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The photovoltaic industry is experiencing rapid growth. Industry analysts project that
photovoltaic sales will increase from their current $1.5 billion level to over $27 billion by

A. Hunter Fannev 2020, representing an average growth rate of 25 %. (Cook et al. 2000) [1]. To date, the
e-mail: Hunter Fanney@nist. gov vast majority of sales have been for navigational signals, call boxes, telecommunication
centers, consumer products, off-grid electrification projects, and small grid-interactive
Brian P. Doughertv residential rooftop applications. Building integrated photovoltaics, the integration of pho-
e-mail: Brian.Dougherty@nist.gov tovoltaic cells into one or more of the exterior surfaces of the building envelope, repre-
sents a small but growing photovoltaic application. In order for building owners, design-
Mark W. Davis ers, and architects to make informed economic decisions regarding the use of building
e-mail: Mark.Davis@nist.gov integrated photovoltaics, accurate predictive tools and performance data are needed. A
building integrated photovoltaic test bed has been constructed at the National Institute of
National Institute of Standards and Technology, Standards and Technology to provide the performance data needed for model validation.
100 Bureau Drive, Stop 8632, The facility incorporates four identical pairs of building integrated photovoltaic panels
Gaithersburg, MD 20899-8632 constructed using single-crystalline, polycrystalline, silicon film, and amorphous silicon

photovoltaic cells. One panel of each identical pair is installed with thermal insulation
attached to its rear surface. The second paired panel is installed without thermal insula-
tion. This experimental configuration yields results that quantify the effect of elevated cell
temperature on the panels’ performance for different cell technologies. This paper pre-
sents the first set of experimental results from this facility. Comparisons are made be-
tween the electrical performance of the insulated and non-insulated panels for each of the
four cell technologies. The monthly and overall conversion efficiencies for each cell
technology are presented and the seasonal performance variations discussed. Daily effi-
ciencies are presented for a selected month. Finally, plots of the power output and panel
temperatures are presented and discussed for the single-crystalline and amorphous sili-
con panels. [DOI: 10.1115/1.1385824

Introduction savings. These predictive tools are needed by building owners,
More than two-thirds of the electricity in the United States igghéfgéimﬁgiiggﬁ;%ngfr%:g\? rder to make decisions concerning
consgmed by reS|dent|_aI a_nd com_mfermal buildifigls The Incor- — NIST’s Building and Fire Research Laboratory hopes to accel-
poration of photovoltaics into buildings, referred to as building, 4te the deployment of BIPV by addressing the need for perfor-
integrated photovoltaicéBIPV), offers an aesthetically pleasingmance data and validated performance modelesAbedocated
means of displacing centrally located utility generated power witj Gaithersburg, MD, provides side-by-side comparisons of BIPV
distributed renewable energy. Building integrated photovoltai¢sanels using different cell technologies and levels of thermal in-
replace conventional building elements such as roof tiles, asphalfation. The resulting data will be compared to predictive models
shingles, faade elements, and shading devices with photovoltaizing developed by others including PVSIN8], PHANTASM
modules that perform the same functions but also provide electffPHotovoltaic ANalysis and TrAnsient Simulation Methdet],
cal power. ENERGY-10[5], and IV Tracer{6].

In addition to concerns over first costs, a barrier to the wide
spread proliferation of BIPV is the lack of performance data. ‘%pproach
survey of 900 building professionals in the United Kingdom o ] )
found that 88% would consider the use of integrated photovoltaicNIST's Building Integrated Photovoltaic program is shown
building products if there was greater evidence of the performanggematically in Fig. 1. The program consists of short-term testing

and reliability of these producti]. Forty nine percent of the to characterize the electrical performance of BIPV panels that

survey respondents noted that they would only consider buildifijliz€ various cell technologies, modeling to predict the annual
1ergy production of the characterized panels, and long-term per-

integrated products after they had seen them utilized in dem

stration sites. Although a similar survey has not been conductce%ﬁrrgi?gﬁs monitoring of the BIPV panels under real world

within the U.S., it is anticipated that the results would be compa- In order to accurately predict the electrical output of BIPV sys-

rable. An additional barrier to BIPV implementation is the lack O{ems, the panel’s electrical response to various parameters must be

predictive performance tools to quantify the achievable energyq,n The number of required electrical characteristics varies

with the simulation model being used. For example, the model

*This paper was presented at Forum 20Bdlar Energy: The Power To Chogse IV Kind 71 r ir he followin ram rs:
April 21-25, 2001, in Washington DC, where it received the Best Paper Award fro%d ocated by d ] equires the follo g parameters:
the Photovoltaic Technical Committee. « Influence of solar angle-of-incidence

Contributed by the Solar Energy Division of theif AMERICAN SOCIETY OF
MECHANICAL ENGINEERS for publication in the ASME QURNAL OF SOLAR EN- * Influence of solar s.p?Ctrum L
ERGY ENGINEERING. Manuscript received by the ASME Solar Energy Division, © 1emperature coefficients for the open circuit voltage and

November 2000; final revision, March 2001. Associate Editor: C. Vargas-Aburto. maximum power Voltage
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Fig. 1

NIST’s Building Integrated Photovolatic Program
and cell interconnections that result in an electrical configuration
compatible with the monitoring equipment. A representative pan-

« Temperature coefficients for the short circuit current and tHd 'S €ross section is shown in Fig. 3. Individual amorphous silicon
maximum power current cells were not available for incorporation within a custom fabri-

« Module operating temperature as a function of ambient tefhated panel. Fortunately, commercially available triple-junction
perature, wind velocity, and solar radiation amorph_ou_s modules were available that could easily be incorpo-
rated within the test facility. Each of the two amorphous silicon
These parameters will be obtained from short-term tests usinganels within the test facility consists of two modules. It should be
mobile solar tracking facility[8]. The electrical characteristics noted that the costs given in Table 1 reflect the fact that the amor-
obtained from the solar tracker and measured meteorological dptus panels wereff-the-shelfitems whereas the other BIPV
will be supplied to simulation models. The predicted electricgdanels were custom fabricated.
energy produced by the various BIPV technologies will be com-
pared to the measurements from NIST's BIRst bed the sub- |nstrumentation
ject of this paper. In addition to providing validation data, the o o . . _
BIPV test bedwill provide side-by-side comparisons of various Validation of predictive computer simulation tools requires
cell technologies under real world conditions. Discrepancies b&easurement of each building integrated photovoltaic panel's
tween measured and modeled results will be reported to the &Igctrlcal perfqrmance and meteorologlca_l.condltlons coincident
thors of the simulation models. The end result will be predictiv¥ith the electrical measurements. In addition to these measure-

performance tools that can be used to confidently assess the BgNts, temperatures associated with each panel and the heat flux
ergy savings potential of BIPV. through selected panels are measured.

The electrical performance of each building integrated photo-
- . i voltaic panel is measured using a multi-curve tracer. This instru-
Building Integrated Photovoltaic Test Facility ment continuously operates each panel within 0.2% of its maxi-

A facility has been built to provide experimental data needed taum power point{10]. While max power tracking, the muilti-
validate and improve predictive performance tools for buildingracer is set up to measure, every 15 s, the instantaneous voltage
integrated photovoltaic panels. This building integrated photovadnd current from which power is derived. The multi-curve tracer
taic test bedis located on the south wall of NIST’s Building also records the incident irradiance, using a precision spectral ra-
Research building, Fig. 2. This facility was created by removingiometer, rear panel temperature, and outdoor ambient tempera-
five adjacent windows and modifying the framing system to faure as part of the 15 s scans. Every 5 min, the 15 s readings are
cilitate the installation and removal of building integrated photcaveraged and saved. In addition to these data, the multi-curve
voltaic panels. A moveable horizontal shelf partitions each opetracer obtains a current versus voltad¥) trace for each panel
ing into two test cells. Each panel’s front surface is mounted as
close to the front surface of the surrounding framework as pos-
sible in order to minimize shading.

The eight BIPV panels selected for the initial one-year stuc
include custom-fabricated single-crystalline, polycrystalline, ar

silicon film panels and commercially available amorphous silicc Low-iron
modules. Specifications for each panel are given in Table 1. T\ iy
identical custom fabricated panels are installed, one above 1
other, in six of the test cells. Tandem, commercially availablt :ﬁm’-‘-':zlﬁn‘:‘*
amorphous silicon modules are installed in the upper area of t EapaulE
openings. The lower areas of these two openings are allocatec PV Solar Calls
meteorological instrumentation and a building integrated phot Reactive EVA
voltaic panel used exclusively for heat flux measurements. E "~ Encapsulant
truded polystyrene insulation, having a thickness of 10.2 cm anc

Charcoal-colared

thermal resistance of 3.5%K/W [9], is attached to the rear sur-
face of the lower custom fabricated panels and to one set of t
amorphous silicon modules.

The custom made panels were fabricated by a firm that speci
izes in BIPV panels for commercial and residential application

Design considerations included incorporating borders that would
minimize shading on the cells, the use of readily available cells,
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Table 1 Building integrated photovoltaic panel specifications

Single Triple-Junction
Cell Technology Crystalline Poly Crystalline Silicon Film Amorphous
Panel DimensiongmXxm) 1.38x1.18 1.381.18 1.381.18 1.3%1.48
Front Cover 6 mm glass 6 mm glass 6 mm glass Tefzal
Encapsulant EVA EVA EVA
Backsheet/Color Tedlar/Charcoal Tedlar/Charcoal Tedlar/Charcoal Stainless Steel
Cell dimensiongmmxmm) 125%x 125 125<125 150< 150 119 340
Number of Cells(in serie$ 72 72 56 44
Adjacent Cell Spacingmm) 2 2 2
Vertical Border Width(mm) 100 100 51 8
Top Border Heighi{mm) 72 72 55 11
Bottom Border(mm) 70 70 29 5
Recessed Distance to PV Céthm) 12 12 12 9
Glazing Covered by PV Cells % 63 69 80 88
Total Cost($) 1324 1123 995 578
Price/Watt($/W) 8.66 8.43 10.75 4.52
Rated PowefW) 153 133 93 128
Cell Area(m?) 1.020 1.128 1.341 1.780
Aperture Area(mz) 1.682 1.682 1.682 2.108
Coverage Aredm?) 1.160 1.160 1.371 1.815

every five minutes when the irradiance is above a minimuare used to measure the solar radiation’s beam component. A
threshold of 15 W/rh The short circuit current, open circuit volt- precision spectral pyranometer and shading disk are also mounted
age, peak power, current at peak power, voltage at peak power,difl the automated solar tracker. The shading disk is positioned
factor, and electrical efficiency are automatically computed. Incsuch that the precision spectral pyranometer on the tracker is con-
dent irradiance, rear panel temperature, and outdoor temperatimgously shaded, providing a measurement of the solar radia-
are recorded before and after each I-V trace. tion’s diffuse component.

One objective of NIST’s BIPV Program is to measure the ther- A pair of redundant precision spectral pyranometers, mounted
mal performance of the building integrated photovoltaic panelgen a horizontal surface near the automated solar tracker, is used to
This is being done through the use of heat flux transducers ateasure global solar radiation. Long-wave radiation, beyond 3
tached to selected panels. The resulting measurements will do&, is measured using a precision infrared radiometer. Wind
compared to predicted heat fluxes that would have occurredsifeed and direction are measured using a three-cup anemometer
conventional building materials were used. The actual heat flaxd wind direction sensor. A sheathed type-T thermocouple sen-
measurements will be the subject of a subsequent publication &, enclosed in a naturally ventilated multi-plate radiation shield,
are not discussed within this paper. During the design of the téstused to measure ambient temperature. The output signals from
facility, a finite element analysis revealed that the use of heat fltixe meteorological station’s instruments are measured using a data
transducers on non-insulated panels could alter the cell temperaguisition system.
tures under the heat flux transducer as much as 1°C relative to th&he test bedmeteorological station consists of two precision
surrounding cells. The researchers were concerned that the resspectral pyranometers, one precision infrared radiometer, and two
ing non-uniform temperature distribution would alter the panel'sadiatively shielded type-T thermocouples, and an ultrasonic wind
electrical performance. For this reason, heat flux transducers weessor. The ultrasonic wind sensor is used to measure the magni-
only attached to the insulated panels as the thermal resistancéduofe and direction of air movement over to the panels. All of the
the heat flux transducer is small compared to the thermal insulastruments are mounted on the building’s verticglafde, adja-
tion. In order to measure the heat flux that occurs through tleent to the BIPV panels. This set of meteorological instruments
non-insulated panels, an extra non-insulated panel with an ptovides data at the actual BIPV site and eliminates and any errors
tached heat flux transducer was added to the facility. This panelligt may arise when attempts are made to predict the radiation on
identical in construction to the paired single-crystalline BIPV para vertical surface from the horizontal measurements collected
els, with the exception of its smaller size. The sole purpose of tHi®m the roof top facility. Additional information on these meteo-
extra panel is to measure the heat flux through a non-insulatedogical stations and the test facilities are provided in R&f.

BIPV panel. The electrical measurements from this extra panel
will not be used for validating electrical performance algorithm .

Multiple foil-type, type-T thermocouples are installed on eaj%xperlmental Results
building integrated photovoltaic panel. These sensors are locatedPrior to installing the heat flux transducers and thermal insula-
on the rear of each panel, the rear face of the heat flux transdutien, the BIPV panels were monitored to determine if performance
(if preseny, and the rear surface of the attached insulation. Durirdjfferences existed between the two panels of each cell technol-
fabrication of the single-crystalline, polycrystalline, and silicorogy. During a 29-day monitoring perid®lovember 9—December
film panels, thermocouples were attached to the rear surface70fl999 the differences in delivered energy between the two pan-
two cells within each panel. Each temperature sensor was indls of each technology was less than 2.0%. Specifically, the mea-
vidually calibrated prior to installation. sured differences wer€.7, 1.3, 0.3, and 1.8%dor the single-

Predictive simulation tools require meteorological data to prerystalline, polycrystalline, silicon-film, and amorphous silicon
dict the electrical performance of building integrated photovoltajganel sets. The performance differences observed during this ini-
panels. Two meteorological stations, a complete roof top statitinl comparison period were assumed to exist throughout the year
and atest bedmeteorological station, are providing this data. Theand so were used to normalize the results recorded after one of
roof top meteorological station incorporates an automated sokach paired panel was insulated. The expanded uncertainty, using
tracker and instruments to measure solar radiation, ambient teaneonfidence level of 95%, associated with the energy measure-
perature, and wind conditions. The automated solar tracker isreents presented in this paper-isl.2%.
two-axis azimuth/elevation device programmed to align the solarThe limited pre-insulation data suggests that custom made
radiation instruments with the normal incidence of the sun. TwBIPV panels can be manufactured without significant differences
pyrheliometers are mounted on the automated solar tracker andpanel to panel performance. It is interesting to note that the
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Fig. 4 Overall BIPV Conversion Efficiency utilize the amorphous silicon cells. This is due to the small bor-
ders, 8 mm on its vertical sides and 11 mm along the horizontal
top edge, that exist between the cells within amorphous silicon
panels and the exterior sash that secures the panel, Table 1. The

technology with the greatest panel to panel difference is 1.8%,B$PV panels are recessed from the front of the surrounding mul-
amorphous silicon. Unlike the other technologies, which welgns approximately 6 mm in order to accommodate the exterior
custom manufactured, the amorphous silicon panels repreffentretaining sash. Figure 5 shows the hours and the accompanying
the shelfmodules. incident angle during which no shading along the vertical sides of
The efficiency of the building integrated photovoltaic panels ithe amorphous silicon panel occurs. This interval, hereafter re-
converting the incident solar radiation into electrical energy irred to as themidday interval is one of two data collection

referred to as the conversion efficiency, intervals—the other being sunrise to sunset—used for analysis in
- this paper. It is interesting to note that at the summer solstice, June

f P.dr 21, the midday intervalwhen the cells within amorphous silicon

o panels are un-shaded along their vertical Sidefess that 2 h and

Ne="7rr () the incident angles during this interval all exceed 70°.
AJ Hqdr Figure 5 does not account for hours when minimal shading

0 occurs along the upper edge of the amorphous silicon panels. If
where included, the result is several days bracketing the summer solstice

where before the vertical shading stops, the horizontal shading
starts, and then in the afternoon, the vertical shading on the oppo-
site side of the panel starts before the horizontal shading ends. For
the worst case—solar noon on the summer solstice—the shading
on the upper edge of the amorphous silicon panels is 21 mm.
Given this relatively minor worst case of upper edge shading on

A is a representative area?m
H+ is the incident solar radiation, W/n
P, is the panels electrical power output, W

and the comparatively large individual amorphous silicon cells, plus
) o o the researchers’ desire to have middle-of-the-day performance
7 is the time interval selected for monitoring, h. comparisons for every day of the year, the decision to define the

time interval in terms of periods of no shading along the vertical

Unlike other variables in Eq. 1, the selection of an appropriagdes of the amorphous silicon panels was made. The potential for
area is somewhat subjective for the building integrated photovalpper edge shading was considered when designing the custom-
taic panels. For example, the area of each cell within a panel timeside BIPV panels and, as a result, the upper row of cells in the
the number of cells yields an area referred to as the cell area. ®iegle-crystalline, poly-crystalline, and silicon film panels are
aperture area is defined as the sunlit opening in the building wakver shaded due to the upper, horizontal exterior sash.
prior to adding the sashing used for mounting the BIPV panels. AThe highest overall conversion efficien¢gunrise to sunsgt
third area, referred to in this paper as the coverage area, is defimes achieved using single-crystalline cells. The insulated single-
as the portion of the panel covered by the cells including the areaystalline panel efficiency was 3.8% lower than the non-insulated
associated with the spaces between cells. The areas associpgaetl, 9.9% versus 10.3%, Fig. 4. The polycrystalline panels dif-
with each cell technology are given in Table 1. fered by 3.1%: 9.7% for the insulated panel compared to 9.4% for

Figure 4 gives the overall efficiency of the building integratethe non-insulated panel. The non-insulated and insulated silicon
photovoltaic panels from January 4 through December 31, 2000m panels converted 6.0% and 5.8% of the incident solar energy
The expanded uncertainty associated with the efficiency resultsn#o electrical energy, a 3.3 % difference. Finally, Fig. 4 shows
+2.4%. The coverage area was used to compute the efficiendiest the addition of insulation to an amorphous silicon panel im-
in Fig. 4. There are two efficiencies plotted for each buildingroved the panels’ efficiency from 5.9 % to 6.0 %.
integrated photovoltaic panel in Fig. 4. The bars in the foregroundAs previously noted, selection of the area used in computing
are computed using sunrise to sunset measurements of the ieéficiency is somewhat subjective. Figure 6 shows the overall con-
dent irradiance and power output. The background bars are tresion efficiency of the building integrated photovoltaic panels
efficiencies of the various panels computed only during thesing the three areas previously discussed, cell area, coverage
middle of each day when shading along the vertical sides of theea, and aperture area. The values in Fig. 6 corresponds to the
panels was not present on any cells within any of the BIPV pamidday interval that was defined above. The relative areas vary
els. The panels in which shading is most problematic in this patepending upon a number of design choices. For example, al-
ticular installation, and thus acts as a limiting case, are those ttiadugh the single crystalline and polycrystalline BIPV panels have
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sion efficiencies slightly increase during this time interval. After

April, the efficiencies decline until June. The BIPV panel efficien-
identical border areas and cell spacifigble 1, the fact that the cies for June and July are almost equivalent. During August all of
single crystalline cells have diagonal rather than square corngtie efficiencies improved relative to July. The efficiencies de-
results in significantly different efficiencies depending upoorease slightly in September and, with the exception of the amor-
which area is used, cell or coverage. In the case of the polycryshous silicon panels, improve each month through December.
talline panels, which utilize square cells, the difference in cell and Comparing Figs. 7 and 8, the conversion efficiencies are com-
coverage area efficiencies is small. These results show the clparable for the months of January through April, September
need to identify the area that is used when presenting efficiengyough December. The greatest differences are observed for the
results. months of May through August. It is believed that these larger

The monthly building integrated photovoltaic conversion fodifferences are due to the greater angles of incident between the
both the insulated and non-insulated panels is shown in Fig. BIPV panels and the sun that occurs during the central hours of
With the exception of the amorphous silicon panels, the highesie days during these months, Fig. 5. Consistent with monthly
conversion efficiency was obtained during the month of Januamgsults previously discussed, the difference in conversion effi-
The monthly variation in efficiency is primarily attributed tociency between the sunrise to sunset results, Fig. 7, and the results
variations in the incident angle, which varies from 27.4° at soldor the midday intervals, Fig. 8, is much less significant for the
noon on December 21 to a value of 74.3° at solar noon on Juamorphous silicon panels than is exhibited by the other cell
21. Variations in cell temperatures and shading on the cells duetéghnologies.
the surrounding mullions are also responsible, to a lesser extentf-urther comparison of Figs. 7 and 8 shows that the difference
for the monthly variations. It is interesting to note that théetween the insulated and non-insulated panels is more pro-
monthly conversion efficiencies of the amorphous silicon panaf®unced in Fig. 8. This is a result of the panel operating tempera-
are relatively constant from month to month compared to the reerres. During the midday hours, the difference between the insu-
maining panels. This behavior is attributed to the fact that amdated and non-insulated panel temperatures are greater, resulting
phous silicon panels are less affected by the angle of inciderinea greater performance shift. This phenomenon will be discussed
relative to the other cell technologig$l]. in greater detail when the hourly performance results are
Figure 8 shows the monthly conversion efficiencies computgatesented.

using only the data captured during the mid-day intervals. The The daily conversion efficiency for a representative month, July
monthly efficiency of the single-crystalline, polycrystalline, an@000, is plotted in Fig. 9. On a daily basis, the differences be-
silicon film panels decreases from January through March int@een the insulated and non-insulated panels for each of the crys-
near linear manner. The amorphous silicon BIPV panel conveglline technologies remain relatively constant except when poor

solar conditions exist. During the days in which the incident solar
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energy was lowJuly 13, 19, 24, 26, and 27the difference be-
tween the paired single-crystalline panels diminishes, whereas the
performance difference for the paired polycrystalline panels in-
creases. The silicon film appears to exhibit the same behavior as
the polycrystalline panels but to a lesser extent. There is essen-
tially no difference between the insulated and non-insulated amor-
phous silicon panels. It is interesting to note the relative perfor-
mance of the insulated and non-insulated panels for an individual
day. Figure 10 shows the insulated single-crystalline and non-
insulated single-crystalline cell temperatures for September 27.
The expanded uncertainty of the temperature measurements using
a confidence level of 95%, i 0.3°C. At 12:55, the insulated
panel is 19.8°C higher than the non-insulated panel. This was an
extremely clear day with the exception of a few minutes around
14:30. The power output of these two modules, also shown in Fig.
10, closely coincide prior to 9:20 and after 16:45. During the
central part of the day, the non-insulated panel outperforms the
insulated panel. At 12:55 this difference is approximately 9%. The
uncertainty associated with the power measurements1i2%,
assuming a 95% confidence level. For the same day the recorded
backside panel temperatures and power outputs for the amorphous
silicon panels are plotted in Fig. 11. Although the amorphous
panel is 17°C higher at solar noon, the power outputs are essen-
tially identical.

Table 2 summarizes the monthly and cumulative energy pro-
duction, energy density, operating temperatures, and meteorologi-
cal conditions for each BIPV panel. The cumulative energy pro-
duction ranged from a high of 105.4 kW for the non-insulated
single-crystalline panel to a low of 69.7 kW for the insulated
silicon film panel. Due to the variations in coverage area, a more

Time of Day
T s Posemr.s Lty Poml Tarry winsmie Parsa Yo meaningful comparison is the energy density. The energy density
) o is computed by dividing the cumulative energy production by the
Fig. 11 Amorphous Silicon Panels-Power Output and coverage area of each panel. The cumulative energy density
Temperature
Table 2 Monthly and cumulative BIPV panel performance
Jan Feb  Mar Apr  May Jun Jul  Aug Sep Oct Nov  Dec
2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 Total
Panel Single Crystalline—U 11795 12197 12289 6628 6745 6520 7185 7626 10119 14243 10036 11985 105384
Energy Single Crystalline—I 11556 11833 11925 6491 6552 6332 6967 7367 9694 13463 9644 11725 101827
Production Poly Crystalline—U 11332 11662 11624 6130 6124 5859 6509 7029 9596 13668 9653 11546 99187
Sunrise Poly Crystalline—I 11116 11349 11341 6084 6075 5833 6452 6904 9262 12956 9317 11327 96688
to Silicon Film - U 8538 8711 8541 4390 4217 3947 4443 4938 7024 10186 7235 8698 72170
Sunset Silicon Film—I 8334 8399 8273 4318 4146 3904 4372 4810 6718 9543 6928 8487 69745
(Wh) Amorphous—U 10117 10734 11064 5995 6345 6272 6954 7295 9548 12822 8613 9681 95757
Amorphous—I 10252 10894 11287 6130 6431 6353 7029 7381 9647 12954 8832 9977 97191
Panel Single Crystalline—U 10171 10518 10597 5715 5816 5622 6195 6576 8726 12282 8654 10334 90871
Energy Single Crystalline—I 9965 10204 10283 5598 5650 5460 6008 6353 8359 11609 8316 10110 87804
Density* Poly Crystalline—U 9771 10056 10023 5286 5281 5053 5613 6061 8275 11786 8324 9956 85528
Production  Poly Crystalline—I 9585 9786 9779 5246 5238 5030 5563 5953 7987 11172 8034 9767 83374
Sunrise Silicon Film - U 6226 6353 6228 3201 3076 2878 3240 3601 5122 7429 5276 6343 52631
to Silicon Film—I 6077 6125 6033 3149 3023 2847 3188 3508 4899 6960 5052 6189 50862
Sunset Amorphous—U 5573 5913 6095 3302 3495 3455 3831 4018 5260 7063 4745 5333 52750
(Wh/m2 Amorphous—I 5648 6001 6218 3377 3542 3500 3872 4066 5314 7136 4865 5496 53540
Average Single Crystalline—U 27.0 277 26.7 237 27.0 287 29.6 309 317 32.9 30.0 26.9 28.7
Backside  Single Crystalline—I 28.8 31.0 29.0 242 299 319 332 351 374 40.3 356 287 32.2
Panel Poly Crystalline—U 269 277 267 238 271 288 297 310 318 330 301 268 287
Temperature Poly Crystalline—I 28.3 305 28.8 240 29.7 318 330 349 371 39.9 350 281 31.9
Sunrise Silicon Film - U 274 28.1 27.1 238 273 290 299 313 322 33.6 30.6 273 29.0
to Silicon Film—I 29.1 31.0 29.4 242 300 320 333 352 375 40.4 355 2838 32.3
Sunset Amorphous—U 23.3 248 24.9 225 265 285 292 303 307 31.1 27.2 233 26.9
(°C) Amorphous—I 23.7 26.5 26.4 222 283 307 320 336 349 37.0 30.8 238 29.3
Average Outdoor Ambient Temp (°€) 3.5 8.5 13.2 172 215 248 249 253 221 18.9 11.2 2.6 16.1
Average Indoor Ambient Temp (° ) 219 220 22.2 222 234 245 249 256 250 23.8 221 205 23.2
Vertical Solar Insolatio\Wh/m2** 92563 97282 100528 54806 60274 60742 67132 67241 88704 120599 81580 94485 985939
Complete Days of BIPV Electrical 28 29 31 23 28 30 31 29 27 31 26 31 344
Performance Datédays
InsolatiofWh/m2) 3306 3355 3243 2383 2153 2025 2166 2319 3285 3890 3138 3048 2866

Average Daily

*Based on coverage area
** Evaluated using data collected between sunrise and sunset
U denotes Uninsulated.
| denotes Insulated.
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ranged from a high of 90.9 kWi/n? for the non-insulated crys- ~ The single-crystalline, polycrystalline, and silicon film panels
talline panel to a low of 50.8 KWi/m? for the insulated silicon Weré most efficient during January and least efficient during the
film panel. months of June and July. The month-to-month variation in effi-

The addition of insulation to the rear of crystalline, polycrysciency is attributed primarily to the large variations in incident
talline, and silicon film panels resulted in declines in energy pr@hgle. The incident angle between the sun and BIPV panels varied
duction of 3.3, 2.5, and 3.4%, respectively. Unlike the other BIP{fom a low of 27.4° on December 21 to 74.3° on June 21 for these
panels, the insulated amorphous silicon panel outperformed ¥fitical south-facing panels. Placement of the panels on a hori-
non-insulated panel by 1.5%. The results in Table 2 show that fgpntal roof would have resulted in incident angles of 62.6° and
a south-facing vertical fagle at the latitude of the test-bed, 39.1°15.7°, respectively, on these dates.

BIPV energy production will be at its greatest magnitude during The data summarized in this paper should be of interest to
the winter months. uilding owners, photovoltaic cell manufacturers, and fabricators

of BIPV panels. In subsequent publicatigri<], the hourly data
Summary will be compared to the computer predictions.
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