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Performance Evaluation of Silicon-Based Irradiance
Sensors Versus Thermopile Pyranometer

Sameep Karki, Hesan Ziar , Marc Korevaar , Thijs Bergmans, Joop Mes, and Olindo Isabella

Abstract—There are several sensors available in the market to
measure the plane-of-array irradiance for photovoltaic applica-
tions. The prices of these sensors vary according to the design,
calibration procedure, and conducted characterization. In this
article, two types of silicon-based sensors with and without tem-
perature correction capabilities are compared with a high-accuracy
thermopile pyranometer to check their performance. The obtained
results showed that silicon-based sensors deviate from the output
of the pyranometers. The tested silicon-based pyranometers over-
estimate the irradiance with the median bias deviations of around
1.43% (with the average measured irradiance of 256 W/m2). For
temperature-corrected silicon pyranometer, the bias deviation is
0.07% with the deviation range of −6.5%–10% (with the average
measured irradiance of 257 W/m2). A working-class reference cell
was also tested, resulting in a bias deviation of −1.74% and the
deviation range of −13%–7% (with the average measured irra-
diance of 304 W/m2). The effect of air mass on the performance
of cost-effective sensors was additionally analyzed. Within the
measurement time window, the result also showed that for the
silicon-based sensors under tests, the effects of the environmental
conditions have the following qualitative order of influence: an-
gle of incidence > red-shift > temperature. The performance of
silicon-based sensors also showed seasonal dependence, being more
accurate during summertime and wintertime, respectively, for the
silicon pyranometer and the working-class reference cell. Finally,
using the statistical evaluation, simple linear correction functions
are introduced for silicon-based sensors.

Index Terms—Air mass (AM), comparison, photovoltaic (PV)
module, plane-of-array, reference cell, silicon pyranometer,
thermopile pyranometer.

I. INTRODUCTION

THE huge amount of investments in the research and de-
velopment of photovoltaic (PV) technology has led to the

technology becoming affordable and economically viable. The
reduction of a PV module price to 0.3 €/Wp has given more
incentive all over the world to push forward the sustainable
technologies [1]. In spite of this advancement, various factors,
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such as soiling [2], shading [3], air mass (AM) [4], and temper-
ature [5], considerably influence the performance ratio of PV
systems.

An exhaustive study of the PV system performance is needed
to know the amount of losses and attain the maximum con-
ceivable electrical yield. This is possible with the help of ir-
radiance sensors available in the market. An irradiance sensor
is an instrument that measures the solar power incident per
unit area, normally expressed as W/m2. The instrument is vital
to know the total solar power incident at a certain location,
analyze the PV system performance, and investigate various loss
mechanisms. Irradiance sensors are lightweight, flexible, can be
deployed at any condition, and require low power to operate.
They are classified into various classes based on their calibration
accuracy. The well-known categories of irradiance sensors are
thermopile pyranometers, silicon photodiode pyranometers, and
PV reference cells.

Thermopile pyranometers measure the total irradiance inci-
dent on a flat surface. Using a dome with a 180° field of view, this
technology can measure the irradiance from all the directions.
The thermal gradient is measured across an area between a hot
and cold point. The temperature difference between the hot and
cold points is proportional to irradiance. Such devices measure
irradiance with a spectral response from 280 to 2800 nm [6].

Silicon photodiode pyranometers consist of a silicon semicon-
ductor embedded behind a diffuser. The photocurrent produced
by this semiconductor is proportional to the amount of received
irradiance. Such a device can only measure the narrow wave-
length range of 300–1100 nm [6].

PV reference cells resemble the properties of a PV module.
The photons incident on the PV reference cell generate a current,
which can be interpreted as an indicator of irradiance. The
reference cell angular response, construction, and materials used
can be the same as the target PV module to help for more accurate
yield prediction. PV reference cells are classified by following
the standard calibration procedure. Primary reference cells are
calibrated following the IEC 60904-2 and ASTM 1362-15 stan-
dards with the assistance of a pyrheliometer (absolute cavity
radiometer in the outdoor environment) [7], [8]. Secondary
reference cells are calibrated referring to a primary cell in a
solar simulator, while working-class reference cells, the cheaper
classified sensors, are calibrated with the help of a secondary
reference cell.

The price of irradiance sensors differs based on their cal-
ibration procedure. Nowadays, thermopile pyranometers are
normally more expensive than silicon pyranometers.
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Knowing the importance of irradiance accuracy for PV system
calculations, researchers have in the past two decades been
examining the performance of various irradiance sensor tech-
nologies using real measurements. In [9] and [10], King et al.
considered PV and photodiode-based irradiance sensors as low-
cost devices that can reach a limit of 3% accuracy by using a
correction function. The used empirical functions to model the
effect of temperature, AM, and angle of incidence (AOI) together
with a calibration factor to obtain the desired accuracy range.
Although they were successful with obtaining and applying the
function but its complexity and need for various inputs could be
a potential issue for implementation. Furthermore, Schulz et al.
[11] compared different types of irradiance sensors considering
a few PV module technologies as the reference. They showed
that PV reference cells have a lower deviation compared with
a thermopile pyranometer and silicon pyranometer. In [12], a
project to characterize commercial irradiance sensors, Driesse et
al. concluded that the sensitivity of irradiance sensors (no matter
the technology) to test condition (instrument temperature or
AOI) influences the readings error in systematic ways. They also
showed that readings of PV reference cells can deviate because
of the mismatch in their response spectra. In [13], tests were
conducted in two different locations in Germany and the result
showed that the reference cell was underperforming when com-
pared with the thermopile pyranometer. In [14], de Montgareuil
et al. compared silicon photodiode pyranometers and reference
cells at varying AM and reported better performance for silicon
pyranometers. To increase accuracy, they suggested using the ir-
radiance sensors of the same technology as the cells of the target
PV system. Another research showed the deviation of ±10% for
both silicon pyranometers and reference cells with respect to the
thermopile pyranometers [15]. They reported that PV reference
cells performed better during clear sky conditions but deviated
more during cloudy days compared with silicon photodiode
pyranometers. Finally, a very recent research work [16] assessed
the accuracy of low-cost solar irradiance measurement tools
installed in 30 personal weather stations. The authors further
developed a calibration model based on the temperature of the
sensor, solar zenith angle, and clear-sky index that increases the
accuracy with the mean bias deviation reduced from ∼18% to
∼3% for clear sky.

Almost all the literature in this area made an emphasis on the
importance of gathering more data and running more tests at
different locations. This was the first motivation for this work,
and then to look into possible sources of deviation between
irradiance sensors, and, finally, to develop simple data-driven
correction functions that require a minimum number of inputs
for silicon-based sensors to increase their accuracy. Thus, in this
article, three silicon pyranometers and a working-class reference
cell are compared experimentally with CMP21 thermopile pyra-
nometers from Kipp & Zonen BV. The variations between these
sensors are then evaluated.

II. METHODOLOGY, DATA COLLECTION, AND PROCESSING

Three silicon pyranometers (SP1TC, SP2, and SP3) and one
commercially available working-class reference cell (WRCTC)

Fig. 1. Part of the measurement setup and different types of irradiance sensors
(a) thermopile pyranometer, (b) silicon diode pyranometer, and (c) working-class
PV reference cell, which all were tested at the measurement location (Delft, The
Netherlands). All the instruments were installed at one mounting structure with
a 30° tilt angle facing south (182°). One of the silicon photodiode pyrometers
(SP1TC) and the working-class reference cell (WRCTC) were temperature cor-
rected. The sensors were cleaned during the monitoring months, quite frequently
in the beginning (every few days) and less at the end (every few weeks). The
thermopile pyranometer and SP1TC were calibrated, respectively, on Nov. 23,
2017 and May 23, 2018, while both SP1 and SP2 were calibrated on Feb. 7,
2018. The exact calibration date of the WRCTC is unknown to the authors.

TABLE I
UNCERTAINTY AND TEMPERATURE RESPONSES OF THE SENSORS

Values are obtained or calculated using manufacturers’ data, experts’ comments, and
standard recommendation [17].
#Reported negative temperature response for SP2 and SP3 could be a result of the tempera-
ture response of other parts of the device (such as sensing circuitry) impacting the theoretical
positive temperature response of the active silicon and turn the overall temperature response
negative.
∗Depends on measurement conditions.
∗∗Over temperature range of −20–+50 °C.
∗∗∗Over temperature range of −35–+80 °C.

are installed (TC stands for temperature-corrected). The irra-
diance data of these silicon-based sensors are compared with
the data of a thermopile pyranometer installed right next to
the silicon-based sensors. All sensors are in the same plane of
array (see Fig. 1). The uncertainty and temperature responses
(coefficients) of the sensors are given in Table I. It is worth
noting that normally the actual uncertainty values are open to
interpretation because of the assumptions and/or methods used
to obtain them. The measurement uncertainty, however, depends
heavily on local conditions, instrument maintenance, etc. There
are several ways how this is calculated by research groups,
companies, etc., [18], [19]. For temperature response, there are
multiple ways of reporting them, either with a coefficient or with
a bandwidth over a temperature range.

The irradiance data were collected from June 26, 2018 to
March 31, 2019 using a data logger (CR1000X by Campbell
Scientific) [20] and aggregated in a 1-min resolution. Several
morning data points were removed because they had huge fluc-
tuations because of shadings (cause by trees, chimneys, and side
buildings at the measurement site). The outliers (almost 10% of
the data) were removed by comparing the readings from the

Authorized licensed use limited to: TU Delft Library. Downloaded on December 22,2020 at 17:19:02 UTC from IEEE Xplore.  Restrictions apply. 



146 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 1, JANUARY 2021

TABLE II
STATISTICAL DEVIATIONS FOR VARIOUS SENSORS

Percentage values are normalized values with respect to the average thermopile pyranometer measurements.
∗Since outliers happened at different times for different silicon sensors, the corresponding average pyranometer recordings differ per silicon-based sensor.

thermopile pyranometer and the target silicon sensor. The upper
and lower bands for data filtering were obtained using UB = Q3
+ 1.5× IQR and LB=Q1 - 1.5× IQR, where Q3 and Q1 are the
third and first quartile, respectively and IQR is the interquartile
range.

In addition, to know the effect of AM on the performance
accuracy of the sensors, at each time instant, the AM was
calculated by [21], [22]

AM =
exp(−z/zh)

sin as + 0.50572(as + 6.07995)−1.6364 (1)

where z is the site altitude (10 m), zh is the scale height of the
Rayleigh atmosphere near the earth’s surface, which is 8434.5 m,
and as is the sun altitude.

Differences between the reference (CMP21 thermopile pyra-
nometer) and tested instruments were considered as “deviations”
while acknowledging that the CMP21 might also have sources
of error. If the median of the data distribution is not equal to
the pyranometer value, there is a bias in the test instruments.
Besides the bias deviation, a further assessment was carried
out using statistical indicators, such as mean absolute deviation
(MAD) and root mean square deviation (RMSD). The equations
for the statistical indicators can be found in [23]. Additionally,
the boxplot diagrams that give an inclusive view of deviation
distributions are used to represent the deviation quantiles. The
data sets were further divided into subjects for the winter and
summer weather to determine the seasonal performance of the
instruments.

III. RESULTS AND DISCUSSION

This section presents the results of outdoor measurements.
First, the variation between the overall data is discussed. Then,
the data are evaluated separately for the summer and winter
months. Next, the effect of AM on the deviation of silicon-based
sensors with respect to the thermopile pyranometer is investi-
gated. Finally, the correction factors are introduced.

A. Overall Performance of the Silicon-Based Sensors

Fig. 2(a) shows the deviation distribution of datasets for the
sensors mentioned in Section II. The deviations of SP2 and SP3
sensors range from −18 to 30 W/m2. Both SP2 and SP3 over-
estimate the irradiance with a median deviation bias of almost
4 W/m2, whereas for SP1TC, the bias deviation is approximately
0.17 W/m2, which is significantly lower. The deviation range for

SP1TC is −17 to 26.5 W/m2. The WRCTC underestimates the
irradiance with the deviation ranging from −39 to 22.4 W/m2

and a bias of −5.43 W/m2 (the highest bias deviation and
deviation range among the sensors). Alongside the respective
boxplot, the red and the blue bars show the RMSD as a merit
for precision and MAD as the merit for accuracy. Thermopile
pyranometers are slow compared with silicon sensors. However,
the response time of tested sensors is way less than 1 min and the
reported recordings are average values over every minute, which
reduces the effects of the temporal variations of the sensors
on the reported deviations. Data outliers were also removed
prior to statistical analysis. The statistical indicators have been
summarized in Table II.

The overall performance of different irradiance sensors with
respect to the thermopile pyranometer shows that the WRCTC

sensor has a low calibration accuracy and, thus, considered to
be a working-class reference cell. The silicon pyranometers SP2
and SP3 have a bias compared with the CMP21 pyranometer and,
therefore, lack somewhat in the accuracy of the calibration. The
bias and, therefore, the assumed calibration of SP1TC, however,
is close to the thermopile pyranometer. It is worth noting that the
calibration accuracy is not the only factor affecting the observed
bias deviation because the bias value reduces in winter months
yet always exists and is the same for SP2 and SP3 sensors.
Therefore, it is fair to say that the observed bias deviation and
the calibration accuracy are related.

B. Seasonal Performance

Here, the performance of irradiance sensors are assessed
during summer months with high sun elevation, more sun hours,
and mostly clear days, and during winter months with low sun
elevation, fewer sun hours, and fluctuating weather conditions
(sunny, cloudy, and even snowy days). The snow, fog, and water
droplets also cause high data variation between two seasonal sets
of data. The winter months have fewer data points (33% less)
because of fewer sun hours.

Fig. 2(b) and (c) shows an absolute deviation distribution
of tested sensors during summer and winter. Table II lists the
relative seasonal deviations. From Table II, it can be seen that
the working-class reference cell is more accurate during winter
(with almost the same precision as summer), whereas silicon
pyranometers perform better during summer with higher accu-
racy and precision. This behavior can be explained by the fact
that WRC is very sensitive to the AOI, while in winter (because
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Fig. 2. Error distribution of cost-effective sensors when compared with the thermopile pyranometer. The acronyms SP1TC, SP2, and SP3 are for three silicon
pyranometers, respectively, while WRCTC is for the working-class reference cell. (a) Overall, (b) summer months from Jun. 26, 2018 to Sep. 30, 2018, and (c)
winter months from Oct. 1, 2018 to Feb. 28, 2019. The boxplots demonstrate the interquartile range (blue box), the median (red line), and the extended range of
the data distribution without outliers.

of cloudiness) the AOI effect decreases and helps the sensor
to perform better. On the other hand, as in winter, the spectral
red-shift is more than in summer, then silicon pyranometers (that
have diffusers and are less sensitive to AOI) act more accurately
in summer.

C. Air Mass Effect

In this section, the silicon-based irradiance sensors are com-
pared with the thermopile pyranometer considering AM. The
path length for sunlight to travel through the atmosphere in-
creases with increasing AM. Changing AM shows its effect in
three ways. By increasing the AM (e.g., sun going down in the
horizon), the spectrum makes a red-shift, the AOI increases, and
the temperature drops. In theory, increasing the temperature,
AOI, and red-shift should, respectively, increase, decrease, and
increase the output of a silicon-based sensor. Having this in
mind, it is interesting to observe the influence of these changes
on the plots in Fig. 3, which shows the ratio of the reference
pyranometer values with respect to the silicon-based sensors
(Pyr/silicon-based sensor) versus the AM value over a day. A
clear day (July 3, 2018) was selected for this analysis. For
SP1TC, only red-shift (see Fig. 4) is supposed to make influence
because the device is both temperature and cosine corrected
(cosine correction refers to the technical approaches used in
irradiance sensors to suppress or eliminate the effect of AOI).
However, the slight deviations during high AM suggest that
possibly the cosine correction of the device is not perfect for AOI
values more than 60°, or the reference point for the temperature
correction is set higher than the instrument temperature. For
SP2 and SP3, since they are cosine corrected, the temperature
and red-shift are expected to make an influence. The overall
outputs of SP2 and SP3 increase as AM increases (and within
a wide range of AM their output is almost constant), whereas
the temperature reduction (or even AOI increase) should have in
theory decreased the output. However, according to Table I, SP2
and SP3 have negative temperature coefficients, which together
with the red-shift cause such behavior. For WRCTC, AOI plays
the dominant role and severely affects the device output. Having
these plots, it can be concluded that for the tested silicon-based

Fig. 3. Effect of AM on the ratio between the output of pyranometer and
silicon-based sensors (July 3, 2018 from 9 A.M. to 6 P.M.). The variation of
instrument temperature (measured for the thermopile pyranometer while all
irradiance sensors had a similar body temperature), AOI (calculated using the
sun’s position and instrument orientation), and spectral shift (calculated using
local ambient conditions and SMARTS 2.9.5 [24]) are also shown in the figure. It
can be seen that from A.M. 1.2 to 2.2 the peak on which the maximum irradiance
happens shifts slightly (red-shift). The fluctuations in the graphs are beause of
shading from side objects and passing clouds. The communication failure caused
a few data gaps but the trend is recognizable by the lines between the markers.
The starting and ending points are shown for each set of data, respectively, using
squares and circles. In addition, the arrows are added to show the trends of the
data over the course of the day. As the response curve of silicon sensors increases
from 400 to 1000 nm (despite the constant response of thermopile pyranometer
over a wide range of spectrum), red-shift causes the output of silicon sensors
to increase [25]–[27]. Multiple data points at the same AM values are because
of the similarity of AM during a few hours in the morning and afternoon. The
ambient temperature was between 20 and 25 °C during measurements. Except
WRCTC, all sensors have diffusers for cosine correction, while only WRCTC

and SP1TC have temperature correction. Note that the plots show the values of
thermopile pyranometer/silicon sensors, therefore, the values above unity mean
the underestimation and vice versa.
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Fig. 4. SMARTS generated spectra with the spectral response of a typical
silicon-based sensor, which is the spectral response of the HOQ mono-cSi
reference cell reported by Fraunhofer ISE [28]. The spectra are global tilted
irradiance aligned with sensors installation plane and have been generated for the
location condition of Delft, The Netherlands, considering the weather condition
July 3, 2018. The peaks for each sky spectrum are shown with arrows, showing
the red-shift. The spectrum red-shift results in an increase in the response of
a silicon-based sensor as long as the shift is small enough to fit in the device
response window, which is the case for this study.

TABLE III
STATISTICAL DEVIATIONS BEFORE AND AFTER CALIBRATION

sensors, the effects of the environmental condition within the
measurement time window has the following qualitative order
of importance: AOI > red-shift > temperature.

Overall, SP1TC agrees with the thermopile pyranometer dur-
ing low AM and slightly underestimates during high AM. SP2
and SP3 showed less deviation than other sensors during high
AM. The WRCTC highly underestimates the irradiance during
high AM conditions. The high dependence of WRCTC on AM
suggests less installation of them in higher latitudes (for irradi-
ance sensing per se).

D. Correction Functions

Having a database of measured values and considering a
thermopile pyranometer as the reference, empirical correction
functions were obtained to correct the response of the silicon-
based sensors. The obtained empirical correction functions have
the general form of c1·R + c2, where R is the sensor readings.
The values of c1 and c2 for each sensor are obtained by linear
fitting, as shown in Fig. 5. To assess the effect of correction
functions on the accuracy (MAD) and precision (RMSD) of the
silicon-based sensors, a comparison is made before and after
applying the correction functions. As can be seen in Table III, the
correction coefficients are most effective on the tested working-
class reference cell. The added value of empirical correction
functions is that the silicon-based sensors (especially working-
class reference cells) can also have reasonable accuracy. Despite
its simplicity, a possible disadvantage of this method could be

Fig. 5. Linear fits of thermopile pyranometer versus silicon-based sensors. The
calibration excellency of the device is shown for each plot. Corrections factors
were obtained based on 1-min data for nine months and can be further improved
using a more enriched dataset. The correction values are only applicable in
Delft, The Netherlands, and might change with the location because of different
environmental conditions.

its location- and case-dependence. For future research, after
collecting and analyzing the considerable amount of data from
different types of irradiance sensors installed at various loca-
tions, it is recommended that the solar resource sector of the
PV community implement artificial intelligence approaches to
improve the accuracy of the silicon-based sensors, which can
bring a financial benefit.

IV. CONCLUSION

The data collected from different silicon-based sensors were
compared with the thermopile pyranometer data (for a period
of nine months with a 1-min resolution). Although a limited
number of sensors were studied in this work and more data from
different locations are advisable, valuable results were obtained.
The silicon-based pyranometers and working-class reference
cell output had a high range of deviation when compared with a
thermopile pyranometer. The tested silicon-based pyranometers
underestimated the irradiance with the median bias deviations
of around 1.43%. However, using the temperature correction
shifted the bias deviation to 0.07%. The tested working-class
reference cell resulted in a bias deviation of -1.74%. In the winter
months, the WRC works more accurately, while the silicon
pyranometers are more accurate and precise during summer-
time. Qualitatively speaking, the silicon-based sensors have the
highest sensitivity first to AOI, then to the sunlight spectrum,
and, finally, to temperature variations. The silicon-based sensors
can be calibrated with simple data-driven empirical corrections
with respect to a high-accuracy thermopile pyranometer. The
tested working-class reference cell benefited the most from the
correction function, showing RMSD and MAD drop from 4.4%
to 2.5% and 3% to 1.7%, respectively. Extending the presented
study by gathering data from more number of sensors installed
at various places can lead to more conclusive results.
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