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INTRODUCTION

As our knowledge of how ttechnicallymake individual buildings more energy efficient matures, the challenges to
accomplish widespread adoption of energy saving measures are changing. For individual building owners
implementing energy efficiency measures has become primarily a questiortaofirap meaningful information

regarding installation costs, potential energy savings and payback times. In tandem with our advances in building
technol ogy, cities in many countries now command unpr
stock which can be furtheanalyzed and mapped to inform policy decisions. Within this context, it has become
increasingly popular for cities and municipalities to
renewable energy generation thghuphotovoltaic (PV) panel installations withirethjurisdictions. In the United

States, larger cities such as Boston, Los Angeles, New York City and Portland provide online maps which allow
building owners to look up their address and view personafizedictions such as,

1 electric production from a PV system (kWh)

1 energy savings from a solar hot water (SHW) system (therms)

1 resulting annual elédcity savings (dollars)

1 carbon savings (Ibs)

91 useful roof aredor installing PV panel$sq. ft.)

1 system palpack period (years)

I system costs (dollars)

91 local rebates and incentive programs (dollars savings)

Table 1 Survey of Existing Solar Potential Mapping Methods in North America

CITY URL FLAT ROOF | METHOD (2012) | METHOD (2013)
Anaheim http://anaheim.solarmap.org/ No Solar Analyst Unknown
Berkeley http://berkeley.solarmap.org/ Yes Constant Unknown
Boston http://gis.cityofboston.gov/SolarBoston/ Yes Solar Analyst Solar Analyst
Denver http://solarmap.drcog.org/ No Unknown PVWatts
Los Angeles http://solarmap.lacounty.gov/ No Unknown Unknown
Madison http://solarmap.cityofmadison.com/madisult No Constant PVWatts
New York City | http://nycsolarmap.com/ No Solar Analyst PVWatts
Portland http://oregon.cleanenergymap.com/ Yes Constant No longer exists
Salt Lake City | http://www.slcgovsolar.com/ No Sola Analyst Unknown
San Diego http://sd.solarmap.org/solar/index.php ? Unknown Unknown
San Francisco | http://sf.solarmap.org/ Yes Constant Constant
Sacramento http://smud.solarmap.org/ No -- Unknown
Orlando http://gis.ouc.com/solarmap/index.html No -- Unknown
Various http://www.geostellar.com/ No -- Unknown

The objective of these maps and accompanying personalized property information is to increase the environmental

awareness of residentgduce greenhouse gas emissiand to improve the sustainable image of a city through the

expansion of solar energy temlogy. While a number of cities have already generated such solar maps, to the
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authorsé knowl edge, ' i mited attenti on thbds sndeolyng thesgp ai d
maps. Thispaper is organized as followhnitially a survey isconducted of existing solar pot#l maps in the
United Statesas well asof existing researchThe underlying methodologiessed in practice and researahe
discussedn detail We thenpresent axew method of how a validated solar radiation calcutatgorithm, thus far
typically used at the individual building scale, candmenbined with an hourly rooftop temperature model and
applied to a citysized model of Cambridge, Massachusetts, USA. The method createddgtgolar potential maps

with a high degree dfpatial and predictive accurabgsed on the generation of a high resolution tdiseensional

(3D) modelsourced from available geographic information systems (GIS) Aatavalidationof the new methaod

hourly and dailyenergy yelds from two actual operating PV systems are compared agatnsew me t hod 0 s
predictionsusing calibrated weather dafsdext, resultsfrom the new methodare compareavith thoseone would

obtain usingexistingmethods Finally, we discuss what relevanearying simulation results may have at both the
individual building owner and cityide policy levelusing ten sample buildings from the Cambridge building stock

The authors conductedraview of solar potential maps for North American cit{sable 1) In March of 2012,
elevenmaps were surveyednd one year latghirteenmaps were surveye®Ve found that there are three typical
predictive methodologies in place for calculating rooftop irradiatiot associated photovoltaic potentlal 2012,

three (27%) of the surveyed maps used a constant assumption for solar irradiation reaching a building rooftop

t

C

defined in thefollowing paragraphOne(9%)r epor t ed wusing t he Nati onBREL)Renewab|

PVWatts calculation modul@Marion, et & 2001). Anotherfive (45%) used the Solar Analyst plugin withEsrié s
ArcGIS program(Fu and Rich 1990 The remaining maps did not report their calculation methodolomg2013,

two maps switched to PVWatts as their prediction method, raising its ts@386 of availableNorth American

solar potentiamaps Simultaneously maps reportinging Solar Analyst dropped to just ore7%). In reality, the
picture this paints is akewed one. Of the thirteemaps surveyed which still exisB9% (Anaheim, Denver,
Madison, Sacramento and Orlando) require manual input of slope, azimuth and systeFheseemapsio not
automatically map solar potential, but theffen have accompanying raster graphics of sunlit hours to help users
define their sgtems.

Outside ofalready existing solar potential maps, there are several methods which have efmergessearch
R.sun(G Ysand Hofierka 200¢has been used to map solar potential for large geographic areas anthuititsss
not, t o t hlemowkdge deenruged irity-scalepublic solar potential maging applicationsuch as those
detailed in Table JPV Analyst(Choi et al. 201), PV-GIS (G Y4r i , andB®unlogi2005 and a series ajthersolar
irradiation and photovoltaic calculation meth@hsl case studiese also discussed in theoceeding paragraphs

Solar potential raps using a constant assumption simply predict that every point on a rooftop receives the same
amount of solar irradtion irrespective of orientation and surrounding context. Usually this value is derived from
annualglobal horizontal irradiation measurements from a nearby weather st&tich.use of aconstant solar
radiationvalue across aooftop will be inaccura in many casedor example buildings witlpeaked roofsvhere
eachsurface of the roos oriented towards a different section of the.SKye use ofi constant valualsodoesnot
consider localurban context such as trees and neighboring buildinggh shade building rooftopg.hose who
employ this approach determine the useful roof area for PV installationsing either a constant perceife
(Oregon Clean Energy Map 201@r based on orthophotographic image analysis tgclesi (San Franciscgolar

Map 2012 andBerkeleySolar Map 201p

The NREL PVWattsveb serviceusesa considerablymore detailed metho(Marion, et al. 2001)n which hourly
solar irradiation idistributedon a 40km square grid for the entire United Sthesed on the typical meteorological
year2 (TMY), datase{Marion et al. 200 Local TMY?2 irradiation datas used incombination witha manually
input DC power ratingPV panel tiltand orientationas well asmodelderived paneltemperature conditionand
climatebased sky modet® determine energy production. While rcsffape is treated with greater detail than in a
solar constanapproach, shadingnd reflectionsfrom adjacent urban surfaces also a@@nbe modeled using
PVWatts This suggests limitedpplicability in dense urban areas where buildings and trees may fsitacePV
panels PVWatts has been validatéyy Cameron, Boyson and Riley (2008)ingmeasured data froein unshaded
rack-mounted systemnit was shown that PVWatts is accurate wdthaverage bias betwe@r6 to 10.2%However,

an interface such as PVWatts is difficult to automate for an entire city as every roof surface with a differing slope
and azimuth must be input separatdlite New York City Solar Map 2013) automates this pctice, butall other
existingmaps using PVWatts do not.
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Esrib s Sol ar Arepaekents the cityl asidigitahelevation model (DEM). A DEM is a geolocated raster
image where the values of individual pixels correspond to elevation measurefngintsnask is initially generated

based on the surrounding pixel values for each pixel in the DBEMct and diffuse components of irradiation are
calculated based atne amount of the skyvhich can be seen from each pixel. Direct irradiation is calculated
accordance witlthe sun position, the slope of the DEM, a fix@d transmissivity coefficient, and the distance a
solar ray must travel through the atmosphere. Diffuse irradiation is calcutatedch the samevay as the direct
componentbased on eittr a uniform sky model or a standard overcast mdugtever no solar map reports on its
website whichsky modelwas usedAs Solar Analyst uses only a sky mask based on a DEM, it has no capacity to
model reflectd radiatiorfrom neighborindouildings, surounding trees or the urban terrain. It has been proposed to
assume a directional constant of reflected irradiation for obscured sky areas (Rich, et al. 1994), but it would be
inadequate to consider complex reflections from surrounding buildangls landsape In Solar Analyst, sky
transmissivity and the ratio between direct and diffuse insolation are fixed, constant values throughout the year.
These assumptions can have significampacton calculated annuatradiation. For example, the Boston Logan
TMY3 weather data illustrates a ratio between direct and diffuse irradiation which varies widely throughout the year
(US Department of Energy 2012). Figuréigplaysdiffuse horizontal irradiation versus direct lrmntal irradiation

from this dataPoints aresshadedbased on the observed cloud cover at that hour. The meantdidiffuse ratio of
insolation for Boston is 64%; however, the standard deviation from the mean ja8d ¥eglecting this variance is
obviously incorrect. The reader may for exampteginea site with predominantly clear skies in the morning and
cloudy afternoons. For that site eastfacing surface receives considerably more solar radiation thavegsfacing
counterpart, a climatspecific idiosyncrasy thabolar Analysttannot resolve.
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Figure 1 Hourly Direct and Diffuse Radiation and Cloud Cover from Boston Logan TMY3 Weather Data

R.sun G Yrand Hofierka 200¢is a model implemented in the open source GRASS GIS prog&RA$S
Dewvelopment TeanR013 which resolvesperceived limitationsnoted in the Solar Analyst modeDne major
difference compared to Solar Analyst tlgat r.sun has the abilityto modelthe solar insolation ofery large
geographic areawhich transcendseveraldiffering climate zonedy setting the percent of direct and diffuse
irradiation as spatially resolved raster imagather than as fixed values as in Solar Analyssecond notable
difference is that r.sun makes a provision for ground reflected sadidtion; howeverits model assumes that all
ground reflection is accounted for by surface inclination, global horizontal irradiation and ground albedo which does
not account for shaded or unshaded portions of groundheomactual geometry of its contexhile r.sun is
deployable across geolocated rafd&Ms, it has significant limitations in usability for the purposeanfual city

scale photovoltaic potential maps. The first limitation is that r.sun is only capable of modeling a single day or hour
of irradiation at a time. This means thadetailedannual calculation requires at least 365 raster results images to be
created and processed independertisecond limitation is that direct and diffuse percentages of irradiation can
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only be set as rastanage inputs and not as fixed values meaning that for modeBntpll geographiareasuch as

a city, it is inconvenient to model climactic effecteo model the typical daily changes from a source such as a
weather file, itis necessary to creaseparag beamand diffuse percentage raster imafm every day in the year.

To consider typical hourly changes, as in the case of the example above where a city has clear mornings and cloudy
afternoons, rastémagesneedto be created for every hour in the ydais appropriate to mention here than GRASS

has a powerful scripting engine which can help in managing this task.

Besides thanethods discussed in the preceding paragraplasy others have documented their process towards
analyzing photovoltaic poteat in cities and neighborhoods using GIS data and various simulation progt¥ms.

GIS GYar i , Hul d aisl a vilechbasedtpol sinllad ® PVWatts supporting African and European
analysis which uses calculations from r.sun modified by measurett dind diffuse monthly average irradiation
raster images as its underlying weather data soBMenalyst Choi et al. 201)lcoupled TRNSYS simulations of
photovoltaic panel s wit h, suggeshrigM dasire foEthe apdlicatiorAelidakdd p t o o |
algorithmsin solar potential modelinchowever, the tool is yet to be releasBd. Analyst relieson Solar Analyst

for shading calculations and TRNSYS for irradiateomd PV yieldcalculations.Others Brito et al.2011, Nguyen

and Pearce 2010lguyen and Pearc@012), haveused monthly averaged beam and diffuse solar data with r. sun to
calculate photovoltaic potential oélatively smallurban developmest Hofierka and Kanuk2008) perform the
samewithout noting how climate is accounted .fetowever, r.sun has mostly been applied to very large areas such
as Europe and Africa@¥ar i , Hul d a BergarBasco hnd Asin&i®@Q13uld, Miller, and Gambardella
2012,Ruiz-Arias 2012 Palmas et al. 20)2andits rasterbasednput methodsuggesthe toolis most appropriate

for large geographic areas u k a | (2612) calculated direct and diffuse irradiation based on measured climate
data, roofslope and aspeend overshadowing potentiibm neighboring buildings and landscajsehdlenberg
Rodriguez (2013) eschews using a simulation engine at all by suggesting that for regional feasibility studies,
relatively simple spreadsheetalculations are adequateowever,for spatially detailed buildingooftop analysis,

such calculations arnot capable of accounting for shading from contextual geometry or detailed resolutions of roof
shape.

Geometricand Material Assumptions

Of the surveyedolar potential mapgour (28.68%) assumehat all buildings in the city he flat roofs at a known
elevation,four (28.8%) used a detailed DEMive (35.7%) relied onuser inputto represet the roofslope and
aspect and the remainingnap did not reportits assumptions. Of cities utilizing the flat roof assumption, half
assumedhat a fixed percentage of the roof is suitable for(B¥ston, Portland)The others relied on a proprietary
orthophotograpie image analysisnethod for locating rooftop obstructiofBerkeley, San Franciscoylaps using
DEMs determineuseful roof area dier by the predicted rooftop irradiation or by the number of daylit hours
observed in a yeal he effect on simulation results of assuming a flat roof are discletseth the paper.

The source heighheasurements for DEMs often coifinem LIiDAR, Light Detection And RangingLiDAR is an
established, accurate measurement system wherein a surveying aircraft emits rapid laser bursts and records the time
until their visual return while tracking its location via Global Positioning Systems (GPS). Téetedllocation and

timed return data is later processed into geographically located point data. Practically, LIDAR is the most accurate
way to measure an entire urban area, including detailed roof forms and landdewaypeajority ofdetailedsolar

potental surveys of urban areas use LIDAR point measurements in constructing digital elevation models to use as
input to solar irradiance calculatior{Brito et al. 2011, Nguyen and Pearce 2010, Nguyen and Pearce 2012
Yimprayoon and Navvab 2010,u k et &l. 202, MadiSUN 2012 Geostellar 2013

None of the surveyed citiegr research methoddiscussed in this sectioemploy a method which considers
physicallyaccurateeflectionsfrom urban context

METHODOLOGY

LiDAR Data, Accuracy, and theConstruction of a Detailed ThreeDimensional Model

T h e a umplementatidn of an urban solar potential map is based on the creation of a detailed 3D model in the
validated Radiance / Daysimbackwardraytracing daylight simulation enginéWard 1995, Reinhart an
Walkenhorst 2001)The advantages of creating an actual 3D representation of the city compared to a DEM are that
roof surfaces can be properly modeled as smooth sloping planes rather than a pixelated height representation and
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that accurate revergaytrecing simulations can be implemented that account for reflections and shading from the
surrounding contexfThe geometric information used in creating 82 model of Cambridge comes from a 2010
LiDAR surveyof the city The vertical accuracy of the datatie urban context of Cambridge was bounded to less
than 1mrootmeansquareerror (RMSE). In validation testof selected areathe RMSE between LIDAR and
traditional GPS measurement methods was shown to be 0.062m (Alliance for Sustainable Energy 2010).

The employedprocess of creating a detailed 8ibanmodel is illustrated with an example surrounding the Kresge
Oval at the Massachusetts Institute of Technoliogyigure 2.As LIDAR data is not uniformly sampled in plan, it
creates an awkward data spdEeure Zb)) where different point densities are present depending on the airplane
path of flight. Initially, there were 126,624,764 points spread across Campbridgeh has a total area of
approximately 18.5 k(4,500 acres)We uniformly resampled éhLiDAR data over a plan grid of approximately

1. 25x 1. 2 5spacing4tékingl the) mean of the first return data where multiple points existed. Resulting
neighboring points which did not vary by greater tltaB metersvertically were discarded. This g@lted in a
simplification of the data space to a mere 9,403,750 points without losing much geometric reSchetisimplified

LiDAR -derived points were then divided into two categories using publicly available GIS datasets from the City of
Cambridge: bildings and ground scape (Figure 2(c)) (City of Cambridge 2004). As a final step, the two groups of
points were triangulated using a Delaunay algorithm (Figure 2(d)), resulting in a highly accurate and detailed 3D
model of the entire City of Cambridge thansists of 16,547,790 triangular surfaces.

(c) Resampled and categorized LiDARints (d) Resulting 3D model

Figure 2 Process Images of 3D Model Generation from LIiDAR and GIS Data
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Hourly Simulations with RadiancgDaysim

The triangulated surface model was then converted into déaRcebackward raytracer format. Inalianceeach

surface may have different, hily customizedoptical surface pngerties. Int h e a umodelib is asgumed that

building walls are Lambertian diffusers with a 35% reflectance while surrounding landscagesa diffuse

reflectance of 20%Rooftop reflectances and absorptivitiesravealibrated based on information from the City of
Cambridge Tax Assessor 0s CiyaftCantbadgee20l Armualrin@diatian was themat er i al
calculated on each building roof surface at a grid resolutioh.®t1.5m(5 6 3. Sidnulation ensor points are

located approximatel§.5mm(1 / § @ove and facing in the normal direction of the roof surface.

Simulations are performed withaysim a validatediork of the Radiance program thaises a daylight coefficient
approach(Mardaljevic 2000 and the Pereall-weather sky mode{Perez, et al. 1993 predict annual point
illumination and irrachtion while considering climatspecific data(Daysim 20B). Daysimworks by performing
one raytrace operation to a sky dome consisting of 145 difflkgesegments, 3 ground segnseahd a second
raytracing run with approximately 65 direct solar positions thatdés&ibuted abng theannualsolar path By
tracing backwards from the simulation sensor points, eackegkmentind solar positiors then veighed relative to
its contributions to each point in the scene. In this manner, irradiation can be sinfotaa@dentire year in any
incremental time step without running thousands of separate and lengthyingytalculationswhile considering
measued typical climate information, contextual shading and reflections based on a detailedirttersional
geometric modell n t he authords study, i r atamchouayttimestep Daysimmhas at i ons
been showry many studieso be highy accurate in modeling visible wavelength natural lightliverseclimates
and sky conditionsReinhart and Walkenhor2001, Reinhart and Anderse2006,and Reinhart and Breton 2008
Jakubiec and Reinhart 2013barra and Reinhart2011) comparedDaysim predictions of irradiation against a
measured dataset and showed that Daysim is ab#éedorately resolve temporal variations in longwaaodar
irradiationin urban contexts

Table 2 documents the Daysim simulatiparameters used in the aus@mimulation in order to ensure simulation
accuracy. Brameters wer@rimarily considered in relation to the unusually large size of the Cambridge model.
Errors in the ambient calculation were calibrated to be acceptable for surfaces spaced four fead grgdraAs

themodel was resampled at this resolution in plan and simulation sensor points are spaced beyond this threshold, the
assumption seems reasonable. According rtthantWaaerk sizeer r or
divided by the ambient resolutidnRtrace man page 201l Z'hus the Radiance scene size26f526.5ft divided by

four gives an ambient resolution of approximately 6,78tis means that ambient interpolation is unlikely to occur
across separate triangles in therse which may have differentientations and solarondtions.Ambient divisions

are set at 2048uch thatfor each sensor point angy reflection, 2048 rays are cast to sample the ambient
environmental conditions. In essence, the model accdomeny geometrywhich occujesa perceived solid angle

larger than 0.0031 smDirect contribution is sampled deterministically for each ray reflectidre simulation
consideraup totwo ambient reflectionfrom direct solar irradiation and one reflection fromfuke sky irradiation

from the environmenfambient bouncesb).

Table2 KeyRadiance/DAYSIM Simulation Parameters

PARAMETER DESCRIPTION VALUE
ab ambient bounces 2
ad ambient divisions 2048
as ambient supesamples 16
ar ambient resolution 6750
aa ambient accuracy 0.1

Calculation of PhotovoltaicYield

As previously discussed, a key benefit of thewmethod is direct access to hourly simulated irradiation data and

the detailedPerezsky model thapproximatesactual sky radiance distributions for eawburly time step in the

year. Knowing in addition the explicit area beneath each simulated point and information about the urban climate, a
reasonablealculationcan be made for the performance of a PV panel in an urban context.
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A direction vector is aggned to each simulatiosensorpoint based on thaormal direction of theoof surface
immediately below it. Assuming that the roof is planar and unvarying below the area the point reprédnttsn ~
this case, a method of calculating the area is shinmEquation land illustrated irFigure 3 where®is the unitized
roof surface normal vector.
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Figure 3lllustration of the geometric terms in Equatidn

PV performance is dependant on many factors which are unknown at the time of making a coircagiatdbn
mapsuch as model efficiency, panel orientation, wiring and equipmantd mairdinance conditiondlowever, it is
known thathigh ambienttemperature andolar radiation heating up the panel will have an adverse effect on its
production.Furthemore air temperatures nearban rooftops will be higher than the ambient air temperature due to
the effects of solar radiation; therefore, the-a@oltemperaturés used to approximate this phenomenon, shown in
Equation 2.The solair temperature is the urban ambient tempera(flisg,air JO) plus the absorptivity of the roof

(¢ , percent)multiplied by the incident irradiation (E, W and divided by a convectivend radiativdoss factor

(h., Wm?K) which we assume to be a constant 15 %Kn In the model, rooftop absorptivity is estimated per
building based on roof type dat €ityiohCambhidge 208 e solad ge T a X
temperature is used to predict panel temperatarEguation3 by relying upon knowledge dhe nominal operating

cell temperatur@at Nominal Operating Cell Temperatuf€,) (Luque and Hegedus 201 Further, the photovoltaic
maximum power at ideal conditiond ( hb) can be derated based on a temperature correction facte<)
(Equaton 4) (Marion, et al. 2001)The temperature correction factor is usually provided by PV panel manufacturer
with panel specification informatiomuld et al. (2006) predied monthly average temperature profiles of Europe to
use in calculating?V efficiency reductionsTheir results werenplemented in the PXGIS web service; however, an
annual efficiency reductiofactor was usedn the autho®newmethod, it is possibleo resolvethis efficiency loss

on an hourly basis

Equationsl-4 are useds a firstorder approximatiomn deratingpanelefficiency based orambient aitemperature
andpointirradiation at each hourly timestep.

Determination of Useful Rooftop Area

Useful rooftop area ithe model is calculated based time predicted economiteasibility of panels installed at a
location. Any roof surface sloping greater than 60 degrees (67%) was discarded and instead considered to be a
vertical surface or wall. The reader should note that this cutoff was an arbitrary choice and the netivenlits

also be capable of modelling facade integrateatovoltaicsby generating simulation sensors on such wall surfaces
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No rooftop setbackwas considered ithis study therefore, useful rooftop area can extend to the edge of the roof
surface.

According to the Massachusetts Clean Energy Center, in 2011 the average PV installation costs were $5.67 per watt
in Cambridge (MassCEC, 2012). Assuming a typical panel that is rated at 185N/ W/ff) (Sunpower
E18/230W 2012), the installation costllbws to be $1049.70/m($97.52/ff). The 2012 Cambridge cost of
electricity for residatial customers was $0.15/kWAvhich is fixed for the duration of thefinancial analysis
Requiring atenyear investment period withtan percentliscount rate per yeal244.9 kWh/ryr (115.7 kWh/ft-

yr) would have to be generated to have a net present value (NPV)dn tlib investment breaks even, when NPV
equals zeroAn ideally oriented solar panel in Cambridge recemggroximatelyl600 kWh/nf-yr (149 kWh/ft-yr)

of solar irradiatiorannuallyand would hence require a panel efficiencynearly80% in Cambridge for the sysh

to break even in ten years. If one only required a simple payback over the same 10 year period, the panel efficiency
would still needto benearly50%.

National and state rebate prograthat exist toimprove theecoromic feasibility of PV for residential properties
seriously change the financial outlook of such installatiom®012 he US federal government offeda 30% tax

rebate onthe cost of a PV installatio(Energy Improvement and Extension Act 2Q0Burther, Massachusetts
offereda 15% rebate up to a maximum of $1,000 tlatld be carried over for three yegResidential Renewable
Energy Income Tax Credit 1979)he Massachsetts Clean Energy Center offered a minimum $0.40/W rebate on
new PV systems (MassCEC 201®)assachusetiglsooffereda 100% protection from increased property taxes due

to PV installations for a 20 year periqRenewable Energy Property Tax Exemption739 Finally, Solar
Renewable Energy Certificates (SRECs) are ways of trading proof of generating sustainable energy as a commaodity.
The o6fl oor édpri ce oufrentlyvakea at$028kWhdRSIRESO&AR 201R Factoring these
rebatesand incativesinto the previous NPV calculation, it is possible to have a break even point for an unshaded
panel at7.5% efficiency without accounting for future energy prices or PV panel degredaliois means tha
consideringan investmenperiod of 10 yearsor an example Sunpower panelny point which has the capacity to
generate ovet21 kWh/nf (11.25 kWh/ft) of energy per year is likely to recoup its value while providing additional
savings after the initial 10 year periad the effective lifetime of BV system is known to be typically greater than

30 years.Thussuch pointsand their associated roof areas are considered to be useful to install PV pankés. As
pointbased simulation results from this stuahg displayed spatially (see results secti@n¥ possible to determine
optimal placement locations for PV panetsncident withurban rooftops

Geolocation of Data From GIS to Radiancé&imulation Models

All GIS models including the LIDAR data and building footprints were constructed in thecpedjNorth American
Datum 1983, Massachusetts State Plane Mainland coordinates syatémafzand Wadel990). This is a
serendipitous choice as distances and areas can still be measured without necgssitatpdicorrectionsThus,
the Radiana®aysim simulation model was built in an identical coordinate sysfEine. Massachusetts State Plane
system also has a known relationsbgiweenX and Y coordinates arldtitude and longitude global coordinates. It
is possible tdranslateeasily between thevb coordinate systems by use of knverseLambertConformal Conic
Projectionwith propergeospatiaparameters

RESULTS AND DISCUSSDN

Comparison of Predictions and Measured Data

The new methodwas validated against measured energy production from two installed photovoltaic systems in
Cambridge. Onsystem is locatedn the MIT campu® st u d e n t ngcaadthe ether dm privatedesidence

For each systepmourly measured energy productits compared to hourly predicted energy producfidre reader
should nete that this hourly comparisas only conducted with the new method simoestprevious methods cannot
predict hourly electricity yieldandcannotbereasonablyalibrated to use stiom hourly weather data

The firstof the two systemis a 7.2 kW system installed on the roof of the student center, and the secdnél is a
kW systemin a dense residential area of Cambridfee student center system consists of 24 Schott 300W panels
that were installed approximately nine years ago. fEs&entialsystem consists &0 Sanyo195W panels that are

two years old. Detailed information for both systems is containedainle 3 below, andFigure 4 shows the
simulation models useith the valdation Both of the modelsnclude the detailed surrounding urban context and
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accurate representations of the photovoltaic panels being compalédet tstudent center system is installed nearly
flat with a panel tilt of 5 degrees while the residentiatesysis installed on a peaked roof which has a tilt of 50
degreesThe student center system is primarily unshaded by its coh@wever, treeand a chimneghadesmall
portions of the residential system during some times of thengzarsunseturthermore, the student center system
has a black asphalt roof while its residential counterpart has a light colored eofalues reported in Table 3 for
rooftop absorptivity wereestimatedbased on visuabbservationsBecause the two models are yaetifferent in
terms of orientation, geometry and roof color, we suggest that they constiaateomable sample of common urban
conditionsagainstwhich to testhe newmethod

Table3 System Pameters of Selected PV System

PARAMETER STUDENT CENTER RESIDENCE
Panel Count 24 30
PV Model Schott ASE300-DGF/50 SanyoHIP-195BA19
Efficiency at Ideal Conditions 123 % 16.8%
Powerat 1,000 W/rf, 25°C (R0 300 W 195W
Temperature Cor 1 047%/°K 0.348% / °K
Panel Tilt 5 degrees 50 degrees
Panel Azimuth 22 degrees East of South | 3 degreesWestof South
Inverter Efficiency 94 % 96%
Panel Age 9 years 2 years
Estimated Rooftop\bsorptivity 0.9 0.35

(a) Student Center Simulation Model (b) Residenc&imulation Model

Figure 4 Detailed Building Simulation Models in Urban Context
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Validation Procedure

In order to compare measurBd energyyields to simulated predictions, it was necessary to use weather data from
the period of measurement. For this purpose, global horizontal solar irradiation and ambient air temperature
measurementat 15 minute intervals were acquired from a weather statfgproximately 0.6 miles (1km) away
from theMIT campusfor the period of July 2011 June 2012 @ambridge, Massachusetts Weathéd 2. These

were averaged into hourly values, ath@ resultingglobal horizontal solar iadiation was converted intdired

normal and diffuse horizontal components using the Reindl model (Reirdl al. 199). Further the known
information in Table 3 regarding the two PV panel systems was employed in calculating the resulting energy
production using the same procedure adagmed in the methodology sectidPanel efficiency wafurtherreduced

by a factor of 0.5% per yeaf operationas has been shown typical in the studieKiofy and QuintandKing et al.

199, Quintana et aR002. For example, the nine year old studeetter PV system is reduced by a factor of 4.5%

as it is nine years old such thiite calculationp @& bz p8t wwi 48t T V| results in a reducebase
efficiency of 11.75%.Detailed geometric models of the panel systems were digitally constrtetezmove
geometricdifferencesas factors in the comparison

Typical Summer and Winter Week Hourly Simulation Results

Figure 5illustrates typicasummer andwinter weeks of hourlymeasured and simulated data fmth analyzed PV
installations The residentll system does not hawenter weekinformation as therewas systematic missing and
shifted datafor that portion of the yeahe solid blacklines represent measured energy generation whileethe
lines indicate predicted energy generatipnour modelusingthe predicted sehir temperatureThe black dotted
lines show predicted energy generation using the ambient urban air tempétigiures5(a) and5(b) show results
for thestudent center systeri(a) illustrates asummer week in 2012. For thigeek, measurednd predicted energy
valuesare very gnilar with aRMSE which is4.4% of the rated systemapacity during daylit hour$(b) shows
similar resultsduring the2011 winter with a RMSEequating to4.7%% of thesystemcapacityduring daylit hous.
5(c) illustrates a typicasummer week of the residential PV systdts.RMSE during daylit hours i3.3% of the
rated system capacit@verall, thegood agreement between simulati@sultsand measured dataugges that the
new method is capable of accurately representing temporal chang¥syield during hot and cold periods ttie
year.

An interesting observation is that the effect of high rooftop temperatuvesyistrong during hot Summer days in
Cambridge especially for the unshaded student center sydtmated on the dark roof with an estimated
absorptivity of 0.9Figure %a) showsthatthe predicted energy using ambient temperatbtack dotted line) varies
from the measured and predicted energy va(seBd black and red linedpr the student centdsy on average
18.3% during the smmer week. The maximum deviation during this same time is 3©7%/3 Figure Xc),
displaying the residentials y st e mdé s PV aveakertbmperatureeffead betusseits panels are less
sensitive to changes in temperature (8Emperaturecorrectionfa c t o in Tdble 3), and the rooftop of the
residential system is clad in a lighter colored matdréalingan estimated absorptivity of 0.3Buring thewinter,

the ambient temperature is cold enough that it is a rare occurrence where the predicted energy using ambient air
tempeature and sehir temperature vg; however, on 12/1&nd 12/20shownin Figure gb), there are @ak periods
where there is an observabieduction in predicted energy generation due todnitV panel temperature¥hese
observations suggest that the consideratif urban rooftop temperatuieimportantin understanding photovoltaic
yields of panels coincident with rooftopgspecially m climates that are warm for a portion of the year and for
buildings withhighly absorptiveoof surface.
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Figure 5Hourly Results of Simulatior@ompared to Measuremerits ExampleWinter and Summer Wesek
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Daily Results

Cumulative daily energy production information was available for each syBtgare 6contains daily information
from the second half of 2011 and the first half of 2012; therefore, it constitutes an entire year of dbaygsis.
where measured weather @awas not available or there were errors in the measured PV yield datasets were
removedfrom this analysisThe plots 6(a) and6(b) show measured energy production on the horizontal axis and
predictions of energy production on the vertical axis. The identity lines onilksstrate an ideal data distribution
where prediction matches reality perfectly.can be seen that for adimulated days the agreement between
simulations and realitis strong agoints are clustered about the identity lines:. the student center PV systgiime

daily RMSE s 9.3% of the daily averageoductionof 21.72 kWh The RMSE of the residential system predictions
is 9.4% of the daily average production of 23k®2h. The greatest error is observedparially cloudydayswhere

the Perez sky model is unable to resolve the position of clautie sky based solely on measured global horizontal
irradiation

50 1

45

Simulated Daily Energy Production (kWh)

0 5 10 15 20 25 30 35 -i() 45 50
Measured Daily Energy Production (kWh)

(a) Student Cente (b) Residene

Figure 6Measured vs Simulated Daily PV Energy Production
Annual Results

Annually the student center simulations predicted 3.6% less energy production than was n{éas&r&dkWh
measured, 6136.5 kWh simulate@he residential system predicted 5.3% less engrggluction than was measured
(5154.6 kWh measured, 4881.3 kWh simulated). To help contextualize the meaning of these numbers, predictions
were made for each system usiagcomplete set ofmeasuredrradiation and temperaturgata from the same
weather stén for 2008, 2009, 2010 and 2011. The maximum variance in predicted production between the four
yearswas 5.19% an®.82%for the student center amdsidentialPV systemgespectively.This suggests thdhe
predictedannual error using theew method pesented in this papand calibrated weather dataless than variance

which can be expected from climactifferencesetween years.

Methodological Comparisoni Two Cambridge Rooftops

In the previous section it was demonstrated thahéve method is accurate within 3.6 to 5.3 percent annually when
compared to measured dagad calibrating for actual weather. Sindbe prediction methodsreviewed in the
introductioncannot accommodataeasuredveather data as input, this section companeslation results from the
new method for the two Cambridge rooftop systems to the calculation methodetgesed in the introduction
The methods used ithe comparison aréVWatts, Solar Analystr.sunand a solar constantmethodology In all
casesthe closest possible geometric madsereused.Using PVWatts the exact geometric parameters of each PV
array were input into the prograforE s r i 6 s S ahda.sunathigldyl dgtaled DEM was creatbdsed on a
point sampling of the geometricadek pictured in Figure 4€very 0125 meters Furthermore, we assume that all
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