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Abstract: Accurate knowledge of solar radiation data or its estimation is crucial to maximize the
benefits derived from the Sun. In this context, many sectors are re-evaluating their investments
and plans to increase profit margins in line with sustainable development based on knowledge and
estimation of solar radiation. This scenario has drawn the attention of researchers to the estimation
and measurement of solar radiation with a low level of error. Various types of models, such as
empirical models, time series, artificial intelligence algorithms and hybrid models, for estimating
and measuring solar radiation have been continuously developed in the literature. In general, these
models require atmospheric, geographical, climatic and historical solar radiation data from a specific
region for accurate estimation. Each analysis model has its advantages and disadvantages when it
comes to estimating solar radiation and, depending on the model, the results for one region may be
better or worse than for another. Furthermore, it has been observed that an input parameter that
significantly improves the model’s performance in one region can make it difficult to succeed in
another. The research gaps, challenges and future directions in terms of solar radiation estimation
have substantial impacts, but regardless of the model, in situ measurements and commercially
available equipment consistently influence solar radiation calculations and, subsequently, simulations
or estimates. This article aims to exemplify, through a case study in a multi-family residential
building located in Viana do Castelo, a city in the north of Portugal, the difficulties of capturing the
spectrum of radiations that make up the total radiation that reaches the measuring equipment or site.
Three pieces of equipment are used—a silicon pyranometer, a thermopile pyranometer and a solar
meter—on the same day, in the same place, under the same meteorological conditions and with the
same measurement method. It is found that the thermopile pyranometer has superior behavior, as it
does not oscillate as much with external factors such as the ambient temperature, which influence
the other two pieces of equipment. However, due to the different assumptions of the measurement
models, the various components of the measurement site make it difficult to obtain the most accurate
and reliable results in most studies. Despite the advantages of each model, measurement models
have gained prominence in terms of the ease of use and low operating costs rather than the rigor of
their results.

Keywords: solar radiation; measurement equipment; Viana do Castelo; environment impact;
measurement uncertainty
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1. Introduction

The solar radiation that penetrates the atmosphere and reaches the Earth’s surface is
vital for the chemical, physical, and biological processes necessary for sustaining life [1-3].
Variations in solar radiation directly affect climate data, the hydrological cycle, sensible
and latent heat, evaporation, ecological systems, migration patterns, and other crucial
parameters [1,4,5]. In addition to these critical aspects, solar energy has a significantly
lower environmental impact compared to traditional energy sources such as fossil fuels.
Due to all these characteristics, solar energy systems are expected to play a fundamental
role in mitigating carbon emissions and harnessing solar radiation, especially in develop-
ing countries [4]. Solar energy is progressively being regarded as one of the most vital
renewable and sustainable energy sources for tackling the global energy crisis [6].

Countries that rely on solar systems have experienced immediate economic and
environmental benefits, leading them to increase investment in solar power plants and
rethink their energy strategies based on their solar energy potential, such as electricity
production. A country’s potential for solar power can easily be gauged by its solar radiation
levels. Regions with high solar energy potential include Africa, Australia, South America,
Southern Europe, and Asia, particularly India. In these areas, solar energy is frequently
used for electricity and heat production. Conversely, in regions with lower solar energy
potential, the use of concentrated solar systems is considered a practical solution to boost
solar radiation potential [7].

With current technology, solar energy can be harnessed through various methods,
including solar thermal electricity generation, solar heating systems, and photovoltaic
cells (PV systems). Of these methods, photovoltaic solar systems are widely used globally,
providing an easy and efficient way to generate electricity [8].

There has been a substantial global shift toward solar energy. The reason why countries
are showing significant growth in their interest in solar energy is to ensure economic
sustainability by gradually reducing dependence on fossil fuels. Since the Brundtland
Report, the concept of sustainable development has emerged, which aims to promote
changes in environmental quality, economic development and social structure to benefit
present and future generations. It was in this context that the need for society to commit
to a more sustainable lifestyle became evident (World Commission on Environment and
Development, 1987) [9]. International agreements, such as the Paris Agreement (an attempt
to effectively combat climate change by reducing greenhouse gas (GHG) emissions and
defining the Sustainable Development Goals for 2030), the Kyoto Protocol (which portrays
a considerable increase in concerns about sustainability and the setting of targets) and other
proposals aimed at reducing the energy intensity of cities are shown in Figure 1.

Growing recognition of urbanization reflected in global frameworks for sutainable global development
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Figure 1. The evolution of the global development framework for sustainable development.

While solar energy has proved to be a highly valuable source of renewable energy,
the electricity production capacity of PV modules largely depends on solar radiation, the
climate of the solar park location, and the meteorological conditions [4,5,10,11]. With the
increasing installation of photovoltaic systems worldwide, it becomes crucial to estimate
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the solar radiation reaching the Earth and the power obtained from these systems. This
way, it is possible to determine investment costs and achieve grid integration [1-3,12].

The International Energy Agency’s (IEA’s) Renewables 2021 report predicted a record
increase in the capacity of renewable energy sources driven by photovoltaic systems in 2021.
Countries expanding their photovoltaic solar energy production have addressed energy
security concerns and the volatility of fossil fuel prices. The report projected continued
growth in the coming years, with nearly 290 gigawatts (GW) of new renewable energy
commissioned in 2021, a 3% increase from 2020. Photovoltaic systems accounted for more
than half of the renewable energy expansion in 2021, followed by wind and hydroelectric
power [5,13].

To create a future perspective for a solar energy system to be established in each region,
it is necessary to measure the solar radiation values of the region to determine the solar
energy potential of that specific geographical area. Solar radiation estimation provides es-
sential information not only for the installation of solar energy systems but also for reliable
grid operation, as the stochastic nature of solar radiation, mainly caused by cloud shadow
movement between the Sun and, for example, photovoltaic panels, induces significant,
sudden, and unexpected fluctuations in the power output of PV modules [14]. The variabil-
ity of solar photovoltaic systems’ energy poses a serious challenge to energy companies
and transmission system operators, and accurate load estimates [15] and measurement
equipment are of great importance [10].

Various models and methods have been developed to estimate solar radiation data
with the least possible error. However, most of them use data obtained through in situ
measurements, which exhibit significant variability in capturing solar radiation.

Data related to solar radiation were initially obtained through empirical mathematical
models. Once the importance of solar radiation data was recognized, they became widely
used in many critical sectors, such as agriculture, energy production, tourism, etc. In this
context, many studies have attempted to estimate solar radiation data using different input
parameters, namely cloud cover, rainfall, sky coverage, ambient temperature, dew point,
air pressure, extraterrestrial radiation, latitude, relative humidity, longitude, sunshine
duration, solar azimuth and day length [5].

Most input parameters generally consist of environmental and ecological parameters.
Since solar radiation is a time-dependent variable, some studies have included data such
as hours, days, months, and years in their algorithms for the testing phases. However, a
notable number of researchers also consider solar radiation values as location-dependent
variables, incorporating geographically significant data (such as latitude, longitude, alti-
tude, and region elevation) in addition to environmental and ecological input parameters.

The attempt to define limits based on the use of various parameters and equipment has
proved to be highly useful. Numerous studies recommend various methods for estimating
radiation fluxes, relying on a multitude of parameters such as the air temperature, air
humidity (HR-%), cloud cover, time of day, and day of the year [16-18]. However, the
surface albedo (x) and proportions of the angle of incidence (3) must be specified in these
models. Additionally, other factors should be considered, such as the geometric properties
of buildings, vegetation, reflection properties, and surface roughness. For the application
of these models in simple situations, it is crucial to consider the following radiation fluxes:

1.  Direct short-wavelength (A) radiation colliding with the sunlit portion of the body.
2. Diffuse short-A radiation originating from the sky because of scattering and ground
reflection.

Long-A radiation emitted by the sky fraction and the ground.

Reflected short-A radiation, controlled by the albedo of the clothed body.

Long-A radiation emitted based on the surface temperature.

Heat loss by convection through sensible and latent heat exchange with the air,
partially modeled by the wind speed.

7. Heat exchange by physical conductivity with the ground.

A
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Over the years, a significant amount of research, development, and innovation in solar

radiation measuring equipment has been required to improve the measurement and/or
the calibration standards and provide suggestions for improvement. Table 1 lists studies
that were conducted over time in an effort to reduce acquisition prices, improve measuring
capabilities, test various cell types, and create solar capture sensors. All had the goal of
increasing, researching, and learning about different instruments that can be used to collect
data, detect errors, achieve accuracy, amplitude, and regulate outcome uncertainty.

Table 1. Studies of alternative solar radiation measurement equipment.

Studies

Resume

Nollas et al. (2023) [19]

Quality control procedure for 1 min pyranometric measurements of global and
shadow band-based diffuse solar irradiance, according to the Képpen—-Geiger
classification system.

Lorenz et al. (2022) [20]

High-resolution measurement network of global horizontal and tilted solar
irradiance using a pyranometer, measuring global horizontal irradiance, and three
silicon cells with different orientations.

Mudike (2021) [21]

The study presents the actual field results from a calibration procedure of reference
solar radiometers using an absolute cavity radiometer (ACR).

Mohammad et al. (2020) [22]

Direct normal irradiation (DNI) and global solar radiation measurement instruments
were used and the global solar radiation data from the two devices were compared.

Moiz et al. (2020) [23]

A silicon nanowire-based hybrid solar cell (SINW) study.

Lillo-Bravo et al. (2020) [24]

This model, is based on the characterization of the relation between the data
measured with a thermopile pyranometer and a calibrated cell as a function of the
sky condition and the solar elevation.

Tejada et al. (2020) [25]

In the study, a low-cost pyranometer is developed to detect solar irradiance by
utilizing a Peltier cell (TEC-12705) as a thermoelectric generator.

John et al. (2019) [26]

An electronic pyranometer approach for measuring solar radiation.

Azouzoute (2019) [27]

This study evaluates the difference between the existing two devices used in the PV
market such as thermopile pyranometer and reference cell.

Tohsing et al. (2019) [28]

A measuring broadband solar irradiance study using a pyranometer and
phototransistors as a light detector.

Osinowo et al. (2019) [29]

A study that developed an instrument (photodiode device), a low-cost pyrometer,
utilizing “locally sourced materials”.

Rus-Casas et al. (2019) [30]

This research presents an IoT-connected electronic device able to measure global
radiation in photovoltaic applications.

Vignola et al. (2019) [31]

Up-to-date review of the important aspects of solar and infrared radiation
measurements: radiometer design; equipment installation, operation, maintenance,
and calibration; data quality assessment parameters.

Barros et al. (2018) [32]

Proposes a low-cost solution that monitors sun irradiance using conventional meters.
An LDR sensor calibration was performed using a photodiode pyranometer.

Avallone et al. (2018) [33]

Compares thermal devices and radiation sensors used for measuring sun radiation.
An elementary and low-cost version of thermal pyranometers was examined, built,
and fabricated to determine their efficiency.

Lopez-Lapefia (2018) [34]

A solar energy radiation measurement study with a low-power solar energy
harvester.

Awasthil and Poudyal (2018) [35]

A daily global solar radiation (GSR) study using an CMP6 pyranometer.

Vignola et al. (2018) [36]

Compare the efficiency of photodiode-based pyranometers with reference solar cells
on fixed and tracking surfaces.

Orsetti et al. (2016) [37]

Proposes a new cost-effective sensor and algorithm for tracking and measuring sun
irradiance using photovoltaic cells and a digital sensor interface.




Buildings 2024, 14, 2117

50f 20

Table 1. Cont.

Studies

Resume

Michalsky et al. (2017) [38]

A study that analyses improvements in pyranometer nighttime offsets using
high-flow DC ventilation.

Parthasarathy and Anandkumar (2016) [39]

In this study using photo diodes, signal conditioning, and amplification, a low-cost
pyranometer for measuring solar irradiation was built.

Chaiyapinunt et al. (2016) [40]

A shadow-ring device is developed for use with a pyranometer to measure diffuse
solar radiation incident on a vertical surface.

Agawa and Ibrahim (2016) [41]

A study on “Development of Micro Controller-Based Monitoring System for a
Stand-Alone Photovoltaic System”.

Nwankwo and Nnabuchi (2015) [42]

A study where a pyranometer was constructed using a silicon photodiode.

Olano et al. (2015) [43]

Several calibration coefficient results have been analyzed in order to validate
different methodologies. Measurement is directly influenced by the reference
calibration coefficient and uncertainty of the field pyranometer used.

Srikrishnan (2015) [44]

Applies artificial neural networks to estimate DNI from the irradiance
measurements of numerous pyranometers.

Dumitrescu et al. (2015) [45]

Using a professional pyranometer as a reference, this study developed an electronic
equipment-based pyranometer for broadband irradiance measurements and
calibrated the prototype device.

Menyhart et al. (2015) [46]

The authors believe that it is possible to control the quality of solar measurement
data by optimizing the levelling of the pyranometer sensor location.

Fuentes et al. (2014) [47]

Solar radiation is measured using a silicon-cell pyranometer. A study was conducted
to design a microcontroller-based data gathering system for a distant PV facility.

Daniel and Odinakach (2014) [48]

A study that uses a little rectangular silicon photocell as the sensor and digital solar
radiation meter for measuring solar radiation was designed, built, and calibrated.

Hidalgo et al. (2013) [49]

A study based on using the phototransistor with low-cost components, design an
affordable sensor (pyranometer) to measure solar irradiance.

Hafid et al. (2014) [50]

A study based on the use of a Peltier effect thermopile as a pyranometer for
large-spectrum measurements. Using graphite material on one side to maximize
solar radiation absorption.

Baltazar et al. (2014) [51]

Methodology to estimate the normal incident solar radiation based on an anisotropic
clear sky model using a multi-pyranometer array (MPA).

Geuder et al. (2014) [52]

Demonstrates that the pyranometer measurement suffers from an annual deviation
of 2% and suggests that calibration should be per-formed every 2 years and the
RMSE should be reduced to 2%.

Patil et al. (2013) [53]

Investigates the development of lower-cost devices (photodiode-based
pyranometers) capable of competing with standard thermopile-based pyranometers
in measuring solar irradiance or solar radiation flux density in the visible spectral
range.

Awasthi and Mor (2012) [54]

A study with innovative technology that allows real-time sun radiance data to be
monitored via a local area network (LAN) or the Internet, employing a radiometer
with analogue circuits for signal preprocessing from solar cells.

Nwankwo et al. (2012) [55]

A study of a locally built pyranometer for sensing global solar radiation, calibrated
with the Einstrain lung pyranometer model.

Medugu et al. (2010) [56]

The dependable model pyranometer was developed as a piece of sun
radiation-measuring equipment. The sensor element is made up of a silicon diode
set on a plastic base and a Teflon diffuser.

Macome et al. (2009) [57]

The study aims to design, build, and characterize a multi-sensor sun radiation
detector that evaluates the use of a weighted combination of photodiode
measurements with a rotating shadow band to simultaneously monitor diffuse and
beam solar radiation.

Martinez et al. (2009) [58]

The investigation involves the design, creation, and test of a new pyranometer for
measuring global sun irradiance or flux density within the visible spectral range.
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Table 1. Cont.

Studies Resume
This contribution evaluates the impact of instrument uncertainties contributing to
Gueymard and Myers (2009) [59] data inaccuracies and their effect on short-term and long-term measurement series,

and on radiation model validation studies.

Lester (2006) [60]

This study proposes a method to find an RS function to model a pyranometer’s
changing RS (the signal-to-irradiance ratio is the responsivity (RS) of the instrument
[RS = signal/irradiance = microvolts/(W/ m?)].

Okonkwo and Onwuala (2002) [61]

The study was developed around a phototransistor and compared to a typical
equipment that used an integrated pyranometer model to measure radiation.

Beaubien et al. (1998) [62]

A study analyzed and assessed three varieties of thermal-converting pyranometers
(black surface): two designs use diffusing front-optics, and the third uses standard
double-domed enclosures. The study looked at three temperature measurement
techniques: thin-film bismuth antimonide thermopiles, bismuth telluride
thermopiles, and platinum resistance thermometers (PRTs).

Soulayman (1995) [63]

A method that proposes to considerably reduce the high errors normal in solar
radiation data obtained by actinographs or by non-calibrated
Eppley-type pyranometers.

Studies of alternative solar radiation measurement equipment to the standard ones
(thermopile pyranometer, photodiode pyranometer and photovoltaic pyranometer) but
which were intended to make solar radiation measurements feasible, whether they com-
plied with the ISO standards or WMO requirements, but with the purpose of establishing
the precision, range, amplitude, uncertainty and error.

The primary objective of this paper is to improve the accuracy of solar radiation
measurement estimation by using various parameters as input data for predicting solar
radiation through the analysis of various instruments. It is recognized that these predictions
may not always be feasible or completely accurate. Depending on the circumstances and
performance conditions of solar radiation estimation models, high-performance estimates
using a smaller dataset may prove to be more crucial. In this sense, the proposed Portuguese
case study aims to present an example of in situ measurements, with different measuring
instruments and with similar levels of precision, but the results obtained do not demonstrate
this similarity.

Then, this study aims to scrutinize the key equipment used for real data collec-
tion, specifically the in situ solar radiation measurement instrument. All the estimation
models, whether conventional (empirical, mathematical models, etc.) or innovative ap-
proaches based on artificial intelligence (machine-learning approaches, hybrid models,
etc.), rely on this instrument as the basis for their simulations [14,64]. The purpose of this
study is to provide a comparative analysis of the different measurement tools (from three
selected devices).

2. Solar Radiation Measurement Instruments

Solar radiation can be evaluated according to the type of radiation measured, which in
turn gives rise to different equipment names. The solar radiation reaching a specific point
on the Earth is called direct and diffuse radiation.

Radiometers are instruments that can measure any form of radiation. Pyrheliometers
and pyranometers are two forms of radiometers that measure solar irradiation. Pyranome-
ters measure numerous components of radiation and are distinguished by their capacity to
detect solar radiation from diverse locations in the sky. Pyrheliometers measure DNI (direct
normal irradiance), whereas pyranometers measure GHI (global horizontal irradiance),
DHI (diffuse horizontal irradiance), or POA (plane-of-array) irradiance. The global solar
pyranometer is a common instrument for measuring sun irradiance’s combined direct and
diffuse components.
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Solar radiation is the radiant energy that comes from the Sun and propagates in the
form of short electromagnetic waves in all directions. However, it is noteworthy that part of
this radiation may be absorbed, scattered, or reflected as it traverses the Earth’s atmosphere.
Thus, only a portion of the total solar radiation reaches the Earth’s surface in the form of
two components: direct radiation (the part that passed freely through the atmosphere) and
diffuse radiation (the part that was scattered by the atmosphere), whose sum is designated
as global radiation and can be calculated by Equation (1) or the equivalent Formula (2)
from Ameen et al. (2019) [65].

Eg| =E x cos(6) + Ed @)

where E is direct radiation, Ed is diffuse radiation, 0 is the angle between the surface normal
and the position of the Sun in the sky and the calculation provides the total available amount
of solar energy on the Earth’s surface, the global irradiance Eg.

The measurable radiation, according to Ameen et al. (2019) [65], on a horizontal surface
is referred to as global horizontal irradiance (GHI). The direct solar beam passing through
the atmosphere is referred to as direct normal irradiance (DNI), and diffuse horizontal irra-
diance (DHI) is a type of solar irradiance in which particles and molecules (such as clouds
or dust) in the Earth’s atmosphere scatter solar radiation [66]. The relationship between
the components of solar irradiance can be calculated by Ameen et al.’s formula (2019) [65],
where 0 indicates the angle of incidence (Equation (2)):

GHI = DNI x cos(6) + DHI )

The sum of these two radiations is also known as global solar radiation, and pyra-
nometers are the radiometers that measure global solar radiation. A pyranometer is a
device that measures the total radiant solar energy incident on the analyzed surface per
unit time and unit area. The device also allows measurement of the total radiant solar
energy reflected from a surface per unit time and unit area, and these data are sufficient to
obtain the solar reflectance, as it is the ratio of reflected radiation to incident radiation [67].
In addition to pyranometers and pyrheliometers, solar radiation is also measured using
instruments such as solarmeters [68].

A pyrheliometer must be mounted with a device that points the instrument to the
Sun throughout the day and measures “direct solar radiation”, i.e., the amount of solar
energy per unit area and per unit time incident on a plane normal to the Sun’s position
in the sky, referred to as “direct normal irradiance” or DNI [69]. There are different
types of pyrheliometers, and according to Duffie and Beckman (2013) [70], the Abbot
silver disc pyrheliometer and the Angstrom compensation pyrheliometer are necessary
primary standard instruments. The Eppley normal incidence pyrheliometer (NIP) is a
standard instrument used for practical measurements in the US, and the Kipp and Zonen
actinometer is widely used in Europe. Both instruments are calibrated according to the
primary standard methods. The devices measure the solar radiation beam and the small
part of the sky around the Sun.

The solarmeter is a device that can measure solar energy or sunlight in units of W/m?,
either through windows to check their efficiency or during the installation of solar energy
devices. It is designed for environmental monitoring of the sunlight intensity.

Pyrheliometers and pyranometers are standardized according to ISO 9060 [71], which
divides them into three classes: the best is designated as the “secondary standard”, followed
by “first class”, and finally, “second class”. The standard also distinguishes the thermopile
pyrheliometer or pyranometer (as a series-connected thermocouple sensor that converts
thermal energy into electrical energy, i.e., measures incident solar radiation by the heat
it generates, and a silicon pyranometer has a photoelectric sensor that measures incident
solar radiation by the electricity it generates) [72].

The silicon pyranometer is not as uniform and comprehensive in the spectral range.
Unlike a thermopile pyranometer, it is not covered by the ISO 9060 standard, and its
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calibration methods are not standardized, making direct comparisons with thermopile
pyranometers in terms of the accuracy difficult. Therefore, the thermopile pyranometer is
highly recommended for measurements with this alternative method. It is worth noting
that the World Meteorological Organization (WMO) also classifies pyranometers into three
categories: “high quality”, “good quality”, and “moderate quality”. The main difference
between this classification and ISO is the requirement for approximately double the spectral
response [69,70,72,73]. According to the book Solar and Infrared Radiation Measurements by
Vignola, Michalsky, and Stoffel (2019) [31], a misalignment of 0.5° in the equipment leveling
for solar incidence with a zenith angle of 30° corresponds to an error of 0.1%, and for solar
incidence with a zenith angle of 80°, the error increases to 1.2%. Therefore, it is crucial to
ensure that the pyranometer is properly leveled and securely mounted.

The measurement range of pyranometers should be between 280 and 2800 nm, with
output irradiance values between 0 and 1400 W/m? and a one-second response time.
Proper use of the pyranometer is recommended, as when facing upward, it measures the
total radiant solar energy incident on a horizontal surface per unit time and unit area, and
when facing downward, it measures the total radiant solar energy reflected by its surface
per unit time and unit area.

This type of pyranometer typically has a double dome to minimize the effects of the
internal convection resulting from the pyranometer’s tilt at different angles. Depending
on the type of equipment, data from the pyranometer may need to be converted from its
analog output to digital by a reading meter, with an accuracy of +0.5% and a resolution of
1 W/m? [73]. The equipment should be placed at least 50 cm away from the surface under
analysis, and this distance will influence the sample dimensions. The sample dimensions
(diameter or side length) should be at least eight times that distance. Thus, if the sample is
circular, it should have a minimum diameter of 4 m, and if it is square, its sides should be
at least 4 m. This makes the method suitable for evaluating streets and roofs, among other
large surfaces [73]

Finally, it is essential to note that this methodology (ASTM E1918) [74] should only
be applied on clear and sunny days, without clouds or fog during measurements, and the
sample surfaces should be homogeneous and dry [73,75-79].

3. Case Study

This study was carried out to test and measure the solar radiation in situ with different
equipment and its influence on the environmental impact in the Portuguese municipality of
Viana do Castelo, located on the northwest coast and NUTS III Alto Minho (Nomenclature
of Territorial Units for Statistical Purposes, a hierarchical system for dividing the territory
into regions). It is a medium-sized municipality with a population of 85,784 inhabitants
living in a total area of 31,902 km? (Figure 2).

The demonstration case study consists of a multi-family residential building located
in Viana do Castelo, a city in the north of Portugal. The urban context is a historic ag-
glomeration with narrow streets and buildings with an average height of 3 stories. The
east, west and north quadrants are consolidated with pre-existing constructions, while the
south quadrant is more open, with the presence of notable buildings such as a chapel. The
building has a closed block configuration with interior courtyards. Its height is similar to
that of the surrounding area. For the case study in question, 4 measurement points were
selected (Figure 3), and at each data collection point, 3 pieces of equipment were used to
measure the global solar radiation.
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Figure 2. Case study area in D. Maria II Street (Viana do Castelo). (A) European context; (B) Alto
Minho NUTS III and Municipality of Viana do Castelo; and (C) location of study area.

\ 1 /. bra

® |ocation of Measuring Points (PC)

Figure 3. View of the area of the block chosen as the case study and the respective markings of the
data collection points (PC).

The sensors were chosen because they are frequently used in studies of this kind and
for reasons of mobility, access, and cost-effectiveness of use (equipment provided by the
laboratories of the institution that hosted the study).
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In the study area, there was a predominance of buildings with a height of 12 m, flanked
by other buildings with a height between 9 and 12 m. The main characteristics of the area
adjacent to the measurement equipment, vegetation and traffic are summarized in Table 2.

Table 2. Representation of the study site and its surrounding details.

Photographic Representation of the Study Site and Surrounding
Its Surroundings and Measuring Equipment Vegetation

Surrounding Traffic Routes

A total of 10 deciduous trees with 1
trunk =+ 0.30 cm in diameter and
4.00 m high. Foliage when present
is =8 m in diameter.

Main road with heaviest traffic on
the left and secondary road in front
of the measuring equipment.

A total of 3 deciduous trees with 1 Main carriageway with heavier
trunk =+ 0.30 cm in diameter and traffic on the left and secondary
= f M 2.70-3.00 m high. Foliage when carriageway in front of the
ST [ == present has a diameter of +7 m. measuring equipment.

PC2 with solar orientation south with obstacle

Secondary road with less car traffic
on the left and right is reserved for
pedestrians.

No vegetation around the
measuring station.

. . Mai ith heavi ffi
A total of 9 evergreen trees, in this ain road with heavier car traffic

case with a trunk with vegetation + on the right and secondary road

: g =\ 1 m in diameter and 6-7.00 m high. with les.s trafflc. in front of the
= L measuring equipment.

PC4 with solar orientation south without obstacle

To relate equivalent global radiation on sample surfaces, the alternative method
E1918A (in situ measurements) was chosen. The choice of the alternative method was due
to the ASTM E1918 [74] method requiring large samples, making it difficult to transport
and acquire space for placement. The ASTM C1549 [80] method requires more expensive
equipment, and the ASTM E903 [81] method can only be used for laboratory measurements.

Therefore, to measure global solar radiation, three solar radiation measurement sensors
were chosen—a silicon pyranometer (Skye SP1110 model), a thermopile pyranometer (LP
PYRE 02 model) and a solar power meter (SM206-Solar model)—as represented in Table 3.

Table 3. Instruments used for solar radiation measurements.

# Instrument/Model Name Measurement Output Measurement Unit  Accuracy [%] Range

1 Skye SP11100 SN: 31633 Grad W/m? +5% 1-1100 W/m?
2 LP PYRE 02 Model Grad W/m? +5% 0-4000 W /m?
3 KKMOON SM206 Grad W/m? +£5% 1-3999 W/m?

The measurements took place in real time on 17 February 2023, throughout the day,
starting at measurement point PC1 at 9:40 and ending with the last measurement at measure-
ment point PC4 at 18:40. For each measurement/data collection point (PC), 5 measurements
were taken throughout the day and were representative of the solar differences of the day
(solar time).



Buildings 2024, 14, 2117

11 of 20

As there are no officially recognized standards for determining pyranometer accu-
racy (manufacturers only provide accuracy estimates), the following practical method
is presented when the manufacturer indicates the necessary parameters to estimate the
pyranometer measurement accuracy [69].

P = /(a2 + b2 +c2+d2> 3)

where:

P = Accuracy of pyranometer measurements [%];

a = Calibration uncertainty [%];

b = Directional response [%];

¢ = Temperature response [%];

d = Sensitivity change (also called non-stability, depends on the manufacturer and not the
pyranometer class) [%].

Therefore, the thermopile pyranometer was used to measure the solar radiation on
a uniform sample (the entire building in the case study has the same material coating)
with a surface area of approximately 1 m2. This technique (referred to as E1918A) was
employed to measure the global solar radiation at different in situ measurement points.
The other measurement equipment (the silicon pyrometer and the solar meter) do not fulfil
all the calculation requirements of Equation (3). Assuming that the accuracy of each piece
of equipment is that provided by the suppliers, this is £5% in all the equipment presented.

Each piece of equipment, with its characteristics, limitations and measurement criteria,
is shown in Table 4 and it is easy to understand that the thermopile pyranometer was
chosen as the reference sensor because it is the equipment that complies with ISO standards
and because it has the most reliable response to the different thermal amplitudes.

The thermopile pyranometer was chosen as it functions linearly, generating more
electrical current with a higher measured temperature gradient. That is, if the incident
solar radiation doubles, it generates double the electrical current. On the other hand, this
sensor also responds directionally, measuring the maximum irradiance when the Sun is
directly overhead (zenith angle of 0°) and detecting nothing when the Sun is on the horizon
(zenith angle of 90°). Therefore, the pyranometer’s electrical signal varies with the cosine
of the angle [cos(0)] between the Sun and the equipment’s normal, one of the parameters
influencing pyranometer uncertainties.
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Table 4. Measurement instruments: typology, designation, characteristics and performance graphs.

Measuring Instrument Skye SP11100 SN: 31633 LP PYRE 02 Model KKMOON SM206
Typology Silicon Pyranometer Thermopile Pyranometer Solar Power Meter
Supplier CAMPBELL SCIENTIFIC Delta OHM Dr. Meter’s

Regulatory compliance

Pyranometer Skye SP1110 does not fulfil the ISO 9060
requirements but the World Radiometric Reference standards.

Pyranometer fully complies with ISO 9060 standards and meet
the requirements defined by the World Meteorological
Organization (WMO).

Solar meter does not comply with the ISO 9060
standard, but fulfills the requirements set by the
World Meteorological Organization (WMO).

Equipment Class

Does not fulfil classes

First Class (ISO 9060 standards)

Does not fulfil classes

Characteristics

P = Accuracy of pyranometer measurements [%]. Absolute
accuracy £5% (typically <+3%).

a = Calibration uncertainty [%]; output 1 mV per 100 Wm2.

b = Directional response [%].

¢ = Temperature response [%]. Operating temperature —35 °C to
+75°C

d = Sensitivity change (also called non-stability, depends on the
manufacturer and not the not the pyranometer class) [%]. Sensitive
to light between 350 nm and 1100 nm.

P = Accuracy of pyranometer measurements [%].

a = Calibration uncertainty [%]. ISO 9001 Calibration Report.

b = Directional response [%]. Non-linearity <I 4 11%.

¢ = Temperature response [%]. Operating temperature—
—40-80 °C.

d = Sensitivity change (also called non-stability, depends on the
manufacturer and not the not the pyranometer class) [%].
Typical sensitivity 6 to 12 uV/(W/m?) and < |4 1.5 %.

P = Accuracy of pyranometer measurements [%];
+10 W/m? [4+5%].

a = Calibration uncertainty [%].

b = Directional response [%].

¢ = Temperature response [%]. Operating
temperature—

—10°C to 60 °C.

d = Sensitivity change (also called non-stability,
depends on the manufacturer and not the
pyranometer class) [%].

Performance graphs

Typical Spectral Response of SP1110
Typical Spectral Response of SP1110
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Relative

response 50
%

00 400 S0 600 700 800 900 1000 1100

Typical Cosine Response Error for SP1110

Typical Cosine Response Error for SP1110
Typical Cosine Response Error for SP1110

——
0.9 AN
@ 08
b3
c
S 07
a2
] 06
E 05
3
g 04
a
g 03
= 02
[
e« 0.1 \
0 N
100 1000 10,000

Typical spectral response

The equipment in question does not have any
studies or tests that would allow a performance
or response graph to be drawn up.
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4. Results and Discussion

The three solar radiation measurement sensors chosen—a silicon pyranometer (Skye
SP1110 model), a thermopile pyranometer (LP PYRE 02 model) and a solar power meter
(SM206-Solar model)—to measure point data in real time (17 February 2023) at the same
locations (Viana do Castelo City) and in the same conditions (collection points (PC) location,
meteorological conditions, same number of hours collection for each point, etc.). Table 5
represents the considerations and values from in situ measurements.

Table 5. Values from the in situ measurements.

. Measuring Hours Silicon Pyranometer Thermopile Pyranometer
Point Control =1 ;¢ rmation Collected (Skye SP1110) (LP PYRE 02) Solar Power Meter
(Measurement) . 2 5 (Dr. Meter’s) (w/m~)
on Time) (w/m?) (w/m?®)
9h 40 37.3 31.75 42
11h 40 419 379 47.7
PC1
13h 40 39.5 36.6 48.6
15h 40 36.6 34.63 41
17h 40 14.8 7.3 17
10 h 00 68.2 68.4 89
12h 00 659 306.8 101.6
PC2
14 h00 113.9 177.2 136
16 h 00 54.7 44.8 58
18 h 00 3.6 0 4
10h 20 77.8 719 86.7
12h 20 679.5 541.7 575.8
PC3
14h 20 653.6 517.2 920.8
16 h 20 34.3 31.7 39
18h 20 0.66 0 0.6
10h 40 652.1 595.9 1118
12h 40 679.5 713.3 1108
PC4
14h 40 500.4 517.2 1033
16 h 40 31 27.1 40
18 h 40 0 0 0

As can be seen in Tables 3 and 4, the thermopile pyranometer was chosen as the
reference sensor because it is the equipment that complies with the ISO standards and
because it provides the most reliable values for the different thermal amplitudes that occur
throughout the day in the different measurements and solar hours, as can be seen in the
following Figure 4.

It can be analyzed that as the measurements move closer to lunchtime (12:00-14:00),
with a greater temperature range, the radiation measurement is also greater and the
susceptibility of the equipment to it also suffers depending on the type of sensor. The
silicon pyranometer is more sensitive to temperature and light, as it is a sensor calibrated
under open sky conditions compared to the reference pyranometers, i.e., according to the
World Radiometric Reference.

Due to the different spectral responses of the silicon photocell and thermopiles, to
obtain accurate readings, the silicon pyranometer must be used in natural lighting condi-
tions and in different conditions of sun, clouds, etc., which affect the calibration. However,
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the reference calibration of the silicon pyranometer in relation to solar energy (300 nm to
3000 nm waveband) is the acceptance band for thermopile pyranometers.

(A) PC1 (B) PC2
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Figure 4. Solar radiation measurements at four data collection points (A) PC1; (B) PC2; (C) PC3;
(D) PC4.

In this sense, except for the solar hour (PC2), the behavior of the silicon pyranometer
is similar to that of the thermopile pyranometer, as can be seen at data collection points
PC1, PC3 and PC4 in Figure 4A,C,D.

On the other hand, the solarmeter, also due to its configuration (see Table 4) and
sensitivity to the operating temperature (—10 °C to 60 °C), tends to provide higher values
than the thermopile instrument, which is the reference measuring device in this case study.

The pyranometers exhibit values closer to each other compared to the solar meter, as
is evident from the various measurements conducted at different times of the day across
the four measurement points. This occurrence can be elucidated by Table 3, detailing the
factors that impact the equipment’s response during radiation measurements.

The three pieces of measuring equipment used in the case study and under the same
conditions and with an apparently similar accuracy and range, visible in Table 3, capture
and measure different values, as it was possible to verify previously (Figure 4A-D).

Figure 5 shows the relational comparison between the three measuring devices but
using the thermopile pyranometer as a reference. As you can see, the silicon pyranometer
behaves more assertively and has a slightly higher trend line (R? = 0.911) than the solar
meter (R? = 0.900).
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Figure 5. Relational comparison between the thermopile pyranometer and the other two sensors
(silicon pyranometer and solar radiation meter). Blue dots represent the relationship between the
values measured with the thermopile pyranometer and the solar radiation meter. Orange dots are the
relationship between the thermopile pyranometer and the silicon pyranometer.

A comparative analysis of Figure 5 shows that as the solar irradiance increases, the
dispersion of the values also increases. As mentioned above, one of the explanations for this
phenomenon is the sensitivity of the equipment to increases in the (ambient) temperature.

The proposed methodology aims to reflect the precision of what each piece of equip-
ment measures and the circumstances in which it is considered acceptable—by standards
or in response to requests—and the case study aims to exemplify the uncertainties or
inaccuracies of the equipment and/or in situ measurements. The overall accuracy and
precision of the process are quite complicated as it is necessary to determine which parts are
responsible for accuracy errors. The Guide for Expressing Uncertainty in Measurement (GUM)
defines the difference between an error and uncertainty, wherein the unknowable discrep-
ancy between an idealized “true value” and the observed value is called the measurement
error and the measurement uncertainty is the “parameter associated with a measurement
result that characterizes the spread of values that could reasonably be attributed to the
measurement” [82].

As can be seen by looking at the measurements and the characteristics of the equipment
used, in simplistic terms, the trend lines of the measurements throughout the day and at
the four measuring points are similar. But if we look at the values obtained in each hour
of measurement and at each measurement point, we see that in nominal terms there are
fluctuations in the values, especially when we compare the values from the solarmeter
with those from the pyranometers. And if we consider the comparison between the silicon
pyranometer and the thermopile pyranometer, we can also see the nominal difference.

Equipment errors are inherent to the type of pyranometer used and the calibration
applied, and they include zenith error (cosine error), azimuthal error, stability, non-linearity,
temperature dependence and spectral response. The highest quality records are obtained
with thermopile pyranometers, which are based on the thermoelectric effect.

In the case of thermopiles, as already mentioned, they comply with the ISO 9060/1990
standard [19,21-28,30,31,46,57,74,76-79,83] and the World Meteorological Organization
(WMO) which, in addition to establishing quality levels, ensure certain standard standards.
The main differences are related to the response time, resolution, stability, linearity and
spectral selectivity [84].
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5. Conclusions

The Portuguese case study allowed us to verify the need to analyze in depth the
parameters of solar radiation that the different equipment on the market measures, in what
regards, and what data are obtained from it. As a result, it was found that when estimating
solar radiation data for any region, it is possible to include the parameters directly related
to solar radiation in that region. In other words, the case study showed that the instruments
used to measure the same parameter, regardless of whether they comply with standards
and norms with different levels of rigor and equipment quality, are not sufficient to provide
accurate data on the solar radiation that reaches a surface in different ways (direct, diffuse
or reflected), mainly due to the limitations of each instrument.

The market does not face the problem of lack or insufficiency of data to create models
but rather of the fact that much of the data obtained on solar radiation is easily measurable
(but generic) and easily accessible, and most of the time the rigor and precision of this data
are too inconsistent or volatile. As mentioned above, the different parameters (environmen-
tal and ecological) that influence radiation allow and facilitate the study of different regions.
However, it is always advantageous to be able to detect the correlation between each input
parameter and solar radiation and to extract characteristics and limitations to improve the
performance of models (estimates, simulations, etc.) before starting the estimation.

This article addressed solar radiation in situ measurement equipment, including its
features, uses, model uncertainty, problem detection, and potential future considerations.
Solar radiation is strategic information for a given region when it comes to the possibility
of investing in solar energy systems. The information available in advance on the value of
solar radiation for a given region is crucial for feasibility studies for that region and is a
subject that is increasingly being researched by the academic and business communities.
However, it is not practical to install these instruments in all regions due to their high cost,
measurement difficulties and calibration problems.

There are alternative measurement options for a future study, considering the previous
problematics:

e A cost-effective approach for recording solar radiation involves the use of radiometers
utilizing the photovoltaic effect, such as silicon-based photodiodes and solar refer-
ence cells. However, these do not meet the quality standards outlined in the ISO
9060/1990 [72] standard due to the limited spectral response of silicon (400-1000 nm).

e  Operational errors are independent of the sensor type and encompass various factors,
including obstruction by nearby objects, dew, frost, snow, or dust (dirt) covering the
pyranometer dome, improper leveling, station interruptions, electric fields near cables,
or malfunctioning data loggers, among others.

e  Prudent selection of the pyranometer installation site and regular maintenance can
mitigate most operational errors.

e Another classification proposed by Zahumensky (2004) [85] distinguishes between
random errors, symmetrically distributed around zero; systematic errors, asymmetri-
cally distributed; significant errors primarily caused by device malfunctions and data
processing errors; and micrometeorological errors, inconsistencies in ground records
concerning surrounding regions.

e  Alltypes of errors introduce a certain level of uncertainty into radiation measurements,
necessitating quality control (QC).

In completion mode, the accuracy of solar energy production predictions essentially
depends on the accuracy of solar irradiance measurements. Vignola et al. (2016) [86]
showed that the intensity of solar irradiance has the greatest impact on solar energy
production. Research trends have recommended increasing the measurement accuracy of
solar irradiance sensors to improve the prediction of solar energy production. Olano et al.
(2015) [43] raised several questions regarding the measurement of solar irradiance using
a pyranometer. They suggested that the method of pyranometer calibration affects the
measurement of solar irradiance. Therefore, calibration must be performed in three types
of cloudy conditions to determine the validity of the calibration coefficient for different
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types of meteorological conditions. As previously mentioned, this factor, like others, is
frequently impossible to establish because testing the three scenarios depends on the time
of year the measurement is performed. There are so many variables in measurements
and measurement equipment that it is difficult to pragmatically evaluate and obtain data
without a margin of error or uncertainty.
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