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Abstract

®

CrossMark

Solar-type cavity radiometers are instruments of the highest metrological level for measuring
solar direct normal irradiance. To ensure their traceability and performance, they are periodically
compared to the World Group of Standards, which realizes the World Radiometric Reference
(WRR), in the International Pyrheliometer Comparisons (IPCs). Additionally, they can be
characterized in an absolute way, with direct traceability to SI units and with their measurement
uncertainty calculated. This paper describes the different techniques and procedures applied for
the characterization and calibration of solar cavity radiometers, with the main results obtained to
date in the case of an Automatic Hickey—Frieden (AHF) radiometer. Voltmeters, resistors,
temperature sensors and the area of the precision apertures have been calibrated, while the
effective absorptance, temperature coefficients, optical scattering and non-equivalence factor
have been evaluated. The temperature dependence of the electrical current in the cavity heater
has also been analysed. The resulting corrections obtained for the AHF by characterization are
compatible with the WRR factors obtained by this instrument in the past IPCs. An uncertainty
of 0.42% (k = 1) has been obtained, and this paper discusses further improvements that may be
able to reduce this figure to the desired expanded uncertainty of U = 0.1% (k = 2).

Keywords: absolute radiometer, solar radiometry, solar irradiance, metrology, calibration,

pyrheliometer, traceability

(Some figures may appear in colour only in the online journal)

1. Introduction

Solar radiation is the most influential energy source for Earth’s
climate system and its energetic balance. It is measured
and studied (through several physical magnitudes) in fields
of science such as astronomy and space physics, medicine,
agriculture, architecture, or climatology and meteorology. It

* Author to whom any correspondence should be addressed.
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is, of course, the primary energy source for solar thermal and
photovoltaic conversion systems.

Scientific community is carrying out a huge effort for
understanding the mechanisms governing Earth’s climate, and
are demanding a higher accuracy from experimental data and
from climatic models [1, 2]. In this sense, Earth radiation
budget (ERB) and surface radiation budget are considered
as essential climate variables (ECVs) by the Global Climate
Observing System (GCOS) [3]. These ECV variables are

© 2022 I0P Publishing Ltd
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obtained from measurements in space of the total solar irra-
diance (TSI) and of the irradiance (both long- and short-wave)
emitted or reflected by the Earth’s surface and atmosphere.
GCOS and others also pointed out the importance of a con-
tinuous recording of solar irradiance and posed basic require-
ments for its measurement: 1 W m~2 in absolute accuracy and
0.3 W m2 per decade in stability [4, 5]. For reference, last
accepted value of solar irradiance at the mean Earth—Sun dis-
tance (1 au), the solar constant, is ~1361 W m~2 [6-8] so
that figure-of-merit implies getting an uncertainty better than
0.075% in TSI measurements (=1/1361, 735 x 10~%). The
same figure would represent around ~0.1% at ground-level
(for 1000 W m—2 reference irradiance). Requirements sugges-
ted two decades ago by National Institute of Standards and
Technology (NIST) researchers [9, 10] for space radiometers
were even more demanding: spectral radiation reflected from
Earth’s surface be measured with an accuracy of 0.2%, spec-
tral solar irradiance with 0.1% and TSI up to 0.01%. The same
degree of accuracy of 0.01% for TSI was suggested in the
ASIC3 community workshop held in 2007 [2, 11].

Obviously, adequate instrumentation is necessary to meet
these requirements. In recent years, there have been many
technical developments in solar radiometry, revealing an
impressive dedication for its correct assessment with increas-
ing accuracy, and the key importance of these measurements
along decades. Evolution of instruments and scales in solar
irradiance radiometry can be found in the literature [12—-17].

Currently, the device used as reference for the measure-
ment of the solar direct normal irradiance (DNI) at ground
level, and of the TSI and ERB in space, is a so-called absolute
cavity radiometer (ACR) [12, 18, 19]. First ACR versions were
developed in the JPL-NASA at the end of the 1960s [20, 21]
and were conceived for supporting space measurements of
TSI and ERB. A comprehensive compilation of different gen-
erations of cavity radiometers launched in satellites for TSI
and ERB measurement purposes and their uncertainties can
be found elsewhere [11, 22]. Adaptations of these space ACRs
were readily applied for on-ground measurement of solar irra-
diance [23-25] and are nowadays the pyrheliometers of the
highest metrological level in the solar irradiance scale. ACRs
are considered, under certain conditions, as primary reference
standards by the World Meteorological Organization (WMO)
CIMO Guide [26] and as Class AA instruments in the ISO
9060:2018 Standard [27].

However, from a strict metrological perspective, these on-
ground solar-type ACRs can be considered (with a few excep-
tions) neither as absolute nor as primary instruments.

Cavity radiometers work under the Principle of electrical
substitution, Principle of electrical compensation, or Principle
of equivalence [28, 29], so radiant power becomes directly
linked to electrical power, which is more easily and accur-
ately measured. However, despite their careful construction,
the realization of that Principle is not perfect and a number of
uncertainty sources of a systematic nature (due to optical, radi-
ative, electrical and thermal effects) can deviate the radiometer
from that ideal behaviour.

Absolute responsivity and/or its deviation from the ideal
Principle can be determined by two means: (a) the calibration
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Figure 1. Schematic chart showing the two possible ways for
getting traceability to SI units of solar irradiance measurements by
an ACR, as described in the main text.

by comparison against a reference standard, or (b) the com-
plete characterization of the instrument. This is illustrated in
figure 1.

In the field of solar irradiance radiometry, the first method
is more suitable due to its greater simplicity, this is, the
direct comparison of the ACR to another standard reference
cavity radiometer under natural sunlight in outdoor condi-
tions [26]. Nowadays, the traceability of solar ACRs to SI
is usually obtained by their comparison to a special group
of cavity radiometers [18, 30], the World Standard Group
(WSG), designated by WMO to realize or materialize the
World Radiometric Reference (WRR). Traceability to WRR
(ideally) provides direct traceability to SI, which has been peri-
odically verified through intercomparisons between WRR and
SI radiometric scales [31-34]. A deviation of 0.3% is usu-
ally applied to account for the difference or shift between
scales [34, 35].

Although the WRR is based on an ‘artifact’ or ‘proto-
type’, it is designated and recognized by consensus as the
primary reference of solar irradiance, and every radiometer
in WSG is considered as the practical realization (mise en
practique) of the ‘sola” W m~2 unit. Hence, WMO pro-
motes the International Pyrheliometer Comparisons (IPCs)
every 5 years, in which ACRs from institutions all around
the world are compared to WSG. These IPCs are held
in the Physikalisch-Meteorologisches Observatorium Davos
(PMOD)/World Radiation Center in Davos (Switzerland),
which was designated by WMO to maintain the WSG. The
IPC serves to disseminate WRR scale, to ensure uniformity in
measurements of solar irradiance at a global level, and also to
check stability of the WRR itself.

As a result of IPCs, a WRR transfer factor is assigned to
each participating instrument (with an associated o standard
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deviation and the number N of valid values), this is, a factor of
deviation from the WRR reference. This transfer factor is used
as a correction constant by the ACR user to reproduce the irra-
diance values that WSG would have given in the same location
and operating conditions. The WRR scale is later disseminated
from ACRs to secondary reference devices, working standards
and field sensors, in a hierarchical sequence [17, 36].

Therefore, as a consequence of their comparison to a
primary reference (WSG), these ACRs become secondary
standard instruments from a metrological point of view. In
fact, WMO regulations argues these ACRs can still be desig-
nated and used as primary reference instruments only if some
specifications are fulfilled [18, 26], but can be used as a sec-
ondary standard when they are merely calibrated by compar-
ison to the WSG.

Alternatively or complementarily, a solar ACR can also be
subjected to characterization [18, 33, 37], the second method
mentioned above. That is, to undergo a set of laboratory calib-
rations, independent tests, modelling or numerical simulation
of its individual components and correction factors, identi-
fying and quantifying the sources of individual uncertainties
in the measurements, and calculating the total uncertainty of
the instrument [38]. Characterization was considered from the
very moment of defining the WRR as a requirement for the
absolute radiometers in order to determine their accuracy and
reliability [18]. Thus, a complete characterization makes the
radiometer become a ‘true’ absolute instrument [19] in the
sense that its solar irradiance values (and their uncertainty)
are directly traced to fundamental SI units, and to be primary
[39] because it does not require it does not require refer-
ence or comparison to another ACR to get that traceability
(although comparisons to other primary instruments are con-
venient, required or advisable).

Examples of characterization of solar ACRs can be found in
the literature, although such characterizations are mainly per-
formed by the own designers and manufacturers of each model
of instrument [37, 40-57]. Of key importance have been the
characterization and calibration of solar radiometers used in
space missions involved in the measurement of TSI and ERB,
because of the discrepancies found in the irradiance measured
by different generations of instruments and spacecraft [2, 7].

However, ACR versions adapted for ground-level operation
have rarely been characterized, especially for the commercial
ACR versions, and even less frequently by independent labor-
atories [58—60]. In practice, it is very difficult for a laboratory
not involved in the design or engineering of an ACR to face the
task of its characterization. The technical complexity of the
characterization is very high (even considered risky because
of the delicate manufacture of the cavities) and it is generally
considered not worth doing it. However, characterization is
necessary and provides interesting and important information
for an in-depth understanding of the properties of a particular
instrument, needed to establish its uncertainty associated with
systematic effects, to determine the origin of deviations from
the ideal Principle, and to analyse options for improvement.

Figure 2 schematically shows the process of metrological
characterization of an ACR, similar to that of any other
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Figure 2. Diagram of the characterization process of an ACR
according to the approach described in this work. Every model of
ACR has a particular model function whose input variables are
linked to one or several SI units. This has been suggested by means
of the symbols K, V, m, A, s, which stand for the SI units of
temperature, voltage, length, electrical current and time. U, uc, ¢;, k
are uncertainty types, coefficients and coverage factor used in the
uncertainty evaluation (see section 4).

measuring instrument. In brief, it should be based on a meas-
urement model function MMF), y = f(x;, x2, ..., xy), which
relates the magnitude y to be determined with some input
variables (measured during its operation) and a set of known
parameters (characteristic constants of the instrument), and
not containing empirical factors [61]. In the particular case
of ACRs, guidelines for their characterization and recommen-
ded parameters to take into account were already suggested by
WMO CIMO-VII more than 40 years ago [62].

Therefore, the characterization task involves, on the one
hand, the calibration of the measuring instruments used by the
ACR to obtain solar irradiance (e.g. a multimeter measuring
current and voltage). And, on the other hand, the determin-
ation or estimation of the characteristic parameters: some of
them might be directly measured or calibrated (e.g. the area
A of a precision aperture), while other could require model-
ling, simulation, or numerical computation, or even a mixture
between indirect measurements and modelling. Calibration of
input quantities links them to SI units by means of reference
standards (to units of temperature, current, voltage, area, etc).

Each input quantity x; has to be determined with an
associated uncertainty u(x;) and a sensitivity coefficient ¢;
with which its contribution to the standard uncertainty of y
is accounted for, generally expressed as a quadratic sum:
uc’(y) = Y.le? - u?(x)] in the case of uncorrelated input
quantities [63]. These sensitivity coefficients ¢; are derived
from the MMF y = f(xy, x2, ..., xn) as ¢; = df/dx;. However,
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to our knowledge, this approach of using an explicit MMF has
not been applied to date in the characterization of ACRs and,
in general, only a quadratic sum of uncertainty contributions,
uc?(y) = Y_[u*(x;)], supposing all ¢; = 1, has been used. The
latter would be valid when all the parameters and input quantit-
ies involved in the MMF are multiplicative factors (as in [62]),
but it is not clear that all the radiometer’s operational equations
follow that structure. Therefore, the method described here can
be considered as a generalization of the procedure of char-
acterization, which would be suitable for any type of solar
radiometer based on an arbitrary MMF, and it is one of the
original contributions of this work.

Although this research task can be very challenging,
PVLab-CIEMAT, in close collaboration with INTA, has been
working in the characterization of two commercial-type solar
ACRs: an Automatic Hickey—Frieden (AHF) radiometer [41],
manufactured by Eppley Labs (USA), and a PMO6 radiometer
[37], now manufactured by Davos Instruments (CH). These
radiometers constitute the reference for the calibration of
PVLab solar irradiance secondary standards.

This paper describes the application of these general prin-
ciples of characterization based on MMF to the case of the
AHF radiometer and the results obtained so far. It has been
carried out from the perspective of a R&D laboratory special-
ized in the field of solar energy, which uses ACRs as (primary)
reference standards for the calibration of solar sensors, but
which has not taken part in the design or manufacture of
the instrument. First, basics about the AHF radiometer and
its MMF are given. After, the different techniques and pro-
cedures for evaluating each input quantity in the MMF are
explained. Next, the uncertainty budget is evaluated, accord-
ing to the individual contributions and sensitivity coefficients
derived from the MMEF. Finally, further steps for improving
the current value of the standard uncertainty u = 0.42% are
discussed.

Although some of the methods described here could be
common to other works on this field, there is a lack of inform-
ation in the literature about the characterization of AHF para-
meters and about their uncertainty. Besides, some improve-
ments of particular application for this radiometer (as an
alternative method for determining of the non-equivalence
factor, or the addition of a resistance thermometer in AHF
control box allowing for dynamic temperature corrections)
are introduced in this work. Some results obtained dur-
ing earlier phases of this research have been shared in
conferences [64, 65].

2. Fundamentals of Eppley’s AHF radiometer

2.1. AHF structure and operation

The HF is a cavity radiometer originally developed by J R
Hickey and R G Frieden at the Eppley Labs in the mid-1970s
for the Nimbus satellite series [41]. First terrestrial versions
were commercially available in 1977 [23]. In 1978, three
HFs already participated in the New River Intercomparison
of Absolute Cavity Pyrheliometers NRIP-1 [66], and in 1980,

Figure 3. Three-dimensional model of the AHF radiometer (false
coloured). On the left, the sensor formed by the twin cavities
attached to the wire-bound thermopile and the precision apertures;
in the cavities, the external cylinder has been made transparent to
see the shape of the inner cone. On the right, internal view of the
collimator tube and its baffles, the block containing cavities and
thermopile, and the rear blackbody. The sensor on the left is not at
scale. The yellow arrow on top shows the entrance aperture for
radiation. There is an external tube fixed to the bottom plate (not
shown in this view).

there were six HF radiometers in the IPC-V intercomparison
[67]. In 1985, WMO CIMO-IX decided to include an HF
radiometer in the WSG [68] and by the IPC-VII [69] the HF
18478 was considered as a member of the WSG, still active
today. Automatic versions (AHF) were developed in the early
2000s. By 2015, there were almost 50 AHFs/HFs taking part
in the IPC-XII [30].

The sensor of the AHF consists of two twin cavities
attached to opposite sides of a wire-bound thermopile wrapped
in a toroidal structure (see figure 3). The rear cavity is open to
a blackbody-like hollow aluminium block at ambient temper-
ature, while the front cavity receives sunlight. This creates a
balanced or compensated detector [41]. Geometry of the cav-
ities is of the type cylinder-inner-cone, they are made of silver
foil and internally coated with Chemglaze (Aeroglaze) Z302
black glossy paint.



Meas. Sci. Technol. 33 (2022) 115009

J L Balenzategui et a/

The heater wire is internally wound in the cone and partially
in the cylinder, in order to reproduce radiative heating distribu-
tion and amount (and a better equivalence between electrical
and radiative heating). The cavity heater is connected in a four-
wire Kelvin scheme, and heater voltage Vi and current Iy are
measured with an external Agilent 34970A data-logger to cal-
culate the electrical power Pg.

Sunlight reaches the front cavity through a collimator tube
which reduces the field of view up to 5°, and a precision aper-
ture of known area A. The front cavity is periodically occluded
from sunlight by means of an electromechanical shutter integ-
rated into an external protecting tube. During shutter closed
phases (so called calibration phase) the cavity is only elec-
trically heated and the voltage output Vg of the thermopile is
measured, as well as the thermopile offset signal V1o when the
cavity is not subjected to any excitation. During open phases,
the cavity is only exposed to the sun radiative power (without
any electrical heating) and the voltage output Vg of the ther-
mopile is measured every 30 s. This mode of operation corres-
ponds to a passive-type radiometer. In normal operation, the
calibration phase (lasting 2-3 min) is carried out every 30 min.

The ensemble of thermopile and apertures is placed inside
a thick cylinder made of gold plated copper, which serves as
support structure and as high thermal inertia heat sink. The
collimator is fixed on one side of this thick block and the alu-
minium blackbody on the opposite side, thus defining which
is the front cavity is and which is the rear one, although the
sensor would ideally be reversible.

2.2. AHF measurement function

Operational equations of the radiometer can be found else-
where [41, 47] but are compiled here for completeness. The
fundamental working principle of the AHF is based on the lin-
ear dependence of emf generated in the thermopile on any of
the excitation power sources (radiant, electrical). Output signal
from this thermopile is, in theory, independent of the ambient
temperature due to its symmetric compensating construction.
Therefore, we can write these linear dependences as:
Vs — Vro =ks - Ps n
Ve — Vro = kg - P

where ks, kg are proportionality constants (the slopes of
straight lines relating Vg with Pg and Vg with Pg).

On the one hand, the radiant power reaching the cavity
would be given by:

Ps=A-ac-v-E 2
where E is the DNI, o is the effective absorptance of the cav-
ity and v is a stray-light factor associated to the collimator and
baffles. Ideally, values of o and v parameters would be 1.

On the other hand, electrical power delivered to the heater

is calculated by:
Vi Vi
Pg=IyVy—I3Rc = — | Vu— —R
E HVH giC RN( H RN C)

3

where heater current Iy is obtained from the voltage drop Vi in
a shunt of resistance Ry, and the small power loss in the thin
wires connecting the cavity heater to the circuit is estimated
from their resistance Rc.

According to the Principle of Electrical Substitution, if
excitation powers (radiant, electrical) are equivalent or indis-
tinguishable to the effect of heating the cavity, the response of
the system will be the same. In that case:

Vs — V1o _ Ve — V1o
Ps Ps

However, it is admitted that the practical realization of the
principle can be somewhat imperfect. For example, due to dif-
ferent contributions of radiative, convective and conductive
heat transfer under dissimilar power sources (electrical, radi-
ant). This non-equivalence is also influenced by small man-
ufacturing defaults, variability of material properties, aging,
degradation, etc. Therefore, slight differences can be pro-
duced in the system output when exposed to these excitations,
so then:

ks # kg

Being L named the non-equivalence factor, whose value
ideally should also be 1 for a perfect equivalence between radi-
ative and electrical powers.

Finally, combining equations (2)—(5), the solar irradiance
is calculated from the AHF as:

L Vs = V- Vi V)
E= ( s TO>~I<VH—IRC>. (6)
Aacy \VrE—Vro/ Rn Ry

— LZkE/ks. (5)

This is the MMF of the AHF cavity radiometer, mak-
ing irradiance E explicitly dependent on 11 input variables:
E :f(A, L, ac, Y, VTE» VTS’ VT(), VH» VI, RN, Rc) In this func-
tion, operative type input variables (electrical signals meas-
ured during operation of the radiometer Vg, Vrs, V1o, Vi,
V1) and characteristic parameters (A, L, ac, 7, RN, Rc), ideally
constant, can be identified.

Sometimes the correction parameters are grouped and
referred to as the calibration factor of the radiometer:

_ L
CA-acty

whose ideal value would be Cg =~ 1/A. In the case of AHF,
A ~ 50 mm? and therefore Cp ~ 2 x 10* m—2.

Additionally, during closed-phases, the AHF control sys-
tem also calculates a parameter called sensitivity S (responsiv-
ity) of the instrument as:

1 1

e Ch—
S ® Vig — Vo

Cr (N

Iy (Vi — InRc) . (8)

So later, during open-phases, irradiance is simply obtained
by computing:

_ Vrs — V1o
—

E €))

2

Values of sensitivity S are around 11 uV W~=! m~?2 in nor-

mal outdoor operation of this radiometer.
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3. Characterization of Eppley’s AHF

As a starting point, it is necessary to identify which paramet-
ers in equation (6) can be subject of direct calibration, which
ones need determination through modelling, and those requir-
ing mixed or combined measure-calculation procedures.

A priori, input variables corresponding to electrical signals
should allow external calibration. In general, components or
parts of an ACR measurement system are not always easily
accessible and usually cannot be disassembled for calibration
without altering their properties. In the particular case of AHF,
the output signals from thermopile (V1g, Vs, Vo), heater
voltage (Vy) and voltage drop in the shunt resistance (V)
are externally measured by an Agilent 34970A data-logger.
This logger also measures temperatures of two thermistors,
one placed in the reference block and the other in the wall
of the collimation tube. Thus two separate calibrations of the
data-logger have been carried out, both for voltage and for tem-
perature readings.

On the other hand, the shunt resistor Ry placed in the instru-
ment control box and the parasitic resistance R¢ of the wires up
to the heater have been calibrated by independent tests. Further
details about Ry characterization and its thermal drift are given
later. The area of the precision apertures were calibrated by
the Centro Espafiol de Metrologia (CEM), the Spanish NMI,
as described below.

However, the rest of parameters (L, ac, 7y) are much more
difficult to be characterized, and a combination of experi-
mental measurements and simulation has to be applied. The
techniques and solutions found for the determination of the
non-equivalence factor L and of the effective absorptance
ac are also described in the next sections. Determination of
optical quality factor - is still under way, as well as some other
optical characterizations, and results will be disseminated
elsewhere.

3.1. The area of the precision aperture

Precision apertures of an AHF consist in a chamfer circular
hole about 8 mm in diameter, carefully drilled in a 4 mm thick
disk made of invar (a 36% Ni/64% Fe alloy). Their shape can
be seen in figure 3 (left). Nominal aperture area is 50 mm?.
Invar combines a great mechanical strength with a very low
thermal expansion coefficient (~1-2 x 107® K~! at ambient
temperatures) [70].

The area of both apertures were calibrated in the Labor-
atory of Length and Precision Engineering of the CEM.
The first approach was based on the measurement of the
radius r by means of a vision machine with a resolution of
0.1 wm (Mitutoyo Ultra Quick Vision 350 Pro) with trace-
ability to SI. A total of 360 points distributed along the
perimeter of the opening were resolved (see figure 4). They
were later approximated by a circumference fitted using least-
squares, which gives the radius and the location of the centre.
The method is of interest because it allows determining the
degree of deviation in roundness. The value obtained for

—-- Ls fitting
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Area
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180°
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Figure 4. Determination of the area of the precision aperture (front
cavity) of the AHF. A triangle is built from each couple of
contiguous measured points and the least-squares centre. The total
area is calculated by adding up the individual areas of all possible
triangles.

the radius at a room temperature of (20 + 0.5) °C was
r = (3.997 £+ 0.003) mm (k = 2). This would result in a cal-
culated area of A = (50.1901 + 0.0753) mm? (k = 2). How-
ever, the uncertainty obtained with this method was considered
too large (U ~ 0.15% for k = 2) for the purpose of the AHF
characterization.

For this reason, a different approach was applied on the
basis of the same set of measured points to avoid the influ-
ence of the shape deviation on the radius uncertainty. The
area was directly determined by adding the surfaces of the
triangles created between two consecutive points measured
in the border of the aperture and the centre of the circum-
ference calculated by the least-squares fitting in the previous
step. This method is equivalent to that applied by Physikalisch-
Technische Bundesanstalt for circular apertures of radiometric
applications [71]. The new value of the area so calculated was
A = (50.183 £ 0.015) mm? (k = 2). Thus, uncertainty is now
around U = 0.03% (k = 2) which is much more admissible for
the objectives of this research, although there is still room for
future improvements. Noticeably, this value of area is about
0.39% higher than that originally calculated by using the data
provided by the manufacturer (7.978 mm diameter, given with
no uncertainty).

3.2. The non-equivalence factor L

As a subtle difference with respect to other radiometers, the
Principle of electrical substitution in AHF system is realized
in terms of equal power instead of equal temperature (or equal
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thermal flux) between open (radiant) and closed (electrical)
phases. During closed phases, the control unit feeds the heater
circuit with a voltage Vg calculated from the (last measured)
radiant solar power Pg as:

Vs =+/Ru-Ps+ (RN +Rr +Rc)\/Ps/Ru (10)

where the voltage drop in all the in-line (series connected) res-
istances is accounted for, with Rg being a relay resistance.
Once the circuit is polarized with Vg and stabilized, the value
of Vg is measured, next the circuit is not powered for meas-
uring offset V1, and then the sensitivity S of the radiometer is
calculated.

Although slight differences between electrical and radiant
power are experimentally detected, this approach works fine
thanks to the extremely linear dependence of thermopile out-
put voltage on any of the excitation powers. In fact, it is easy
to probe that calculating sensitivity S in equation (8) would
be equivalent to determining the slope kg in equation (1), as
kg = S - Cr. Linearity of thermopile output at different (elec-
trical) power levels (Vs from 0.1 V to 3.0 V) and temperatures
(range 8 °C-50 °C) has been tested in the PVLab with the aid
of a Fluke 5520A calibrator.

Given this behaviour and the particular realization of the
Principle, it was suggested [64] that the non-equivalence
factor L could be calculated directly from its definition
equation (5), the responses of the thermopile to the two inde-
pendent excitations could separately be analysed and the kg,
kg slopes be calculated from the relationships in equation (1).

There are still some conceptual issues about how these
independent excitations have to be realized for this purpose
and how the thermopile response has to be measured for each
excitation (for avoiding possible correlations). The approach
currently applied in this research is based on the measure-
ments of the AHF radiometer recorded in the last IPC-XII
(2015), in which this instrument took part. WRR reference
irradiance values Ewgrgr are independently measured during
the IPC campaign by PMOD by the group of WSG stand-
ards while AHF system is synchronously measuring the ther-
mopile output (Vs — V1p), so this allows calculation of kg.
WRR irradiance has been converted into solar power Ps as
Ps = A - Ewgr by using the AHF aperture area calibrated by
CEM. At the same time, measurements of the (Vg — Vo) out-
put at different Pg powers were carried out by AHF system in
the closed-phases along the same IPC, and were used there for
calculation of its sensitivity S, so these values allow now the
calculation of kg. Notice that, this way, determination of kg,
kg is based on data taken subsequently in the same period and
working conditions.

Figure 5 shows the result of fitting linear models, implicit in
equation (1), to these sets of experimental data. As observed,
thermopile output is perfectly linear with power in the range
of irradiances and working conditions during IPC-XII cam-
paign. Numeric values of the kg, kg constants and their expan-
ded uncertainties, calculated by Monte Carlo method [72], as
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Figure 5. Calculation of the ks, kg constants in equation (1) (slopes
of linear fits) for computing the non-equivalence factor L.

Table 1. Results of the determination of the ks, kg constants and of
the non-equivalence factor L. Uncertainties of ks, kg have been
calculated by the Monte Carlo method.

Parameter Value Uncertainty (k = 2)
ks mV W™ 2260746 0.102 90 (0.46%)
kg (mV W) 22.61052 0.032 01 (0.14%)
L 1.000 135 0.004 768 (0.48%)

well as the final L factor obtained through equation (5), are
collected in table 1.

As expected, the value of the non-equivalence factor is
close to 1, and the difference with the value originally given by
the manufacturer (L = 1.0005) is of only ~0.04%. However,
there is no information about how the manufacturer’s value
and its associated uncertainty, were calculated.

However, the expanded uncertainty U(L) obtained in this
case is somewhat larger than desired. U(L) seems to be mostly
affected by the contribution into U(kg) and U(ks) of the uncer-
tainty of the measurements of thermopile signals (V1g, Vs,
Vo) made by the data-logger. Further work will be necessary
for a reduction of this contribution, not only at a technical level
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dy

Figure 6. Sketch of the cavity behind the aperture area, and the
geometrical parameters used for computation of the effective
absorptance.

but also from the point of view of the concept applied for its
estimation. As later discussed in section 5, the current proced-
ure seems to make L dependent on the reference scale used
for determining the optical power of the light source (WRR in
this case).

3.3. The effective absorptance oc of the cavity

As said, the cavity of AHF radiometer is of cylinder-inner-
cone type, this is, the cone is oriented towards inside the cav-
ity. Both the shape and the optical properties of the Z302
coating determine the absorptance ac of the cavity. Figure 6
shows a sketch of the cavity and the parameters defining its
dimensions.

Effective integrated normal absorptance has been calcu-
lated by the method of sums [73] by considering that all the
solar radiation reaches the cavity only in direction parallel to
its optical axis through the precision aperture (placed normal
to this axis). For this method, the cylinder and the cone are
divided into sections of equal length, normal to the optical
axis, and local values of effective absorptance are calculated
in each.

Intrinsic reflectance p of the Z302 paint can be assumed
having specular ps and diffuse pp components, given by:
p=ps + pp = 0.05 + 0.01 [28]. Then, since the specular con-
tribution is five times larger than the diffuse one, it has been
supposed that reflected radiation in each section can have two
contributions: (a) one of diffuse type, which assumes that after
the first initial reflection in the cone, radiation can either exit
from the cavity through the aperture or be totally absorbed by
the walls of the cylinder section, without additional reflections;
and (b) another of specular type, which assumes that the light
beam keeps this specular behaviour in successive bounces. It
is easy to probe that, after five consecutive internal reflections,
almost all the specular contribution is absorbed.

Finally, ac is calculated by integration from the local val-
ues of irradiance over the cone in the region being illuminated
by sunlight. Results of the local effective absorptance so cal-
culated are shown in figure 7.
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Figure 7. Local effective absorptance calculated for different
sections of the cone and the cylinder. Distances are measured from
the bottom of the cavity and assigned to the middle point of the
section.

Uncertainty U(ac) was obtained by the Monte Carlo
method too [72] by varying in small amounts the geometrical
parameters (figure 6) as well as the reflectance of the
cavity, and assuming probability distributions of rectangu-
lar type for the input variables. Then, a final value of
ac = (0.999 12 £ 0.000 11) was obtained for a coverage
probability of 95%. The effective absorptance so calculated
is similar to the experimental values obtained by independ-
ent measurements in AHF cavities at NIST [59]. At the same
time, our calculations improve the accuracy of the value of ac
given by the manufacturer in the fact sheet of the instrument
(0.999 =+ 0.1%). Results have also been confirmed by numer-
ical simulations of the reflectance of the cavity carried out in
Zemax Optics Studio [65].

3.4. Shunt resistance Ry and its dependence on temperature

A wire wound power four-terminal axial PLV2 shunt resistor
is used for measuring the current Iy supplied to the AHF cav-
ity heater. It is placed within the control unit of the instru-
ment, and has nominal values of Ry = 10 € (with a toler-
ance of +0.01%), max rated power of 2 W and a temperature
coefficient of 15 x 10~ °C~!. Two different experiments
were carried out for characterizing this shunt resistor: first, a
high accuracy calibration of the resistance value; and second,
determination of its actual temperature coefficient in the nor-
mal range of operating conditions inside the control box, thus
allowing for dynamic corrections of sensitivity to temperature.

The shunt resistor was calibrated at a room temperature of
(23 £ 1) °C under a current intensity of 17.5 mA. This level of
current was selected by considering the statistical distribution
of electrical powers supplied into the heater resistance Ry dur-
ing calibration phases in normal operation of the radiometer.
Notice that, at this level of current, the shunt resistor is only
dissipating around 3 mW so self-heating effects are negligible.
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Figure 8. Experimental dependence of shunt resistance Ry on room
temperature (empty circles; left axis). Solid line represents the
fitting of these data points to a 2nd order polynomial. Fit residuals
are also included (rhombuses; right axis).

The value of Ry so determined was Ry = 9.998 69 Q) with an
expanded uncertainty U = 0.000 11 Q (k = 2).

For the second purpose, a platinum resistance thermometer
(PRT) Pt100 was integrated within the control unit in the prox-
imity of the shunt. This Pt100 connected to the 34970A data-
logger, as a whole (direct reading thermometer), was first cal-
ibrated by comparison to standard platinum resistance ther-
mometers, traceable to the International Temperature Scale
of 1990 [74], in controlled temperature baths. The maximum
uncertainty was in this case U = 0.01 °C (k = 2).

A test for measuring the T coefficient of the shunt was later
performed in the range from 0 °C to 55 °C inside a climatic
chamber, by allocating temperature reference standards near
the Pt100 shunt. Readings of the resistance Ry during the test
were carried out with a standard HP 3458 A multimeter. The
results of this test are shown in figure 8.

As it can be seen, results confirm that thermal coefficient
is quite low (+35 x 107% °C~! in the range 0 °C-25 °C)
and data points fit well to a 2nd order polynomial. Error bars
shown with the fit residuals represent the expanded uncertainty
(k = 2) obtained.

Finally, although their temperatures are not directly
required for calculations with the model function equation (6),
the two thermistors placed in the reference block and in the
collimation tube were calibrated in the same climatic cham-
ber (with temperature readings done by the datalogger). These
mainly serve for monitoring of reference working conditions.

3.5. Calibration of wires’ resistance R¢

The wires’ resistance Rc was carefully measured by means of
a calibrated Keysight 34420A micro-ohmmeter (resolution of
71/2 digits, range 1 €, test current 10 mA), with the cavity open
in the laboratory at a room temperature of (25 4+ 2) °C. The
test wires were contacted in a four-point configuration with

paired in-line Accuprobe tips (K-type Z-adjustable probe tips,
reference IK2C8C3D). Total resistance was computed as the
sum of the resistance of every branch (from positive contact
point to cavity, and from cavity to negative contact point).

A total resistance of Rc = (50.9907 £ 0.0067) m{2 (k = 2)
was obtained as result. This value differs significantly from
that of Rc = 0.066 € originally given by the manufacturer
(without uncertainty), which is commonly used in most of
the HF/AHF radiometers as a default value [30], although the
impact of this difference is about ~0.1 W m~2 as maximum
in terms of DNI irradiance.

4. Evaluation of uncertainty

One of the key aspects of characterization, as posed in the
introduction, is the calculation of the uncertainty associated to
the measurements of the radiometer. According to the JCGM
100:2008 or GUM guide [63], the combined standard uncer-
tainty uc(y) of any magnitude y (output quantity), not directly
measured but calculated by a measurement function y = f(xy,
X2, ..., xy) from the values xi, x», ..., xy of some other input
quantities, is obtained by the expression:

-3 [a] ().

1D
i=1
In the case of uncorrelated input quantities, or:
[ 9y 8y ay
S [3] ewE S R
i=1 i=1 j=i+1
(12)

For correlated input quantities, where u(x;) is the standard
uncertainty of the input quantity x; and u(x;, x;) is the estim-
ated covariance of every pair (x; x;). The partial derivatives
are the called sensitivity coefficients c;. Uncertainty u(x;) con-
tribution of each input variable can be estimated either by stat-
istical methods (analysis of series of repeated observations,
named A-type estimation) or by means other than statistical
(e.g. based on manufacturer’s specifications, data provided in
calibration certificates, etc, named B-type estimation).

Sometimes it is more convenient to calculate the relative
standard uncertainty by dividing any of the preceding expres-
sions (11) and (12) by the value of the magnitude under evalu-
ation. For this purpose, assuming covariance terms can be neg-
lected (no correlation among input variables), relative uc(y)
will take the form:

13)

In our case, by applying equation (13) to the measure-
ment function equation (6), the relative uncertainty uc(E)/E of
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each DNI irradiance value determined by the AHF radiometer
would be calculated as:

+... % gi} 2142 (v) + % L{ifc] 2u2 (ac)

+... % a?/ij 2142 (Vi) + % [3?/1} 2M2(VTS)
+... % :88‘11] 2u2 (Vro) + % {;‘Z} 2u2 (Vi)
+. é g‘i} 2142 V1) + % [;;EC] 2u2 (Rc)
+... % :;ﬁﬂ 2u2 (Rx)- (14)

Calculating the partial derivatives and dividing by E? as
given in equation (6), the final expression for uc(E) is:

u
CE2 = ﬁuz (L)+A2bt2 (A) + 7”2 (7)
1 u* (V. u? (v
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The key aspect to be highlighted here is that uncertainty
contribution of all input variables u(x;) in equation (15)
are weighted by their corresponding sensitivity coefficients.
Moreover, notice that addends in which electrical input vari-
ables are involved (V1g, Vrs, V19, V., Vi) are dependent on
operating conditions. During the calibration process of an irra-
diance detector, this implies that the full data set (within the
accepted range of DNI irradiances, usually E > 700 W m~2)
has to be explored for calculating a representative value for
uc(E)/E. The common practice in laboratories is using either
the largest uncertainty of the set (a worst-case approach, most
conservative), or the value obtained at some reference con-
ditions (for example, an irradiance of 1000 W m~™2). An
alternative is to apply Monte Carlo methods for uncertainty
calculation [72]. In this work, average values of these signals
(measured in several calibration campaigns) have been used in
order to have a first estimate of uc(E)/E (see table 2) that can
also be used for future reference.

By using the results obtained during AHF characteriza-
tion, taking the average values of (V1g, V1s, V1o, Vu, V1) as
representative, and calculating the sensitivity coefficients in

)

5)

equation (15) for these values, a final figure of relative standard
uncertainty uc(E)/E = 4224 x 10~° is obtained, as detailed
in table 2.

Additionally to this estimated uncertainty based on the
model function, there may exist some other uncertainty com-
ponents missed in our evaluation. An example can be the
uncertainty due to the non-repeatability of the irradiance meas-
urements ungr(E) performed by the radiometer. This non-
repeatability is not necessarily associated to the stability or
noise of the voltage measurements (that is actually included
into the uncertainty of Vg, Vr1g) but of the entire AHF sys-
tem as a whole. This non-repeatability component ung is dif-
ficult to calculate during normal outdoor operation, because
usually only individual irradiance values E; are periodically
determined by AHF at regular intervals (without averaging a
set of DNI values taken in series). An estimate of this ung(E)
uncertainty could be obtained by a laboratory experiment in
which a stable white source (e.g. a 1000 W FEL lamp) be
repeatedly measured by the radiometer [75]. Alternatively, a
rough ungr(E) contribution could also be inferred from the
standard deviation o values shown by our AHF radiometer
during the past IPCs when compared to WSG (o = 629 x 107°
with N = 280 in IPC-XII [30], o = 674 x 10~° with N = 422
in IPC-XI [76]). Considering these results, a relative pooled
estimate of ung(E)/E would be: /AN ~ 35 x 10~°, which is
negligible in comparison to the obtained uc(E)/E.

The optical quality factor v in table 2 is the only term still
based on the data provided by the manufacturer. Similarly to
L factor, there is a lack of specific details about how this value
of ~ and its uncertainty were obtained (probably, it was cal-
culated by Hickey and Frieden for the HF original versions
[41, 46] but it was not published). Estimation of v by numer-
ical computation and by additional experiments is currently
underway, and upcoming results will be presented in a future
work in which optical characterization of AHF and PMO6
radiometers will be analysed in detail. Preliminary results [65]
are in good agreement with the value of ~ included in table 2
so it has been considered valid enough for the purpose of the
evaluation of the uncertainty in this moment.

5. Discussion

As shown, with the exception of the optical factor ~, the input
quantities in the AHF MMF have been fully characterized with
its associated uncertainty. Many other complementary tests for
in-deep knowledge of the sensor, the control electronics and
the system operation as a whole have also been carried out,
although not described in this work. But, despite the effort put
into the characterization of AHF, even with a deeper know-
ledge of the instrument and the improvements achieved, there
are some aspects that still need to be studied and analysed
further.

As it can be seen in table 2, combined uncertainty is mainly
affected by the non-equivalence factor L and by the voltage
signals Vg, Vrs. All other terms are negligible when com-
pared to these ones. Coincidently, as suggested above, these
large contributions are affected by the uncertainty associated
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Table 2. Evaluation of the uncertainty contributions and sensitivity coefficients, according to equation (15).

Estimate/test Uncertainty Sensitivity Contribution Relative
Term  value k=1 coefficient (x107%) contribution
L 1.000 135 0.002 384 0.999 86 2383.4 31.84%
A 50.183 mm? 0.0075 mm?* 1992.7 m~2 149.5 0.13%
ac 0.999 12 0.000 06 1.0009 61.2 0.02%
¥ 1.001% 0.0005% 0.9990 500.0 1.40%
Ve 0.956 152 mV 0.002 344 mV 10452 V~! 2449.8 33.64%
Vs 0.966 129 mV 0.002 344 mV 1034.4 V™! 24249 32.96%
V1o —0.624 680 uV  0.002 310 mV 10.786 V! 24.9 0.00%
Vu 2.508 384 V 0.080751 mV  0.398 84 V! 32.2 0.01%
Vi 0.166 645V 0.008069 mV  5.9981 V™! 48.4 0.01%
Rc 50.9907 m$2 0.003 37 m{2 6.6464 mQ ™! 0.022 0.00%
RN 9.998 69 2 0.054 99 mQ2 99.956 mQ ™! 5.5 0.00%
— — Total u(E)/E *k=1) 4224 100.0%

2 The value of -y is the originally given by the manufacturer.

to the thermopile output measured by the 34970A data-logger.
Therefore, there could be a correlation between values of L and
those of (V1g, Vs, V19) not considered in equations (13) and
(14) or even a possible double computation of uncertainties
among L(ks, kg) and (A, Vg, V1s, V1o, RN, Re).

Reduction of the uncertainty contributions of Vg, Vg is
a question of major importance, which could probably be
achieved through the use of a different voltmeter. The Agilent
34970A seems quite adequate for measuring the rest of oper-
ational variables (Vy, V| and temperatures), but not for the
small thermopile signals (~1 mV and below). A new micro-
voltmeter specific for these readings, with a better match
between the range or full scale value and the signals, and
enhanced resolution and accuracy, would be required.

The other issue to review is the proposed method for
determination of L. Although, in theory, the method could be
suitable, the current procedure makes the irradiance measured
by AHF to be dependent on a particular radiant source (Sun)
and on the reference standard determining its radiant power
(WSG). In order to consider the radiometer as absolute, it is
supposed it should be independent from the WSG that is the
reference standard used for the calibration by comparison (in
figure 1), even though that reference is only used in our case
for evaluation of the kg slope. Moreover, value of kg would
be traceable to SI units while kg would be traceable to WRR,
so the mentioned 0.3% shift between scales could be affecting
the value of L as a spurious contribution. The question is also
how independent the determinations of kg and kg have to be
from each other (that is, if separate experiments with different
instrumentation and standards are required or not). Therefore,
the method would need to be further developed and improved
to clarify these aspects.

In this sense, a first comparison of AHF irradiance against
trap detectors and/or cryogenic radiometers of the SI lab scale,
in collaboration to IO-CSIC (DI of the Spanish NMI, CEM,
for radiometry quantities), is going to be carried out. This will
serve to verify if a different value of L is found or not, and to
evaluate the validity of the method. It would also be conveni-
ent to look for alternative methods of determining L (also with

the goal of reducing uncertainty), for example, through dedic-
ated experiments in a vacuum chamber to evaluate the effect of
air convection. Whenever possible, these alternative methods
should also avoid making L dependent on other parameters in
the model function (such as A, Ry, Rc). However, although
the method could require supplementary refinements or modi-
fications, we consider it to be valuable in understanding how
the Principle of Equivalence is materialized in practice in the
AHF radiometer.

Besides these lines of work, the total uncertainty attainable
for AHF through characterization is an open question. The ab
initio hypothesis of this research was that something below
U < 1000 x 10~° (k = 2) could be a reasonable goal. The cur-
rent figure for the standard uncertainty of 4224 x 107¢ (k= 1)
is clearly larger than desired. Reaching such an uncertainty
level needs all the individual uncertainty contributions to be
below that figure and their sensitivity coefficients to be small
enough too. The introduction of a suitable micro-voltmeter
could reduce the Vg, Vg contributions up to ~50 x 109,
which would create a significant improvement to the voltage
uncertainties. Revision of some concepts and procedures, as
well as estimation of uncertainties obtained through simula-
tion programs, can aid in refining the current contributions of
other input quantities. Thus, based on the experience gained in
this research, it seems that goal of uncertainty can be achieved
in the near future.

Most importantly, the traceability of the AHF to both WRR
and SI scales after the characterization has to be analysed. For
comparison purposes, the WRR factor obtained by this AHF
during last IPC-XII (2015) [30] was of Fwrr = 0.997 318,
stable with respect to the previous value of Fygrr = 0.997 308
obtained in IPC-XI (2010) [76]. These factors indicate that the
AHF instrument measures DNI values around a 0.27% higher
(~1/0.9973) than WSG before applying the correction. Addi-
tionally, the uncertainty of our AHF for the transference of
WRR scale to Class A pyrheliometers (outdoor calibration by
comparison) is U = 2264 x 107° (k = 2) [36]. These relative
factors and uncertainties have been represented in figure 9, as
well as those of WRR and SI reference scales. As commented
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Figure 9. Comparison among AHF equivalent factors and
uncertainties on different scales, as explained in the text.

in the introduction, the WRR scale is shifted 0.34% above
SI and the attributed uncertainty to WRR is of 0.3% (k = 3)
[32, 34]. An SI lab scale can be realized with uncertainties of
0.01% [32] or probably better.

The current value for the AHF in its native scale is also
represented in figure 9, after the results shown in this work.
The shift of 0.41% from the AHF-WRR value is obtained
by only considering the change in the L, A and «a¢ paramet-
ers during characterization with respect to their original val-
ues used during past IPCs (Cr changes from 20 010 m~2 to
19927 m~2). As it can be seen graphically, the resulting uncer-
tainty is obviously large, but the correction factor obtained up
to now clearly shows the progress achieved in the characteriz-
ation of this instrument towards its alignment with SI lab scale.
Apart from the aspects to be improved in the characterization,
mentioned above, additional input quantities into the model
function (such as a diffraction term, not considered previously
for AHF in the literature) could also help in reducing the exist-
ing gap. Additional finer corrections in /y and Pg (thanks to
the calibrated values of R¢ and Ry, and its temperature depend-
ence) could also improve the result.

6. Conclusions

In this work, a general procedure for the characterization of
solar-type ACRs, as a means of obtaining direct traceability to
SI, has been described. The method is based on the MMF of the
radiometers, which serves to identify input quantities requiring
calibration and/or simulation and to calculate the uncertainty
budget for the instrument.

The focus has been put on the description of specific calib-
rations, computation and modelling used for the estimation of
the parameters and physical magnitudes in the measurement
function of the Eppley Labs’ AHF radiometer. In some cases,
fundamental advances have been produced thanks to the use
of procedures for the determination of parameters (and their
uncertainties) that are not well documented in the literature
nor in the datasheet of the instrument.

A new method for the computation of the non-equivalence
factor L based on the materialization of the Principle of
Equivalence in the AHF radiometer, has been proposed,
obtaining values consistent with the original one given by
the manufacturer. The method has been critically reviewed in
order to point out its deficiencies and the aspects needing fur-
ther development. As seen, current procedure would not meet
the requirements for an absolute instrument.

The method for calibration of the area of the precision
apertures has been improved for reducing its uncertainty
up to 0.03% (k = 2), by direct computation of the area
instead of using the radius of the circumference. The effect-
ive absorptance ac of the cavity, considering the reflectance
properties of the Z302 paint and the geometry of the cavity, has
been determined with an uncertainty as low as ~60 x 107°.
Results from the calibration of the shunt resistor Ry, used for
the measurement of the current into the heater of the cavity,
and of the parasitic resistance Rc of the wires connecting the
cavity, have been also reported. Additionally, care characteriz-
ation of the temperature dependence of Ry, thanks to the addi-
tion of a resistance thermometer into the control box close to
this shunt resistor, will now allow introducing finer corrections
in the calculation of the solar irradiance.

The combined effect of these results, as a whole, implies a
decrease of around 0.4% in the irradiance values measured by
AHEF, which is larger than the 0.27% of difference with respect
to WRR found for this instrument in the two last (IPC-XI and
IPC-XII), and approaches the native AHF scale to the SI lab
scale. Additional details for reducing the gap towards that SI
scale have also been suggested.

The detailed uncertainty calculation has produced a value
of the standard uncertainty u = 4224 x 10~° as result, which is
~8 times larger than the initial goal of an expanded uncertainty
U = 1000 x 10~° (k = 2) of this research. Main contributions
to uncertainty have been identified as coming from the data-
logger used for the measurements of thermopile output signals,
as well as from the L factor. Alternative instrumentation (a new
nano/micro-voltmeter) and a different method for computation
of L have been pointed out as needed for progressing in the
characterization of the instrument and in the reduction of the
uncertainty.

As a final remark, according to these results and the expec-
ted improvements in the future, the objectives of getting trace-
ability of solar irradiance to ST units and of reducing the expan-
ded uncertainty below the desired threshold of U = 0.1%
(k = 2) seem to be achievable.
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