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Measured Impact of a Rooftop
Photovoltaic System

A 35-kW rooftop photovoltaic (PV}) system has been installed at the National Institute of
Standards and Technology (NIST) in Gaithersburg, Maryland. The system, located on the
flat roof that connects NIST's Administration Building to its adjoining conference and
cafeteria facilities, produced NIST's first site-generated renewable energy on September
14, 2001. In addition to providing electrical energy and reducing monthly peak electrical
loads, the rear surface of each module is laminated to 51 mm of extruded polystyrene
enhancing the thermal performance of the roof. A unique ballast system secures the
photovoltaic system, eliminating the need for roof penetrations. An instrumentation and
data acquisition package was installed to record the ambient temperature, wind speed,
solar radiation, and the electrical energy delivered to the grid. Additional solar radiation
instruments were installed after determining that the original solar radiation sensor was
influenced by reflections from the south-facing wall of the Administration Building’s tower.
NIST's electric utility billing schedule includes energy and peak demand charges. The
generation charges vary significantly depending upon the time interval—off-peak, inter-
mediate, and on-peak—during which the energy is consumed. The schedule is divided into
summer billing months (June—October) and winter billing months (November—May).
During the winter billing months, the distribution, transmission, and generation peak
demand charges are based on the greatest power demand imposed by the site on the grid.
During the summer billing months, an additional demand charge is imposed to capture
electrical demand during the on-peak time interval. This paper summarizes the monthly
and annual measured performance of the photovoltaic system. The monthly energy pro-
duced by the system is tabulated. The system has provided 35676 kWh of electrical energy
during its first year of operation. Conversion efficiencies—computed using solar radiation
measurements from a single photovoltaic cell radiation sensor, four thermopile-based
radiation sensors located around the perimeter of the photovoltaic array, and a remotely
located thermopile-based radiation sensor—are presented. Annual conversion efficiencies
of 10.8%, 8.8%, and 7.4% were achieved using cell, module, and foot print areas, respec-
tively. Using the electric utility’s rate schedule, the monetary savings credited to the
photovoltaic system is determined by combining the cost of the displaced energy with the
reduction in peak demand charges attributable to the photovoltaic system. During its first
year of operation, the system has saved $2678 with savings in demand charges, essen-
tially equivalent to savings as a result of displaced energy. Finally, using utility provided
data and the Environmental Protection Agency’s (EPA) Environmental Benefits Calcula-
tor, estimates are made of the avoided emissions of the photovoltaic system over its
projected life span. [DOI: 10.1115/1.1591799]

Introduction and System Description

An agency of the U.S. Department of Commerce, NIST’s mis-
sion is to promote U.S. economic growth by working with indus-
try to develop and apply technology, measurements, and stan-
dards. Approximately 2500 of NIST’s 2800 employees are located
in Gaithersburg, Maryland, the site of the rooftop photovoltaic
system described within this paper. The photovoltaic system is
located on a roof section that connects the tower portion of
NIST’s Administration Building to adjoining cafeteria and confer-
ence room facilities (Fig. 1). System components include an array
of photovoltaic modules, a DC-to-AC inverter, a step-up trans-
former, and electrical switch gear. Performance of the system is
monitored using two data acquisition systems and various meteo-
rological instruments.

The photovoltaic array consists of 234 active modules. Six ad-
ditional modules, not electrically connected, were included for
aesthetic considerations. Each module consists of 72 single-
crystalline photovoltaic cells connected in series. The cells are
laminated between a multi-layered polymer back sheet and layers
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of ethylene-vinyl acetate (EVA) for environmental protection and
electrical isolation. The outer glazing of each module consists of
6-mm low-iron tempered glass.

Each PV assembly is laminated to 51-mm high spacers that are
in turn laminated to 51-mm thick sheets of extruded polystyrene
insulation (Fig. 2). The extruded polystyrene insulation provides
additional insulation, approximately 1.76 m?> K/W(R-10°F- ft®
-h/Btu), to the portion of the roof covered by the photovoltaic
modules. The insulation pieces are interlocked with surrounding
pieces by means of a “‘tongue and groove” system.

The outer photovoltaic module assemblies are secured by
means of a concrete ballast system. This mounting system results
in an assembly that can resist the uplifting forces of wind and
eliminates the need for roofing penetrations. Based upon wind
tunnel tests and subsequent calculations commissioned by the
manufacturer [1], the design can withstand a 3-s, 63 m/s (140
mph) wind gust. For the particular NIST instaliation, the design
condition is a 3-s wind gust of 45 m/s (100 mph) [2].

According to the photovoltaic module manufacturer [3], each
module produces 150 W at standard rating conditions
(1000 W/m?, 25°C, and an absolute air mass value of 1.5). The
234 modules are electrically connected to form 18 strings, each
string consisting of 13 modules in series. The 18 strings are elec-
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trically connected in parallel. At standard rating conditions, the
photovoltaic array can produce 35 kW of direct current electrical
power. Table 1 summarizes the electrical specifications associated
with an individual module and the entire array.

The direct current from the photovoltaic array is converted to
three-phase 208 V alternating current by means of a grid-
interconnected inverter. In addition to converting direct to alter-
nating current, the inverter incorporates control logic that forces
the photovoltaic array to operate at or near its maximum power
point as well as providing several safety features. For example, if
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Table 1 PV module and system array specifications

PV Module Stabilized Power=150 W dc

Open Circuit Voltage=43.4 V
Voltage at Peak Power=34.0 V
Short Circuit Current=4.8 A
Current at Peak Power=4.4 A
Dimensions= 1054 mmX 1194 mm
PV Array No. of Modules in Series-Wired String=13
No. of Parallel Strings in Source Circuit= 18
No. of Source Circuits=1

Total Number of Modules= 234

Stabilized Power= 35 kW dc

Open Circuit Voltage=564 V

Voltage at Peak Power=442 V

Short Circuit Current=_86 A

Current at Peak Power=79 A

utility power is lost, the inverter automatically disconnects the
photovoltaic system from the utility grid preventing the flow of
electrical power into a possibly damaged grid system. Finally, a
transformer is used to increase the 208 V output from the inverter
to 480 V, the distribution voltage used within NIST facilities.

The manufacturer of the rooftop photovoltaic system installed a
data acquisition system to measure ambient temperature, solar ra-
diation, wind speed, and electrical power delivered to the grid. A
silicon photovoltaic sensor provides the radiation measurement.
Data is captured each minute and averaged or integrated, as ap-
propriate, over 15 min intervals. The amount of storage available
for the 1-min and 15-min data is limited to approximately 2 hr and
2 weeks, respectively.

On the rooftop of an adjacent building, NIST researchers main-
tain a separate meteorological station [4]. This meteorological sta-
tion includes two precision spectral pyranometers (PSPs) that
measure global horizontal radiation. From the start, the radiation
measurements made using the manufacturer’s supplied silicon
photovoltaic sensor and the meteorological station’s PSPs differed
significantly. To help understand the cause of the discrepancy, four
PSPs were installed in close proximity to the rooftop photovoltaic
array. The outputs from these four pyranometers were measured
and recorded by a separate data acquisition system every five
minutes. This separate data acquisition system became operational
in February 2002.

Prior to their deployment near the rooftop photovoltaic array,
the four PSPs were placed next to the meteorological station’s
pyranometers for several days. The calibration factor for each of
the four PSPs was adjusted slightly in an effort to match readings
with one of the meteorological station’s PSPs. The five PSPs
agreed to within 2% of each other prior to adjusting the calibra-
tion coefficients. This procedure allowed direct comparisons be-
tween the solar radiation measured at the rooftop photovoltaic
system versus the meteorological station.

Variation in Radiation Measurements

A review of the photovoltaic system’s performance one month
after start-up revealed that the solar insolation measured at the
array was substantially higher than the insolation recorded at the
nearby meteorological station. Comparing the November 2001 to-
tal horizontal solar insolation values, for example, the manufac-
turer’s supplied sensor recorded 95.5 kW.-h/m? versus 75.7 kW
-hW/m? recorded by the meteorological station’s PSP, a 26% differ-
ence. The expanded uncertainty, using a confidence level of 95%,
associated with the manufacturer’s supplied sensor and the preci-
sion spectral pyranometers are 6% and 3%. In order to rule out an
instrumentation error, a precision spectral pyranometer was placed
in close proximity to the manufacturer’s silicon photovoltaic sen-
SOr.

During a limited comparison period, the manufacturer’s sensor
agreed within 3.6% of the pyranometer’s reading. Both the preci-
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sion spectral pyranometer and the photovoltaic system’s sensor
recorded readings approximately 26% greater than those recorded
at the meteorological station. It was concluded that the large dif-
ferences were not attributable to measurement errors but most
likely due to reflections from the Administration Building’s tower.

During the month of February 2002, four precision spectral
pyranometers became available and were used to further explore
discrepancies between the radiation measurements at the photo-
voltaic array’s site and the nearby meteorological station. Initially
the four sensors were positioned in close proximity to the manu-
facturer’s sensor. The resulting data for the four pyranometers and
the meteorological station’s pyranometer are shown in Fig. 3 for a
clear day (Feb. 8, 2002). Data from the manufacturer’s sensor,
available every 15 min, are also displayed. The sensors, located at
the photovoltaic system’s site, recorded significantly higher values
of solar radiation throughout the day. A very interesting phenom-
enon that occurs is the radiation spikes between 9:45 a.m. and
2:30 p.m. Visual observations on a subsequent day revealed that
these solar radiation spikes were due to reflections from the ver-
tical aluminum mullions associated with the Administration
Building’s curtain wall system.

In late March 2002, the four pyranometers were positioned at
the four corners of the right photovoltaic sub-array as shown in
Fig. 1. Figure 4 displays the monthly incident solar radiation mea-
sured by the manufacturer’s sensor, the meteorological station’s
pyranometer and, commencing April 2002, the average of the four
pyranometers. A comparison between the manufacturer’s sensor
and the meteorological station’s pyranometers reveals an interest-
ing trend. During the first five months, the solar radiation values
recorded at the two locations differ by a significant amount. How-
ever, during the months of May, June, and July, the readings at the
two locations are in excellent agreement. During the months of
August, September, and October, the manufacturer’s sensor once
again recorded higher values of incident solar radiation. This trend
is due to the monthly variation in the sun’s elevation. The sun’s
zenith angle for mid-June at solar noon is 16.2 deg compared to a
zenith angle of 58 deg for November. The higher zenith angles, of
the winter months, cause reflections from the Administration
Building’s tower and enhanced radiation on the manufacturer’s
supplied silicon photovoltaic sensor.

Electrical Performance and Overall System Efficiency

The electrical energy delivered by the photovoltaic system to
the electrical grid for each billing cycle was computed by sum-
ming the 15-min integrated values stored within the data acquisi-
tion system. Table 2 lists the monthly billing cycles and the energy
supplied by the photovoltaic system. The uncertainty associated
with the electrical energy measurements, 95% confidence level, is
4.0%. The efficiency of the solar photovoltaic system, including
inefficiencies associated with the DC to AC inverter and the
step-up transformer, in converting the incident solar energy into
electrical energy delivered to the grid is computed using:
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Fig. 3 Solar radiation measurement comparison
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where
A is a representative area, m?,
Hr  is the global incident solar radiation, W/m?,

P is the system’s alternating current electrical power out-
put, W

7, and T, correspond to the beginning and end of each
billing cycle

and

The selection of an appropriate area and the source of the ra-
diation measurement for computing the efficiency are somewhat
subjective. Three different areas are used to present the efficiency
results: cell area, module area, and footprint area. The cell area is
the total number of active photovoltaic cells times the area of a
single cell. The module area is defined as the glazed area of a
single photovoltaic module times the number of electrically inter-
connected modules. Finally, the footprint area represents the total
area of the roof installation, including the inactive modules, the
perimeter curbing system, and the electrical interconnect boxes on
the roof. The footprint area does not include the unoccupied space
between the left and right arrays. The incident radiation measure-
ment selected for computing the conversion efficiencies is also a
subjective choice. At least three different choices are available—
the radiation measurement provided by the silicon manufacturer’s
photovoltaic sensor, the meteorological station’s precision spectral
pyranometer or the average value measured by the four precision
spectral pyranometers at the site of the photovoltaic installation.

Use of the manufacturer’s sensor provides efficiency results
that are available to the typical system owner. However, in this
particular installation, the Administration Building’s tower causes
reflections on the manufacturer’s sensor and a portion of the pho-
tovoltaic array. During time intervals in which solar radiation is
reflected from the adjoining building tower, the efficiencies com-
puted using the manufacturer’s supplied sensor would be lower
than efficiencies computed using radiation data from the meteoro-
logical station. The average value measured by the four precision
pyranometers, during these time intervals, will yield higher effi-
ciency results than those computed using the manufacturer’s sen-
sor and lower efficiencies than those computed using the meteo-
rological station’s pyranometer.

The measured efficiency results for the photovoltaic system are
given in Table 2. For each month the efficiencies are presented
using cell, module, and footprint areas. For a given area, efficien-
cies are computed using solar radiation values measured by the
manufacturer’s sensor, the meteorological station’s pyranometer,
and the four pyranometers positioned around the photovoltaic ar-
ray’s perimeter. These efficiencies are respectively labeled as
Manufacturer, Meteorological, and Perimeter in Table 2. The un-
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Table 2 NIST photovoltaic system performance

Conversion Efficiencies

. Cell Area Module Area Footprint Area
Delivered
Billing Energy Manufacturer’s Manufacturer’s Manufacturer’s
Period (kWh) Sensor Meteorological Perimeter Sensor Meteorological Perimeter Sensor Meteorological Perimeter
Nov 01  2220.7 9.7 12.3 - 8.0 10.1 - 6.7 8.4 -
Dec 01  1896.2 10.0 12.9 - 8.2 10.6 - 6.9 8.9 -
Jan 02 1685.5 10.1 11.9 - 8.3 9.7 - 6.9 8.2 -
Feb 02  2800.1 10.5 12.2 - 8.6 10.0 - 72 8.4 -
Mar 02 3016.5 10.5 11.5 - 8.6 94 - 72 7.9 -
Apr02 37776 104 10.7 10.5 8.5 8.8 8.6 71 7.4 72
May 02 4951.0 102 10.2 10.3 8.4 83 8.4 7.0 7.0 7.1
Jun 02 4202.5 10.0 9.8 10.0 8.2 8.1 8.2 6.9 6.8 6.9
Jul 02 3860.5 9.8 9.8 9.9 8.1 8.0 8.1 6.7 6.7 6.8
Aug 02 3826.0 9.6 10.1 10.1 7.9 83 8.3 6.6 6.9 6.9
Sep 02  3439.6 9.3 10.7 103 7.7 8.8 8.5 6.4 74 7.1
Oct 02  1702.0 10.3 11.3 11.0 8.4 93 9.0 7.1 7.8 1.5
Overall 35676.1 10.0 10.8 10.2 8.2 8.8 8.4 6.9 74 7.0
Note: Cell Area - 238.686 (m?); Module Area - 290.85 (m?); Footprint Area - 347.269 (m’)
certainties associated with the efficiencies in Table 2 are 4.4% and Table 3 NIST electric utility billing schedule
5.6%, respectively, for values computed using the precision spe?— Summer Billing Winter Billing
tral pyranometers and valugs cgmputed using the manufa.lcturer s Jun-Oct Nov—May
sensor. Unlike module efficiencies reported at standard rating con- —_— -
ditions, the Table 2 results include the effects of elevated operat- g:lsstt‘:;lg“m Servncsf.z%hg;ge cmo  $275.67 ot o
ing temperature, the varying .incident gr}gle between the' modules Kilowatt-hour 0.590¢ ng kwhr 0.590¢ p%r kwhr
and sun, varying meteorological conditions, module soiling, and Charge
inverter and step-up transformer inefficiencies. Kilowatt Charge
Efficiencies, computed using the cell area, are plotted for each On Peak $1.7738 per kw
month, using radiation measurements from the three available Maximum $0.7350 per kw $0.7350 per kw
. . Transmission Service Charge
sources, Fig. 5. During the months that a large amount of solar  Kijowatt-hour 0.265¢ perkwhr  0.265¢ per kwhr
radiation is reflected due to the high zenith angles (Nov. 2001—  Charge
Mar. 2002 and Aug. 2002—Sept. 2002), efficiencies based on the Kigwi\’tt a(l'f(harge $0.7154 «
’ Soni 3 3 n re. . per kw
manufacturer. s sensor are significantly less than 'the. efficiencies Maximum $0.2040 per kw $0.2040 per kw
computed using the sensor. Based on the solar radiation MEAsUre-  Generation Service Charge
ments from the meteorological station, the overall conversion ef-  Kilowatt-hour Charge
ficiencies for the entire monitoring period based on cell, module, IOD 1"eal<(1 ) ggggst per lléwlt:rr g%ggz per lﬁwﬁﬁ
. : ntermediate .323¢ per kw| . per kw!
and footprint areas are 10.8%, 8.8%, and 7.4%, respectively. Off Peak 1745¢ per kwhr 1438¢ per kwhr
Kilowatt Charge
: : On Peak $7.390 per kw
Economic Savings Maximum $3.040 per kw $3.040 per kw

The total installed cost of the photovoltaic system, including the
manufacturer’s supplied data acquisition system, was $239945 or
$6.86 per DC watt at standard rating conditions. The photovoltaic
system reduces NIST’s electric utility bill by displacing electrical
energy that would have been purchased and by lowering the site’s
peak electrical demand. The electric utility’s energy and demand
charges for large commercial customers like NIST, Table 3, are
divided into summer billing months (June-Oct.) and winter bill-
ing months (Nov.~May). Within a given billing month the charges
are divided into distribution, transmission, and generation. The
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Fig. 5 Cell area conversion efficiencies
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Note: On Peak (12 PM to 8 PM), Intermediate (8 AM to 12 PM), Off Peak (12 AM
to 8 AM)

energy generation service charges are further divided into on-peak
(12-8 p.m.), intermediate-peak (8 a.m.—12 p.m.) and off-peak (12
p.m.—8 am.) time intervals. The cost associated with a kWh of
electricity can range from 4.85 cents during summer on-peak
hours to a low of 2.29 cents during winter off-peak hours. During
both winter and summer months, a maximum peak demand charge
is imposed based upon the maximum 30-min power demand. Dur-
ing summer billing months, a second on-peak demand charge is
assessed. This charge is based on the maximum 30-min demand
recorded during the on-peak (12—8 p.m.) time interval. The maxi-
mum demand charge, including distribution, transmission, and
generation is currently $4.07/kW. The additional summer month
on-peak demand charge is $9.88/kW.

Electrical energy and power demand savings attributable to the
photovoltaic system are given in Table 4 and Fig. 6 for each
billing period. The savings associated with the energy displaced
by the system is computed by multiplying the sum of the distri-
bution, transmission, and generation charges, for the appropriate
time interval, by the quantity of energy produced by the photovol-
taic system during that time interval. The reduction in peak de-
mand charges attributable to the photovoltaic system are com-
puted in the following manner. The date and time at which the
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Table 4 Economic savings associated with photovoltaic system

Max Peak On-Peak

Billing Energy Demand Demand Thermal Total
Period Savings Savings Savings Savings Savings
Nov 01 71.49 1.77 5.09 78.35
Dec 01 61.43 37.39 = 9.57 108.38
Jan 02 54.47 50.10 8.52 113.09
Feb 02 94.84 56.71 - 8.47 160.01
Mar 02 104.19 75.28 - 6.56 186.03
Apr 02 132.77 63.33 - 3.17 199.27
May 02 166.18 79.92 - 1.66 247.75
Jun 02 164.24 38.40 75.95 0.60 279.19
Jul 02 154.17 81.12 196.95 0.87 433.12
Aug 02 148.62 56.71 137.68 0.81 343.81
Sep 02 140.58 56.97 138.31 0.16 336.02
Oct 02 67.35 31.09 90.14 4.35 192.92
Total $ 1360.32 628.76 639.03 49.83 2677.94

maximum peak demand and, during the summer billing months, 00

the on-peak demand charges occur are obtained from the electric || ©On-Peak Demand il

utility. The power output of the photovoltaic system during the @ Max. Demand ‘

qeer ; . . 00 4 NEnergy

utility’s maximum peak demand and on-peak demand periods is &

obtained from the archived system performance data and subse-  §*

quently multiplied by the sum of the appropriate distribution, 550»

transmission, and generation peak demand charges. La0n

The procedure used in this paper to compute peak demand sav- B ol

ings ignores the fact that without the photovoltaic system instal- :

lation, the site’s peak demand could have occurred at a different  *°]

time. Although possible, the magnitude of NIST’s monthly peak b .%

demand dwarfs the power output of the photovoltaic system. For 00 - D

example, during the month of November 2001, NIST’s peak
power demand was 29,820 kW compared to 35 kW for the maxi-
mum possible output of the photovoltaic system.

It is interesting to note, Fig. 6, that savings attributable to re-
ducing NIST’s power demand on the electric utility represents a
significant fraction of the total economic savings associated with
the photovoltaic system. In fact, during the months of July, Au-
gust, and September 2002, the peak demand savings far exceed
the energy displaced savings!

The 51-mm thick extruded insulation to which each PV module
is laminated provides additional thermal insulation, approximately
1.76 m*- K/W (R-10°F-ft?- h/Btu), to the portion of the Admin-
istration Building’s roof occupied by the photovoltaic modules.
The roof’s original thermal resistance is assumed to be 4.05 m?
-K/W (R-23.0°F-ft?-h/Btu) [5]. This additional insulation re-
duces heat gains during months in which cooling is required and
heat Joses during months in which heating is required. The differ-
ence in heat transfer through the roof area occupied by the pho-
tovoltaic modules for each month was computed using the follow-
ing equation:

1 T
=Al——— —t)d 2
Q A[Ro - f (ts—t)dr @
where
to is the outdoor ambient temperature measured using the

manufacturer’s supplied sensor, °C (°F)

t, is the 21.7°C (77°F) assumed indoor ambient
temperature

A is the area of the roof occupied by the photovoltaic
modules, m? (ft?)

R, is the thermal resistance of the original roof, 4.05 m?
-K/W (R-23.0°F- ft* hr/Btu)

Rpy is combined thermal resistance of the original roof and
the PV system’s insulation, 5.81-m?-K/W (R-33°F
-ft?- h/Btu).
and 7  is the number of hours within each month (h).
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Fig. 6 Economic savings associated with solar photovoltaic
system

During months that cooling was required, the economic savings
was computed by taking the difference between the heat gain
associated with the original and enhanced roof section, dividing
by the estimated overall efficiency of the mechanical chillers and
associated distribution equipment [5], 0.60 kW/t, and finally mul-
tiplying by the appropriate electrical energy cost. The savings in-
curred during the heating season is computed by taking the differ-
ence between the heat loss associated with the original and
enhanced roof, dividing by the estimated efficiency of the boilers
and associated distribution equipment [5], 75%, and multiplying
by the cost of natural gas used to fuel the boilers.

During this study, the measured heating degree days (base
18.3°C) and cooling degree days (base 21.1°C) at the site of the
photovoltaic installation were 3614 and 1094, respectively. These
values may be compared to long term (30-yr averages) of 4267
heating degree days and 684 cooling degree days at a site located
approximately 30 km from NIST, the National Arboretum, Wash-
ington, D.C.

The savings attributed to the enhanced thermal insulation pro-
vided by the photovoltaic system are listed in Table 4. The
monthly savings range from $0.16 during the month of September
2001 to a high of $9.57 computed for the month of December
2001. The total savings due to the additional thermal insulation,
$49.83, is small in comparison to the displaced energy savings
and peak demand reductions listed in Table 4. The small savings is
partially attributable to the fact that the original roof was reason-
ably well insulated.

Environmental Impact

The fuel mix of the electric utility providing service to the
NIST site consists of 28.2% coal, 12.7% gas, 30% nuclear, and
28% oil [6]. Renewable energy sources account for approximately
1% of the current fuel mix. According to the utility [6], the quan-
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tity of sulfur dioxide, nitrogen oxides, and carbon dioxide associ-
ated with each megawatt hour (MWh) of electricity is approxi-
mately 4.8 kg, 1.4 kg, and 529 kg. Since Nov. 1, 2001, the
photovoltaic system has generated 35.7 MWh of electricity during
its first year of operation. It is anticipated that the system will
provide 1071 MWh over its expected 30 year life span. Thus, the
projected 30-yr lifetime avoided emissions for the photovoltaic
system, based on the current fuel mix and air emissions per MWh
of electricity, are 5141 kg of sulfur dioxide, 1499 kg of nitrogen
oxides, and 566.6 t of carbon dioxide.

A second means of estimating the avoided emissions is possible
through the use of the EPA’s web based solar calculator that com-
putes emission reductions through the use of various solar tech-
nologies [7]. The web site requires that the user select the state in
which the photovoltaic system is located and the power output of
the photovoltaic array. The solar calculator predicts that 9630 kg
of sulfur dioxide, 4020 kg of nitrogen oxide, and 1,579.4 t of
carbon dioxide will be avoided during the projected 30-yr system
lifespan from a 35-kW photovoltaic system in Maryland. The
greater emission avoidance values projected by EPA’s solar calcu-
lator are considerably greater than those projected using the infor-
mation provided by the utility.

Reasons for the large discrepancies may include the fact that
the EPA’s solar calculator uses emissions data from all the electric
utilities within the state of Maryland and assumes that the photo-
voltaic panels are tilted towards the sun at an angle that optimizes
annual performance. Additionally, the EPA algorithm may also
assume a conversion efficiency greater than the actual efficiency
of the equipment used in this installation. Finally, it should be
noted that neither methodology takes into account the reduced
space conditioning loads resulting from the additional thermal in-
sulation associated with the photovoltaic system.

Summary

A 35-kW rooftop photovoltaic system has been installed at the
Nationa] Institute of Standards and Technology in Gaithersburg,
MD. The system became operational on Sept. 14, 2001 and rep-
resents NIST’s first on-site source of renewable energy. The total
installed cost of the system was $239945.

During the past year the system has provided 35676 kWh of
electrical energy. In addition to displacing electrical energy that
would have been purchased from the electric utility, the system
has reduced the site’s demand charges. During its first year of
operation, the system has saved $2678. To date, the savings in
demand charges are essentially equivalent to savings as a result of
displaced energy. Annual savings attributable to the increased
thermal resistance associated with the photovoltaic system
amounted to $49.83.
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Two different techniques were used to estimate the impact that
the system will have on the electric utility’s emissions. Using data
provided by the electric utility, the avoided emissions associated
with the system are 5141 kg of sulfur dioxide, 4499 kg of nitrogen
oxides, and 566.6 t of carbon dioxide. Using a tool included
within EPA’s Global Warming website, the projected avoided
emissions are 9630 kg of sulfur dioxide, 4020 kg of nitrogen
oxide, and 1,579.4 t of carbon dioxide. The large discrepancy
between the estimates in avoided emissions is currently being
explored.

The area selected and the placement of the instrument used to
measure solar radiation can have a significant impact on the re-
ported conversion efficiency of a system. Annual conversion effi
ciencies of 10.8%, 8.8%, and 7.4% were achieved using cell,
module, and footprint areas, respectively. Reflected solar energy,
from an adjacent building tower, resulted in computed efficiencies
using the manufacturer’s supplied radiation sensor significantly
less than the efficiencies computed using a sensor that was not
exposed to the reflected solar energy. The amount of reflected
radiation, and thus the differences in computed efficiencies, varied
based on the solar zenith angle. The greatest differences take place
during the winter months when the highest zenith angles occur.

Acknowledgments

The authors would like to express their appreciation to Douglas
Elznic, Mark Kuklewicz, and Ralph Whalen of NIST’s Plant Di-
vision for providing the funding, engineering support, and system
installation supervision in order to procure and install the photo-
voltaic system. The authors are also grateful to Tom Leyden and
Lori Mitchell of the Power Light Corporation for providing guid-
ance concerning the use of manufacturer’s supplied data acquisi-
tion system. Merle Guyton is acknowledged for assisting in the
calibration and installation of the solar radiation instruments used
in this study. Sincere appreciation is extended to Paula Svincek
for manuscript preparation.

References

[1] Neff, D.E., and Bienkiewicz, B., [2000], “Wind Tunnel Study of Power-
Guard® RT Arrays,” Final Report, PowerLight Corp., Berkeley, CA.

[2] American Society of Civil Engineers, 7-98, 2000, “Minimum Design Loads
for Buildings and Other Structures,” Revision of ANSI/ASCE7-95.

{3] Shell Solar Product Information Sheet, Shell SP150-P, Photovoltaic Solar
Module, V2/SP150-P/05/02/US.

[4] Fanney, A.H., Dougherty, B.P., and Davis, M.W., 2001, “Building Integrated
Photovoltaic Test Facility,” ASME J. Sol. Energy Eng., 123(3), pp. 194-199.

[5] Kuklewicz, M., 2002, Personal communication.

[6] Pepco-Environment  Policy, Air  Emissions,
env_mdemis.htm.

[7] EPA Global Warming Site: Renewable Energy—Annual Emissions Avoid-
ed in Maryland, http://itdominol.icfconsulting.com/epa/rew/rew.nsf/solar/
impact?Open&MD1& 1&35& &Photovoltaic.

http://www.pepco.com/

Transactions of the ASME



