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Abstract — Irradiance sensors supply essential information in
the business of planning and operating PV Systems. Errors and
uncertainty in irradiance measurements propagate to
uncertainty about performance and profitability.
PV
Performance Labs initiated the PVSENSOR project in 2014 to
more fully characterize commercial irradiance sensors, with the
objective of reducing such uncertainties.
In this paper we focus on the calibration factors of 20
thermopile pyranometers and 10 photodiode pyranometers, all of
which are used to measure hemispherical or global broadband
irradiance. We discuss various calibration procedures that are in
use, and explain our methods for collecting, selecting and
comparing measurements collected in the lab and outdoors. The
responsivities determined by these methods are compared to the
calibration factors provided by the manufacturers.
Index Terms — irradiance, pyranometer, photodiode,
calibration, PV system performance, monitoring

II. OBJECTIVES AND SCOPE
The overall PVSENSOR project aims to characterize
instruments over a wide range of operating conditions,
however in this paper we focus on clear-sky conditions that
are suitable for calibration. We were unable to fulfill all the
formal requirements for calibrations according to applicable
standards, but we have a large volume of data collected under
clear-sky conditions and comparing these data can provide
insights into possible calibration issues. In particular we want
to look for evidence of systematic biases, but we are also
interested in the variability in the measurements.
The tables below list the instruments that are discussed in
this paper.
The reference cells that are part of the
PVSENSOR project are excluded here.

I. INTRODUCTION
Solar irradiance measurements provide essential
information at all stages of the PV system life cycle. Site
selection, system design, certification, operation, maintenance,
trouble-shooting,
upgrading,
expansion,
and
even
decommissioning—all business decisions rely on accurate
solar irradiance data.
Most modern sensors used to measure global (or
hemispherical) solar irradiance fall into three broad
categories:
thermopile
pyranometers,
photodiode
pyranometers, and photovoltaic reference cells. Within these
categories are instruments in various price and performance
classes.
It can be difficult to compare instruments,
particularly from different categories, and it can be misleading
to compare measurements taken using different types of
instruments.
The PVSENSOR project was initiated to independently
evaluate the most important operating characteristics of a
broad range of commercial sensors. By carrying out the same
tests on all types of sensors it becomes possible to make more
meaningful comparisons between them.
But more
importantly, in-depth knowledge about the instruments
supports a more granular assessment of the accuracy or
uncertainty of irradiance measurements taken using those
products. For owners and operators of PV systems, this
means gaining a better understanding of system performance
and, ultimately, making better business decisions.

TABLE I
THERMAL SENSORS
Manufacturer
Eko Instruments
Eppley

Hukseflux

Kipp & Zonen

Model
MS‐802
MS‐602
PSP
SPP
GPP
SR20
SR03
LP02
CMP 10
CMP 3

ISO Classification
Secondary Standard
nd
2 Class
Secondary Standard

Secondary Standard
nd
2 Class
Secondary Standard
nd
2 Class

TABLE II
PHOTODIODE SENSORS
Manufacturer
Apogee Instruments
Eko Instruments
Kipp & Zonen
LI‐COR
Skye Instruments

Model
SP‐110
ML‐01
SP‐Lite2
LI‐200
SKS‐1110

Category
Photodiode pyranometer

III. CALIBRATION PROCEDURES
The primary reference on which all pyranometer
calibrations are based is the World Radiation Reference
(WRR); all other instrument calibrations should be traceable

through one or more steps to this reference. The core of the
calibration procedures consists of measuring the irradiance
conditions with some reference instrument(s), measuring the
signal produced by the device(s) under test, and calculating
their ratio. This ratio is the responsivity, which is usually
given in units of µV/(W/m²) or equivalently, mV/(1000W/m²).
The manufacturer measures and calculates the responsivity
under specific conditions as required by the relevant standard
(ISO 9846 or ISO 9847) and reports that value as the
calibration factor for the instrument.
The use of a single calibration factor implies that the output
signal is expected to be linear with irradiance; this can be
considered ideal sensor behavior. In reality other operating
conditions also influence the output signal, for example
temperature. Calibration procedures are designed to work
around such secondary effects by specifying operating
conditions under which calibration factors should be
determined, and by allowing calibration transfers only
between instruments of similar or identical design. In field
measurements some known secondary effects can be
mitigated by correction factors or calculations.
The standards documents actually describe multiple
procedures that should all produce the same calibration factor
within the achievable accuracy of each procedure—or at least
this is what one would logically expect. For example, the
reference irradiance can be determined by a separate direct
and diffuse irradiance measurements, or by a single global
measurement; the instrument can be calibrated in a horizontal
or tilted position, or it can be mounted on a sun tracker; the
sun can be used as a light source or a lamp can be used
indoors.
Photodiode pyranometers are not specifically mentioned in
these ISO standards and manufacturers use some different
procedures here.
These sensors have narrow spectral
responses and are expected to give slightly different readings
from the broadband thermal instruments most of the time. For
calibration, we need to define under which conditions they
should give the same readings. Most manufacturers set the
calibration factor to reproduce an average irradiance value
over a period of time; others put the equivalence point at the
photovoltaic cell standard test conditions (STC) of 1000
W/m2, AM1.5 global spectrum, 25 C.
IV. INDOOR MEASUREMENTS
Two solar simulators were used to evaluate instrument
responsivity indoors at the Joint Research Centre. The
thermopile pyranometers require extended exposure time and
were therefore tested in the Apollo continuous solar simulator.
They were mounted vertically and the irradiance level was
adjusted to give a reading near 1000 W/m² on the reference
pyranometer, a Kipp & Zonen CM22, while the ambient
temperature was maintained near 25°C. After two hours of

exposure the instrument body temperatures were stable and
ranging from 30 to 40°C. Under these conditions the
instrument output signals were compared to the reference
irradiance.
The photodiode pyranometer responsivities were assessed
using the Pasan IIIB pulsed solar simulator at STC operating
conditions using standard procedures for reference cells. This
included mismatch adjustments for their different spectral
responses.
V. OUTDOOR MEASUREMENTS
At Sandia National Laboratories all sensors were first
mounted outdoors on a large dual-axis tracker. Sensor signals
were recorded once per second continuously for about two
months from early August to early October 2015, which
included periods parked in a horizontal position as well as
periods of sun tracking. Half of the sensors were then moved
to a fixed-tilt rack with 35° slope and facing south for longterm monitoring. Data collected in this position from early
December 2015 to early May 2016 were drawn upon for the
present analysis.
The reference irradiance at Sandia was calculated using the
component sum method. DNI was measured using a Kipp &
Zonen CHP1, and diffuse irradiance was measured using
either a shaded Eppley PSP (for horizontal measurements) or
a shaded Kipp & Zonen CMP22 (for tilted and tracking
measurements).
To identify clear sky conditions we took advantage of the
individual component reference measurements. We excluded
all data where DNI, GHI or diffuse horizontal irradiance was
more than 40% below or 20% above the values calculated by
the Ineichen clear sky model [1]. We also took advantage of
the high sampling rates to identify times where any one of the
three reference values fluctuated by more than 2% in a 3minute window, and then dropped the first and last 5 minutes
of each remaining data segment. Furthermore, to minimize
secondary angular effects, we selected only data where the
angle of incidence on the sensors was < 30° and sun elevation
> 30°.
This process resulted in different numbers of data points for
the three orientations of interest, tracking, horizontal and
tilted. In order to obtain comparable statistics these three sets
were resampled to keep 50,000 records each.
The reference irradiance readings for the three sets are
shown in Fig. 3 as a function of time of day, and in Fig. 4 in
relation to the ambient temperature. Despite the data filters
there is still ample opportunity for secondary factors such as
air and sky temperature, wind, instrument tilt and spectrum to
influence the instrument output signals.
Although the
instruments were carefully adjusted and cleaned twice per
week, the possible consequences of soiling and instrument
misalignment cannot be ignored either.

Fig. 1: Instruments mounted on a fixed-tilt rack (35° slope, facing
south) at Sandia National Laboratories (Photo: D. Riley)

Fig. 2: Instruments mounted on dual-axis tracker at Sandia National
Laboratories (Photo: D. Riley)

Fig. 3. Reference irradiance for the three sets of outdoor
measurements. Tracking and horizontal data are from August to
October 2015; tilted data from December 2015 to May 2016.

Fig. 4. Reference irradiance compared to ambient temperature for the
three sets of outdoor measurements

VI. EVALUATION METHOD
The main questions posed for this paper are: (1) how do the
observed responsivities compare to the manufacturer’s
calibration factors, and (2) how much variability is there in the
observed responsivities? To compare responsivities, we
compare the irradiance calculated using the manufacturer’s
calibration factor to the reference irradiance for each
measurement. Those results are presented here as mean
percentage differences. The standard deviation of the 50,000
percentage differences is used to assess variability. In the
results we show twice the standard deviation, both to make
small difference more visible and to be consistent with typical
coverage factor (k=2) used to express the accuracy of
calibrations. A full uncertainty analysis has not yet been

performed, and we do not show variability for the indoor
measurements
VII. RESULTS AND DISCUSSION
A complete summary of the responsivity measurements is
presented in Fig. 5. The instruments are clustered in three
groups: secondary standard, second class and photodiode
pyranometers. The three bar charts on the left show the mean
difference from the manufacturer’s calibration factor for each
measurement set in color, and the black error bars shows
twice the standard deviation within each measurement set.
The scatter plots in the center and right columns show the
same responsivity values as on the left, but present them in a
way that correlations are more easily seen.

Fig. 5. Details of observed responsivities. Top row presents secondary standard pyranometers; middle row second-class pyranometers, and
bottom row photodiode pyranometers. Left column shows all deviations and the variability in the measurements; middle column shows the
agreement between outdoor and indoor measurements; right column compares outdoor tilted and horizontal measurements with tracking
measurements.

A. Secondary Standard Pyranometers
Beginning with the secondary standard instruments, the topleft bar chart clearly shows an overall bias for the group: the
majority of the indoor and outdoor measured responsivities lie
1-2% above the manufacturer’s calibration factors. There are
four instruments where there is strong disagreement between
indoor and outdoor measurements; these are the points
furthest away from the diagonal in the middle scatter plot.
The Eppley GPP_35B and SPP_21A show outdoor
responsivities more than 2% below indoor values, whereas

their twin instruments, GPP_33A and SPP_22B, are in the
same ballpark as most of the other instruments, about 1%
above indoor values. This suggests the responsivities of first
two instruments actually changed during the intervening
months spent in storage and transit. The SPP_21A did in fact
suffer physical damage in transit, and although it was repaired
and checked by the manufacturer, this apparent change in
responsivity could indicate that additional unseen damage
occurred. For the other two outliers, the Eppley PSP’s, the
outdoor responsivities were both more than 2% above the
earlier indoor ones. In this case since both instruments of the

same type were affected the same way, the reason for this
discrepancy is likely a greater sensitivity to the secondary test
conditions rather than a change in responsivity.
With these four outliers removed, the correlation between
indoor and outdoor measurements is even better, with the
outdoor responsivities trending about 1% above the indoor
ones. In the right-most scatterplot the four outliers are not
outliers since the agreement between the different outdoor test
sets was excellent.
Looking at the error bars it is apparent that the fixed-tilt
responsivities have larger variabilities, the median value being
±1.3% compared to ±0.7% for tracking and ±0.6% for
horizontal. This presumably the results of the longer time
span which included a much broader range of overall weather
conditions.
B. Second Class Pyranometers
At first glance the middle bar chart shows mainly larger
deviations and larger variability for the second class
instruments compared to the secondary standards. The scatter
plots bring additional insights. The left-most scatter plot
shows that there is a correlation between the indoor and
outdoor measurements, but the indoor measurements were
generally 2-3% lower than the outdoor ones, whereas the
outdoor measurements are closer to the manufacturer’s
calibrations. This is strong indication that the second class
instruments were sensitive to some secondary aspect of the
indoor test—perhaps the vertical mounting position.
There is good agreement between three outdoor tests, which
is almost surprising given that these instruments all exhibited
clear temperature dependencies both in the lab and on the
outdoor tracker tests. The lower operating temperatures
during winter should have produced higher responsivities in
the tilted dataset, but this effect may have been negated by
higher (negative) thermal offsets during the same period.

Fig. 6. Improved correlation between outdoor measurements after
temperature corrections.

C. Photodiode Pyranometers
The lower three graphs in Fig. 5 depict the results for the
photodiode pyranometers, and wider dispersion is the overall
impression in all three. Beginning with the right scatterplot,
we observe that the agreement between the three outdoor test
sets is not bad at all. The generally somewhat lower mean
responsivities in the tracking data set can be explained by the
temperature dependencies, and indeed applying the
temperature correction factors that were measured indoors [2],
the agreement between the three outdoor datasets improves
further, as shown in Fig. 6.
The temperature correction did not improve the poor
correlation between the indoor and outdoor photodiode
measurements (lower middle scatterplot).
Directional
response does not appear to play a role either since the
tracking measurements have the same pattern of noncorrelation as the non-tracking ones. Could spectral effects be
the cause?
Sandia operates a pair of Eko spectroradiometers measuring
the global normal spectrum in the range 300-1700 nm every 5
minutes. Using these spectra together with the photodiode
spectral responses measured indoors at JRC [2] we calculated
a mismatch factor for the tracker data set (Fig. 7). This factor
does not represent the full spectral mismatch because the
reference irradiance also includes energy from 1700 nm to
4000 nm, nevertheless applying both temperature and spectral
corrections to the photodiode measurements brings them
brings them much more in line with the broadband reference
irradiance, as illustrated for one of the instruments in Fig. 8.
As can be expected, the standard deviation for the corrected
data is much reduced, but unfortunately the correlation
between the indoor and mean outdoor measurements does not
improve.

Fig. 7. Spectral mismatch calculations for the photodiode
pyranometers while tracking

The photodiode pyranometers showed the largest variability
in the measurements. Lack of uniform calibration practices no
doubt contribute to the differences we observed with respect
to the manufacturers’ calibrations, and given the significant
differences in directional, spectral and temperature responses
this is something that could be improved. But since most of
the photodiode manufacturers specify calibration uncertainties
of up to 5%, this is more of an opportunity than a problem.
Many aspects of these sensors and their data remain to be
explored as we work toward a more complete understanding
and develop methods for applying this knowledge to PV
system performance assessment.
Fig. 8. Application of temperature and spectral mismatch corrections
to Licor LI-200 measurements

VIII. SUMMARY AND CONCLUSIONS
The PV industry needs accurate, reliable irradiance
measurements. In the context of the PVSENSOR project we
are testing and operating a broad range of commercial sensors
in order to develop a better understanding of their systematic
errors and measurement uncertainties.
In this paper we examined the sensor responsivities
observed under clear sky conditions, and compared them with
those measured indoors, as well as with the manufacturers’
calibration factors. None of our measurements correspond
fully to standard calibration conditions and procedures, but
they are close enough that measured differences should
produce useful insights.
The secondary standard instruments clearly provided the
lowest variability within and between measurement sets.
Their overall positive bias of 1-2% with respect to the factory
calibrations requires further investigation since the
manufacturers specify uncertainties ranging from 0.66% to
1.4%. It may be an indication that there is a problem with
calibration of the reference instruments.
The second class instruments exhibited higher sensitivity to
secondary influences. Since there are multiple effects, a
single correction such as for temperature response may not
have the desired effect of reducing bias or variability.
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