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Abstract

Diffuse solar irradiance is essential for modeling solar energy conversion devices, especially solar thermal col-
lectors. The globally accepted ISO 9806:2017 standard defines a thermodynamic model and two test methods
to determine its parameters, the steady-state test (SST) and the quasi-dynamic test (QDT). Although both
methods are generally considered equivalent, discrepancies between the values of the diffuse incident angle
modifier (IAM) have been reported, representing an area for improvement. This study advances the ex-
perimental characterization of diffuse IAM, specifically improving the compatibility between SST and QDT
methods. Using the ISO 9806:2017 model as a baseline, two alternative diffuse TAM models are introduced
and experimentally evaluated with data from a flat plate collector and an evacuated tube collector, covering
different technologies. Model 1 extends the SST diffuse IAM model to QDT and treats diffuse irradiance
in a global manner, while Model 2 treats diffuse irradiance from sky and ground separately, requiring an
additional solar measurement. The evaluation shows that both proposed models improve the consistency
between test methods. As the performance differences between these two new models are minimal, Model 1
is the recommended option as its implementation is simpler.

Keywords: Solar thermal collector, diffuse incident angle modifier, ground albedo, ISO 9806 standard.

1. Introduction

Diffuse solar irradiance is important for modeling solar devices such as solar thermal collectors. In mid-
latitude temperate climates, around 1/3 of the annual global horizontal irradiation is diffuse [1]. The widely
accepted international ISO 9806:2017 standard [2] offers a thermodynamic model to estimate useful power
from solar thermal collectors and includes two testing methods to determine its parameters: Steady State
Testing (SST) and Quasi-Dynamic Testing (QDT). Although other standards exist, such as ASHRAE-93
[3], they are highly similar, essentially making them equivalent to each other [4].
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List of Symbols
Qu Useful power produced by the collector, W. Gys Diffuse solar irradiance on collector plane from
10,b collector peak efficiency referred to direct solar the sky, Wm~2.

irradiance. Gat Diffuse solar irradiance on collector plane,
No,hem collector peak efficiency referred to global solar Wm~—2,

irradiance. G Global solar irradiance on horizontal plane,
0 Incidence angle. Wm~2.
or Longitudinal angle of incidence. G+ Global solar irradiance on collector plane,
Or Transversal angle of incidence. Wm—2.

a Ambient air temperature, °C. Ky Incidence angle modifier for direct solar irradi-
i Collector inlet temperature, °C. ance.
Im Mean temperature of heat transfer fluid, °C. Ky incidence angle modifier for diffuse solar irradi-
Yo Collector outlet temperature, °C.. ance.
a1l Heat loss coefficient, W/m?K. Kyr, Incidence angle modifier in the longitudinal
a Temperature dependence of the heat loss coeffi- plane.
; 212
cient, W/m?K=. Kyr Incidence angle modifier in the transversal plane.
. . 2
as Effective thermal capacity, J/Km®. Kag incidence angle modifier for diffuse solar irradi-
Ag Gross area of collector, m2. ance reflected by the ground.
fa Diffuse fraction, Gg; /Gt Ky incidence angle modifier for diffuse solar irradi-
Gpt Direct solar irradiance on collector plane, Wm 2. ance from the sky.
. . . -2
Gy Direct normal solar irradiance, Wm™*. Kpem Incidence angle modifier for global solar irradi-
Gag Diffuse solar irradiance on the collector plane re- ance.
-2

flected by the ground, Wm™*. q Volumetric flow rate, Lmin—1.

Gan Diffuse solar irradiance on horizontal plane, . R 1
u Surrounding air speed, ms™ .
Wm~—2.

The Incidence Angle Modifier (IAM) is an important part of the above-mentioned thermodynamic model
that takes into account the variation of the optical efficiency with the angle of incidence and the environ-
mental conditions. This modeling is addressed with two parameters, one for each component of the solar
irradiance, direct and diffuse, namely K, and K, respectively. The importance of direct-diffuse modeling
disaggregation in energy performance calculations has been demonstrated in Ref. [5]. In our previous work,
an improved direct TAM model (K}) was proposed, originally developed for flat plate collectors [6] and then
extended to evacuated tube collectors [7]. This model shows better performance than the other available
models and is suitable for general use; it can be applied to collectors with uniaxial or biaxial IAM. This study
builds on these previous efforts and focuses specifically on the other part of ITAM modeling: the improvement

of the diffuse IAM (K,). As in the previous work, the ISO 9806:2017 standard model is used as a baseline.



In both test methods of ISO 9806:2017 (SST and QDT), diffuse solar irradiance is modeled globally
by a single parameter, K, which remains constant for a given collector. Although this is the most usual
approach, it should be noted that it does not distinguish, for example, the different contributions to the
diffuse irradiance from the sky by atmospheric scattering and from the surroundings by reflection, nor their
different directionality. The two test methods differ in the way this global diffuse parameter is estimated.
In the SST method, Ky is derived indirectly from Kj, the latter being determined experimentally through a
specific sub-test. Specifically, to estimate K in the SST framework, the previously determined K} function
is integrated and weighted over the solid angle seen by the collector, assuming an isotropic distribution of
diffuse solar irradiance. In the QDT method, the parameter K, is determined directly from experimental
data, addressing some anisotropic effects in the solar irradiance distribution. This creates a clear contrast in
the treatment of Ky between the two test methods, which has led to discrepancies between them [7-10], i.e.
the values of K obtained by one method and the other show differences. In the case of flat plate collectors,
the differences are small, on the order of 5 %, so the useful power estimated by both methods is similar [11].
In contrast, for evacuated tube collectors, the differences are significant and increase with diffusion fraction
and temperature differences, reaching 39 % in the worst case [7].

To reduce these differences, Rodriguez-Munoz et al. [7] propose an improved parameter conversion
procedure from SST to QDT that incorporates the diffuse solar irradiance measurements into the standard
procedure. This procedure has been implemented for two different ETC-HP collectors, and the advantages
over the standard procedure have been demonstrated. It reduces the differences between SST and QDT in
the parameters related to the optical efficiency, in particular the Ky parameter. However, the reduction in
differences is partial and further research is needed to improve the consistency between test methods. This
motivates the present work, which focuses on improving the modeling and consistency of the K, parameter
within the ISO 9806:2017 framework. Although alternative approaches exist, for various reasons, these
approaches have not been incorporated into the testing standards, as will be discussed in the following
paragraphs.

One of the alternative approaches to modeling K in the QDT method is derived from the work of Bosanac
et al. [12]. In this work, experiments with a flat plate collector were performed using in-situ measurements.
Although the procedure and model used are not exactly those of the standard, the methodology is similar
to that of the QDT method. Specifically, this author proposes modeling K4 based on Kj, similar to the
SST method; K is integrated and weighted over the solid angle seen by the collector, globally, without
distinguishing between that from the sky and that reflected from the ground. The implementation of this
model in the standard QDT method may allow greater consistency with the SST method. However, this
has not yet been tested. Another research gap is that other types of collectors, such as evacuated tubes,
have not yet been tested. Finally, the main disadvantage is that the parameter identification process is more
complex and requires a non-linear regression algorithm.
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Another alternative is proposed by Carvalho et al. [13], who suggest modifying the SST method by
calculating K; separately, using two different parameters instead of one. One parameter accounts for diffuse
radiation from the sky, while the other accounts for ground-reflected radiation. This author introduces a
calculation procedure for these new parameters, similar to the SST method, but with customized integration
limits for each case. This model has been experimentally evaluated for both a flat plate collector and an
evacuated tube collector, demonstrating the advantages of this approach [5]. However, the model has not
been implemented in the QDT method. It is important to mention that Carvalho et al.’s model was originally
proposed by Brandemuehl and Beckman [14] and later adopted in various textbooks in the field of solar
energy [15]. This author has contributed to the integration of the model into the standard and has gone
further to demonstrate its applicability to different solar collector technologies and orientations.

Finally, the work of Hess and Hanby [16] is highlighted. Continuing the work of Carvalho et al., it
incorporates an anisotropic distribution in the calculation procedure of the parameter associated with the
diffuse solar irradiance from the sky [17], introducing precision as well as computational complexity. This
work illustrates the advantages of this model over previous models at moderate operating temperatures for
a flat plate collector with reflectors through numerical analysis. However, at low operating temperatures
and/or traditional flat collectors, no advantages appear. In line with these results, in Ref. [18] the diffuse
solar transmittance of a common flat glazing was analyzed and the anisotropic model of Hess and Hanby
was adapted and compared with the traditional isotropic assumption. Both models were evaluated with
experimental data for two different glass orientations. The results show that the anisotropic model is
superior to the isotropic model, but the differences are very small and do not compensate for the additional
computational complexity of the anisotropic model. For this reason, in the context of the present work, the

anisotropy of the diffuse solar irradiance from the sky is considered as a second-order effect.

1.1. Article’s contribution

The main objective of this work is to advance in the experimental characterization of the diffuse IAM
(Ky4), improving the compatibility between thermal performance test methods. In this sense, two alternative
models (Model 1 and Model 2) are proposed to address this problem.

These models are based on the models of Bosanac et al. and Carvalho et al. and seek to fill the research
gap of these previous works. Specifically, the integration of these models into the ISO 9806:2017 framework
is detailed for both SST and QDT test methods, and their applicability is experimentally demonstrated
using test data from two solar collectors: a flat plate collector (FPC) and an evacuated tube collector with
heat pipes (ETC-HP). These collectors have very different TAM characteristics so that the results can be
easily extrapolated to a wide range of collectors. The advantages and disadvantages of each approach are
identified, and guidelines for improving the test standard are proposed.

The first model (Model 1) extends the Ky modeling of the SST methodology to QDT. Although this
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model was originally proposed by Bosanac et al. for FPC, in this work we show its applicability to the
standard QDT method and demonstrate its applicability to ETC technology. In the second model (Model
2), we propose a separate modeling of the diffuse irradiance, distinguishing between that coming from the
sky and that reflected from the ground, as proposed by Carvalho et al. for the SST method. In this case,
unlike the previous study [13], the specific implementation for the QDT method is presented and compared
with SST. This model is more accurate in predicting the useful power of the collector. However, it has the
disadvantage of requiring an additional measurement of the solar irradiance, i.e. the diffuse solar irradiance
reflected by the ground. In this sense, a simple method for estimating this component is proposed, which
requires the prior characterization of the albedo of the ground surrounding the test bed. Nevertheless, it is
also shown that substantial variations in the albedo estimation do not significantly affect the test results,
which is experimentally demonstrated in this work, evidencing the robustness of this method.

With respect to the experimental evaluation of the models, it is shown that both approaches provide
more robust results compared to the standard model by improving the consistency between the test methods.
It is also shown that although Model 2 outperforms Model 1, the differences are small, making it difficult to
compensate for the additional cost of implementing an additional solar irradiance measure. Therefore, we
consider that Model 1 is the best option for improving the test standard. In addition, it is also shown that
this model can be used to characterize a specific collector, and then Model 2 can be used to estimate its
energy production in a long-term simulation, for a specific site and usage conditions, taking full advantage
of each model.

Furthermore, the improved parameter conversion from SST to QDT proposed in Ref. [7] has been ex-
tended and evaluated in combination with the diffuse IAM models considered in this work. This approach
further improves the consistency between the test methods, especially in the case of the ETC-HP collector.

An important drawback of both models is that the parameter identification procedure in the case of the
QDT method requires a non-linear regression algorithm, which adds complexity and makes it difficult to
replicate. In this context, a free and documented Matlab program is provided to perform the parameter
identification, facilitating the reproduction of the QDT method and the integration of the alternative diffuse
IAM models into the test standard.

By addressing the above, the following scientific and technical contributions are provided in this work:

e The diffuse IAM models proposed by Bosanac et al. and Carvalho et al. are implemented within the
current ISO 9806 framework for both the SST and QDT test methods for the first time, and guidelines

are provides for its posterior use in long-term performance simulations.

e The applicability of these models is demonstrated experimentally for two solar collector technologies,
FPC and ETC, reducing discrepancies between steady-state and quasi-dynamic test methods, a well

recognized problem in the field of solar thermal collector testing.
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e A simple and robust method is proposed to measured diffuse solar irradiance reflected from the ground

in the framework of QDT method, minimizing the need for additional solar irradiance instruments.

e The improved parameter conversion procedure proposed by Rodriguez-Muiioz et al. [7] is extended,
showing that its use, in combination with these diffuse IAM models, further reduces test method

discrepancies.

e A free and well-documented MATLAB program is provided for parameter identification, facilitating

the reproduction of the QDT method and the integration of the aforementioned models.

1.2. Article’s outline

The structure of this work is presented as follows. In the next section, Section 2, the thermodynamic
model proposed by the ISO standard is presented for the collector technologies considered in this work,
along with the experimental procedure for each test method. This section also shows the integration of
the alternative diffuse IAM models into the standard test methods: SST and QDT. Section 3 describes
the test platform and the experimental data used in this work, in particular the procedure for obtaining
the diffuse solar irradiance reflected by the ground, which is required for the implementation of Model
2. Additionally, this section outlines the methodology used to assess the performance comparison of the
alternative diffuse IAM models with respect to the standard model. Section 4 presents the results obtained,

and finally, Section 5 summarizes the main conclusions of this work.

2. Thermodynamic model and testing methods

This section describes the thermodynamic model used in the test standard, the procedure for each test
method, and provides a detailed description of the alternative diffuse IAM model and its integration into

the standard.

2.1. Standard thermodynamic model

The thermodynamic model defined in the ISO 9806:2017 standard is general enough to be applied to
different solar collector technologies. The standard also provides guidelines for adapting the model to
specific cases, specifying which terms can be omitted from the general equation based on the solar collector

technology used. Eq. (1) presents the recommended model for low temperature glazed collectors,

3 A
D o 1K (0) Gua o Kt G = a1 (B = 02) = 02 (O = 00)° — a5 22 (1)

where Qu is the useful power produced by the collector; Gp; and Gy are the direct and diffuse solar
irradiances on the collector plane, respectively; ¢,, is the mean temperature of the fluid flowing through

the collector (mean between the inlet and outlet temperatures); o, is the ambient temperature; and the
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parameters characterizing the thermal behavior of the collector are 194, Kp, K4, a1, az and as. The first
parameter is the optical efficiency of the collector at normal incidence with respect to direct solar irradiance,
ay and as are the thermal loss factors, and as is the effective thermal capacity divided by the total collector
area (Ag). As introduced earlier, K} and K characterize the IAM with respect to direct and diffuse solar
irradiance, respectively.

All parameters remain constant except K, which varies as a function of the angle of incidence of the
direct beam, 6. In this work, for this function we have used the model proposed in Ref. [6, 7] due to its wide
applicability (uniaxial or biaxial IAM) and its superior performance compared to other models available
in the scientific literature. This model consists of dividing the incident angle range into smaller intervals
and assuming a piecewise linear function within each interval. For example, if a 10° interval is used, the
adjustable parameters would be K3(10°), K3(20°),. .., K3(80°), where K;(6;) represents the K value at
angle ;. For all types of collectors, it is mandatory that K3,(0°) = 1 and K3(90°) = 0 for the first and last
parameters, respectively. In the case of ETC, the standard factorization approach was used [2], i.e. the IAM
was expressed as the product of two different functions: one dependent on 67, and the other dependent on
O, denoted as K = Ky, x Kypr. Here Kpp, is K, calculated at (0f,,0) and Ky is K calculated at (0, 07).
The discretization process described above was applied to both the K, and Kpr functions.

The QDT method uses the model directly presented in Eq. (1). The SST method, however, uses a

simpler model that treats solar radiation globally. This involves the following substitution,

n0,b (Kb (0) Goe + Ka Gar] = 10, hem Knem G, (2)
leading to the following model,
u AV,
Qﬁ = nO,hemKhemGt —ax (ﬂm - 79(1) — a2 (ﬁm - 79(1)2 —as—,—- (3)
Ag dt

Here G is the global irradiance at the collector plane. The parameters 1o pem and Kpepn correspond to
the optical efficiency at normal incidence and the incident angle modifier, both with respect to the global
solar irradiance. It is noteworthy that in the SST model, the parameter C' is commonly used to characterize
the effective thermal capacity of the collector. However, in order to reduce the number of parameters and
maintain homogeneity, as was chosen as an alternative. The relationship between C' and as is expressed as
a5 = C/Ag.

The procedure for estimating QDT parameters from SST parameters (parameter conversions), i.e., esti-
mating 794, Kp, and Kg from 1o pem and Kpem, is detailed in Annex B of ISO 9806:2017. This procedure
is described as follows. First, to estimate K, clear sky conditions are assumed, so Kpep = K. Then, Ky

is averaged and normalized over the solid angle seen by the collector, assuming an isotropic distribution for
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diffuse solar irradiance. That is,
foW/Q oﬂ/2 Ky (0,7) cos (0) sin (6)dOdy

fOW/Q 0”/2 cos () sin (0)dOd~

K= (4)

The standard recommends performing this integral as a summation by discretising the integration domain
into intervals of length 10°, an approach used in this study. The parameter 1y is then calculated from
Eq. (2) assuming normal incidence and a diffuse fraction of 15% in the plane of the collector, which is

reasonable for SST conditions. That is,

77O,hem (5)

0.6 = 085+ 015 x Ky

2.2. Test procedure

This section describes the data collection procedure for each test method. It should be noted that in each
case the test variables must meet certain stability requirements, as specified in the respective test standard
and summarized in various works, such as Ref. [4]. This work can be consulted if the reader is interested in

a deeper study of these requirements.

2.2.1. Quasi dynamic testing method

In the QDT method, parameter identification is performed by a single test, which requires the execution
of at least one measurement sequence for each day type. Each day type corresponds to a specific measurement
sequence as defined in the standard. The total number of sequences required depends on the local climatic
conditions and the timing of the test. Each day type must be at least 3 hours in duration and may consist
of several non-consecutive sub-sequences of at least 30 minutes each. There are four different day types, and
the conditions that must be met for each are detailed in the following paragraph.

Day type 1 focuses on running sequences where the fluid temperature is close to the ambient temperature,
emphasizing clear sky conditions. The angle of incidence varies within a specified range, providing sufficient
variability for K function. Day type 2 involves measurements under varying cloud conditions at any
operating temperature. Day type 3 requires the collector to operate at an intermediate inlet temperature,
with measurements including clear sky conditions at two different intermediate temperatures. Day type 4
requires a high inlet temperature sequence, including clear sky measurements.

To ensure that the experimental data set contains sufficient variability for accurate parameter identifi-
cation, the standard recommends that the following plots be generated: 1) (9, — ¥,) as a function of G; 2)
Gy as a function of 6; 3) G4 as a function of G; and 4) (¥,,, — ) as a function of u. These plots must be

compared to the typical plots of the standard and should show a significant degree of similarity.



2.2.2. Steady state testing method

In the SST method, parameter determination involves three distinct tests: (i) a performance test to
determine the parameters 1o pem, a1, and ag; (ii) an incident angle modifier test to determine Kje,,; and
(iii) an effective thermal capacity test to determine the parameter as. The first test is extensively documented
and discussed in several references [4], so a detailed description is omitted here.

For the second test (IAM determination), we followed the same procedure as for day type 1 of the
QDT test, but the experimental data were processed according to the SST methodology. For each angle of
incidence, the experimental IAM value was determined using Eq. (3). The final IAM value for a given angle
of incidence was calculated as the average between two measurements: one before and one after solar noon
(symmetrical), taking into account transient effects (a fixed tracker was used for this test).

Both the current and previous tests; performance and IAM, must be conducted under steady-state
conditions, ensuring that di,,/dt &~ 0. Once these tests are complete, the parameter conversion procedure
described in the previous section must be performed.

The effective thermal capacity test was conducted following section 25.2 of the ISO 9806:2017 standard,
considering the second-order adjustment in thermal losses, i.e., the as coefficient. At the beginning of the
test, the inlet temperature was set equal to the ambient temperature, and the collector was covered with a
reflective blanket to reach a steady state. Subsequently, the cover was removed, and the collector was allowed
to reach a new steady-state point, which differed from the initial one due to the effect of solar irradiance.
The effective thermal capacity was determined by integrating Eq. (3) over the time period between the two

stationary operating points.

2.83. Diffuse incident angle modifier

In this study, two alternative models for K, are considered, referred to as Model 1 and Model 2, in
addition to the standard model (Model 0) which serves as the baseline. For Model 0, the parameter Ky
is computed using Eq. (4) within the SST method, following the procedure outlined above. In the QDT
method, however, this parameter is derived directly from the experimental data.

In Model 1, the procedure for estimating Ky in the SST method remains unchanged, and this model
is extended to QDT. In other words, Eq. (4) is incorporated into Eq. (2), so that K is no longer fitted
directly from the data. Instead, it depends directly on the nodal values of K}, which are determined along
with the rest of the parameters in the parameter identification algorithm. This change improves the overall
consistency between the test methods because both models treat K, in the same manner and, for a given
collector, the parameter K, corresponds to a constant value.

Model 2 differs from the previous models in the way it treats diffuse solar irradiance. While both Model
0 and Model 1 treat diffuse solar irradiance globally, Model 2 makes a distinction between diffuse solar

irradiance coming from the sky and that reflected from the ground, with a parameter for each component:
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Kg4s and Kgg, respectively. The calculations for these parameters are given below,

. S [ Ky (0,) cos (0) sin (0)d0dy + [T, [/% K, (6,7) cos (0) sin (6)dbdy ©
ds = ’

Jo"2 [ cos (8) sin (0)dbdry + [T, [ cos (6) sin (6)dbdy

Jo ST Ky (60,7) cos (0) sin (6)ddy
Kag = .

fOW/Q fgr/z cos (6) sin (0)dfd~y

(7)

Here, 8 corresponds to the horizontal tilt of the collector, and ¢ = arctan [(— tan 3 cos ’y)_l]. In this case,
for a given collector, the parameters K4, and Ky, vary as a function of the horizontal tilt of the collector.
These expressions assume symmetry with respect to the longitudinal plane of the collectors.

Two observations are made about these equations. The first observation is that in the original paper by
Carvalho et al., these integrals were expressed in a different coordinate system. In this paper, the choice
has been made to use the same coordinate system as ISO 9806:2017, € and -y, thus maintaining greater
homogeneity and consistency with the standard, and facilitating model integration. The second observation
is that in the case of collectors with biaxial K}, for example, evacuated tube collectors, the function Kj is
written in terms of the angles §;, and 67, as already mentioned. Therefore, to perform the integrals, these
angles must be expressed in terms of 6 and . These relations are provided in the ISO 9806:2017 standard.

Finally, below is an explanation of how Model 2 is incorporated into the thermodynamic model of the
standard and into the SST and QDT test methods. In the case of the thermodynamic model, Eqs. (6)
and (7) are incorporated directly into the model of Eq. (1) by the following substitution,

Kq Gy = Kgs Gas + Kqg Gag, (8)
leading to the following model,
Qu 2
Af(} = To,b [Kb (0) Gy + Kgs Ggs + Kdg Gdg] —ai (ﬂm - 19(1) — a2 (79m - 790,) - a5?7 (9)

where G4s and G4y are the diffuse solar irradiance at the collector plane, coming from the sky and reflected
from the ground, respectively.

In both test methods, the integration of this model takes place at the data processing level. In the case
of the SST method, the parameter conversion procedure changes and now requires the estimation of the
parameters 79, Kp, K45 and Ky, (new thermodynamic model) from 79 pen, and Kpen,. The procedure is
described as follows. First, to estimate K, clear sky conditions are assumed, so Kpen = Kp, as before.
Then the parameters Kg, and Kg4, are calculated using Egs. (6) and (7). Finally, the parameter ng; is

estimated as follows,

— 710,hem (10)
0.85+0.12 x K45 + 0.03 x Kgqy

This equation results from combining Eq. (5) and Eq. (8). In addition, it was assumed that 15 % accounts

M0,b

for diffuse solar irradiance, distributed as 12 % from the sky and 3 % reflected from the ground, a reasonable
hypothesis for clear sky conditions and low reflective ground.
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2.4. Parameter identification algorithm for QDT

Regarding the parameter identification algorithm for the QDT method, there are two options [11], which
differ in how they treat transient phenomena. The first method involves approximating the time derivative
using finite differences and treating it as an independent variable in a regression algorithm commonly known
as multi-linear regression (MLR). Its name derives from its use in the context of flat-plate collector testing
[19]. The second method is to perform a dynamic simulation coupled with a non-linear regression algorithm
(Dynamic Parameter Identification, DPI). Although its implementation is more challenging, it offers sig-
nificant advantages as it better handles the transient effects of solar collectors, both under standard test
conditions and in situ conditions as demonstrated in Refs. [20, 21]. As a result, it provides more reliable
parameter estimations. . This method is particularly suitable for ETC-HP technology, as experimentally
demonstrated in Ref. [18], technology addressed in the present work.

In this work, the DPI procedure was used, as it provides more reliable results and therefore offers a
better framework for comparing diffuse IAM models. Given the difficulty of its implementation, a Matlab
program for parameter identification is provided here, which represents a continuation and improvement of
the code provided in Ref. [18]. This program facilitates the implementation and reproduction of the QDT
methodology and the integration of the alternative diffuse IAM models in the test standard.

The program also reports uncertainty values for performance parameters (i.e., all parameters except those
related to the beam IAM) using the linearization approach, which is simple and provides reliable results [20].
However, this method can only estimate uncertainty for parameters that represent input variables within
the regression algorithm. Since the parameters of the proposed diffuse IAM models are not adjustable
themselves but are instead calculated from the beam IAM, it is not possible to assign uncertainty to them.
Other uncertainty estimation methods exist for the DPI approach, such as bootstrapping and Monte Carlo
methods [22, 23], which allow estimation of the uncertainty of these parameters. However, these methods are
more complex, computationally intensive, and do not provide additional insights for the specific objective
of diffuse IAM modeling, and were therefore not considered in this work. Nevertheless, this remains a topic

for future work.

3. Experimental data and methodology

This section provides a description of the test facilities, in particular, the diffuse solar irradiance mea-
surements that are central to this work. It also describes the collectors considered, the experimental data,

and the methodology used to assess the performance of the alternative diffuse IAM models.

3.1. Test facilities
The experiments were carried out at the Solar Heater Test Bench (Banco de Ensayos de Calentadores
Solares - BECS) located at the Solar Energy Laboratory (Laboratorio de Energia Solar - LES, http://les.
11
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edu.uy/) of the University of the Republic in the city of Salto, Uruguay (latitude=31.28° S, longitude=57.92°
W). This test bench, originally designed by LES researchers, is based on existing facilities of the Spanish
National Renewable Energy Center (Centro Nacional de Energias Renovables - CENER). Notably, this
test facility recently participated in a Latin American laboratory intercomparison organized by the PTB
(Physikalisch-Technische Bundesanstalt), Germany’s national metrology institute. It received the highest
ratings in most of the test variables and only had two minor observations regarding the determination of
secondary variables, both of which were already addressed by the laboratory [24].

The thermo-hydraulic installation and the data acquisition system are described in detail in Ref. [6], so
they will not be reproduced here. However, we provide a description of the instrumentation dedicated to
solar irradiance measurements, with particular emphasis on diffuse solar irradiance, a crucial aspect of this
study.

In this regard, the facility is equipped with three Kipp & Zonen CMP10 pyranometers. These pyra-
nometers measure global solar irradiance in the collector plane (Gy), as global and diffuse solar irradiance
in the horizontal plane (G, and Gy, respectively). All pyranometers used are spectrally flat and classified
as class A according to the ISO 9060:2018 standard [25]. They are calibrated annually at LES with the
ISO 9847:2023 standard [26] against a Kipp & Zonen CMP22 secondary standard traceable to the World
Radiometric Reference at the World Radiation Center in Davos, Switzerland. The diffuse irradiance mea-
surement is mounted with a shadow band, so the raw measurements must be corrected. For this correction,
the expression given in Ref. [27] has been used, which is significantly better than the correction suggested
by the manufacturer [28].

Parameter identification in the SST method requires the measurement of global solar irradiance at the
collector plane for the diffuse IAM models analyzed. However, the QDT method requires separate estimation
of its direct and diffuse components. Therefore, the following information is provided on how each component
was estimated at the collector plane.

The direct solar irradiance Gp; at the collector plane was estimated from Gy, and Gy, using the following
procedure. First, the direct normal irradiance (DNI, G;) was calculated using the closure relation Gj, =
Gpcosf, + Ggp, where cosf, is the cosine of the solar zenith angle. Then Gy was calculated from the
DNI by multiplying it by the cosine of the angle of incidence, . The diffuse solar irradiance Gg4; at the
collector plane was estimated from G; and Gy, simply by the difference, i.e. G4 = Gy — Gp. This diffuse
measurement includes both the diffuse irradiance from the sky and the diffuse irradiance reflected from the
ground (Gg4s and Ggg, respectively) and is sufficient for the implementation of Models 0 and 1.

For the implementation of Model 2, however, it is necessary to estimate G4s and Gg4 separately. The
diffuse irradiance G4y in the collector plane reflected by the ground is estimated from G, as follows: Gg44 =
pg (1 — cos B) G /2. This equation assumes that the ground behaves as a perfect diffuse and isotropic
reflector, where py is the albedo of the ground. Finally, G5 is estimated by difference, Ggs = Gar — Gaq.
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With respect to the albedo of the ground, there are two options. The first and more accurate option is
to add an albedometer in front of the test platform. This instrument consists of two global pyranometers
positioned horizontally, one facing down to measure the solar radiation reflected by the ground. The albedo
is then obtained as the ratio of the two measurements. Ideally, these measurements should be synchronized
with those of the tested collector to provide albedo values specific to the sky conditions at the time of the
test at the specific site. This has the disadvantage of requiring an additional radiometer. The second option
is to perform a long asynchronous measurement campaign; one year would be optimal to capture the annual
variability of albedo, and use this data to fit an empirical model. This model can then be used to estimate
the albedo at the time of the test using the solar irradiance measurements on the horizontal plane mentioned
above. This option is less accurate but does not require an additional radiometer at the time of the test.

The second approach was used in this work. In this sense, six empirical albedo models were fitted in
Ref. [29] using measurements from the albedometer shown in Figure 1, which is located in front of the
collector test platform. For simplicity, the simplest model was used, which results from assuming a constant
value for the ground albedo; p, = 0.2190, independent of sky conditions. In addition, a sensitivity analysis
was conducted to evaluate the impact of varying albedo values on the results. It was found that deviations of
+ 20 % in albedo lead to only & 1 % variations in the parameter identification of the collectors, confirming

the robustness of the proposed procedure.

Figure 1: Experimental setup to measure the albedo of the ground surrounding the test bench (both instruments on the right;

the others are for inclined solar irradiance, not used in this study).
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3.2. Experimental data and methodology for assessing diffuse IAM models

In this study, we used test data from two different solar thermal collectors: a Flat Plate Collector,
referred to as FPC, and an Evacuated Tube Collector with Heat Pipes, referred as ETC-HP. The FPC
served as the reference collector in a previously mentioned inter-laboratory comparison. These collectors
and the experimental data set used in this study are identical to those used in Ref. [30]. For this reason,
some general details of the tests are given below, but specific details can be found in the aforementioned
article.

Testing for the FPC took place from April 30 to May 15, 2021, while the ETC-HP was tested from
September 3 to September 30, 2022. All tests followed the ISO 9806:2017 standard. Throughout the
experiments, a spatial average wind speed of 3 m/s was maintained using air blowers. In addition, flow rates
were set at 2.40 L/min for the FPC and 1.90 L/min for the ETC-HP. Five different measurement sequences
were obtained for the FPC and six different sequences for the ETC-HP (due to its complex IAM) using the
QDT method. The SST methodology used the same data, but subjected it to different processing procedures
to identify the sub-sequences or data points that met the specific requirements of that method.

The methodology used to assess the performance of diffuse TAM models is described as follows. The
experimental data previously describe were used to determine the parameters of the thermodynamic model
introduced in Eq. (1) for both FPC and ETC-HP collectors, considering the various diffuse IAM models
(Model 0, 1 and 2) and associated testing methods (SST and QDT).

The comparison between models was carried out in three steps. First, the parameter values were di-
rectly compared (when applicable), with particular attention to the differences arising from the testing
methodologies adopted for each diffuse IAM model. Since not all models are directly comparable on a
parameter-by-parameter basis, the second step involved calculating the useful energy produced by each col-
lector under the reporting conditions defined in the standard. This approach enables a more comprehensive
comparison by capturing the combined effect of all model parameters under varying operating conditions.

Finally, the enhanced parameter conversion from SST to QDT, previously proposed by the authors [7],
was evaluated alongside the alternative IAM models to further improve the consistency and reliability of the
testing procedures. In particular, this work presents the extension of the enhanced parameter conversion
procedure from SST to QDT to Model 2, while the extension for Model 1 was already introduced in previous

work.

4. Results

This section presents and discusses the results obtained using the methodology described above. First,
Subsection 4.1 shows the fitting results of the different diffuse IAM models along with the corresponding

discussion. Next, Subsection 4.2 compares the performance of these models by presenting the useful power
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produced by each collector under the reporting conditions defined in the standard. The benefits of the new
proposals are highlighted, particularly the improved agreement between the steady-state and quasi-dynamic
methods achieved with the new modeling. Finally, Subsection 4.3 presents the results of the enhanced
parameter conversion procedure from SST to QDT for all models, which show that combining it with

alternative diffuse IAM models further reduces discrepancies between testing methods.

4.1. Models’ parameters comparison

Models are implemented and evaluated under the SST and QDT procedures for both collector types.
Table 1 and Table 2 show the parameter values of the thermodynamic models from Eq. (1) for FPC and
ETC-HP, respectively. Uncertainty is reported only when mandatory according to the standard (i.e., for
performance parameters: all parameters except those related to the beam TAM), to simplify the tables.
Additionally, uncertainty cannot be reported when a parameter is fixed by the regression algorithm (e.g.,
when the second-order loss coefficient is set to zero). Moreover, it is not possible to provide uncertainty for
the diffuse IAM parameters of the proposed model due to limitations of the method used, as discussed in
Subsection 2.4.

The values of the nodes for the angle of incidence modifier are reported every 10 degrees at the bottom
part of each table. It is noted that Kj; for 8, > 40° and Kpr for 67 = 80° correspond to interpolated
data. For all parameters, a t-statistic greater than 3 was obtained, indicating statistical significance, except
for the parameter as, which therefore had to be kept constant at 0. A data averaging time of 10 minutes
was used for the SST method, and a data averaging time of 1 minute was used for the QDT method. In
addition, the numerical simulation time step in the dynamic parameter identification algorithm of the QDT
was set to 30 seconds, effectively balancing the benefits of the algorithm and its execution time [30].

It is worth noting that, in all cases, the final value of the mean square error (used as the objective
function in the parameter identification process) is approximately 2-3 % relative to the mean useful power.
This indicates that, for the specific dataset used in this study, the models exhibit a comparable level of
accuracy.

For better interpretation of the results, the parameters are divided into two sets. The first set includes
the parameters 795, a1, a2, as, and Kj, while the second set consists of the parameters associated with the
diffuse IAM: K4, K45 and Kg4, whenever applicable.

The parameters of the first set do not change significantly when considering different models of diffuse
TAM within the SST framework. This is due to the fact that in this test method, the determination of the
parameters involves a certain degree of independence; the parameters are determined by three independent
subtests. On the other hand, in the QDT method, the determination of the parameters is global, i.e., all the
parameters are determined simultaneously. Therefore, in this case (QDT), some variation in the parameter

values is expected when considering different models of diffuse TAM. However, these variations are minimal,
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Table 1: Characteristic parameters of the FPC for each diffuse IAM model and test method. N/A indicates not applicable.

Model Model 0 Model 1 Model 2
Test SST QDT SST QDT SST QDT
method | Value Uncer. | Value Uncer. | Value Uncer. | Value Uncer. | Value Uncer. | Value Uncer.
10,6 0.726 N/A |0.720 40.001 | 0.726 N/A |0.722 40.001 | 0.727 N/A |0.721 =40.001
a1 4.499 40.019 | 4.331 £0.020 | 4.499 +£0.019 | 4.342 +£0.021 | 4.499 =+0.019 | 4.340 £0.020
as 0 N/A | 0.001 =+£0.0003 0 N/A | 0.001 =0.0003 0 N/A | 0.001 +0.0003
as x 1000 | 11.0  +0.6 12.7 +0.1 11.0  +0.6 12.5 +0.1 11.0  £0.6 12.6 +0.1

Kg 0.905 N/A |0.941 40.004 | 0.905 N/A |0.895 N/A - - - -
K - - - - - - - - 0933 N/A |0913 N/A
Kag - - - - - - - - 0.744 N/A |0.717 N/A

0 Ky Ky K Ky Ky Ky

0 1.00 1.00 1.00 1.00 1.00 1.00

10 1.00 0.99 1.00 1.00 1.00 1.00

20 1.00 0.99 1.00 0.99 1.00 0.99

30 1.00 0.98 1.00 0.99 1.00 0.99

40 1.00 0.98 1.00 0.98 1.00 0.98

50 0.97 0.94 0.97 0.95 0.97 0.95

60 0.90 0.87 0.88 0.88 0.88 0.88

70 0.72 0.68 0.68 0.73 0.68 0.71

80 0.36 0.34 0.34 0.37 0.34 0.35

90 0 0 0 0 0 0

in the order of 1 % in most cases. When comparing the test methods between themselves, it can be seen that
for most parameters the differences are small, usually below 10 %, except for a5 and K(6 > 60°), where
the differences are between about 17 % and 50 %, being larger in the case of ETC-HP. These differences are
in line with previous work [10].

Regarding the second set, the parameters of Models 0 and 1 are directly comparable, since both consider
the diffuse component globally, assuming a constant value for the parameter K,;. Therefore, we will start
with the analysis of these models. In the case of the SST method, the parameter K  is the same in both
models, as expected since it is estimated in the same way (see Subsection 2.3). In the case of the QDT
method, it is observed that the value of K for Model 1 is quite close to that of the SST, while in the case
of Model 0 it is not. Specifically, this parameter is overestimated in the QDT by 4 % and 20 % for the FPC
and ETC-HP collectors, respectively, a result that is consistent with previous research [7, 9, 10]. This can
be explained as follows. Although Models 0 and 1 consider K4 as a constant, the way in which this constant
is determined is different in each case. As explained in Subsection 2.3, in the case of Model 0 for QDT,
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Table 2: Characteristic parameters of the ETC-HP for each diffuse IAM model and test method. N/A indicates not applicable.

Collector Model 0 Model 1 Model 2

Test SST QDT SST QDT SST QDT
method Value Uncer. | Value Uncer. | Value Uncer. | Value Uncer. | Value Uncer. | Value Uncer.
10,b 0.371  N/A | 0.365 =£0.0003 | 0.371 N/A | 0.373 +£0.0003 | 0.372 N/A | 0.371 =+0.0003
ax 1.682 =+0.060 | 1.678 £0.005 | 1.682 =£0.060 | 1.703 +£0.006 | 1.68 =+0.060 | 1.693 +0.006
a2 0 N/A 0 N/A 0 N/A 0 0 0 N/A 0 N/A
as x 1000 | 207.6 +1.0 | 1678 +0.9 |207.6 £1.0 |172.0 +£1.1 207.6 £1.0 | 170.2  +£0.9
Kq 1.007 N/A | 1.235 +£0.004 | 1.007 N/A |1.084 N/A - - - -
Ky - - - - - - - - 1.055 N/A |1.131 N/A
Kag - - - - - - - - 0.671 N/A |0.775 N/A
0L \0r K1, Kyr Kyr, Kyr Kyr, Kyr K1, Kyr Ky, Kyr Ky, Kyr
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 0.99 1.01 0.98 1.00 0.99 1.01 0.99 0.99 0.99 1.01 0.99 0.99
20 0.99 1.07 1.00 1.09 0.99 1.07 1.00 1.09 0.99 1.07 1.00 1.09
30 1.00 1.15 1.00 1.18 1.00 1.15 1.00 1.19 1.00 1.15 1.00 1.19
40 0.97 1.29 1.00 1.36 0.97 1.29 1.00 1.36 0.97 1.29 1.00 1.36
50 0.77 1.40 0.80 1.57 0.77 1.40 0.80 1.57 0.77 1.40 0.80 1.57
60 0.58 1.44 0.60 1.56 0.58 1.44 0.60 1.57 0.58 1.44 0.60 1.57
70 0.39 1.18 0.40 1.74 0.39 1.18 0.40 1.77 0.39 1.18 0.40 1.76
80 0.19 0.59 0.2 0.87 0.19 0.59 0.20 0.88 0.19 0.59 0.2 0.88
90 0 0 0 0 0 0 0 0 0 0 0 0

this parameter is fitted to the experimental data, including possible biases in the distribution of the samples
with respect to the sky conditions. In the case of Model 1, the K, parameter is determined by integrating
and weighting the K} function over the solid angle seen by the collector, in the same way as in the SST
method; hence, the differences are smaller. In summary, Model 1 provides greater agreement between the
SST and QDT test methods.

For Model 2, the parameters of this model are determined separately, as this model treats diffuse solar
irradiance differently from Models 0 and 1. This model distinguishes between diffuse solar irradiance coming
from the sky and that reflected from the ground, with a parameter for each component, Kq, and Ky4. The
values of the parameters depend on the horizontal tilt of the collector; for a simple comparison, a horizontal
tilt of 45° was used. The agreement between the SST and QDT test methods is better than for Model
0, but slightly worse than for Model 1. The main discrepancy is observed in the parameter Kg4,, and the
determination of this parameter is strongly influenced by the nodal values of the K3, function at high angles
of incidence, which have greater uncertainty.
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As the parameters of Model 2 cannot be directly compared with those of Models 0 and 1, the next section
provides a comparative analysis in terms of the useful power produced by the collectors. This will provide

a better understanding of the differences between the models.

4.2. Useful power under standard reporting conditions

To complement the results and discussion presented in the previous section, the useful power produced by
each collector was calculated for different temperature differences and sky conditions using Eq. (1) for Models
0 and 1, and Eq. (9) for Model 2. In all cases, normal incidence and steady-state conditions were assumed,
as specified in the ISO 9806:2017 standard. For the temperature difference, four cases were considered: 0,
20, 40 and 60K. For the sky conditions, the Standard Reporting Conditions (SRC) specified in the ISO
9806:2017 standard were used, as shown in Table 3. In addition, the evaluation of Model 2 requires the
specific values of G4 and G44. The diffuse solar irradiance reflected by the ground G4y was estimated using

Eq. (11), a relationship derived using the isotropic transposition model [15], assuming normal incidence and

Gdh/Gh ~ Gdt/Gt-
p (1= cosf)
(Gar/Ge)(1 +cosB) + p(1 —cos B)

Then the diffuse solar irradiance from the sky was estimated by the difference, i.e.: G4s = Gar — Ggq4. These

Gdg = Ggt (11)

expressions were evaluated assuming an albedo of 0.2 and a horizontal tilt of 45°, and their results are shown
in the last two columns of Table 3. These values (albedo and tilt) are commonly used in the field of solar

thermal testing [15].

Table 3: Standard Reporting Conditions (SRC).

Solar G Gat Gas Gag
irradiance | (W/m?) | (W/m?) | (W/m?) | (W/m?)
Blue Sky 850 150 121 29
Hazy Sky 440 260 239 21
Gray Sky 0 400 287 13

The useful power estimates for the different cases are shown in Figure 2 and Figure 3 for FPC and
ETC-HP respectively. For a better understanding of these figures, note that each column corresponds to a
different diffuse IAM model; Model 0, 1, and 2 from left to right, and each row corresponds to a different
sky condition: clear, hazy, and gray sky, from top to bottom. In general, no significant differences are
observed for clear sky conditions. However, for hazy and gray sky conditions, the differences between the
test methods and the models become evident and tend to increase with the diffuse fraction. In terms of

temperature differences, the discrepancy between test methods and models becomes more pronounced at
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higher values. These observations are more pronounced for the ETC-HP collector (Figure 3) than for the

FPC collector (Figure 2).
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Figure 2: Useful power per gross area unit produced by FPC collector under standard reporting conditions, for each test

method and diffuse IAM model.

The following procedure was used to analyze the consistency of the test methods. First, the difference
between SST and QDT useful power estimates was calculated for the different sky conditions and temperature
differences, and then all the differences were averaged for each diffuse TAM model. Finally, the models were
ranked in decreasing order, from the least consistent to the most consistent, i.e. from the largest difference
to the smallest average difference. This procedure was done separately for each collector.

For FPC, the models are ordered as follows: Model 0, 2, and 1, with average differences of 3.3 %, 1.6 %,
and 0.6 %, respectively. In this case, the difference between the models is small, consistent with Figure 2.
For ETC, the models are ordered as follows: Model 0, 1, and 2, with average differences of 16 %, 6.7 %, and
5.2 %, respectively. In this case, the differences are significant, especially for Model 0. Although Model 2 is
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Figure 3: Useful power per gross area unit produced by ETC-HP collector under standard reporting conditions, for each test

method and diffuse IAM model.

better than Model 1, the difference between these models is small, as shown in Figure 3. It should also be
noted that the percentages above are averages and therefore indicative. They do not reflect the asymmetry of
the differences in sky conditions and temperature differences (see Figures 2 and 3). In general, as mentioned
above, the differences are much larger for hazy sky conditions and high temperature conditions.

In summary, Models 1 and 2 significantly improve the consistency between test methods compared to
Model 0. However, the differences between Models 1 and 2 are small, so considering the additional cost of
the additional albedo measurement, we consider Model 1 to be the ideal choice for testing the solar collector
technology considered in this work. However, for other technologies, for example those that are particularly
sensitive to diffuse solar irradiance [16], Model 2 may be the better choice for testing due to its superior
performance, allowing for a better evaluation of design improvements and /or the use of alternative materials.

Furthermore, since the values of K} obtained during the tests do not change when considering different
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models of diffuse IAM (as demonstrated in the previous section), Models 1 and 2 can be used in a comple-
mentary way, as described below. Once the parameters have been determined with Model 1 in the context of
the normalized tests, it would be possible to use Model 2 to carry out a long-term performance simulation,
reconstructing the parameters of this model, i.e. calculating K45 and kqy from Eqs. (6) and (7) respectively,

using the previously determined value of K} with Model 1.

4.8. Enhanced parameter conversion from SST to QDT

In previous work [7], an enhanced parameter conversion procedure from SST to QDT was proposed, in
which the procedure was applied to two ETC-HP collectors. It was shown that this procedure is better than
that of the standard, since it produces converted IAM values closer to the QDT method. The above work
covers Models 0 and 1, as the models are the same for the SST method. This subsection demonstrates the
extension of this procedure for Model 2 and both collector types: FPC and ETC-HP.

The standard conversion procedure was described in Section 2. The extended procedure for Models 0
and 1, although detailed in [7], is briefly described below. First, we assume initial values for ng; and Ky
(which could be those of the standard conversion). Next, we compute K} using Eq. (12) (instead of assuming
Khem = Kp), and then we recompute the parameters 79, and K, as in the standard case; Egs. (4) and (5).
The iterative process continues until the difference between the input and output parameters is less than a
specified tolerance. For Model 2, the process is similar, but it uses Eq. (13) instead of Eq. (12), and Eqgs. (6),
(7) and (10) instead of Egs. (4) and (5).

(M0,hem /M0,6) Knem Gt — Kq Gar
Gy

Ky = (12)

(M0,hem/M0,6) Khem — Kas Gas — Kag Gag
Gy '

The results of the standard and improved parameter conversion are shown in Table 4 for both collectors.

Ky =

(13)

In the case of the FPC collector, although the enhanced procedure gives results closer to the QDT, the
differences with the standard procedure are minimal. In the case of the ETC-HP collector, the results are
much more significant: the improved procedure gives better IAM values (direct and diffuse), i.e. closer to
those obtained by the QDT method.

In this context, the useful power values presented in the previous subsection were recalculated for the
SST method using the diffuse IAM obtained through the enhanced procedure. For the FPC collector, no
significant differences were observed. In contrast, for the ETC-HP collec, the average difference between
SST and QDT estimates decreased by approximately 2 to 3 percentage points when considering all sky
conditions, and by 5 to 10 percentage points under gray sky conditions. These results confirm that the
enhanced procedure effectively reduces discrepancies between SST and QDT, particularly under hazy or
overcast conditions.
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Table 4: Comparison between standard and enhanced parameter conversion from SST to QDT for both collector and the

different diffuse TAM models.

Collector FPC ETC-HP

Model Model 0 and 1 Model 2 Model 0 and 1 Model 2
Conversion | Standard | Enhanced | Standard | Enhanced Standard Enhanced Standard Enhanced
10,6 0.726 0.727 0.727 0.728 0.371 0.369 0.375 0.370
Ky 0.905 0.896 N/A N/A 1.007 1.039 N/A N/A
K N/A N/A 0.933 0.925 N/A N/A 1.055 1.095
Kag N/A N/A 0.744 0.717 N/A N/A 0.671 0.702

0 Ky Ky Ky Ky Ko Kyr | Ko Kor | Ko Kor | Kb Kor
0 1.00 1.00 1.00 1.00 1.00 1.00 | 1.00 1.00 | 1.00 1.00 | 1.00 1.00
10 1.00 1.00 1.00 1.00 0.99 1.01 | 1.00 1.01 | 0.99 1.01 |1.00 1.01
20 1.00 1.00 1.00 1.00 099 1.07 | 1.00 1.08 | 0.99 1.07 | 1.00 1.08
30 1.00 1.00 1.00 1.00 1.00 1.15|1.00 1.18 | 1.00 1.15 | 1.00 1.18
40 1.00 1.00 1.00 1.00 097 129|097 134|097 129|097 1.34
50 0.97 0.97 0.97 0.96 0.77 1.40 | 0.78 1.48 | 0.77 1.40 | 0.78 1.48
60 0.90 0.88 0.90 0.87 0.58 1.44 | 0.58 1.54 | 0.58 1.44 | 0.58 1.54
70 0.72 0.68 0.72 0.67 0.39 1.18 | 0.39 1.27|0.39 1.18 |0.39 1.27
80 0.36 0.34 0.36 0.34 0.19 059 | 0.19 0.64|0.19 0.59 | 0.19 0.63
90 0 0 0 0 0 0 0 0 0 0 0 0

As for the comparison between models, no significant differences were found between Models 1 and 2.
This suggests that the enhanced procedure benefits both models similarly, and the conclusions drawn in the

previous section regarding their performance remain valid.

5. Conclusions

In this work, two different diffuse IAM models for solar thermal collectors have been integrated into the
standard test method of ISO 9806:2017; Model 1 and Model 2. The first model treats the diffuse in a global
manner, and the second model distinguishes between the direction, that from the sky and that reflected
from the ground, requiring an additional measurement for the latter component. The performance of these
models has been evaluated and compared with the standard model, which serves as a baseline, using test
data from two different solar collectors: a Flat Plate Collector (FPC) and an Evacuated Tube Collector with
Heat Pipe (ETC-HP). The evaluation was performed using both ISO 9806:2017 test methods: steady-state
(SST) and quasi-dynamic (QDT).

First, the parameter values of each collector and diffuse IAM model were identified. The results showed
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that all the parameter values, except those related to the diffuse IAM, are very similar and independent
of the diffuse IAM chosen. On the other hand, in the case of the parameters related to the diffuse IAM,
Models 1 and 2 show a much better test method coherence, i.e. the parameter values obtained by the SST
and QDT methods are closer.

However, the parameters of Models 1 and 2 cannot be directly compared due to the different way in
which the diffuse solar radiation is treated. In this sense, for a better comparison of these models and using
the previously determined parameter values, the useful power produced by the collectors was calculated and
compared. For the temperature difference, four cases were considered: 0, 20, 40 and 60 K and for the sky
conditions, the Standard Reporting Conditions (SRC) specified in the ISO 9806:2017 standard were used.
Overall, no significant differences are found under clear sky conditions. However, under hazy and overcast
conditions, differences between the test methods and the models become significant. Regarding temperature
differences, the differences between test methods and models become more pronounced at higher values.
These trends are particularly pronounced for ETC-HP. It is observed that Models 1 and 2 improve the
consistency between test methods.

Nevertheless, the differences between Models 1 and 2 are small, so the loss of precision associated with
the global modeling of diffuse irradiance does not compensate for the additional measurement for Model 2.
Therefore, we consider Model 1 to be the best choice for evaluating the solar collector technology considered
in this work. However, for technologies more sensitive to diffuse solar irradiance, Model 2 may be more
suitable. Furthermore, as the K} values obtained during testing remain unchanged across models, they
can be used complementarily: first, Model 1 for standardized testing, and then Model 2 for long-term
simulations, reconstructing its parameters from those obtained with Model 1.

Furthermore, the improved parameter conversion from SST to QDT proposed by Rodriguez-Munoz et al.
has been extended and evaluated in combination with the diffuse ITAM models considered in this work. This
procedure improves even more the consistency between the test methods, especially in the case of ETC-HP,
providing TAM values (direct and diffuse) that are closer and reducing the differences in the estimated useful
power for the collectors. In the case of FPC, although the enhanced procedure gave better results, the
difference with the standard procedure was small.

It is important to mention that all tests were carried out with a low albedo soil, as specified by the
standard. It is to be expected that the differences between Models 1 and 2 will be more considerable when
working with higher albedo soils, e.g. in the framework of in-situ tests. The analysis of more complex

terrains represents future work.
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Appendix A. Data and software availability

To facilitate the application of the QDT method, a MATLAB program with a nonlinear regression
algorithm is available for download: https://bit.ly/STCT-Program-V3. This program is designed for general
use with low-temperature solar collectors that have covers, supporting both uniaxial and biaxial TAM. It
builds on the previous versions of the software provided in [7, 30], making this the third version, which
retains the options from the earlier versions. In this version, three models for diffuse IAM (Model 0, 1, and
2, as discussed in this study) are included.

The program calculates and reports the characteristic parameter values along with their uncertainties
and t-statistics (the ratio of the parameter value to its uncertainty). For parameter as, users can set custom
upper and lower limits, allowing it to be fixed at zero if the t-statistic is below 3 (both limits must be
set to zero in this case). The software does not verify the quality of the experimental data set or ensure
compliance with the ISO 9806:2017 standard, which must be checked beforehand. However, it provides
graphs to evaluate data variability. The software also includes the two experimental data sets used in this

study.
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