignment often provides the maxinglobalirradiance[1].

Some previoustudies usednodeled extraterrestrial radiation incident on the top of the
atmosphereto find equations for optimum tilbver a large aref?,3]. Thismethodaccounts for the
deterministic €elestia) variables which affecolarradiation, but it doesnot consider the stochastic
(clouds and other weather) variables whigllso affect he optimum anglesUsing a extraterrestrial
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radiation mode] the optimum azimuths alwaysdue south(or northin the southern hemispheresince
solar radiation will be symmetric about solar nodimese studief?,3] confirmedthe simple rule of
thumb that tilt angle,1, equal to latitude ¢, isoptimal for a cleayear €.9, panel at 48N should have

40xtilt from horizontal) For differentseason®f the year the optimum tilt was foundto differ by up to
15° from latitude (more in thewinter, less in thesummel).

Other studies have used measursalar radiatiordata instead of cleasky modelgo account for
both the celestial and weather changd8easuredglobalhorizontalirradiation (GHI)at four sites in the
U.Sstate of Alabamavas usedo find the optimum yearly tilt anglef,». = ¢ + 8° [4]. Usinga fixed

tilt PV panel at diffrent tiltsand a tracking PV panelounted on a roof in Sanliurfa, Turkéyo T x b 0

optimum tilt and the effect of trackingras quantified5]. Optimum tiltsranged¥ NB Y Mo x Ay Wdz &
in December Solarirradiationreceived on a tracking panefas 29clarger compared t@ panel at

optimum tilt for one day in Julysingmeasired GHland diffusehorizontalirradiation (DHI)valuesthe
optimumyearlytilt was found to beo ®fonBrunei Darussalad n ® g6}, adadbn dox F2NJ LT YA NE

Oy ®dR. b 0

One comprehensivestudycomputed optimum tilt for a large area usingeasural irradiation [8].
GHI andDHIfrom 566 ground meteorological stations across Europe, turbidity data from 611 aites
a digital elevation modekere usedo deriveexpected radiation over a 1 x 1 km grid covering Europe.
Theoptimum yearly panel tilt igess than latitudeilt for Europeandis not solely a function of latitude
(asconcludedin the clear sky studies), but is also a functioglofidiness

To the best of our knowledge, maps of optimum tilt and azimuth angles basetasured
radiationhave not been publishefbr the U.SIn this paper, we present solar maps of tentinental
United StategCONUS3howing the optimum panel tilt and azimuth, the radiation incident on a panel at
optimum tilt and azimuth, and theadiation received by tradking panel. Whilenaps showing
irradiationat latitude tilt facingdue south and trackingradiationhave been published kthe National
Rerewable Energyaboratory (NREI[9], the NREL mapm not show optimum tilt and azimuth.
Furthermore, with theirresolution of 40 x 4&m, the maps preseted here will havesixteengrid points
for every one grid point in the NREL mapiehigherspatialresolution is especially important in areas
with strong gradients imadiation, such as coaator mountainous areadVe will describe the data
source (section 2), the model used to compirtadiationon a tilted plane (section 3), and the
derivation of optimum angles (section 4). Section 5 presents a validation of the algorithm, and sections 6
and 7 describe the redig maps and conclusions, respectively.

2. Data

Satellite derived5HI and DHibtained fromthe National Solar Radiation Database (NSBDRY)
were used for this studjl0]. The NSRDBUNY datasetontains hourly GHI, DHI, and direct normal
irradiation (DN) values for the entire United States on axhbde registered grid, corresponding to a
grid spacing of about 10 km, for 192805. NSRDBUNYwvas created by applying theodel developed
at the State University of New York (SUNX)bany[11] to satellite imagery of the U.8om
Geostationary Opetanal Environmental Satellites (GOESXloud index waderivedfor each pixel and
was used alongith atmospheric turbidity, site elevation, ground snow cover, ground specular
reflectance characteristics and individual pixel-saellite angl€o derive surfacerradiations
Atmospheric turbidity is quantified in terms of tlaér mass independeritinke Turbidity coefficieritL2],
which is a function of monthly average atmospheric aerosol content, water vapor and d4ogd.inke
Turbidity coefficientvas used to compute clear sky DNI ddidl Clear sky DNI was multiplied by a ratio
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of DNIs calculated using the DIRINT m¢#gl to find DNI for the actual sky conditioDHIwas found by
findingthe vertical component of DNI14].

The SUNY gridded datarmmes from two satellites: GOE=Rst and GOBSest, which produce
shapshot images at 15 minutes past the handon the hour respectivelyAlthough GOES satellite
data has a resolution of 1 x 1 km, the data are desampled to a 10 km grid to reduce contation
time of the SUNY modgl4]. Forconsistencythe SUNY gridded data is shifted and interpolated to
model the sum ofrradianceincident on each grid point for the previous haut?{ 3t 2 QThi® 2 f dzY y 0
results in each hourliyradiationvalue having tk units of Wh rif. Hourly uncertainties of the SUNY
gridded data range from 8% under optimal conditions to up to B4 though the mearbiaserror for
long periods of time; such as the 8 years used in this studg expected to benuchlower than theg
values[20].

We chose to use the SUNY gridded data because dbtigetime periodthe high spatial resolution
the consistency in its derivation for a large graad becaus®Hland DNlare provided While the
NSRDB and other sources contain measumetsfrom grounds stationsvhich have smaller errors than
SUNYmeasurements, the spatial resolutiongeor. The NSRDBRyifexample, only contains high quality
groundirradiationmeasurements from 221 sites in 40 staf@d] as compared tdhe 97,305 NSRB-
SUNYgrid pointscovering the CONUS

3. Globallrradiation on a Tilted Plane
3.1Direct Irradiation

For this studySUNYrradiationson a horizontal surfackad tobe convertedo irradiationsat an
arbitrarytilt and azimuth. We chose to use the algbrits described by Pag#5] due tothe
deterministicfunctionaldependence upon location which is desirable in procesdatafor the entire
CONUSCGher models(e.g.Perezet al. [18) requireempirical coefficientsvhich must be determined at
each locathn using ground measurements.

The Page Mdel takes GHDHI time, latitude, and longitude as inputs and outpgtobal
hourlyirradiation (Gl)for a panel of any tilt and azimutsG! = E + D + E,;. Directbeam(E), diffuse

(D), ard groundreflectedirradiation (R;) on the tilted surfaceare calculatedusing astronomical
variablesground surfacalbedo, and an empirical function relating diffuse &gid

Direct (beam)rradiation, B, on the tilted surfacas afunction of tilt § and azimuthx (& = 0 is
duesouth) as

B(B, o) = B, cosv(f, a), (1)

wherev(ff, &) is the solar incidence angle on the tilted paril.is beam normairradiation at thetilted
panelsurface which iscalculatedfrom the SUNY data as

Bn = (Gh - Dh}!{SinYS' (2)

For computational efficiencyhe SUNYDNI was not used but was found to be similar t&,, from Eq. 2
i, and Dy, representGHI andDH| respectively. Thenid-hour solar altitude angley., is theangular



elevation of the sun above the horizontal plane, and is a function of the solar declination angle, the solar
hour angle, and the latitude at which the panel is instal®tice theNSRDESUNYpresentsthe average

of the irradiation over the previous hour, mitbur values of the solar altitude angee used sinceéhey
arenearly an average of the solar altitude angle over the previous larrexample, ta irradiation

with time stamp 1100LSTwill be the aveage of irradiation between 1000STand 1100LSTand the

solar altitude angle will be calculated at3MLST

3.2 Diffusdrradiation

The diffuse component afradiationon a tilted surface is significantly more complicated to
model Pag€g/15] computes the ratio of diffuse radiation on the tilted panel tdfdse horizontal
radiationas

D(fa) _ KpcosviB.a)
o =B - Ky + === 3)
To account for cloud covea, modulating functionn the form ofa clearnessndex, Ky, is

used K, = (G, — Dy,)/{e + (1367 Whm™?2) siny, ]}, where € is the correction to the mean solar
distance fromearth. We used theempirical function £ 5) found by Page for Southern Euroferelate
the directionality of diffusérradiationto the panel tilt angleand clearness index

F(B) = cos? (E) +(0.00263 — 0.7120K, — 0.6883K,>)[sin § — § cosf — m sin’ (E)] (4)

whichwas accurate for our validation site in Golden, Colorado (see section 5 later).
3.3 Reflectedrradiation

Reflectedrradiation, R, is modeled by
Rg = mpgghx (5)

where the reflection coefficienty is solely a functionf panel tilt, r; = 172228 e assumed a ground

r

surface albedo g#; = 0.2 as an average for lantlse of albedo maps from remote sensing would be

more accurate, but spatial heterogeneity of albedos within the tyi68l knf grid cell especially in

urban areaswould still cause a large margin of erréit the orientations used in this studfe

sensitivity to albedo is smalh San DiegoCaliforniad MMT ®HpPp x2 X oH Py pxb0X OKIFyYy3AAY
from the assumed 0.2 leads to a +0.71% changbe average annualradiation reachinga panel at

optimum orientation and at1.08% change fatracking panelSimilarly, forAlbany, New York
OTODPYRRYEXxMOX | dSNRAY3I K 8lidiffebeBcH® aparel atpoptichum f ST Ra  ( ;
orientation and a +1.2% difference in a tracking pandlhese albedo changes l&ml2° changes in

optimum tilt for both San Diego and Albany.

4. Optimum panel anglestracking, and resultingrradiation
4.1 Optimum tilt and azimuth angldsr a fixed panel



To determine optimum tilt and azimuth angles, the Page Model was written in function form with inputs
of panel tilt, panel azimuth, latitude, longitude, tim&,, andl',. The output of this function is the sum

of Gl on a panel over the 8 years contained in the SUNY gridded data. Then, for each SUNY grid point

(fixed latitude, longitude, timgG;,, and D;,), the local maximum GI asfunction of panel tilt and panel
FTAYdziK ¢l a F2dzyR dzaAAy3d dzyO2y a0 NI AYySR y2yfAySH N 2
Mathworks, Inc.). The optimum tilt and azimuth angle as well as the maxiamnualirradiation

reachinga panel at optimunfixed tilt were recorded for comparison to horizontal and tracking panels.

4.2 Irradiationonto a Tracking Bnel

For concentrating systems, DNI is the relevant metric ancesponding maps already exis{.[This
study focuses on fixed (typically PV) sysseand tracking results are only shown for referenice.
determinethe average annual G¢aching awo axistime-position (orchronologicaltracking panelthe
same function described in Section 4.1 was used, but the panel tilt arglsetequal to thesolar
altitude angle while the panel azimuth was set equal to the solar aziriWdttie other tracking
technologies such asngle axisactive or passive tracking exist, we chose to tirse-positiontwo-axis
tracking due to its simplicitgnd generalityOthertrackingtechniques may outperfornime-position
tracking in high diffuse radiation conditions as then a flat orientation is usually ofd&@jal

5. Validation

5.1 Comparison to measurements at SRRL

The model wasalidated againsmeasuredrradiation from the NREISolar Radiation Research
Laboratoy (SRRL) located Golden Coloradgo ¢ @ 1, m ix b @ M $RREvas selected due to its high
data quality and becaudsurlymeasurements of GHDHIGI2 ¥ | & dzNJF ldu@ Suthj andGl SR n n x
on a tracking panedll taken at the same locaticare availableA Kipp and Zonen CM Z8ranometea
measure GHI, another CM 2@yranometer with a diffuse shading disk meassipH| an Eppley
Laboratory, Inc. Precision Spectpgtanometer measureGlon the tilted surface, anlfor a two axis
tracking panel was measured using a Kipp and Zonen Giratiometer[17].

5.1.1 TiltedPanel

Inputs ofhourly GHI andDHIfor January 1 to December 2D09were obtained from the NREL
Measurement and Instrumentation Data CentttiDQ [ HYPERLINK'NRE10117]. Althoughl-
minute resolution is available from the BIC, hourly resolution was chostmbe representative of the
hourly SUNY dataVeinputalbedo 0.2, At G | y3t S oénnx0 | yR tdobtainydzi K 2 F
direct, diffuse, and reflected radiation on the tilted surface. These were summed teeceatstimated
Glon the tilted panelsection 3) which was compared to the measur&don the tilted panefor times
when solar altitude angle 20x (Fig. B).

For this comparison, thenean absolute error (MAE), mean bias error (MB&t mean squared
error (RMSE)relativeMBE(rMBE) and relative RMSE (rRMSEre computedfrom the instantaneous
error, £}, by

e = G'Fri!r,r:ﬂ!c - G'Ftilt.marzs (6)
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The Pearson correlation coefficiesund other error metricgTable 1) show the strong correlation
between the estimated and measur€il TheRMSHor Gl onthe tilted surfacevasfound to be 5%
which is saller thanerrors reported forGHI and DNh the SUNYgridded datq14]. Since he 8 year
sum is the only value used in creating the maps presented in this paeemallrMBE valuevalidates
the Page Model foour application.

5.1.2 Tracking Panel

The Page Model was also applied for a tracking panel at SRRL, and compared to measured values
(Fig 1b). Again, a higltorrelation is observed betweemeasured and modele@I(Table 1)All
statistics show larger errors thanrfthe fixed tilt case, but th&MSKE7%)is still smaller than errors
reported in the SUNY dafa4]. In addition, the rMBIEEemainsvery small.

Mean Pearson Correlation
Measured Gl Coefficient MAE MBE RMSE rMBE rRMSE
_[wh m’] [] Whm? [Whm? [Whm? [-] [-]
nnx U 541.2 0.997 17.1 2.37 27.5 0.44% 5.0%
tracking 704.4 0.992 29.2 4.84 50.6 0.69% 7.2%

Table 1: Daytimé & 2 £ I NJ | f (i AstatiieSfor erg6r3 beSvBem the mdeasur&@lat the SRRL
LI y St (okthe(BRAR tracking pareld the calcidted Glusing the Page Modé&r 19982005.

Whilethe Page Modethowslarger MAE and RM&Erorsresulting from differences oan hourby-
hour basishias errors of Gleceived on either a fixed tilt or a tracking paaet small The analysis in
this paper relies on 8 yeaaverage®f the SUNYjridded data, so theMBEis the most important
statistic presented in Table 1.

5.2 Comparison to PVWatts

PVWatts18]A & | (G22f LJdzof A & K Seipats © qulckly Ditaindoerférmani® NI A i

AAAAA

any fixed tiltprovided by the useras well as for a-br 2-axis tracking panel at arigcation in theU.S.
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usinggriddedirradiationdataat 40 km resolution ComparisonbetweenPVWatts2and our algorithm

for 5 cities in thedJ.S.are shown in Tabl2. The centers of PVWattggid pointsdo not correspond to

the SUNYLOkm data, so a distae weighted average of the 4 closest SUNY sites to the center of the
PVWattsgrid pointwas used to determine the values presented in T@blBome deviations between

our results and PVWatts2 are expected due to the differsmtapatial resolution, esgally in areas

with large gradients itirradiation. For this reason, the PVWattg#id pointschosen for Tabl@ are far

away from coasts, except for Los Angeles, where thecgtisl areat least25 km from theocean.

Overall, theabsolutedifferences béween our results and PVWatts2 range from 0.5% to 5.1%. These are
smaller tharthe expected error of PVWatts2 of A2%[18], suggesnhgthat our implementation of the
Page Model compares well to establishaodels.

Location Optimum Glat Optimum Fixed Orientation Glfor Tracking
Orientation [kWh mi? day’] [KWh mi? day’]
(tilt/azimuth)
SUNY + Page PVWatts2 rMBE SUNY + Page PVWatts2 rMBE
Orlando, FL HpPMX KT 5.22 5.29 -1.3% 6.77 6.81 -0.6%
(813x 23X HYy®
Dallas, TX on®px kg 5.09 5.24 -2.9% 6.76 6.92 -2.3%
0dcPdPynxz
Phoenix, AZ oo ®dnx kK s 650 6.29 3.3% 9.09 8.65 5.1%
OMMH®PHMX 2 3
Los Angeles, CA OH®ryxKc 579 5.82 -0.5% 7.73 7.52 2.8%
(MmMT dphpx2 X
St. Louis, MO ondy x kK n 476 4.82 -1.2% 6.25 6.31 1.0%

(-pnPHY x2 X

Table 2: Compariscend relative mean bias erraf irradiation calculated fromPVWatts2 and Page
Model for panels at optimum fixed tilt arfdr tracking panels at selected sites.

6. Maps

The Page Model was applied to produce solar radiation ro&fise CONUSFigures 2aand2b show
the optimumannualtilt from horizontal andhe optimum tilt minus latitude respectivelyThe valuegor
optimumtilt were calculated coupled witthe optimum azimuthSince there is an interdependence of
optimum azimuth ad tilt, optimum tilt sat an azimuthof Oxwere also calculated, but the mean absolute
deviationfrom Figure2ag | & f Saa (Kl y nodmx I yR GHerSforafestits fsrdzy RS OA
optimum tilt angeldn Figure 2a apply to both optimum azimuth and due south azimitgure2b can
be usal to investigatethe rule of thumb that panels should be installed at latitude tfltatitude tilt
were indeed the optimum tilt, then Figure 4 would show zero differences. Indeed, the differences
shown in Figure 4 are small for low latitudes, but thegdme significant at higher latitudes. Soareas
exhibitdistinct differences in optimum tilirom points at the same latitude, showing that optimum tilt is
not solely a function of latitudeLatitude tilt might be accurate for clear sky conditions, Ibat $ite
shows seasonal variations in cloudiness A 10 & 2 LJGAYdzy GAf G oAttt o0S Ff3G§SNB
Valley experiences Tule fog during wint€ansequently, the optimum tilt there is weighted towards the
best tilt in the (clea@r) summemonths whenmore radiation can be collected

Figure3 displays the optimum annual azimuth for a solar panel, and can be combined with Eggure
to determine the optimum anndaorientation (ilt and azimutt) for afixedsolar panel. Figurd can also
be usal to investigate whether @ue southazimuth results in the maximuirradiation. Due south is
optimal for many parts of the country, but there are notable exceptions in Florida, Central Texas, the
centers of Wyoming, Colorado, and New Mexico, and along#uific Coastline. A due south azimuth
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would suggest that equal amounts of solar radiation are received before and aftensolar Anon-

zero azimuth therefore suggests that solar radiation at a given site was not symmetric. For example,
many parts of he Pacific Coastline are subjectsiammermorning fog thaievaporatesn the late

morning leading to moreafternoon irradiationand thus an optimum aziuth facing towards the west.
Large parts oFloridaand New Mexicq on the other hand, are often sulgeto afternoonconvective
clouds leading to an optimum azimutfacing eastFigure 3 shows a discontinuity in optimum azimuth
angle around a latitude of 107.%hich marks the border between GOES&st and GOESest satellite
data in the SUNY dataset. Arror in the time shift of SUNY satellite irradiances to hourly irradiation for
the evening hours related to the timing of GOES imagery is the likely explaf@]oihis would

indicate that our azimuth angles for the area west of 10arge biased towats the west.

The average annu@lreaching a panel at optimum fixeit and azimuthis mapped in Figuréa(a
very similar map oifradiationreaching a panel at latitude tilt and south azimuth is presented on the
NREL websit@]). This map is useful in determining where it would be best to infsteltl solar panels,
since incident radiation isearly linearly proportionaio power output of a PV panefreas of highest
annual solar radiation at optimm tilt are located in the southwesterd.S.includingsoutheastern
California, southern Nevada, Arizona, southern Utah, New Mexico, southern Colorado, and western
Texas. Most of the rest of tleONUSeceivesmuch lower amounts of annual solar radiation at
optimum tilt. For exampleflorida and the southern tip of Texas are both at lower latitudes than the
southwestern states, yet receive around 0.5 MWA (about 20%) lesG|per year.

To determine the importance of installing a solar panel at the optinoientation, the percentage
increase irGlreaching an optimally oriented panel versus GHI is shown in Fguée dmost every
location in the ©NUShe irradiationincrease byat least 10% at optimum orientation over flat.&'h
gainincreases with inaeasing latitude, with a maximum of 25% increase observed in parts of Montana.
This is consistent with thiacrease iroptimum tilt shown in Fig2a. The further north a site jghelarger
the difference between flat ad optimum orientationand thelargerthe increase inrradiationreceived
at optimumorientation.

Figurebashows the average annu@lireaching a tracking panel at each locati@hismap is similar
to Fig.4awhich shows théslat optimum orientation. This is expected since both dependhenGHI
reaching each location. However, the salaadiation reaching tracking paneissignificantly larger than
the irradiationreaching optimally oriented panel$o quantify this increase, Figuse shows the
percentage increase iBlreaching a tacking solar panel over a panel at fixed optimal orientatishich
ranges fron25% to 45%The largest percent increases occur in the southwestef) while the
smallest increases occur in tkasternU.S.and on the Pacific Coastline. The large inoeease related
to clear skiesvhen irradiance isnore variable as a function of view angled tracking shows greater
benefits Smallerincreasesre related to cloudy conditions which causere uniformdiffuse
irradiation patterns In cloudy conditionsther tracking strategies would result in a slightly better
performance (section 4.2T.he highest percentage increases occur in areas winemiation at
optimum tilt was already largé.e., less cloudy areasjpaking tracking panels very attractive foeas
such as the southwestern states.

7 Conclusion

The optimum tilt and azimuthnglesto collect global solairradiation (Gl)in the CONUSvere
determined using the Page Modabplied to theSUNY 18m gridded data. While rules of thumb
suggest thatnaximum Glis obtainedat latitude tilt with an azimuth facing due south, it wiasind for
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most locations in the CONWsat higherGlcould be obtained by deviating from this rulEne optimum

tilt was never found to be greater than latitude tilt, butitws2 dzy R G2 06S dzLJ 42 wmnx €S
tilt. On averagethe deviation from latitude tilt increased &igherlatitudes, but optimum tilt was not

found to simply be a function of latitud&easonal weather patterns such as winter clouds led to
changes ithe optimum tilt.! T A Ydzi K& RS@GAF GAy3 dzZLJ G2 mnx ¢6Sad 2N ¢
areas with typical daily cloud patterns such as morning fog or afternoon thunderstorms.

Areas of higlGlon an optimal fixearientation panel occur in the southwestn U.S, with up to 2.4
MWh m? per year.Compared to global horizontal irradiation, irradiation at optimum fixed tilt increased
with increasing latitude and by 10% to 25% per y&hese increases are significant considering they
require no more active wrk thandetermining the optimum orientation duringanelinstallation.
However, the sensitivity of annual irradiation to inclination is small near the optimum point. While small
increases in power production may have a significant impact on economic gaibvee, other factors
such as aesthetics and mounting considerations may dictate agptamal angle that would result in a
relatively small loss in annual power production.

Glreaching a tracking surfashowsvery similargeographigatterns toGlat optimum fixed
orientation, but a tracking panel can receigger 3.4 MWh n¥ per year. The increase from using a
tracking panelvasstrongest wherdixed orientationirradiationwas large, corresponding to relatively
clear skies on averag€hissuggess using tracking panels areas of higlirradiationso long as the
increases are enough tmlancethe higher initial costs, maintenance costs, and energyttogie
tracking mechanism.

Overall, we found that the rule of thumb for orientation of a solaypat ¢ & dzLJ G2 wmnx 2-
azimuth, or both. We recommend using optimum &iltd azimuthangles presented here to increase
irradiationreceived at any site€Our analysis does not consider the temperature effect on PV efficiency.
Given that the panel@mperatures are larger in summer than in winter and larger in the afternoon than
in the morning, consideration of this effect would result in larger tilts and an azimuth facing more east
of south, but the changes are expected to be small and depend oRWemperature coefficient.
Moreover tis analysis optimizes fannualirradiation, but does not consider the seasonality and
diurnal pattern of electricity prices. If the PV array output displaces consumption from the local facility
with time-of-use priing or if the electricity generated is bid into the market, ifradiationswould have
to be weighted by the electricity price at the tinh@ determine economic effect$§ince &ctricity prices
varyby region and time, accumulating such a database fr8872005was beyond the scope of this
project. Generally since electricity is more expensive in the summer dndng the afternoon peak
demandthe optimum azimuth would be further west of south and the optimum tilt would be closer to
zero if economic casideration were taken into account.
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Figure2a: Map of the optimum tilt from horizontal to maximize annual incident GI.
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Figure 2b: Map of the optimum tilt from horizontal (Fig. 2a) minus the latitude for each location. This

shows the difference in degrees between the optimum tilt and the ruldnofrtb suggesting latitude tilt.
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on the map are east or west of due south. When coupled with Figure 2a, the optimum orientation (tilt
and azimuth) at anjocation on the map can be determined.
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Figure 4a: Map showing the average annual Gl reaching a panel at optimum tilt and azimuth.

Figure 4b: Map showing the percentage increase in Gl incident on a PV panel at optimum tilt and
azimuth versus a flat mzontal panel.
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