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to collect the same amount of input energy'”. Conveniently, the rating irradiance is 1000 W/m®
or 1.0 kW/m?, thus the listed daily irradiation values are numerically equivalent to peak
operating hours (e.g. 5.0 kWh/m* + 1.0 kW/m” = 5.0 h)

If the system rating does not account for factors such as soiling, inverter and array operating
efficiencies, etc., it may be necessary to reduce the energy estimate by a factor of 0.9 to 0.95.
Again, it is important to note that normal month-to-month weather variations can cause much
greater deviations from expected performance than this.

The system rating used by the California Energy Commission (CEC) for the rebate program
ignores a number of system performance details and thus tends to over-predict system output.
Therefore, it is wise to apply a factor of 0.8 to 0.9 to account for those performance details and
bring the rating values in line with field performance of PV systems. For simplicity of cost
analysis, the CEC rating is often used as the defacto system rating since the financial incentives
are based upon this rating procedure.

So, for example, an estimate of the annual energy produced by a horizontal system rated at 10
kW (using the CEC/CPUC rating system, and annual average irradiation in Chino, CA) can be
calculated as:

10 kW * 5.0 h * 0.9 = 45 kWh/day or 16,425 kWh/year
In July, with an average of 8.2 kWh/m® of irradiation, the system would provide

10 kW * 8.2h *0.9 = 74 kWh/day or 2289 kWh for the month.

Taking the CEC rating for the RWE Schott system of 20.7 kW and multiplying by a factor of
0.80 to 0.90 as suggested above yields an estimated ac rating of between 16.6 and 18.6 kW. This
range compares favorably with the IV-curve -based rating of 17.0 kW. If the annual average
daily irradiation in Chino for a 7° tilt facing SSW is 5.5 kWh/m?/day, then the expected annual
energy production from this system will be:

17.0 kW * 5.5 h=93.5 kWh/day or 34,128 kWh/year

' This assumes the rating is truly indicative of system performance at that location and for the period in question.
Again, for this planning estimate, the assumptions are reasonably conservative.
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6 Monitoring, Data Acquisition, and Outreach

A primary focus of the Commonwealth BIPV Evaluation Project is to enhance the awareness of
the owner (Commonwealth Energy) and the site host (Inland Empire Utilities Agency) as to the
relative attributes and benefits of various commercial PV systems. Another important aspect of
this project is that of educating the public, including consumers and PV installers, about
important characteristics of various systems.

From an O&M point of view, the consistent scrutiny of system performance will also help to
identify system malfunctions quickly so they can be rectified. Experience has shown that systems
that are installed out of sight are often neglected. In systems with no monitoring provisions,
small malfunctions can cause a system to trip offline and remain in that state for extended
periods before site personnel notice the problem.

The monitoring system used at the IEUA headquarters includes a Campbell Scientific CR23X
datalogger that monitors the dc output of the PV array and the ac output of the inverter. This
monitoring system also measures and records the solar irradiance, ambient temperature, wind
speed, and selected operating temperature of the PV arrays. Ten-minute averages of this data are
stored on an on-site computer and transmitted to an off-site computer that places the data into a
database. Information from the database is automatically extracted, summarized, and made
available via the internet (http://www.pierminigrid.org/pubproject32.html).

Initially access to the data will be limited to the PIER project team and the Technical Advisory
Committee. However, once the data flow process is found to be effective and reliable, the
information will be made available on the Internet to the general public. One of the goals of the
project is to make this information readily available so that those involved in the purchase and
installation of PV systems have a means of gathering unbiased information and formulating their
system selections. Product manufacturers are also encouraged to view and comment on this
information to ensure that this resource provides a balanced perspective that can augment
materials that they routinely supply with their products.

Figure 18 Data Logger Box, Transducer Box, and Overall Setup
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7 Review of Costs

7.1 Availability of cost-share and rebate funds

Initially established through the State’s Electric Utility Restructuring plan, both the California
Energy Commission and the California Public Utilities Commission manage rebate programs to
offset the capital cost and encourage the use of PV equipment. The CPUC Self-Generation
Program offers $4,500/kW for PV and other systems between 30 kW to 1 MW, with a cap of 50
percent of the installed cost. The RWE Schott system was installed simultaneously with 11 other
systems totaling a rebate system size of 60 kW and is therefore eligible for the CPUC Self-Gen
Program.

7.2 Cost Summary

The following table provides a breakdown of the costs for a 20 kW PV system. These costs come
from the actual expenditures on the project. Some of the costs for site engineering and
maintenance are estimated by the percentage of time and effort relative to the overall project
since several of the activities were parallel for all 60 kW of the project.

Table 6 Cost Summary of 20 kW PV System

Item Costs

System Hardware $131,221
Shipping $2,714
RWE Engineering $1,735
Site Engineering and Installation $28,000
Total Costs $163,670
CPUC Self-Gen Incentive $81,835
Funding Provided by Commonwealth Energy $81,835
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Annex A Sandia Inverter Performance Report
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l‘l‘l Sandia National Laboratories

Operated for the U.S. Department of

Energy by
Sandia Corporation
Sigifredo Gonzalez P.O. Box 5800
SMTS Albuquerque, NM 87185-0753

Phone:  (505) 845-8942
Fax: (505) 844-2890
Internet: sgonza@sandia.gov

November 14, 2003

Chuck Whitaker
Bill Brooks
Endecon Engineering

Ward Bower
Sandia National Laboratories

Gentlemen,

Sandia National Laboratories Distributed Energy Technologies Laboratory (DETL) recently
evaluated three grid-tied photovoltaic inverters provided by the California Energy Commission’s
Public Interest Energy Research (PIER) program. The purposes of the evaluations were to
benchmark performance of the inverters for PIER and to exercise the draft “Performance Test
Protocol for Evaluating Inverters Used in Grid-Connected Photovoltaic systems”. Sandia
National Laboratories and Endecon Engineering have developed this test protocol jointly. When
completed, it is intended to be used for evaluating and certifying the performance of grid-
interconnected photovoltaic inverters.

The draft test protocol includes procedures to evaluate functionality and to verify selected
inverter performance characteristics. It includes a relatively extensive series of tests procedures
intended to validate the manufacturer’s inverter performance specifications. Due to the time that
would have been required to exercise the entire protocol, a subset of tests was agreed upon and
performed. As is standard procedure at DETL, dc power was provided by a PV array, which
replicates the actual conditions in the field and avoids uncertainties introduced by using a dc
power supply in place of an array. A limitation of using an array is the lack of flexibility in the
dc operating voltage, which is dependent on the number of modules in series and the array
temperature. Evaluations focused on inverter efficiency, maximum power point tracking
accuracy, and the tare losses at different power levels, different voltage levels, and different
ambient temperature levels.
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Data Acquisition System

Data was monitored and recorded using a National Instruments LabView-based data acquisition
system (DAQ). The DAQ consists of a 333 ksample/second 16-bit resolution A/D digitizer
(5052E), several 100 ksample/second amplifier/multiplexer signal conditioning modules
(SCXTI1100) and TBX-1303 terminal blocks. Ac and dc voltages transducers are Tektronix
P5200 High Differential voltage probes. Dc current transducers are Empro shunts with OSI
VT7-016D isolation amplifers. Ac current transducers are Ion Physics CIL CT’s. The DAQ is
calibrated end-to-end (voltages and currents are introduced at transducers and readings are
recorded in LabView) using calibrated NIST-traceable secondary ac and dc voltage and current
standards.

Xantrex PV20208 tests

The PV20208 is a three-phase, grid-connected inverter with a maximum continuous power rating
of 20 kWac. Its nominal output voltage of 208 V line-to-line was stepped up to the utility
interconnection voltage of 480 V line-to-line using a 20-kV A low-loss transformer provided by
Xantrex for use with the inverter.

PV20208 Test Configuration

The Xantrex PV20208 grid-interconnected PV inverter was connected and evaluated as shown in
figure 1. Figure 2 shows the inverter inside the temperature chamber used to conduct evaluations
at elevated ambient temperatures.

Five 80-module strings
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Figure 1. PV20208 Test Configuration
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Figure 2. PV20208 inside temperature chamber

PV20208 Tare Loss

The first tests conducted on the PV20208 were measurements of tare losses, which are defined as
power losses when the inverter is not operating. These occur when there is insufficient PV
power for inverter operation (such as at night) or when the inverter is not operating due to either
loss of utility or to anomalies on the utility that are outside the inverter’s operating range. A tare
loss consists of ac power required to magnetize the isolation transformer plus a relatively small
amount of power required to energize the inverter’s controls. Tare loss evaluations were
conducted at the inverter’s lower, nominal, and upper operating ac voltage ranges, and then
averaged at each of the 3 voltage levels. Figure 3 shows the results of these evaluations, and
table 1 shows the corresponding data. These evaluations were conducted with the transformer
relatively cool, e.g. the inverter was off all night with no ac applied to the inverter, and the tests
were conducted after ac was applied to the transformer and inverter. Slightly higher losses could
be expected after the transformer was energized for a period of time sufficient to raise its
operating temperature.
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PV20208 Tare Loss Data
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Figure 3. PV20208Tare loss (non-operational loss)

Table 1. PV20208 Average tare loss data

Average Line-to- Average
Neutral Voltage | Power Loss
(Vac) (Wac)
266 186 watts
277 206 watts
288 228 watts

PV20208 Efficiency

Conversion efficiency is defined as the ratio of total three-phase ac output to dc input power.
Efficiency data were obtained at ambient temperatures of 25 °C and 45 °C for three different ac
line voltages. The inverter was placed in a temperature chamber as shown in figure 2, and
ambient temperature was maintained to within + 3°C per the test protocol. A power-electronics-
based variable ac power source (Pacific Power Source MS Series) was utilized in place of the
grid to provide the ability to adjust the ac voltage. Dc power was provided by a PV array
consisting of 5 PV strings, each having a rated power of approximately 4 kW. Different power
levels (percentages based on a nominal 20kW rating of the inverter) were obtained by varying
the number of strings in the array and by acquiring data at various irradiance levels. Tables 2
and 3 summarize average data characterizing the inverter’s efficiency at the two temperatures.
The data underlying these tables is being provided to Endecon separately from this report.
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Table 2. PV20208 Efficiency at 25° C = 3°C, % of rated based on 20kW inverter ratin

Test #| Vdc| Vac | Power Level | % of rated power | Ambient Temperature| % Efficiency

A 337 | 267 3466 17% 27 89%

A 340 | 267 7592 38% 27 93%

A 347 | 268 11298 56% 27 93%

A 341 [ 268 15041 75% 27 93%

A 339 | 268 18798 94% 28 93%
Test#| Vdc| Vac | Power Level | % of rated power | Ambient Temperature| % Efficiency

B 316 | 279 1239 6% 24 76%

B 316 [ 279 2862 14% 24 87%

B 318 | 280 6812 34% 24 93%

B 319 | 279 10602 53% 24 94%

B 318 | 279 14630 73% 24 94%

B 318 | 279 20441 102% 24 94%
Test#| Vdc| Vac | Power Level | % of rated power | Ambient Temperature| % Efficiency

C 339 | 287 1015 5% 25 71%

[ 349 | 287 2007 10% 24 82%

C 372 | 287 4014 20% 25 88%

C 393 | 287 6019 30% 25 91%

C 390 | 288 10003 50% 25 93%

C 376 | 288 15020 75% 25 93%

C 344 | 288 19366 97% 27 94%

Table 3. PV20208 Efficiency at 45° C +3°C, % of rated based on 20kW inverter ratin

Test #| Vdc | Vac | Power Level | % of rated power | Ambient Temperature| % Efficiency

A 312 | 267 1039 5% 42 76%

A 311 267 2054 10% 43 85%

A 360 | 268 4027 20% 45 90%

A 367 268 6024 30% 44 92%

A 376 268 10075 50% 45 92%

A 360 | 269 15180 76% 44 93%

A 351 269 17528 88% 45 93%
Test #| Vdc | Vac | Power Level | % of rated power | Ambient Temperature| % Efficiency

B 337 | 277 1116 6% 42 75%

B 381 | 278 1997 10% 43 81%

B 333 278 3861 19% 45 89%

B 338 | 278 6002 30% 45 92%

B 318 276 9989 50% 46 94%

B 363 277 14984 75% 44 93%

B 328 | 277 20175 101% 41 94%
Test #| Vdc | Vac | Power Level | % of rated power | Ambient Temperature| % Efficiency

C 341 286 3484 17% 45 88%

C 337 | 287 7286 36% 44 92%

C 343 287 10870 54% 44 93%

C 349 288 14360 72% 44 93%

C 354 | 288 17690 88% 46 93%

PV20208 Maximum Power Point Tracking (MPPT)

Correctly implemented MPPT algorithms enable photovoltaic inverters to fully utilize the
available power from the PV array. To determine how effectively the inverter did this, first the
dc power into the inverter was measured. The array was then disconnected, and an IV curve was
quickly taken using a Daystar IV curve tracer. Table 4 shows the comparison between the
maximum available power measured by the curve tracer and the power extracted by the inverter
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for different power levels. MPPT functionality was evaluated over the lower-to-middle range of
operating voltages.

Table 4. PV20208 Array Utilization Data

Curve Tracer | Inverter Array
Pmax (W) | Pdc (W) | Utilization
4055 4069 100
8007 7808 98
12043 11922 99
16253 16171 99
20235 20104 99

Conclusion

The Xantrex PV20208 inverter has undergone efficiency evaluations while operating at different
ac voltages and different ambient temperatures. Tare losses and array utilization were also
measured. The test protocol required tests to be conducted at different ac and dc voltages. The
tests were conducted at the required ac voltages but the tests requiring minimum and maximum
dc voltages could not be conducted within the allotted time utilizing a PV array as the dc source.

Because of time constraints, power fold-back was not evaluated. The PV20208 initially had a
fan that became disconnected during shipment, therefore during operation at rated power the
inverter would quickly reach high operating temperatures and shut down in a locked out
condition, meaning power needed to be manually cycled by the operator to clear the fault. The
unit never experienced a high-temperature trip after the fan was properly connected. The high-
temperature trip should be repeated to determine if the locked out condition was characteristic of
the inverter or an artifact of the loose fan connection.

This preliminary evaluation did find one area where the draft test protocol needed to be slightly
adjusted. The ac voltage limits per UL1741 and IEEE 1547 are —12% and +10% of nominal, but
inverter manufacturers may choose a narrower operating window. If so, the inverter will not
operate at the lowest voltage required by the draft test protocol.

Exercising the draft test protocol and examining the data have emphasized the desirability of
performing different voltage and temperature tests at the same power levels. Unless this is done,
it may be difficult to come up with any conclusion. This may require developing confidence that
a dc power supply or PV simulator can be used to obtain results that are consistent with those
obtained using a PV array. As the draft protocol points out, disabling the operation of the
inverter’s MPPT may be necessary.

Sandia National Laboratories is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy under Contract DE-AC04-94AL85000.
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