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Quantifying Error in Photovoltaic Installation
Metadata

Kirsten Perry, Quyen Nguyen, Robert White
NREL, Golden, CO, 80401, USA

Abstract—In this research, we quantify the level of metadata
error for a fleet of 2860 photovoltaic (PV) systems, using metadata
values provided by fleet owners. Using satellite imagery and
time series analysis techniques available in open-source Python
packages Panel-Segmentation and PVAnalytics, respectively, we
evaluate the accuracy of PV system metadata such as location,
azimuth, tilt, and mounting configuration (fixed tilt vs. tracking).
We find that approximately 75% of provided latitude-longitude
coordinates are within 190 meters of the actual solar installation.
We were unable to link 7.8% of latitude-longitude coordinates to
any solar installation via satellite imagery analysis. We evaluate
the level of error in owner-provided mounting configuration data
(fixed tilt vs. single-axis tracking), finding only 8 systems with
incorrect mounting configurations. When evaluating azimuth and
tilt parameters, we find that approximately 64% of the data
is correct, with data for 860 systems (approximately 30%) not
provided by system owners.

To illustrate the importance of having correct solar metadata,
we evaluate how incorrect metadata affects solar performance
estimates by modeling system AC energy output at ground-truth
vs. incorrect latitude-longitude coordinates, mounting configura-
tions, and azimuth-tilt configurations. Energy output estimates
can vary significantly if incorrect metadata parameters are used,
with incorrect mounting configuration leading to the largest
discrepancy with over 20% variation in expectedv AC energy
output.

Index Terms—photovoltaic, satellite imagery, metadata error,
azimuth, tilt, location, mounting configuration, satellite imagery,
time series analysis

I. INTRODUCTION

The United States solar industry has expanded rapidly over
the past decade, with no indication of slowing down. In Q3
2023 alone, the US solar industry installed over 6.5 gigawatts
of capacity, representing a 35% year-over-year increase, bol-
stered by the passing of the Inflation Reduction Act IRA) [I1].
This massive rise in solar installations begets new challenges
for solar owners and operators; particularly, in estimating over-
all fleet performance and monitoring overall system health.
Correct metadata such as system latitude-longitude coordi-
nates, azimuth, tilt, and mounting configuration are critical
for accurately estimating system energy outputs, as well as
system degradation.

It has been anecdotally discussed in the solar industry
that solar metadata can be incorrect. This issue is especially
apparent during acquisitions, where site information may be
lost during transference between owners [2f]. However, the
amount of error associated with PV Fleet metadata has never
been quantified, so the extent of the problem is unknown.

In this research, we validate 2860 commercial- and utility-
scale solar sites in the NREL PV Fleet Data Initiative database,
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all of which were provided by private-industry solar partners.
During this validation, we evaluate each site’s given latitude-
longitude coordinates, mounting configuration, azimuth and
tilt. We quantify the level of error between the partner-
given metadata and the actual site parameters, using a semi-
automated verification pipeline that leverages satellite imagery
analysis and time series analysis. In addition to quantifying
the level of metadata error, we generate multiple PVWatts
simulations [3]] at various locations across the United States to
illustrate how using incorrect metadata can lead to inaccurate
solar performance modeling estimates.

II. METHODS
A. Data Set

For this analysis, PV sites from the NREL PV Fleet Data
Initiative were used. The PV Fleet Performance Data Initiative
is a US Department of Energy-funded project focused on the
collection of fielded PV performance data into a centralized
cloud database for the purpose of large-scale degradation
analysis of the US fleet [4]. The associated PV Fleets database
contains over 60 billion rows of time series data associated
with over 6500 sites across the United States. Sites range
from residential to utility-scale. For this particular research,
only 2860 commercial- and utility-scale sites were analyzed;
residential sites were omitted.

A map of the sites used in this research is shown in Figure
with each site represented as a single purple dot. Most
systems are concentrated in the southwestern, southeastern,
and northeastern parts of the United States.

Fig. 1. United States map of solar systems evaluated from the NREL PV
Fleets Initiative.

Figure [2] shows a breakdown of system size by percent of
total fleet. Over 50% of the systems are between 100 kW and
1 MW in size. The vast majority of the fleet is commercial-
scale, when using a IMW cutoff for utility-scale systems. Only
1 percent of systems are over 100MW in size.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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Fig. 2. Histogram showing system size (in kW DC) of the fleet analyzed, by
percent.
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Fig. 3. Decision tree highlighting the metadata verification process, using
software tools such as PVAnalytics and Panel-Segmentation. Boxes in red
indicate a manual review step.

The metadata verification process used for this analysis is
open-source and has been made public on Github [3]. A
decision tree illustrating this process is show in Figure [3]

Several pre-existing Python software packages are leveraged
for when automatically assessing site metadata, including
PVAnalytics [6] and Panel-Segmentation [7]. First, each
site’s latitude-longitude coordinates are used to automatically
generate a Google Maps image. This image is run through
a deep learning object detection algorithm, available in the
Panel-Segmentation package, to determine if solar is present
in the associated satellite imagery [2]]. If no solar installation
is found, the site name is run through the Google Places API,
and the associated outputs are manually reviewed.

If a solar installation is detected in the associated satellite
image, then the azimuth and mounting configuration of the
solar install are automatically estimated, using methodologies
described in  [8] and [2]]. This process leverages deep
learning models present in the Panel-Segmentation package,
which mask the solar installation and classify its mounting
type (fixed/tracking, ground/roof/carport). Additionally, if time
series data is present for the site, all associated AC power
data streams are run through pre-existing PVAnalytics package
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TABLE I
LATITUDE-LONGITUDE COORDINATE ERROR

Distance from Given Lat- | Number Systems | System Percent-
Long Coordinates age

<190m 2143 74.9

190m to 1 mile 417 14.6

1 mile to 10 miles 59 2.1

10 mile to 50 miles 10 0.3

>50 miles 7 0.2
Unknown/Not Found 224 7.8

routines to estimate azimuth and tilt [9], as well as mounting
configuration  [6]. Running this routine for individual AC
power data streams also helps to identify the azimuth and
tilt on an inverter-level for systems with multiple azimuth-tilt
configurations.

The azimuth and mount estimates from Panel-Segmentation
and azimuth, tilt, and mount estimates for PVAnalytics are
compiled and compared to the partner-given values to check
for discrepancies. Each azimuth-tilt pair generated in PV-
Analytics is compared to the partner-given azimuth-tilt, and
cases where the estimated azimuth is more than 15 degrees
different, or tilt is more than 5 degrees different, are flagged
for manual review. This same logic for azimuth is applied
to Panel-Segmentation. Additionally, any mounting config-
uration (fixed/tracking) outputs from PVAnalytics or Panel-
Segmentation that indicate a different mounting configuration
than the partner designation are flagged for manual review.

When manually reviewing sites, the authors relied heavily
on Google Earth satellite imagery and Google Street View for
the verification of sites’ azimuth, tilt, and mounting configu-
ration. For sites with incorrect latitude-longitude coordinates,
the authors double checked the satellite imagery for the
area surrounding the given latitude-longitude coordinates to
determine if any solar installations were present. Additionally,
historical imagery was examined to determine if the site had
been decommissioned and removed, and was consequently
absent from recent satellite images. Google Street View was
used to verify system tilt specifically, as it provided a view of
the installation from its side.

In this analysis, 860 systems lacked critical metadata,
including mounting configuration, azimuth, and tilt. These
systems will be discussed further in the following sections, but
the metadata validation pipeline described here was leveraged
to automatically estimate these values for the 860 systems.

ITI. RESULTS
A. Latitude-Longitude Coordinate Accuracy

Table [I] gives a breakdown of the error in site latitude-
longitude coordinates, following satellite imagery validation.
2143 systems, or approximately 80% of the fleet, were within
190 meters of their given latitude-longitude coordinates, and
an additional 417 systems were within a mile of the given
coordinates. Although these results are encouraging, we were
still unable to locate the associated solar installation for 224
systems, or 7.8% of the fleet.

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



TABLE II

MOUNT LABEL ERROR: FIXED TILT VS. TRACKING

TABLE III
AZIMUTH ERROR

Status Number Systems | System Percent- Abs. Degrees Difference | Number Systems | System Percent-
age from Ground Truth age
Correct 1988 69.5 <15 1834 64.1
Incorrect 8 0.3 15-30 30 1.0
Unknown/Couldn’t Verify | 4 0.1 30-45 13 0.5
Not Provided 860 30.1 >45 51 1.8
Unknown/Couldn’t Verify | 72 2.5
Not Provided 860 30.1
B. Mounting Configuration Accuracy
. . cp . TABLE IV
Each site was evaluated to determine if its mounting config- TILT ERROR
uration data was correct, i.e. if the site was correctly labeled as i
fixed tilt or tracking. The results from this analysis are shown ?bs' Degrees Difference | Number Systems | System Percent-
. rom Ground Truth age
in Table [l 3 1804 631
As previously mentioned, multiple data partners in the 5-10 3 0.1
Fleets Initiative did not have any mounting information avail- l?'SIS 2 8;
able for their sites. These sites are marked as *Unknown/Not Unknown/Couldn’t Verify | 185 65
Given’ in Table|m For some partners, this data was unavailable Not Provided 860 30.1

as the sites had recently been acquired from another company,
and associated site metadata was not provided in the sale.
For the cases where data was provided, most partners pro-
vided the correct mounting configuration for their associated
systems. Only 8 systems were flagged as incorrect, and 1988
systems had the correct mounting configuration designation.

C. Azimuth-Tilt Accuracy

Tables [ and [[V] show the error results for azimuth and
tilt, respectively. Approximately 64% of the azimuth data
in the data set was verified as correct, and 63% of the tilt
data was verified as correct. Azimuth had overall one of the
highest error rates in the metadata; 94 systems had ground-
truth azimuths more than 15 degrees different than the partner-
provided azimuths (3.2%). An additional 72 systems were not
verifiable via satellite imagery, as the solar system in question
was not locatable.

Ground-truth tilt data was significantly more difficult verify
when compared to all other metadata types. Flagged solar sites
were manually examined via Google Street View to verify
if tilt values were correct. Because Google Street View did
not always align with the solar array, many flagged systems
were unverifiable. Additionally, because some systems were
unidentifiable via satellite imagery analysis, the tilt values for
these systems could not be verified. In total, there were 185
systems in the dataset in the Unknown/Unverifiable category
(6.5%). For the verifiable systems, 11 systems had a ground-
truth tilt more than 5 degrees different than the partner-
provided tilt value.

As previously mentioned, 860 systems were provided by
data partners without azimuth or tilt information (30.1%).

D. Technology Type

It is currently difficult to validate system technology type
using remote sensing techniques such as satellite imagery
analysis, so we were unable to independently assess the quality
of the module information provided. Instead, we were totally
reliant on the module technology information provided by our

3

partners. Figure [ shows a breakdown of supplied module
technology type for the 2860 systems assessed. The largest
category is 'Unknown’, representing approximately 57% of
systems. This number is large because multiple fleet partners
provided no information on module technology type. Solar
partners may have this data available internally and it was
just not provided; or this data was not machine-readable. We
include these results to illustrate the level of uncertainty in
module technology for fielded solar systems.

Unknown

multi-Si

mong-5i

ribbon polycrystalline si
CdTe

ST

amorphous si

mona-5i; IBC

Fig. 4. Pie chart showing the breakdown of the fleet, by module technology
type.

E. Metadata Verification Pipeline

In addition to quantifying error in the PV site metadata,
this research introduces a framework that semi-automates
the metadata verification process. The proposed methodology
relies on pre-existing Python packages to do this [ [6]], [2]].
Although the functions in this process have been bench-
marked independently, we provide statistics on the precision
of the systems flagged for issues. Table [V] gives a summary

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



TABLE V

METADATA PIPELINE PRECISION: ERRONEOUS SYSTEMS ONLY
Metadata Systems Systems Precision
Type Flagged with Issues
Location 510 493 967
Azimuth 684 94 0.137
Tilt 261 11 0.042
Mounting 54 8 0.148
Config

of these results. As reference, unverifiable systems have been
removed from the "flagged systems" count as their metadata
could not be assessed as correct or incorrect.

Because of the scale of this analysis, only systems flagged
for issues were manually reviewed, so overall F1 score for
the process is not available. However, precision scores, or the
number of flagged systems with actual erroneous metadata,
were calculated for each metadata type. The location algo-
rithm had by far the highest precision, with approximately
97% of the flagged systems not in their correct location.
The tilt algorithm performed the worst, with only 4% of
the flagged systems verified with wrong tilt data. Azimuth
and mounting configuration (fixed vs. tracking) algorithms
performed similarly, with approximately 14% of the systems
flagged having the associated metadata issues. Although these
are lower precision scores, the bounds for this analysis (<15
degrees difference in azimuth, and <5 degrees difference in
tilt) are deliberately conservative, as flagging and manually
reviewing the metadata for systems is better than missing
systems with actual incorrect metadata. Previous literature
states the median absolute error for the azimuth-tilt algorithm
in PVAnalytics as 5.19 degrees and 1.21 degrees, respectively
[9]. Given that these are median scores, some of the individual
azimuth-tilt estimations will have higher error rates.

F. Error Trends

Following quantifying error for different metadata parame-
ters, we investigated what type of systems were most likely
to have incorrect metadata issues. In particular, we looked
at whether metadata error was more common in commercial
systems vs. utility-scale systems. The results of this analysis
are shown in Figure [5] Systems were broken into three
categories:

e <200 kW
e 200 kW-1 MW
e >1 MW

Commercial systems overwhelming have the most erro-
neous metadata. Commercial systems, which we will define
as less than 1 MW in size, compose 66.2% of all systems
validated in this study, but make up 100% of the systems with
tilt errors and approximately 84% of the systems with azimuth
errors. Only 60% of systems with mounting configuration
errors are commercial-scale, which is more in-line with the
total percentage of commercial-scale systems in the data set.
Most utility-scale systems with mounting configuration issues
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were incorrectly labeled as fixed tilt when they were single-
axis tracking.

The low rate of azimuth-tilt metadata error in utility-scale
systems intuitively makes sense. These systems are much
more closely monitored than commercial-scale systems. They
also have far more consistent azimuth-tilt configurations than
commercial-scale systems; most are single-axis tracking with
a 180 degree azimuth. Conversely, commercial-scale systems
can have incredibly unique mounting configurations with di-
verse azimuth-tilts combinations. This is particularly true for
rooftop-mounted installations, where installations are heavily
dependent on roof pitch and azimuth.

System Size with Tilt Errors

System Size with Azimuth Errors System Size with Mounting Config Errors

200kW-1MW 200kW-1MW

200kW-1MW

34% >1IMW

<200kwW <200kW >1IMW

Fig. 5. Pie chart showing the size of systems with tilt, azimuth, and mount
errors, respectively.

G. Modelling System Performance

In addition to quantifying the level of error/uncertainty
in PV installation data, we investigated how this error im-
pacts solar performance modeling. For simplicity, we used
the PVWatts V8 model [3]] to assess how estimated solar
performance varied using ground-truth metadata as inputs vs.
incorrect metadata as inputs.

1) Incorrect Latitude-Longitude Coordinates: For the first
experiment, we assessed how system performance estimates
vary with incorrect latitude-longitude coordinates. In partic-
ular, we looked at how estimates vary 1 mile, 10 miles, 50
miles, and 100 miles from a set of ground-truth coordinates at
a variety of locations in the United States. We took the average
error across cases directly north, south, east, and west of the
ground truth coordinates.

The difference in yearly AC energy output was compared
between the ground-truth estimate and the estimates at the
incorrect latitude-longitude coordinates. Random locations
across the United States were used as examples, and include
the following:

¢ Greeley, CO

o Palmdale, CA

« Atlantic City, NJ

¢ Minneapolis, MN

e Marietta, GA

These locations were selected because they represent vary-
ing climates across the country, and all contained at least one
solar site from the fleet analyzed.

A 100kW fixed-tilt system was modeled with 14% losses, a
standard crystalline silicon module type, and a default azimuth
and tilt of 180 and 20 degrees. The results for the varying
latitude-longitude coordinate experiment are shown in Figure

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



These results show that error varies based on location
and climate. All locations did experience AC energy estimate
variation, particular when latitude-longitude coordinates were
more than 50 miles away of the ground-truth location (mean
1.1% error). If latitude-longitude coordinates were within 1
mile of actual location, error was generally negligible (mean
0.22% error). These results highlight the importance of using
correct latitude-longitude coordinates for solar sites, especially
if the coordinates are egregiously off.

% Dit;ference AC Energy Output, Miles from Ground Truth Location

Greeley Colorado

6 Palmdale California
Atlantic City New Jersey
Minneapolis Minnesota
Marietta Georgia
Midland Texas

% Difference

Fig. 6. Chart displaying the percent difference in AC energy estimates
compared to ground-truth estimates, based on how far away the latitude-
longitude coordinates are from the ground truth site.

2) Incorrect Mounting Configuration: We evaluated how
estimates varied when a system was incorrectly identified
as tracking when it was actually fixed tilt. Once again,
the locations described above were run through a PVWatts
simulation with the same input parameters described in the
latitude-longitude experiment, except the mounting configu-
ration was varied as either fixed-tilt or single-axis tracking.
The percentage difference between the single-axis tracking
estimate and the fixed-tilt estimate was then quantified. The
results of this experiment are shown in Figure [7] These
results are striking as average error is over 20%. These error
metrics especially highlight the importance of using the correct
mounting configuration when modeling solar performance.

% Difference AC Energy Output, Tracking vs Fixed Tilt Install

% Difference

Fig. 7. Bar chart showing the percent difference in yearly AC energy estimates
between a single-axis tracking system and a fixed tilt system at six locations
across the United States.

3) Incorrect Azimuth-Tilt Configuration: We evaluated how
varying azimuth and tilt changed AC energy outputs, when
compared to a baseline system with an azimuth and tilt of
180 and 20 degrees, respectively. System parameters were
held constant throughout the experiment, with only azimuth
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and tilt varied. The system was modelled in Palmdale, CA,
with the same input parameters as described in the latitude-
longitude experiment. Azimuth and tilt were varied by 5
degree increments in the experiment, with azimuth ranging
between 110 to 250 degrees, and tilt ranging from 0 to
40 degrees. A heat map representing absolute error when
compared to the ground truth configuration is shown in Figure
[B with a red dot representing the ground truth configuration,
where AC energy output error is 0%.

The results shown in Figure [§] illustrate how AC energy
estimates vary by azimuth-tilt configuration, with differences
of over 15% for extreme cases. Median error for all com-
binations tested was 6.15%. The heat map illustrates that
several azimuth-tilt combinations can lead to similar AC
energy outputs as the ground truth estimate, but generally
using the wrong azimuth-tilt inputs can lead to significant over-
or under-estimates.

Absolute % Difference AC Energy Output at Varying Az/Tilt

Tilt (degrees)
5 8 B 8 6L B uw o

8

110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
Azimuth (degrees)

Fig. 8. Heat map showing the percent difference in AC energy outputs at
varying azimuth and tilt configurations. The red dot in the center delineates
the ’ground-truth’ AC energy output that all other estimates are compared to.

IV. KEY TAKEAWAYS & FUTURE WORK

The main intent of this research was to quantify the level
of error in solar metadata, and reinforce why having correct
metadata is important for evaluating system performance. The
results of this work clearly highlight how prevalent incorrect
solar site metadata is. The authors hope that this work moti-
vates solar owners and operators to audit their site metadata
to ensure its accuracy.

Additionally, we introduce a semi-automated framework to
speed up metadata validation, based on open-source packages
PVAnalytics and Panel-Segmentation. Using this framework,
we were able to fill in metadata gaps for 860 systems without
mount, azimuth, and tilt metadata in the NREL PV Fleets
Initiative, which were provided by third-party data partners.

In terms of future work, we plan to apply this validation
methodology to the open-source PVDAQ data set [10].
This data set is heavily used by both industry and academic
researchers for analyzing PV performance time series data,
but its associated metadata has not yet been rigorously val-
idated. Applying this semi-automated methodology will help

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.
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to identify and correct any serious metadata errors in the data
set.
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