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HIGHLIGHTS

« Accuracy of practically feasible sensors for direct and diffuse irradiance evaluated.

« EKO MS-90, Delta-T SPN1, RSI/RSP, PyranoCam, Sunto CaptPro, Kipp & Zonen CSD3 tested.
« Six sites worldwide included with approximately one year of measurements per site.

« Influences of atmospheric and site conditions on the sensors’ accuracies investigated.

« Strong differences in accuracy found between the radiometer types.

ARTICLE INFO ABSTRACT

Keywords: Solar energy projects can benefit from direct normal irradiance (DNI) and diffuse horizontal irradiance (DHI)
Circumsolar irradiance measurements during all project phases. Several commercial measurement systems for DNI and DHI are available.
Sensor comparison Sun trackers with pyranometers and pyrheliometers can provide highly accurate measurements but are often
Accuracy impractical in solar energy applications. For less expensive and more robust sensors, it is often unclear which
g}?::t&z::za diation accuracy can be expected under a project site’s specific atmospheric conditions. We address this challenge through
Pyranometer our dedicated experimental comparison of relevant sensor systems (rotating shadowband irradiometer [short

RSI], Delta-T SPN1, EKO MS-90, PyranoCam, Sunto CaptPro, Kipp & Zonen CSD3) at up to six sites worldwide.
The RSI systems (rRMSD 3 to 8.6%, DNI; 4.8 to 7.6%, DHI) and PyranoCam (rRMSD 2.6 to 5.2%, DNI; 4.4 to
5.8%, DHI) exhibit similar error metrics and are the most accurate systems in the test. Delta-T SPN1 and EKO
MS-90 (rRMSD 6.8 to 15%, DNI; 10.6 to 20.1%, DHI) but especially Kipp & Zonen CSD3 and Sunto CaptPro show
significant deviations (rRMSD 17.7 to 20%, DNI; 33 to 58%, DHI). We evaluate the influence of relevant atmospheric
parameters on the sensors’ accuracies by a rather unique measurement setup. MS-90’s DNI errors depend on DNI
itself, with overestimations for low reference DNI. The deviations of SPN1’s DHI and DNI measurements increase
sharply in situations with high circumsolar irradiance. Also CaptPro and CSD3’s increased measurement errors
are related to circumsolar irradiance. For RSI and PyranoCam, only moderate influences on the measurements
are identified, indicating a general applicability of these instruments.
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1. Introduction

Solar energy projects can benefit from direct normal irradiance (DNI)
and diffuse horizontal irradiance (DHI) measurements during the plan-
ning, acceptance testing and operation phases. This holds for projects
using photovoltaics (PV) but also for concentrating and other solar
thermal technologies. Accurate DHI information becomes even more im-
portant for systems with bifacial PV modules, which are increasingly
penetrating the market for green-field PV installations. For example, the
International Electrotechnical Commission’s standard IEC 61,724-1 [1]
recommends DHI measurements in bifacial PV power plants in order
to monitor them with high accuracy. At the same time, an increasing
share of new green-field PV installations employs tracking, given the
economic advantages of both technologies [2]. Via tracking, an arbitrary
tilt and, in the case of 2-axis tracking, also azimuth angle can be set at
any time. This allows the development of sophisticated strategies to max-
imize multiple targets such as high energy yield, grid compatibility and
a plant’s lifetime simultaneously. On the other hand, control and perfor-
mance assessment of these plants are more complex and measurements
of DNI and DHI are valuable for both tasks. Networks of low cost irradi-
ance sensors for GHI, DHI and DNI or global tilted irradiance (GTI) have
been proposed and implemented to support the accurate prediction of
regional PV production, e.g., [3,4]. For concentrating solar applications,
DNI measurements are crucial and cost-efficient solutions are required,
particularly for small installations, e.g., for high-temperature process
heat [5]. Besides solar energy, measurements of direct and diffuse irra-
diance are of interest in many other fields, such as lighting and energy
efficiency studies in architecture [6,7], agriculture [8], ecology [9] and
in meteorology in general supporting the understanding of atmospheric
processes [10,11].

Several commercial measurement systems for DNI and DHI are avail-
able. Sun trackers with pyranometers and pyrheliometers can provide
highly accurate measurements. However, these systems are expensive
and require constant inspection and maintenance due to their suscep-
tibility to soiling and user mistakes. Simpler, i.e., less expensive and
more robust sensors, are expected to be less accurate under certain at-
mospheric conditions. As a baseline, DNI and DHI can be estimated from
global horizontal irradiance (GHI) measured by a pyranometer via de-
composition / split models. The accuracy of such models decreases with
increasing temporal resolution and depends on the atmospheric condi-
tions. At 1-hour resolution, root mean square deviations (RMSD) of 25
to 62% (DHI) and 10 to 38% (DNI) and biases of —18 to + 2% (DHI)
and —21 to 19% (DNI) have been reported for the well-established
DIRINT model [12-14]. As DIRINT was originally developed for 1-
hour resolution [15], its accuracy will degrade further at finer temporal
resolutions.

Experimental comparisons and validations of practically feasible
measurement systems for solar energy applications have been presented,
e.g., [16-21]. Qualitatively, these systems’ measurement errors were
mainly related to two aspects. First, strong assumptions on the angular
composition of diffuse irradiance are made by multiple sensors. Second,
the sensors’ respective spectral ranges are often too small and their spec-
tral responses too inhomogeneous to represent the wavelength range of
shortwave irradiance with high accuracy. Beyond a qualitative under-
standing, these studies provide limited guidance to users who aim to
assess and compare the accuracy of practically feasible sensors for their
site of interest. Most previous studies only included experimental data
from a single site. Newer systems that are relevant for solar applications
in 2025 have only been compared at a few locations so far [22]. Lastly,
atmospheric parameters, such as circumsolar radiation and spectral com-
position, which can directly influence the accuracy of these sensors, were
only evaluated in a few previous publications. This makes it difficult to
transfer results reported in the literature to a given project site.

We close this gap by comparing relevant measurement systems (ro-
tating shadowband irradiometer [short RSI], Delta-T SPN1, EKO MS-90,
PyranoCam, Sunto CaptPro, Kipp & Zonen CSD3) at several locations
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and evaluating the influence of relevant atmospheric parameters on the
accuracy of each sensor. From prior studies, the test systems are expected
to range at different levels of accuracy and multiple included systems are
rather novel and were not tested sufficiently elsewhere. Thus, each sen-
sor is tested at one site first. Sensors which perform reasonably, i.e., with
an accuracy notably higher than a decomposition model, at the first test
site, are tested at further ones. Additionally, only these systems are in-
cluded in the study of influences on the sensors’ accuracies. As will be
shown later, distinct accuracy classes are identified. Radiometer systems
of the highest accuracy class are tested even further, at up to six sites
for the typical use case in the field where on-site calibration via refer-
ence measurements of DNI and DHI is available. The results of this study
make it easier to estimate the accuracy of the tested sensors for a specific
application and associated climatic conditions. Additionally, each sen-
sor’s deviations are understood in more detail, which is key to advancing
sensor design and applying effective corrections in future deployments.
The tested system PyranoCam [23,24] represents a novel measurement
system for DNI, DHI, GHI and GTI. It consists of a pyranometer and a
fisheye camera that takes photos of the entire sky and uses a combined
physical and machine learning model. As the system is evaluated at six
sites worldwide, its performance and general applicability under diverse
conditions is also assessed.

This article are structured as follows. First, the experimental setup is
introduced in Section 2. The characteristics of each tested measurement
system are described in Section 3. Methods and approaches used for the
experimental sensor comparison are outlined in Section 4. In Section 5,
the experimental results are presented. Section 5.1 compares all tested
sensors’ accuracies at up to four sites. Section 5.2 evaluates the accura-
cies of the two most accurate systems from the previous section at up to
six sites for the typical use case in the field without on-site calibration
based on reference DNI and DHI. Thereafter, Section 5.3 investigates the
influence of relevant atmospheric parameters on the sensors’ accuracies.
Subsequently, they are discussed briefly in Section 6. Finally, findings
are summarized and an outlook is given in Section 7.

2. Experimental setup and data

The measurement campaign of this study includes the six locations
shown in Fig. 1. Table 1 provides an overview of the location, mea-
surement periods and instrumentation at each site. The measurement
sites were selected to represent a wide range of latitudes, site and atmo-
spheric conditions, described in more detail in Section 4. Additionally,
at each test site high quality reference measurement systems were avail-
able. Most importantly, at each test site trained and committed personnel
were available to ensure high data quality. The test, reference and aux-
iliary measurements as well as the data acquisition and checks are
introduced in the following.

2.1. Test and reference sensors

As shown in Table 1, the measurement campaign included six test
sensor types. PyranoCam was tested at each site, while the remaining
sensors were tested only at a subset of sites. In Tabernas and Oldenburg,
the majority of the sensors —i.e., Delta-T SPN1, EKO MS-90, PyranoCam
and RSI — were tested. Sunto CaptPro was operated in Tabernas until it
broke on 27.11.2022. An attempt by the manufacturer to repair it failed.
Therefore, only a limited period is evaluated for CaptPro. The Kipp &
Zonen CSD3 sunshine duration sensor was included only in Patras. Fig. 2
provides an impression of the setups in Tabernas, Oldenburg, Patras,
Benguerir and Perth. Golden is not shown. Different RSI models were
used at the respective sites: Reichert RSP-4G (Tabernas), CSPS Twin
RSI (Oldenburg, Patras) and Irradiance Inc. RSP-v2 (Golden). The mea-
surement principle of the three RSI models is the same and they use a
photodiode pyranometer of the same model (LI-COR LI-200).

At all sites, measurements of GHI, DHI and DNI were provided
by unshaded/ shaded thermopile pyranometers and pyrheliometers



N. Blum, B. Nouri, Y. Fabel et al.

Benguerir, Morocco, 32.2°N
Hot semi-arid
PyranoCam
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Oldenburg, Germany, 53.2°N
Temperate oceanic
PyranoCam, RSI, SPN-1, MS-90

Patras, Greece, 38.3°N
Hot-summer mediterranean
PyranoCam, RSI, CSD3

S .7
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Tabernas, Spain, 37.1°
Cold desert
PyranoCam, RSI, SPN-1,
MS-90, CaptPro

Perth, Australia, -32.1°S
Hot-summer mediterranean
PyranoCam
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Fig. 1. Overview of all locations included in the measurement campaign. In Perth and Benguerir, only PyranoCam was tested. At the remaining sites, up to five of
the following systems were operated: PyranoCam, RSI, SPN1, MS-90, CSD3, CaptPro. The sites represent distinct climates, atmospheric and astronomical conditions.

Table 1

Overview of the test locations, time periods used for calibration and sensor tests, available test sensors and instrumentation for reference and
auxiliary measurements. Note that Sunto CaptPro broke on 27.11.2022. The test period of this sensor is limited accordingly.

Tabernas Oldenburg Golden Patras Benguerir Perth
Site Latitude [°N] 37.094151 53.153437 39.742298 38.291374 32.221463 —32.066161
Longitude [°E] —2.354781 8.161919 —105.178695 21.788572 —7.927966 115.836981
Altitude [m] 503 18 1833 68 475 48
Periods Calibration 01-31.07.2023 01-31.08.2022  04-31.05.2023  01-31.07.2023 - -
Test 01.08.2022- 01.09.2022- 01.06.2023- 01.08.2023- 12.07.2022- 17.02.-
30.06.2023 31.07.2023 05.06.2024 30.06.2024 14.08.2023 15.12.2023
Test CaptPro 01.08.-27.11.2022 - - - - -
Test sensors Tested systems PyranoCam PyranoCam PyranoCam PyranoCam PyranoCam PyranoCam
RSP-4G Twin RSI RSP-v2 Twin RSI - -
SPN1 SPN1 SPN1 - - -
MS-90 MS-90 - CSD3 - -
CaptPro - - - - -
Cloud camera Q26 Q25 Q25 Q26 Q25 Q26
Reference setup ~ Sun tracker Solys2 STR-21G Sci-Tec STR-21G Solys2 Solys2
Pyrheliometer CHP1 MS-56/ MS-57 CHP1 MS-57 CHP1 DRO2
Pyranometer (GHI) CMP21 MS-80 MS-80 CMP21 CMP21 CMP11
— ventilated, heated v v v - v -
Pyranometer (DHI) CMP21 MS-80 CM22 MS-80 CMP21 CMP11
— ventilated, heated v v v - v -
Sun sensor v v v v v -
Auxil. Spectroradiometer 2xDIN; 2xXGHI - - - - -

Measurement circum-
solar irradiance

Own design
(see Section 2.2)

that comply with ISO 9060:2018 Class A. The DNI and DHI measure-
ments are used as references in the sensor comparison. A common
unshaded thermopile pyranometer provided input data to the test sys-
tems that require a GHI measurement to calculate either DHI or DNI,
i.e., PyranoCam, MS-90 and CSD3. This GHI measurement was also used
for data checks to detect inconsistent reference measurements. Table 1
provides further details on the properties of the instruments. At most
included test sites, the sun trackers were equipped with sun sensors and
the reference pyranometers of GHI and DHI with ventilation and heat-
ing units. Mobotix Q25 and Q26 cameras provide sky images used by
PyranoCam.

2.2. Extended setup in tabernas

The Tabernas site is equipped with extensive measurement equip-
ment in order to investigate the influence of atmospheric and astronom-
ical parameters as well as further site conditions on the measurements
of each individual test sensor.

Two WISER I spectroradiometers (EKO MS-711 and —712, [26])
placed in a horizontal plane measure spectral GHI. Two additional units,
installed on a tracker and equipped with collimators, measure spectral
DNI. Spectral DHI is calculated from spectral GHI and DNI. In combi-
nation, each WISER pair measures spectral irradiance in a wavelength
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Fig. 2. Overview of the measurement setups in Tabernas at CIEMAT’s Plataforma Solar de Almeria (top), Oldenburg (center), Patras (bottom, left), Benguerir (bottom,
center) and Perth (bottom, right). The setup in Golden (for pictures and further information, see [25]) is not shown.

range of 300 to 1700 nm with a spectral resolution < 7 nm. These spectra
are extrapolated to the full broadband range (280 to 4000 nm) by the
method of Anderson [27], modeling all-sky-irradiance spectra according
to Jessen et al. [28], based on SMARTS [29] clear-sky spectra, the
current atmospheric conditions indicated by AERONET [30] and cloud
attenuation from the SEDES2 [31] model. The spectroradiometers were
located at a distance of 840 m from the remaining measurement setup.
A special setup was developed to measure circumsolar irradiance
(shown in Fig. 2, top on the very right). The setup consists of two
shaded and tracked pyranometers in a sun-normal plane. The circular
shades were designed to obscure sun distance angles up to 2.5° and 5°,
respectively. The distance between the shades and pyranometers and
the resulting shade diameters were chosen to comply with the shad-
ing geometry of diffusometers and pyrheliometers described by Major
[32]. The penumbra function of the 2.5° shade reproduces the ones of a
CHP1 and absolute cavity pyrheliometer as far as possible while meeting
the condition that the entire glass dome of the pyranometer should be
shaded. The two pyranometers’ measurements are subtracted to yield
the circumsolar irradiance from sun distance angles between 2.5° and
5°. A more detailed description of this measurement setup is given in
Appendix A. A related setup was used by Badosa et al. [18] to investigate

the influence of circumsolar irradiance on SPN1’s DHI measurement.
In that case, two pyranometers were placed in the horizontal plane
and shaded with shading disks corresponding to sun distance angles
of 2.5 (regular DHI measurement) and 6.5°. In the present study, the
pyranometers were placed in a sun-normal plane to receive a constant
shading geometry at all sun elevation angles (see [32]).

2.3. Data acquisition and processing

The following procedures were applied in the acquisition and pro-
cessing of the measurement data. All radiometers were cleaned on
weekdays in Tabernas and weekly at the other locations. All mea-
surements were checked semi-automatically by an expert using the
procedure of Geuder et al. [33]. Automatic filters, including the three-
component test, supported the expert in checking the reference data.
Additionally, measurements of the same parameter were compared be-
tween the instruments to detect deviations resulting from disturbances
such as shading. Only data points that passed all filters and corresponded
to a sun elevation of at least 5° were used in the evaluations of this
study.

All evaluated test systems were calibrated using the reference sensors
at the respective site. The measurement periods of calibration and testing
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Table 2

Summary of the calibration applied to each test sensor. At least one parameter
(GHI, DHI, DNI) is calibrated by comparison to the respective reference measure-
ment. CSD3, MS-90 and PyranoCam receive GHI from the unshaded thermopile
pyranometer. All GHI measurements are calibrated relative to GHI calculated
from DNI and DHI. Each sensor calculates either DHI or DNI from two already
calibrated measurements. No additional calibration is applied to the calculated
parameter.

GHI DHI DNI
MS-90 calibrated - calibrated
CSD3 calibrated - calibrated
SPN1 calibrated constant from GHI -
RSI calibrated calibrated -
PyranoCam calibrated calibrated -
CaptPro - calibrated calibrated
Table 3

Sampling times of the test sensors used in the data acquisition.
All measurement data were saved as 1-min averages after data

acquisition.

GHI DHI DNI
MS-90 1s - 15s
CSD3 1s - 1s
SPN1 1s 1s -
RSP (Tabernas) 1s 60s -
RSI (other sites) 1s 30s -
PyranoCam 1s 30s -
CaptPro 1s 1s 1s

are shown in Table 1. At all sites where a sensor comparison was per-
formed (Tabernas, Oldenburg, Golden, Patras), a measurement period of
twelve months was realized and one of these twelve months was reserved
for calibrating the test sensors. The start date of the respective mea-
surement period was determined by the availability of personnel and
hardware at the respective site. At the two additional sites, where only
PyranoCam was tested (Benguerir, Perth), the measurement period was
chosen to be as long as possible given practical considerations such as
outages of the reference measurements and the availability of personnel
for maintenance and data checks. For PyranoCam and RSI, an evaluation
without onsite calibration was also performed. During the calibration,
the final measurements from each test instrument were scaled by a con-
stant factor to achieve the same mean irradiance from both, the test and
reference measurement, over all data points of the calibration period
that corresponded to a sun elevation of at least 10°. Table 2 summarizes
which parameters of each sensor were calibrated. For SPN1, the same
calibration constant was applied for GHI and DHI as the same sensors
measure both variables.

The sensor planes of all measurement systems were arranged at
the same height as far as possible. Shading by surrounding objects
was avoided as much as possible. Periods during which individual
instruments were still shaded were filtered out during the data checks.

The data loggers at the respective locations were always synchro-
nized via NTP (Network Time Protocol). Measurement data were sam-
pled at 1-s resolution and recorded as 1-min averages. The sampling
times of the test sensors’ parameters were in part larger due to the
respective measurement principles, as shown in Table 3.

3. Tested instruments

The characteristics of each tested measurement system are summa-
rized briefly in the following. These rather inexpensive systems usually
measure two of the parameters GHI, DNI and DHI and calculate the third
one. The following closure equation provides the third parameter with
the solar elevation angle, a:

GHI =DHI + DNI -sin(a) (@]
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Fig. 3. Images of the SPN1 and RSP operated in Tabernas at CIEMAT’s PSA.

3.1. Delta-T SPN1

The SPN1 Sunshine Pyranometer from Delta-T (shown in Fig. 3, left)
uses seven thermopile pyranometers arranged under a special shadow
mask to calculate GHI and DHI. The shadow mask is designed to ob-
scure 50% of the sky hemisphere in each pyranometer’s field of view.
Additionally, at any given time the sun disk is completely obscured for
at least one of the pyranometers and unobscured for at least one other.
Assuming an isotropic distribution of the diffuse radiation over the en-
tire sky hemisphere, GHI and DHI are calculated as follows from the
measured irradiances, Irrad;, of the seven pyranometers [34]:

DHI =2 min _Irrad; (2)
i€{12....7)

€{

GHI = min _Irrad;+ max _Irrad, 3
2...7) i€{l12....7)

iefl

The assumption of isotropic diffuse radiation is a strong simplifica-
tion. In particular, circumsolar and horizon brightening are common
phenomena influenced by turbidity and cloud cover, among other pa-
rameters [35]. In addition, SPN1’s thermopile pyranometers have a
spectral range of 400 to 2700 nm which does not cover the entire wave-
length range of shortwave radiation (280 to 3000 nm). This may cause
further measurement errors under some conditions [18]. Accordingly,
previous studies have shown that the SPN1 can introduce significant
deviations depending on the turbidity and cloudiness of the atmosphere
and the sun position, in particular regarding the azimuth angle [16-18].

3.2. Rotating shadowband irradiometers

The rotating shadowband irradiometers (RSIs) tested in this study
represent different models and manufacturers: Reichert RSP-4G, CSP
Services Twin RSI, Irradiance Inc. RSP v2, each using a LI-COR LI-200
pyranometer. RSP-4G is shown in Fig. 3 (right). These instruments use
almost the same measurement setup. A photodiode pyranometer mea-
sures GHI. A shadowband rotates regularly with a repetition frequency
of 30 s or 60 s and shades the pyranometer for a short period. During this
period, the measurement signal collapses and the respective minimum
corresponds to DHI (see [36] for details). The measurement principle re-
quires a radiation sensor with a very short response time, which is why
photodiode pyranometers are used. These sensors have a limited spec-
tral range of around 400 to 1100 nm. In addition, their spectral sensitivity
is very nonuniform and reaches its maximum at around 950 nm [37].

RSIs exhibit in particular the following sources of error: spectral re-
sponse, zenith angle response, calibration uncertainty and temperature
response [38,39]. Since the spectral compositions of GHI and DHI vary
greatly with atmospheric conditions, spectral correction functions have
been developed, e.g., [40-42]. Even after applying such correction func-
tions, notable spectral errors can persist [16,17,38]. The calibration and
correction functions of Geuder et al. [40] were applied to the RSI sen-
sors in Tabernas, Oldenburg and Patras. Measurements from the RSP
in Golden were corrected via the manufacturer’s firmware. Kern [43]
and King et al. [42,44] provide some information on the corrections
applied by the Irradiance RSP. In summary, each RSI (including RSP)
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Fig. 4. Left: MS-90 operated in Tabernas at CIEMAT’s PSA. Right: Exemplary
photo of a CSD3 in the field.

Fig. 5. Left: Visualization of the MS-90’s expected field of view (FOV), repre-
sented by the dark shaded area with the corner points B, B’, C’, C, at a given
point in time. The figures are taken from [45] and are based on a predecessor
model of the MS-90. The figure corresponds to a measurement in the Northern
Hemisphere. The FOV is determined by the optical properties of the mirror
(right). It covers a solid angle of 0.2 sr and has the ‘side lengths’ 90° (B-C) and
8° (A-A’). As the mirror rotates around the axis P, which is tilted by the local
latitude angle over the North-South axis, the FOV moves through the shaded
spherical sector of the sky dome. This way, the FOV includes the sun disk for
a short period in each rotation (every 15 s). Figure reproduced from [45] with
permission by the Meteorological Society of Japan.

instrument tested in this study applies correction functions that account
for the above-mentioned sources of error.

3.3. EKO MS-90

EKO MS-90 (shown in Fig. 4, left) is based on a sunshine duration
sensor concept and measures DNI [20]. The sensor’s measurement prin-
ciple is similar to those of the EKO MS-93 and other predecessors that
have been described and validated in the literature (e.g., [45,46]). A spe-
cial mirror rotates with a period of 15 s. Due to the unique shape and
surface structure of the mirror, radiation from a certain field of view
(FOV) is projected onto a pyroelectric sensor. While the sensor’s FOV is
not precisely known, it can be derived qualitatively from a predecessor
model [45], as shown in Fig. 5. The FOV is marked by the corner points
B, B’, C’, C. As the mirror rotates, the FOV moves through the shaded
spherical sector. If the measuring device is correctly aligned, this spher-
ical sector always contains the sun disk. The MS-90’s pyroelectric sensor
generates a measurement signal that is directly related to a transient in
the received radiation. Thus, the inhomogeneous radiation distribution
within the spherical sector shown in Fig. 5 and particularly the pres-
ence of direct irradiance cause the measurement signal. The maximum
measurement signal per time interval of 15 s is then multiplied by a
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calibration constant to obtain DNI. Similar to thermopile instruments,
the pyroelectric sensor transforms radiation into heat and measures a
resulting temperature change [20]. Accordingly, the manufacturer spec-
ifies a broad spectral range of 300 to 2700 nm [47]. In combination with
GHI measured by a thermopile pyranometer, DHI is calculated.

In clear conditions, previous investigations of the MS-90 have shown
an acceptable accuracy of the measured DNI with relative deviations in
the range of +5% (interquartile range) [19,20]. Compared to clear condi-
tions, the MS-90 can introduce increased deviations of the measured DNI
in other conditions, e.g., in cloudy or more turbid conditions [19,20].
The study of Pé et al. [20] suggested a strong relationship between the
MS-90’s measurement deviation and reference DNI. With decreasing ref-
erence DNI, the MS-90 increasingly overestimates DNI, approaching a
relative overestimation of 20% at a reference DNI of 200 W /m?.

Due to the measurement principle, only one measured value (sample)
of the DNI is obtained every 15 s. This can lead to increased mea-
surement errors if a high time resolution is evaluated under variable
conditions, e.g., with broken cloud cover. At this point, note that DNI
is by far more variable than DHI at timescales of 1 min and below. This
intuitive circumstance was found, e.g., in a case study for Singapore
[48] and in the present study, as will be discussed in more detail in
Section 5.1.2.

It was observed that the MS-90 can cause systematic errors in the
measured DNI depending on the time of year, which are small at the
equinox, but more pronounced in summer and winter [19]. This can
be explained by the fact that the sensor is typically operated throughout
the year at an unchanged inclination. Apparently, the sensor’s sensitivity
depends to some degree on the angle between the sun rays and the MS-
90’s rotation axis. This effect was also described in [45]. Additionally,
the sensor’s sensitivity may change by up to +5% if the ambient temper-
ature varies within —20 to 40 °C [45,47]. When determining DHI from
the MS-90’s DNI and the pyranometer’s GHI, note that moderate rela-
tive errors (e.g., calibration errors) can amplify when subtracting these
signals to derive the usually much smaller DHI.

3.4. Kipp & zonen CSD3

The Kipp & Zonen CSD3 (shown in Fig. 4, right) is a sunshine du-
ration sensor that avoids any moving parts [49,50]. Three photodiodes
with custom-designed diffusers are located inside a glass cylinder. The
glass cylinder is tilted away from the equator by an angle that equals
the local latitude. An analogue calculation determines sunshine dura-
tion and DNI as a byproduct. DNI is derived from the signals E of the
three photodiodes D1, D2, D3 as follows [46,51]:

DNI =a-(Ep —b-min(Ep,, Eps)), 4

where a is a sensitivity coefficient and b is a shading coefficient.
Photodiode D1 receives direct irradiance and a part of the diffuse ir-
radiance. D2 and D3 use an identical diffuser and orientation as D1.
However, these are equipped with shades so that at least one of the two
is always shaded. The photodiode D2 or D3 with the smaller signal is
then assumed to measure a constant fraction 1/b of the diffuse irradi-
ance received by D1. Accordingly, the subtraction in Eq. (4) corrects for
the diffuse contribution to Ej,; [46,51].

As CSD3 sensors can be operated in the same orientation over the
whole year, it is expected that D1’s field of view forms a spherical sec-
tor that is at least 47° wide. The diffuse contribution to Ej, is only
corrected in a simplistic way. Hence, increased measurement deviations
are expected in the presence of increased circumsolar irradiance result-
ing from high turbidity or clouds near the sun disk, as in the case of
MS-90.

Just like with the RSIs, the CSD3’s photodiode pyranometers are
sensitive in a spectral range of 400 to 1100 nm [50]. As no spectral cor-
rection is applied, the sensor’s limited and nonuniform spectral range is
expected to cause notable measurement errors.



N. Blum, B. Nouri, Y. Fabel et al.

Fig. 6. Images of CaptPro operated at CIEMAT’s PSA and of PyranoCam in a
solar power plant.

3.5. Sunto CaptPro

The Sunto CaptPro (shown in Fig. 6, left) provides GHI, GTI, DHI and
DNI. Additionally, spectrally weighted GHI, GTI, DHI and DNI can be cal-
culated mimicking the spectral response of a number of PV technologies.
These parameters may be of interest for monitoring PV installations. The
measurement system consists of eleven photodiodes, each of which has a
red, green, blue and infrared channel. Each photodiode covers a circular
field of view with a diameter of 55° (half sensitivity). The photodiodes
are placed at different orientations under a glass dome. This way, a very
coarsely resolved hemispherical image of the sky dome is captured. The
exact algorithm for calculating GHI, DHI and DNI from the measured
values of the photodiodes is not published. A rough description of the
algorithm was given in [52].

In combination, the photodiodes are sensitive in a spectral range
from 320 to 1000 nm. An adapted weighting of the color channels deter-
mines broadband radiation as well as the fraction of this radiation used
by a specific PV technology with a given spectral response. The four-
channel photodiodes may have the potential for enhanced broadband
corrections, partly avoiding the spectral errors known for RSIs.

The calculation of an accurate DNI and DHI from the photodiode
signals is expected to be complex. Based on [52], measured DNI corre-
sponds to that from a pyrheliometer with an aperture having a half-angle
of 7 to 8° depending on the sky conditions. Thus, shortcomings are ex-
pected in situations with increased circumsolar irradiance resulting, e.g.,
from high turbidity or the presence of clouds near the sun disk.

3.6. PyranoCam

The PyranoCam system (shown in Fig. 6, right) measures GHI with a
pyranometer and derives DHI from sky images. An all-sky imager (ASI)
measures sky radiance based on pixel intensities using a physical cam-
era model. DHI is then calculated from sky radiance. The evaluation of
the image information in combination with GHI from the pyranometer
enables a series of corrections to be made, resulting in increased accu-
racy. Also, PyranoCam’s hardware enables a radiometric self-calibration
of the DHI measurement as described in [23]. Situations without direct
irradiance are detected from the ASI images. PyranoCam’s DHI is then
compared to the pyranometer’s GHI, which should equal DHI in such
situations. This yields a calibration constant for PyranoCam’s DHI and
avoids any other radiometric calibration of the camera. A preliminary
version of PyranoCam was presented and validated by Blum et al. [23].
In that study, PyranoCam’s DHI measurement achieved a relative root
mean square deviation (rRMSD) of 7 to 10% depending on the dataset.

In the present study, an enhanced version of the PyranoCam system
is evaluated that employs two additional corrections. First, a situation-
dependent broadband correction factor is determined as a function of
the ratio of DHI values calculated from the red and blue channels, re-
spectively. This factor is applied to the raw DHI measurement, which is
calculated as the weighted sum of the DHI values from the red, green
and blue channels [53]. Second, a machine-learning method [24] is used
to correct the measurement further. This correction uses tabular fea-
tures derived from intermediate results of PyranoCam and transformed

Solar Energy 314 (2026) 114687

sky images as inputs. It determines a corrected DHI measurement by a
convolutional neural network encoder combined with fully connected
layers. PyranoCam was developed with multiple years of measurement
data from the sites Tabernas and Oldenburg. The current geometric cal-
ibration of the sky imager used by PyranoCam is implemented as a
self-calibration, which uses observations of the sun and moon, avoiding a
calibration in the laboratory as well as manual interferences on-site [54].
Appendix B describes PyranoCam’s current measurement algorithm in
more detail.

In the previous evaluations of PyranoCam [22,24,55], a high accu-
racy of PyranoCam was found under all tested conditions. Still, certain
shortcomings of the method are expected where situations in distur-
bances strongly affect the image information. Those previous studies
assumed regular cleaning of the measurement system as recommended
for any radiometer. If the sky imager’s lens is strongly soiled, the sun
disk can be enlarged and surrounded by blurred dust patches in the
recorded image. These effects can be mistaken by the algorithm as in-
creased turbidity or thin clouds. Additionally, in cases of extremely high
turbidity, a comparably large image area around the sun can become sat-
urated. Under these conditions, stronger scattering of the measurement
was observed by Broda [24], which was explained by the lack of image
information.

4. Methods

This benchmarking study of DHI and DNI sensors aims to inform
users about the measurement accuracy to be expected under the condi-
tions at their respective site. This should help users to make a suitable
choice of instrument. The methods applied for this purpose are described
in the following.

4.1. Comparison of test systems at sites with distinct climates

First, the deviations of the test systems are compared at the four
locations where multiple test sensors are set up (Tabernas, Oldenburg,
Golden, Patras) using the datasets summarized in Table 1 and charac-
terized further in Table 4. As shown in the table, the locations represent
very different conditions and climates. Tabernas features a desert cli-
mate with typically low cloud cover. At the same time, atmospheric
turbidity is sometimes very low and sometimes high. Oldenburg rep-
resents a humid, oceanic climate with a typically high cloud cover
and highly variable radiation. Due to the high latitude, low sun ele-
vations occur more frequently. Golden represents mountain conditions
at high altitudes with snow in winter. Patras is located 1.8 km from the
Mediterranean coast, which determines the climate at the site. Thus,
the study design allows for comparing the performance of sensors of
the same type in very different climate zones. The accuracies of the test
systems are evaluated by common deviation metrics: relative root mean
square deviation (rRMSD), relative mean absolute deviation (rMAD) and
relative bias (rbias):

N
rRMSD = 100% | L (Test; - Refi)2 ()
Ref \N o
100% 1
rMAD = —= — Y |Test; - Ref;| (©6)
Ref N i=1
100% 1 <
rbias = 2= Z Test; — Ref; 7
Ref N i=1

Test denotes a vector of test measurements of a sensor and Ref a vector
of corresponding reference measurements. Ref is the respective mean
value of Ref over all N valid data points as given in Table 4. While all
radiation parameters are evaluated as 1-min averages in this study, the
metrics rRMSD, rMAD and rbias are also reported for 10-min averages
of DHI and DNI, as coarser time resolutions are advantageous for some
applications and some measurement errors may be suppressed by tem-
poral averaging. In all evaluations of this study, timestamps with sun
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Table 4
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Meteorological conditions at the test sites. Listed mean GHI, DHI and DNI are calculated over the
respective test period. The current Koppen climate was taken from Beck et al. [56].

Latitude  Mean Mean Mean Képpen climate Special features
GHI DHI DNI
W/m?]  [W/m?]  [W/m?]
Tabernas 37.1°N 465 143 559 Cold desert Sunny, mostly
high-layer ice clouds
Oldenburg 53.2°N 270 131 269 Temperate oceanic Cloudy, stratus dominant
Patras 38.3°N 419 140 469 Hot-summer
Mediterranean
Golden 39.7°N 426 121 544 Warm-summer Snow in winter
humid continental
Benguerir 32.2°N 524 167 543 Hot semi-arid Very turbid
Perth 32.1°S 473 128 551 Hot-summer Coastal, 8 km from
Mediterranean Indian Ocean

elevation angles of less than 5° are discarded. A similar filtering of sun
elevation angles below 5 to 10° was also applied in previous radiometer
benchmarks [16-18,57].

The reference measurements used may themselves be subject to
measurement errors. In particular, for the calibration constants of the
reference measurements, standard uncertainties on the order of 1 to 2%
are expected [36]. In order to exclude an influence of the calibration of
the reference radiometers on the evaluation as far as possible, all test
systems at a location were calibrated against the respective reference
radiometers for the sensor comparison (Section 5.1) and the study on
the influences of atmospheric and astronomic parameters (Section 5.3).
Only for the validation of PyranoCam at six different sites (Section 5.2)
was no calibration using the reference radiometers of DHI and DNI
performed.

4.2. Validation of RSI and PyranoCam without on-site calibration

PyranoCam is tested at six sites on four continents (see Table 4). This
evaluation includes the additional sites Benguerir and Perth. Benguerir
frequently features sand-storm conditions. Perth, located on the coast of
the Indian Ocean, is expected to exhibit typical coastal cloud conditions.
At the four sites introduced in Section 4.1, an RSI is evaluated in compar-
ison. Note that previous experimental studies of PyranoCam [22-24,55]
used preliminary versions of the method and that the dataset used in
this work has not been evaluated in other studies yet. As for the sensor
comparison, standard deviation metrics are evaluated. However, in this
case, the test systems are not calibrated on-site using reference DNI or
DHI. PyranoCam’s self-calibration is applied by default. This procedure
is part of the PyranoCam method and relies only on the system’s own
hardware (see Section 3.6).

Accordingly, in this evaluation, RSI is calibrated on-site using only
GHI from the collocated thermopile pyranometer. This procedure is
expected to be practically feasible as in many solar energy projects
a thermopile pyranometer for GHI is available anyway, e.g., if IEC
61,724-1 Class A is met. Correction functions described in Section 3.2
are still applied to each RSI, however with parameters determined only
using GHI or reference measurements of DNI and DHI from different
sites. At sites Tabernas and Oldenburg, a method developed by CSP
Services GmbH is used for the calibration and correction of the measure-
ments. This method refines the one by Lezaca et al. [58]. Dynamically for
each timestamp, the last 72 hours of measurements are considered. GHI
measurements from the RSI are fitted to GHI from the thermopile pyra-
nometer thus determining the correction functions’ parameters. The fit
parameters are then applied to correct GHI, DNI and DHI readings from
the RSI sensor.

The correction method of CSP Services GmbH requires the raw mea-
surements from the respective RSI or RSP. As raw measurements were
not available from Patras and Golden, a different approach was fol-
lowed for these sites. The RSIs’ correction functions for DHI were used

with the parameters originally determined at different sites (Patras used
parameters determined in Tabernas; Golden used default parameters
provided by the manufacturer Irradiance Inc.). Calibration constants for
GHI were determined as described in Section 2.3 comparing each RSI’s
GHI to the respective reference GHI. This calibration constant was then
applied to both GHI and DHL. As in this evaluation (results in Section 5.2)
no calibration based on reference DNI and DHI is performed, the meth-
ods’ transferability between sites and climates is evaluated in the typical
use case without reference data available on-site.

4.3. Influence of atmospheric and astronomical parameters

In the last part of the evaluation, the influences of atmospheric and
astronomical parameters on the measurements of each test system are
tested using data from Tabernas. Solar elevation and azimuth angles are
calculated based solely on geographic coordinates and time. The month
of the year is also evaluated as a possible influence. Linke turbidity is
determined from measured time series of reference DNI [59,60] for each
data point. Additionally, a moving hourly average of the clear-sky index
of DNI is derived [61].

Circumsolar irradiance, CS1, from the sky area with a sun distance
angle of 2.5 to 5° is determined from the measurements of two shaded
pyranometers tracking the sun, as described in Section 2.2. The contri-
bution of the circumsolar irradiance to DNI is calculated as CSI/DNI.
The horizontal circumsolar irradiance, CSHI, is calculated based on the
sun elevation angle, a:

CSHI = CSI sin(a) ®

From the measured spectra of DNI, DHI and GHI described in
Section 2.2, the effective wavelength of DNI, DHI and GHI is calculated
according to Nofuentes et al. [62], indicating the center of mass of the
respective spectrum:

4000nm };E(ﬂ.)dﬂ

y) __ J280nm (9)
E(A)dA

eff = " +4000nm
280nm

Potential influences are then evaluated as follows. First, the
Spearman rank correlation coefficient (p) indicates the strength of the
relationship between a possible influence and the respective measure-
ment. This coefficient is not limited to linear relationships. It indicates
how well the relationship between two variables can be described by a
monotonic function. The relationship between the strongest identified
influence and the respective measurement is visualized using a box-
whisker diagram. While not shown in this publication, the relationships
between all possible influences and measurements were also investi-
gated visually using scatter-density plots. This evaluation confirmed the
plausibility of the relationships indicated by p.
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Fig. 7. Error metrics of CaptPro, MS-90, CSD3, SPN1, RSI and PyranoCam measurement systems for 1-min- (solid) and 10-min-average DHI (dashed) at the sites
Tabernas, Oldenburg, Golden and Patras (where available). Note that CaptPro failed four months into the benchmark, leading to a limited and different dataset for

this sensor.

5. Results

In the following, the experimental data described in Section 2
are evaluated using the methods introduced in Section 4. First, the
tested sensors’ accuracies are compared in Section 5.1. Then, RSI and
PyranoCam are tested without on-site calibration at up to six sites in
Section 5.2. Lastly, influences on the deviations of each sensor are
investigated in Section 5.3.

5.1. Comparison of test systems at sites with distinct climates

The measurement systems CaptPro, MS-90, CSD3, SPN1, RSI and
PyranoCam were tested at one or more of the sites Tabernas, Oldenburg,
Golden and Patras. In this section, the sensor comparison is shown for
DHI first and then for DNI.

5.1.1. DHI

Fig. 7 comparesthe relative deviations of all sensors’ DHI measure-
ments at the respective sites as far as they were available. At 1-min
resolution, CaptPro is the least accurate sensor, with an rRMSD of 58%,
followed by CSD3 with an rRMSD of 33%. Also measured by rMAD,
both sensors’ accuracies are very low, with 39% (CaptPro) and 23%
(CSD3). The DIRINT decomposition model implemented in pvlib-python
[15,63], based on a thermopile pyranometer for GHI and measurements
of relative humidity and air temperature was evaluated in comparison
to these sensors. DIRINT’s rMADs were lower than the ones of both sen-
sors. DIRINT’s rRMSD was smaller than the one of CaptPro and only
2.5% points greater than the one of CSD3. Due to the calibration on-
site, CaptPro’s rbias is moderate (3.1%), whereas CSD3’s rbias is still very
large (—13%). For CaptPro, a measurement period of only four months
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Fig. 8. Error metrics of CaptPro, MS-90, CSD3, SPN1, RSI and PyranoCam measurement systems for 1-min (solid) and 10-min average DNI (dashed) at the sites

Tabernas, Oldenburg, Golden and Patras (where available).

was available. However, it is not expected that the sensor would perform
better over an annual period as the remaining sensors’ performances
only changed moderately between the first four months and the annual
period (see Appendix C). Overall, the deviations of CaptPro and CSD3
are intolerably large for DHI.

For the remaining sensors, a tendency can be seen that is similar at
all sites. MS-90 has the largest rRMSD (18.5 to 20.1%), followed by SPN1
(10.6 to 16.3%), RSI (4.8 to 7.6%) and PyranoCam (4.4 to 5.8%). In terms
of rMAD and rbias, a similar tendency is found. MS-90’s rbias (—4.7 to
1.9%) has a smaller magnitude than SPN1’s (—12.5 to —5.2%). The rbias
of RSI (—1.7 to 3.1%) and PyranoCam (-2.0 to —0.3%) is moderate at
all sites. Considering that each sensor was calibrated at the respective
site, the large systematic deviations of MS-90 and in particular SPN1 are
striking.

10

In the evaluation of 10-min averages (Fig. 7, dashed bars), small
changes are found compared to the 1-min averages discussed so far. Only
for MS-90, rRMSD and rMAD decrease notably at site Oldenburg, from
18.5 to 11.7% and from 9.6 to 7.7%, respectively. As MS-90 measures DNI
and calculates DHI, this effect is discussed in the following section.

5.1.2. DNI

In analogy to the previous evaluation of DHI, Fig. 8 compares the
relative deviations received from all sensors in terms of DNI at the re-
spective sites. CaptPro and CSD3 are the least accurate sensors also for
DNI, e.g., with an rRMSD of 20.0 and 17.7% at 1-min resolution, re-
spectively. Similar to before for DHI, DIRINT predicts DNI with smaller
rRMSD than CaptPro and only slightly larger rRMSD (19.2%) than CSD3.
However, the gap between CaptPro, CSD3 and the remaining sensors is
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Fig. 9. Error metrics of RSI (left) and PyranoCam (right) for 10-min-average DHI (top) and DNI (bottom) at the sites Tabernas, Oldenburg, Golden, Patras, Perth
and Benguerir (at the latter two only PyranoCam was operated). This evaluation represents a typical solar-energy use case and both RSI and PyranoCam are only
calibrated using a collocated thermopile pyranometer.

less pronounced in the case of DNI. MS-90 and SPN1 form a class of
instruments with intermediate accuracy, e.g., with rRMSD in the ranges
7.7 to 15.0% (MS-90) and 6.8 to 13.4% (SPN1) at 1-min resolution. In this
case, depending on the site and temporal resolution, either of the two
sensors can be the more accurate one. RSI and PyranoCam form a third
class of instruments that consistently yield higher accuracy, e.g., with
rRMSD at 1-min resolution in the ranges of 3.0 to 8.6% and 2.6 to 5.2%,
respectively.

Looking at the systematic deviations, interestingly most sensors in-
cluding CaptPro achieve a moderate rbias in the range —3.2 to 3.7%.
Only SPN1 in Oldenburg and CSD3 have a strong rbias of 6.6% and 9.1%
respectively.

MS-90 measures DNI and calculates DHI using GHI from a thermopile
pyranometer. In Oldenburg, the sensor’s rRMSD of both DNI and DHI
decreases by 1/3 when evaluating 10- instead of 1-min averages. Such a
strong reduction is only observed for MS-90. This finding is reasonable
as only MS-90 measures DNI with a comparably low sampling rate of
1/(155s). In particular in Oldenburg, DNI is much more variable than DHI
at timescales below 1 min. Therefore, the RSI’s even lower sampling rate
of 1/(30 s) for DHI in Oldenburg is less problematic. We were able to sim-
ulate and reproduce this averaging effect accordingly for both DNI and
DHI with fast-response pyranometer and pyrheliometer measurements.

5.2. Validation of RSI and PyranoCam without on-site calibration

PyranoCam was developed in Tabernas and Oldenburg and a cer-
tain overfitting of the method to the local climates and instrumentation
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is possible. The transferability of PyranoCam to four independent test
sites is evaluated in this section. These sites were not included in the
model development. In this evaluation no on-site calibration based on
reference DNI and DHI is used. Only PyranoCam’s self-calibration is ap-
plied. This procedure is based solely on PyranoCam’s hardware and can
be performed in every application of PyranoCam. Likewise the transfer-
ability of the RSI’s correction functions between sites is tested as only a
calibration based on GHI is carried out (see Section 4.2).

Fig. 9 summarizes the evaluation for DHI and DNI in analogy to the
figures in the previous section. For conciseness, only 10-min averages
are shown. Also in this evaluation, RSIs’ error metrics are moderate.
For DHI (Fig. 9, top left), an rRMSD of 5.3 to 6.2% is found. rbias has
a slightly increased magnitude (-3.8 to 2.1%). For DNI (Fig. 9, bottom
left), moderate rRMSD of 2.6 to 5.7% and rbias of —1.8 to 1.7% are found.

PyranoCam’s error metrics for DHI (Fig. 9, top right) increase to some
extent at the independent test sites (Golden, Patras, Perth, Benguerir)
with an rRMSD of 4.2 to 6.3% compared to the development sites
(Tabernas and Oldenburg) with an rRMSD of 3.2 to 5%. rbias remains
moderate at all independent test sites (2.9 to —1.1%). In terms of
DNI (Fig. 9, bottom right), PyranoCam’s accuracy at the unknown sites
matches very well with the one found in Tabernas and Oldenburg. rbias
has a magnitude of 1.3% and less at all sites. rMAD and rRMSD are in the
ranges found in Tabernas and Oldenburg (rMAD: 1.6 to 3.0%, rRMSD: 2.5
to 4.2%).

Overall, RSI and PyranoCam consistently achieved high accuracy
at all test sites. The sites and datasets represented different condi-
tions regarding turbidity, cloud cover, cloud types and sun elevations.
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Fig. 10. Spearman coefficient of correlation p between atmospheric/astronomi-
cal parameters and the deviations of each sensor (left: relative deviations of DNI,
right: absolute deviations of DHI).

Also in this evaluation without an on-site calibration of DHI and DNI,
PyranoCam is competitive with RSI. In the case of DNI, a certain
advantage of PyranoCam over RSI is evident.

5.3. Influence of atmospheric and astronomical parameters

In Tabernas, an extended measurement setup is used to identify in-
fluences on the accuracy of each sensor and to indicate their magnitude.
This allows users to get a more accurate picture of the deviations to be
expected in their application. Month of the year, Linke turbidity, solar
elevation and azimuth angles, the hourly mean value of the clear sky
index of DNI and circumsolar irradiance (CSI) including CSI/DNI, CSHI
and CSHI/DHI are considered as potential influences and measured or
calculated as described in more detail in Section 4.3.

Initially, the effective wavelength of DNI, DHI as well as GHI was
also considered as a potential influence. However, the spectroradiome-
ters were placed at a distance of 840 m from the remaining instruments.
Thus, evaluations involving 4,,, were restricted to stable periods in
which the spatial variation of the atmospheric parameters of interest
was estimated to be small. As this filtering meant a strong limitation
of the dataset, 4,,, was excluded from the further evaluations of this
section. Instead the correlation between 4,,, and the remaining atmo-
spheric parameters was investigated. 4,,, py; was found to be related
mainly to the sun elevation angle (p = —0.5) and only to a small extent
to the remaining parameters (|p| < 0.3). On the other hand, 4,/ pp;
was strongly correlated (|p| > 0.8) with parameters related to turbidity
and cloudiness: reference DNI, circumsolar contribution to DNI, hourly
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clear-sky index of DNI and reference DHI. In particular for DHI measure-
ments, this means that a strong correlation of a measurement deviation
with one of these parameters may be related to a sensor’s nonuniform
spectral response if applicable.

Spearman correlation coefficient p provides an initial impression of
the influence of the remaining parameters on the deviations of each
measurement system as shown in Fig. 10. Since p can only describe
monotonic relationships, the influences were also inspected visually via
scatter-density plots, especially for the month of the year and the sun
azimuth angle.

In the case of DHI, absolute deviations were evaluated and data
points with a reference DHI < 10 W/m? were excluded. DHI in this
range occurred seldom and corresponded to extremely dark situations
e.g., during thunderstorms or around sunrise and sunset. In the evalu-
ation for DNI, relative deviations are shown and only data points with
a reference DNI > 100 W/m? were included. We consider this filtering
to be useful, as an accurate DNI measurement is often only relevant in
practical applications, e.g., when tracking solar collectors, if DNI ex-
ceeds a certain threshold. At the same time, small absolute deviations
will lead to large relative deviations at smaller levels of the reference
DNI and will thus obscure influences in the value range where DNI is
actually of interest. In the following, the influences are discussed for the
sensors MS-90, SPN1, RSI and PyranoCam one by one.

5.3.1. EKO MS-90

In the case of the MS-90, DNI itself is identified as the strongest
influence on both the DNI and DHI measurements (see Fig. 10). For
both measured variables, Fig. 11 confirms the clear influence of refer-
ence DNI. The box-whisker diagrams show mean and median values,
interquartile ranges and 5th and 95th percentiles of the deviations of
all data points that fall into a certain bin of reference DNI. In partic-
ular, a strong overestimation of DNI is observed at low reference DNI,
e.g., with a median deviation of +18% for a reference DNI in the range
200 to 300 W/m?. At higher reference DNI values, the relative deviation
decreases and at a reference DNI of over 700 W/m? the values are compar-
atively small in the range —10 to +5%. Note that the zero crossing of the
relative deviations was caused by the on-site calibration using all-sky
conditions. Before this calibration, the relative deviations approached
0% on average from a reference DNI of 800 W/m?. However, the uncali-
brated measurement introduced larger deviations for the overall dataset.
These results are consistent with the observations of previous studies
[19,20]. Furthermore, the same trend was also found in Oldenburg but
is not shown here for conciseness.

For both DNI and DHI, the circumsolar radiation has almost the same
influence on the measurement deviations as the reference DNI in terms
of p. The strong influence of the circumsolar radiation and the corre-
sponding strong overestimation of DNI at low reference DNI can be
explained by the fact that the MS-90’s DNI measurement includes ra-
diation from a larger and non-circular solid angle of the sky compared
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Fig. 11. Measurement deviations of the MS-90 for DHI over reference DNI (left) and relative measurement deviations of the MS-90 for DNI over reference DNI (right).
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to the measurement of a pyrheliometer. At locations with increased
cloud cover or turbidity, the MS-90 is therefore expected to show in-
creased positive deviations. Interestingly, the current evaluation, unlike
that of Habte [19], suggests a rather small influence of the season on the
deviations of the MS-90.

MS-90 only measures DNI. DHI is calculated using the comparably
accurate GHI of a thermopile pyranometer and deviations in DHI are
mainly a result of the deviations in MS-90’s DNI. On the other hand,
moderate relative deviations present in both DNI and GHI can be ampli-
fied when subtracting the two typically large variables GHI and direct
irradiance to derive the comparably small variable DHI. This can ex-
plain the notable interquartile range of the DHI deviation which is also
observed at high reference DNI.

5.3.2. Delta-t SPN1

For SPN1, circumsolar horizontal irradiance (CSHI) is identified as
the greatest influence on the measurement. Fig. 12 (left) shows the in-
fluence of CSHI on SPN1’s DHI measurement. With increasing CSHI, the
SPN1 simultaneously introduces increasing scattering and a systematic
underestimation in the DHI measurement. Interestingly, the systematic
underestimation of DHI in terms of the median value corresponds to ap-
proximately twice the CSHI. This suggests that the SPN1 excludes an
area around the sun disk which is significantly larger than the 10° field
of view represented by the evaluated CSI measurement.

Fig. 12 (right) shows the relative deviations of SPN1 in the DNI mea-
surement over the contribution of circumsolar irradiance to the DNI
measurement CSI/DNI. In line with the results for the DHI measurement,
positive deviations are visible which increase sharply with CSI/DNI. In
conditions with increased circumsolar radiation, strong overestimations
of DNI are observed, for example about 50% at a CSI/DNI of 0.2 to 0.3.

SPN1’s attested susceptibility to circumsolar irradiance matches well
with the expectations from the literature. In particular, Badosa et al. [18]
measured CSHI corresponding to sun distance angles of 2.5 to 6.5° with
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a setup related to the one used in this study (see Section 2). Badosa
et al. found that SPN1’s underestimation of DHI on average equaled
their measurement of CSHI. Given that the CSHI of Badosa et al. cov-
ered a solid angle which was roughly twice the one included here, the
relationships found in both studies match well.

5.3.3. Rotating shadowband irradiometer (RSI)

Reference DHI and the solar azimuth angle are identified as the great-
est influences on the RSI’s DHI and DNI measurements, respectively (see
Fig. 10). However, comparatively small deviations were found under
all conditions and the correlations between all potential influences and
the respective deviations are moderate. As shown in Fig. 13 (left), RSI
slightly overestimates DHI as the reference DHI increases. At the same
time, there is a slight underestimation of DNI. Both indicate that the
calibration constant of DHI determined from a single month in summer
could be slightly too large for the data of the 11-month test period and
may indicate a lack of transferability of RSI’s calibration constant as
found in previous studies [64]. As the solar azimuth angle increases, the
deviation of the DNI measurement of the RSP decreases in magnitude,
from about —4.5% to about —2.5% (Fig. 13, right). This trend could
indicate a slight tilt of the RSP towards the south-west.

5.3.4. PyranoCam

A moderate correlation between the reference DNI and PyranoCam’s
DHI as well as between the sun elevation angle and PyranoCam’s DNI
was found (see Fig. 10). Fig. 14 evaluates these relationships in more de-
tail. Overall, comparably small deviations are found for PyranoCam and
the systematic trends indicated e.g., by the mean values per bin of the
potential influences are small compared to the measurement’s moder-
ate scattering. For the DHI measurement a slightly increased scattering
of the measurement can be seen for DNI in the range 100 to 600 W/m?.
This DNI range is related to situations with increased turbidity or par-
tial cloud cover, situations in which increased saturation of the camera
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image can occur. This in turn leads to a loss of image information and
can lead to increased uncertainty in the measurement. The scattering of
PyranoCam’s DNI measurement increases at low sun elevations. At the
same time, DNI is underestimated moderately in these situations. This is
plausible, as the calculation of DNI from GHI and DHI can amplify small
uncertainties in GHI and DHI at low sun elevation angles.

6. Discussion

The experimental results have shown that there are significant differ-
ences in accuracy between available, practically-feasible measurement
systems of DNI and DHI. Only for some of the sensors previous val-
idations were available in the literature. The results of the current
evaluation coincide well with the literature as far as available.

Sunto CaptPro exhibited very large deviations in our test (e.g.,
rRMSD of 58% for DHI; 20% for DNI). These deviations will not be
acceptable for most users given that a simple pyranometer combined
with a decomposition model achieved higher accuracy. The CaptPro is
still a rather new instrument and very few publications on the sensor’s
accuracy are available. As the sensor malfunctioned four months into
the comparison and could not be repaired, the data basis was limited
for the current evaluation. While the exact accuracy stated for this sen-
sor may be revised in the future based on a larger dataset potentially
including further sites, we expect that the magnitude of the sensor’s de-
viations will remain similar. Note that the instrument has a wider scope
than only broadband DNI and DHI measurements. In particular, GTI
for arbitrary planes, spectrally-matched to a PV technology of interest
can be determined with the instrument. Such information could poten-
tially be useful to monitor and control fixed-tilt and sun-tracked PV. This
would have to be evaluated by additional measurements. Furthermore,
the longevity of the sensor would need to be tested with further samples
of the instrument after the observed defect.

The accuracy of Kipp & Zonen CSD3 was found to be comparatively
low, similar to CaptPro. The sensor was designed as a cost-efficient sun-
shine duration sensor. DNI is only output as a side product. Against this
background and in view of the strong simplifications used by the mea-
surement principle regarding the spectral and angular composition of
the diffuse irradiance the low performance appears reasonable. Also in
the case of CSD3, the sensor’s accuracy may change at a site different
from Patras. Still we expect that the order of magnitude of the sensors’
deviations will remain similar. As CSD3’s and CaptPro’s accuracy ap-
peared insufficient for solar energy applications, they were not evaluated
in more detail.

MS-90 and SPN1 showed significant deviations but may still bring a
benefit for some applications given the higher accuracy compared to a
basic decomposition model. The error metrics of SPN1 and MS-90 varied
significantly between the test sites which indicates a certain dependence
of their accuracy on the atmospheric conditions in a dataset. Note that
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all measurement systems were calibrated at the respective site for the
comparison of the different sensors. Larger deviations are expected if the
calibration errors of the reference pyranometer are not excluded in this
way. The accuracies of the test systems are also expected to deteriorate if
they are used in different atmospheric conditions after calibration, e.g.,
at a different site. On-site calibration resulted in a significant increase
in accuracy for both MS-90 and SPN1.

In line with previous studies [19,20], MS-90 overestimated DNI be-
fore a relative calibration on site. As expected, this overestimation was
strong at low reference DNI and decreased monotonically, approaching
zero at a reference DNI of 1000 W/m?2. After the calibration on site, the
bias was removed for the larger part and rRMSD decreased accordingly.
MS-90 was only evaluated at sites Tabernas and Oldenburg. The sensor’s
accuracy may change at another test site. However, at both sites, DNI
was the dominant influence on the sensor’s deviations, as expected from
the literature. The two sites feature distinct atmospheric conditions,
in particular very different distributions of cloud coverage and DNI.
Therefore, we expect that MS-90’s accuracies found in Tabernas and
Oldenburg represent the typical range of the sensor’s accuracy which
will be found at many sites. As an on-site calibration is usually not
feasible in practice, we recommend using MS-90 only for DNI measure-
ments at a temporal resolution of 10 min or coarser and only if mainly
clear-sky conditions with low turbidity corresponding to an actual DNI
> 700 W/m? are relevant for an application. However, these criteria rep-
resent a severe limitation. MS-90’s DHI measurement was found to have
low accuracy in Tabernas and Oldenburg. As mentioned in Section 5.3.1,
this may be explained by the principles of error propagation. Relative
errors are expected to amplify when subtracting two large signals (GHI
and direct horizontal irradiance) with a moderate uncertainty to deter-
mine a comparably small signal (DHI). A similar effect was also observed
for DHI calculated from GHI and CSD3’s DNI.

SPN1 provided more accurate measurements at low circumsolar radi-
ation, while the deviations in the DNI and DHI measurements increased
sharply with increasing circumsolar radiation. This result was in line
with the literature, in particular [18]. SPN1 could therefore be useful
at locations where circumsolar radiation usually assumes low values.
However, cirrus clouds, aerosols and enhancement effects associated
with water clouds can all cause increased circumsolar radiation in the
relevant angular range which makes this condition problematic at many
sites. The comparison of SPN1 between sites confirms that its accuracy is
lowest at the most turbid test site of SPN1, Tabernas. As expected besides
an increased rRMSD a strong negative rbias was found. In this context,
note that SPN1 was calibrated on site using its GHI measurements. The
negative bias resulting from SPN1’s treatment of circumsolar irradiance
therefore remains after the calibration.

RSI and PyranoCam clearly stand out from the other measurement
systems with the highest accuracies determined in the comparison.
No influences were identified for RSI that correlated strongly with its
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moderate deviations. The spectral errors reported in the literature are
limited to a low level in the test dataset by the correction functions. This
makes RSI a useful measurement system for many applications. Still,
the literature has reported notable systematic errors of the RSI when it
was calibrated at a different site than the test site [39]. We also tested
RSI without an on-site calibration of DHI. In this case, errors increased
slightly or decreased depending on the site.

PyranoCam provided slightly more accurate measurements than RSL
PyranoCam was tested at its development sites and four other sites
in different climate zones. Only a small site-dependency was found.
This appears reasonable as no atmospheric parameter was found which
increased PyranoCam’s deviations notably. At this point, recall that
PyranoCam contains a machine-learning correction that was trained
with data from Tabernas and Oldenburg over a training period well
separated from, i.e., prior to, the period evaluated in this study. It is
therefore indicated that PyranoCam’s machine-learning correction gen-
eralizes regarding the evaluated period, site, atmospheric conditions and
camera hardware / sample — as long as a Q25 or Q26 camera is used.
PyranoCam’s DNI, which is based on the subtraction of GHI and DHI,
appears to benefit from the use of high-quality GHI. In particular at
sites with a small diffuse fraction, GHI will dominate this calculation.
PyranoCam is confirmed to be a generally usable measurement system
requiring only a self-calibration based on the measurements of its GHI
pyranometer. As an additional advantage, PyranoCam’s hardware can
be used to provide further parameters such as GTI in arbitrary planes,
cloud cover and irradiance forecasts. At the time of writing, PyranoCam
is being operated by multiple independent research facilities. Upcoming
validation studies are expected to cross-check the findings of this study.

In particular for MS-90 and SPN1, the evaluation of potential at-
mospheric and astronomical influences on the accuracy of the test
instruments provided insights into the sensors’ shortcomings which may
partly be avoided by further corrections. For MS-90, a simple correction
based on measured DNI could strongly reduce the sensor’s systematic
deviations. For SPN1, an estimation of circumsolar irradiance could in-
crease the instrument’s accuracy for DHI. Badosa et al. [18] suggested
multiple potential corrections in this regard. A diffuse ratio calculated
from SPN1’s DHI and GHI and SPN1’s raw pyranometer signals could
be evaluated as indicators for such a correction. Additionally, SPN1’s
DHI could be scaled by a constant value of 1.05. In the current tests, this
would have notably reduced SPN1’s rbias to —0.2% in Golden, —1.6%
in Oldenburg and from —12.5% to —7.4% in Tabernas. We would suggest
that this simple correction if not a more sophisticated one should always
be applied to SPN1’s measurements.

Note also that the high-end reference radiometer measurements used
in this study are subject to uncertainty. Sengupta et al. [36] state 1%
and 2% as calibration uncertainties of a pyrheliometer and of a diffu-
someter (shaded pyranometer), respectively. For the sensor comparison,
these uncertainties were excluded for the most part by the on-site cal-
ibration. At the same time, it is likely that the on-site calibration has
suppressed a part of the instruments’ site dependent biases. On the other
hand, PyranoCam’s moderate systematic deviations found in the com-
parison between sites are only partly significant and can be influenced
by the reference radiometers’ uncertainties as in this case no on-site
calibration of DNI and DHI was used. In a future study, uncalibrated per-
formance should be investigated also for SPN1 and MS-90. Additionally
an uncertainty budget should be specified for each sensor which
combines reference uncertainty, calibration uncertainty and sampling
variability.

The current evaluation focused on DNI and DHI. The uncertainty in
GHI, DNI and DHI measurements impacts the uncertainty of downstream
evaluations such as PV performance assessments [65] and the economic
analyses of planned PV projects based on solar resource assessments
[66]. In PV applications, GHI, DNI and DHI are often used as interme-
diate parameters only and plane-of-array irradiance (POA) is the main
parameter of interest. The current evaluation should therefore be re-
peated for POA. Some errors e.g., those related to circumsolar irradiance
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Table 5

Summary of each sensor type’s relative RMSD and of the respec-
tive number of test sites evaluated. Ranges are given if multiple
test sites were evaluated.

Sensor Test sites DNI DHI

CaptPro 1 20.0 57.5%

CSD-3 1 17.7% 33.2%

MS-90 2 7.7 to 15.0% 18.5 to 20.1%
SPN1 3 6.8 to 13.4% 10.6 to 16.3%
RSI 4 3.0 to 8.6% 4.8 to 7.6%
PyranoCam 6 2.6t052% 4410 5.8%

may partly cancel out in the transposition process. PyranoCam and
in principle also CaptPro can directly determine global and diffuse
irradiance in inclined planes.

7. Conclusion

Measurement deviations of radiometer systems for direct and diffuse
irradiance, which are relevant for solar applications, were compared
at different sites worldwide. Table 5 exemplarily summarizes the sen-
sors’ rRMSDs at 1-min resolution. Rotating shadowband irradiometers
(abbr. RSI; CSP Services Twin RSI, Reichert RSP 4G, Irradiance RSP v2)
and PyranoCam exhibit similar error metrics and are the most accurate
systems in the test. Delta-T SPN1 and EKO MS-90 but especially Kipp
& Zonen CSD3 and Sunto CaptPro show significant deviations. Sensors
with very low accuracy were only evaluated at a single site. The most
accurate sensors, PyranoCam and RSI, were tested at the largest number
of sites.

Our rather unique measurement setup made it possible to relate the
deviations of the individual sensors to the actual physical causes, which
were stated more qualitatively in previous studies. It was shown that
the deviations of SPN1’s DHI and DNI measurements increase sharply
in situations with high circumsolar irradiance. MS-90’s DNI measure-
ment was influenced strongly by DNI itself. In most systems (Delta-T
SPN1, CaptPro, CSD3), increased measurement errors were related to
the influence of circumsolar irradiance and these instruments’ apertures
were in general not well defined and effectively larger than the ones
assumed by IS09060:2018 Class A pyrheliometers.

The use of SPN1 and MS-90 will be problematic at locations with
high atmospheric turbidity or increased cloud cover. For the RSI and
PyranoCam measuring systems, comparatively small deviations were de-
tected under all atmospheric conditions and only moderate influences on
the measurements were identified indicating a general applicability of
these instruments. Still, note that a limited transferability of RSI’s cali-
bration constants was found in prior studies. Additionally, PyranoCam’s
high accuracy needs to be confirmed by further independent studies
which are expected to be published soon.

Systematic deviations of RSI, SPN1, MS-90, CaptPro and CSD3 were
to some extent suppressed by a calibration on-site. Larger deviations
will occur if the instruments are transferred between sites without ad-
justment of the calibration constants. The calibration of the test systems
may depend on the site and the conditions during calibration. Due to
their spectral sensitivity, this mainly affects the photodiode-based instru-
ments RSI, CSD3 and CaptPro and, due to the dependence on circumsolar
radiation, MS-90 and SPN1.

For RSI and PyranoCam, transferability between sites without recali-
bration was evaluated and confirmed. PyranoCam was tested at six sites
in total without an on-site calibration of DNI and DHI. The accuracy
found at the development sites Tabernas and Oldenburg was confirmed.
Error metrics for DNI did not increase at the four independent test sites.
At the independent test sites, for DHI, a moderate rbias of —=2.9 to —1.1%
was found and rRMSD increased moderately from 3.2 to 5% to 4.2 to
6.3% (at 10-min resolution). The moderate rbias of DHI can partly be
explained by the uncertainty of the reference data of DHI used in the
development and validation of PyranoCam. A further improvement of
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PyranoCam in this regard would require including very high-quality and
even more extensive amounts of reference data of DHI in PyranoCam’s
further development.

Overall, this study found that with RSI and PyranoCam practically-
feasible and accurate DNI and DHI sensors are available. For the less
accurate sensors MS-90 and SPN1, correction functions have been dis-
cussed that can partly mitigate the sensors’ systematic errors. For solar
energy applications, the use of RSI and PyranoCam is recommended
over expensive solar trackers prone to frequent failures. While e.g. RSI
is already acknowledged in relevant standards such as IEC 61,724-1
and established guidelines (in particular [36]), these standards and
guidelines may be refined in the future based on the findings of this
study.
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Appendix A. Measurement of circumsolar irradiance

In Tabernas, a special setup was developed to measure circumso-
lar irradiance. The setup consists of two shaded and tracked CMP21
pyranometers in a sun-normal plane. The circular shades were designed
to obscure sun distance angles up to 2.5° and 5° respectively. This
means the pyranometers measure diffuse normal irradiance (DiffNI) cor-
responding to opening half-angles of 2.5° and 5°. The pyranometers were
placed in a sun-normal plane instead of a more straight-forward horizon-
tal plane to maintain a constant shading geometry at all sun elevation
angles (see [32]). The two pyranometers’ measurements were subtracted
to yield the circumsolar irradiance from sun distance angles between 2.5°
and 5°.

A.1. Design of the shading geometry

Shade diameters (R) and distances between shades and pyranome-
ter sensor planes (L) were calculated to realize DiffNI measurements
that mimic the shading geometry of Kipp & Zonen pyrheliometers as
described by Major [32]. The shading geometry of these instruments is
characterized by:

» Opening half-angle: z, = arctan(R/L) = 2.50°,
« Slope angle: z; = arctan((R—r)/L) = 1°,
« Limit angle: z; = arctan((R +r)/L) = 4°.

The radius of the pyranometer/pyrheliometer’s circular receiver surface
r is defined by construction and equals 10.4 mm in the case of a Kipp
& Zonen CMP21. The characteristics stated above are commonly met by
modern standard pyrheliometers, e.g., those of Kipp & Zonen, Hukseflux
and EKO Instruments [68-70].

The 2.5°-DiffNI measurement was designed to provide a measure-
ment complementary to that of a CHP1 pyrheliometer, i.e., to measure
the difference between global normal irradiance and DNI. As a basic re-
quirement, the corresponding shade needed to have a radius R larger
than that of the pyranometer’s glass dome (radius 25 mm) to exclude
potential interference from reflections and refractions in the glass dome
with the measurement [32]. R=30 mm was chosen, to leave a generous
tolerance for imperfections in the manufacturing and setup of the shade.
By selecting L =687 mm, a shading geometry similar to that of a CHP1
was achieved:

» Opening half-angle = 2.50°
« Slope angle = 1.63°
« Limit angle = 3.37°

The second DiffNI measurement was designed to have an open-
ing half-angle of 5°, which is expected to correspond approximately
with the of an SPNI1. For practical reasons, only that shade’s radius
R was increased compared to the 2.5°-DiffNI measurement, whereas
L and naturally r remained constant. This yielded a shading geometry
characterized by the following parameters:

« Opening half-angle = 4.99°
« Slope angle = 4.13°
« Limit angle = 5.85°

To give an additional comparison, a typical diffusometer using a
CMP21 (L=577 mm, R=25.4 mm, r=10.4 mm), has the following shad-
ing geometry at the special case when the sun is located in the zenith
(zenith angle 0°):

« Opening half-angle = 2.52°
« Slope angle = 1.49°
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Fig. A.1. Schematic interpretation of uncertainties in the manufacturing and
mounting process of the circumsolar irradiance measurement’s shades which
are lumped into AR.
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Fig. A.2. Expected ratio of the two DiffNI signals as a function of CSR based
on modeled sunshapes. Already from CSR=0.0067, the ratio of both signals
exceeds 1.06 and the measurement signal is expected to be significant compared
to potential measurement errors. Note that this study uses a specific definition
of CSR.

« Limit angle = 3.55°

In summary, the measurement of circumsolar irradiance was de-
signed to represent sun distance angles between 2.5° and 5° accurately.
As indicated by the difference between the limit and slope angle, the
measurement’s penumbra function (sensitivity) features a sharper tran-
sition at the field of view’s limits compared to common pyrheliometers
but is very similar to a CMP21 diffusometer at a sun zenith angle of 0°.

A.2. Influence of manufacturing errors

It was estimated that the shades could be produced and positioned
with an error AR where |AR| < 3 mm. This error may be interpreted
as shown in Fig. A.1. Furthermore, it was assumed that the distance
between the shade and pyranometer sensor plane can be set with an
error AL where |AL| < 5mm. Inserting R+AR and L+AL corresponding
to the largest expected errors into the previous calculation, the effect of
these errors on the shading geometry was estimated. For both shades,
the opening half-angle, slope and limit angle were found to change by
less than 0.3° in the worst cases if the tolerances are met.

A.3. Expected signal strength

To estimate signal strength, the ratio Dif fNI,s./DiffNIs. was
modeled as a function of the circumsolar ratio CSR.

Radiance profiles in the proximity of the sun disk (sunshapes) were
calculated according to Buie et al. [71] as a function of CSR. CSR is
defined as CST/(DNI + CST), with the circumsolar irradiance CSI. In
the present study, circumsolar irradiance is defined as CST = DN 5. —
DN, 5.. While Buie’s definition uses a different range of sun distance
angles, the following descriptions adhere to our definition.

With the shading geometries from Appendix A.1, the sums of direct
and circumsolar irradiance blocked by the 2.5° and 5° shades (DN I 5o,
DN I5.) were calculated from the radiance profiles.
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/ H

Fig. A.3. Drawing of the shades’ cross-section. The shades are axially symmetri-
cal disks with radius R. The lower circular edge is slanted to reduce the shades’
thickness which affects the shading geometry.

1 mm

Diffuse irradiance excluding circumsolar radiation (Dif fNIs.) is
expected to increase with the circumsolar ratio as follows:
Dif fNIso = Dif fNIse cspeg - (1 + CSR/2) (A1)
The equation is a very rough approximation based on an experimental
evaluation at the same site (Tabernas) [72]. Scattering of direct irradi-
ance increases with CSR and causes DHI to increase. At the same time,
more radiation is reflected into space which justifies the division by two.
This allows to calculate Dif f N1, so:

Dif fNIyso = Dif fNIso +(DNIso — DNI,s0) (A.2)

The resulting ratio Dif fNIs./Dif fNI,s. as a function of CSR is
visualized in Fig. A.2. From a circumsolar ratio (CSR) of around 0.0067,
the ratio of the DiffNI signals exceeds 1.06. From this value onward, the

measurement signal is expected to be significant compared to the errors
in the measurement.

A.4. Manufacturing of the structure

The shades were manufactured on a lathe machine from an alu-
minum cylinder. Fig. A.3 provides an overview of their geometrical
properties. The shades have the form of disks with a thickness of 3 mm
and the above-mentioned radii. The circular edges on the shades’ bot-
tom sides were chamfered so that for the optical calculations the shades’
thickness can be set to 1 mm and therefore be neglected. An increased
thickness of the shades would influence the shading geometry and re-
lated errors discussed above. The shades are carried by an aluminum
profile with a square cross-section of 6 mm-side length. This profile in
turn is mounted to 20 mm ITEM profiles which are clamped to the Solys2
tracker’s shading structure (shown in Fig. 2 top, right).

The distances between shades and pyranometers were checked after
the setup and were confirmed to be well within the tolerance with actual
distances in the range of 685 to 689 mm. The shades’ actual radii devi-
ated from the set values by less than 1 mm. The shades’ centric position
over the pyranometer domes was checked periodically. Based on that,
the desired opening half-angle, limit and slope angle are expected to be
met with deviations well below 0.3°.

A.5. Relative calibration

The individual CMP21 pyranometers’ calibration constants have un-
certainties of 1% and above. To minimize a potential influence of this
uncertainty on the CSI measurement, the DiffNIso measurement’s
pyranometer was calibrated in-situ relative to the Dif f NI, 5o measure-
ment’s pyranometer. For the calibration, the shades were removed. Clear
periods with DN'T > 500 W /m? and sun-elevation angles above 20° from
eight days were included in the calibration.

Appendix B. PyranoCam algorithm description

A former version of the PyranoCam system was described by Blum
et al. [23]. In the following the enhanced PyranoCam system used in
this study is introduced.

PyranoCam’s hardware consists of a horizontally leveled thermopile
pyranometer and an all-sky imager of the model Mobotix Q25 or Q26.
The pyranometer measures GHI, and the sky imager takes an all-sky
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Fig. B.1. Model architecture with ResNet18 encoder, number of neurons per layer (in brackets inside the layer boxes) and output sizes of each stage (between the

layers). The structure of a ResNet encoder is shown on the right. »n indicates the number of kernels in each convolutional stage of the respective ResNet blocks. The
convolutional stage applies convolution, block normalization and every Second time ReLU (rectified linear unit).

image. The camera is configured to set constant exposure settings as far
as possible. Under very dark conditions a digital amplification of the
pixel intensity is applied. Sky radiance is measured from the sky image’s
pixel intensities using a physical camera model. DHI is then calculated
from sky radiance. Subsequently a number of corrections are applied.
PyranoCam was enhanced over the system from [23] by a dynamic
broadband and a machine-learning-based correction. The development
of PyranoCam was based exclusively on data from the sites Tabernas
and Oldenburg. The development data only included periods that ended

at least six months before the start dates of the periods included in the
radiometer benchmark.

B.1. Dynamic broadband correction

A situation-dependent broadband correction factor (8,, in [23]) was
determined. This factor accounts for the variable contribution of infrared
irradiance to broadband irradiance. The development of the current
broadband correction was described in [53]. PyranoCam was operated
in Tabernas in parallel with the WISER spectroradiometers and the ref-
erence measurements of direct and diffuse irradiance. The measurement
period for this development was 12.07.2019 to 01.10.2021.

A number of potential indicators of the broadband correction factor
were calculated from the measurements:

« Ratios of raw PyranoCam DHI measurements received from indi-
vidual color channels (R, G, B), e.g., DHIy/DHIg

« Cloud cover per cloud class as defined by [73] was detected from
the sky images

« Effective wavelength according to [62] was calculated from the
WISER spectra

« Sun elevation angle and air mass were calculated via pvlib-python

supported by local measurements of air temperature and baromet-
ric pressure

« Linke turbidity and DNI clear-sky index were determined from the
DNI measurements according to [59]

« 15-min-resolution DNI variability classes according to [74] were
determined from the reference DNI measurements

Raw PyranoCam DHI measurements per color channel DH I, DHI;
and DH I were calculated according to Eq. (10) in [23], setting f to
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[1,0,01, [0,1,0], [0,0,1] depending on the color channel (R, G, B) and
using a constant f,, in this intermediate step.

For model development, diffuse spectral irradiance (E,; (1)) was
calculated from the WISER spectra and g, was derived as follows:
4000nm
280nm

700nm
390nm

Egizp(A)da
Egiyp(A)d2

By = (B.1)

The numerator represents the diffuse broadband irradiance and the de-
nominator represents the diffuse irradiance from the visible range alone,
to which the camera is sensitive.

The ratios of DHI,, DHI; and DHI were found to be strong
indicators of f,;,. These ratios were calculated from the PyranoCam hard-
ware alone and were therefore easy to integrate into the PyranoCam
algorithm. A continuous, piece-wise linear function with DHI,/DHI
(typically in the range of 0.9 to 2.0) as the argument was found to pro-

vide an accurate estimation of g, (typically in the range of 1.3 to 2.2)
with an rRMSD of 4.8%.

B.2. Machine-learning-based correction

The correction factor k,;, applied in the PyranoCam version of [23]
is not applied in the current version. k,,, accounted for disturbances
related to image saturation and glare effects. Instead, such effects are
corrected using a machine-learning method.

The development of this correction was described in [24]. The
method uses tabular features derived from intermediate results of
PyranoCam and a transformed sky image (‘sun image’) as inputs. A con-
volutional neural network (CNN) encoder extracts features from the sun
image. Subsequent fully connected layers process the tabular and image
features and determine a corrected DHI measurement. DNI is calculated
from GHI and the corrected DHI.

The tabular features were calculated or selected from PyranoCam in-
termediate results which were expected to be related to PyranoCam’s
DHI measurement and remaining sources of errors. From 33 consid-
ered features, highly redundant features, measured by the Spearman
coefficient, were rejected. Additionally, a random forest analysis was
performed to test which parameters could be useful to provide an ac-
curate estimation of DHI. Only features were retained for which an
importance of 0.001 and above was indicated. In summary, the following
eleven features (sorted by importance) were selected:
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PyranoCam’s DHI measurement (before machine-learning correc-
tion)

Illuminance calculated from the R channel

Mluminance calculated from the G channel

Iluminance calculated from the B channel

Contribution of circumsolar irradiance including sun distance an-
gles up to 25° to PyranoCam’s DHI

GHI from the thermopile pyranometer

Number of saturated image pixels in the entire sky image

Ratio of illuminances calculated from the G over R channel

Sun elevation angle

Ratio of illuminances calculated from the B over R channel
PyranoCam’s DNI measurement (before machine-learning correc-
tion)

Note that these features (but not the final model training) were selected
before the development of the situation-dependent broadband correc-
tion. This may have influenced the feature selection to a certain extent.
In particular, the importance of illuminance calculated from individual
color channels is expected to have decreased.

In each timestamp, a sun image was created from the raw sky im-
age focusing on the sky area that was expected to contain the most
information on image saturation and glare effects. As the sun disk
and surrounding clouds may appear distorted depending on the sun
elevation, the camera’s geometric calibration was used to transform
the original sky image into one that mimics a camera mounted in a
sun-normal plane with the sun in the image center.

The size of the square-shaped sun image was determined dynamically
at every timestamp. The sun image’s minimum side lengths were set to a
quarter of the original sky image’s smaller side length 4 which equaled
2048 pixels. In the presence of an increased number of saturated pixels
ney, the side lengths window_size were increased over the minimum
value as follows:

window_size = min({max({34/n,,, h/4}), h}) (B.2)
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This way even in the presence of extreme image saturation, e.g., dur-
ing stand-storm conditions, a margin around the saturated sun disk was
included in the sun image. The transformed sky image was cropped to
a square area with side lengths window_size around the image center,
i.e., around the sun position. The sun image was sampled down to side
lengths of 224 pixels.

Model architecture and training procedure were optimized through
a parameter study, see [24]. The CNN encoder from ResNet18 [75], pre-
trained using self-supervised tasks, proved to be beneficial. The overall
model architecture including the individual layers, neurons per layer
and the number of features passed between model layers is summarized
in Fig. B.1. The final supervised training of this correction included over
four years of data from the sites Tabernas (01.08.2019 to 31.12.2021)
and Oldenburg (01.01.2020 to 31.12.2021). This development dataset
was split into a training dataset (approximately 75% of all data points)
and a validation dataset (approximately 25% of all data points). Of all
dates with at least one valid data point, every fourth date was assigned to
the validation dataset and all remaining dates were assigned to the train-
ing dataset. These development periods ended seven months prior to the
measurement periods from the sites Tabernas and Oldenburg evaluated
in the present study (compare Table 1).

Appendix C. Sensor comparison restricted to periods with valid
readings from CaptPro

In Section 5.1, the accuracy of CaptPro was evaluated over the
dataset available from this sensor in Tabernas whereas all other sen-
sors were evaluated over a larger dataset. Figs. C.1 and C.2 are created
in analogy to Figs. 7 and 8, however in this case only Tabernas and
only the period with measurements from CaptPro is evaluated for all
sensors available at this site. For conciseness, only 10-min average irra-
diance is evaluated here. The direct comparison on an identical period
confirms the difference in accuracy between CaptPro and the remaining
instruments found in the evaluation of Section 5.1.
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Fig. C.1. Error metrics for 10-min-average DHI in Tabernas restricted to the period with valid measurements from CaptPro.
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Fig. C.2. Error metrics for 10-min-average DNI in Tabernas restricted to the period with valid measurements from CaptPro.

Data availability

The measurement data used in this study are publicly available in
part. Camera images and measurements of reference DNI, DHI and GHI
evaluated for the Tabernas site were published by Fabel et al. [67]. All
measurements taken in Golden apart from PyranoCam’s DNI and DHI are
publicly available and were received from NREL’s web interface [25].
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