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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 IAM 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 1

Diffuse solar irradiance is important for modeling solar devices such as solar thermal collectors. In mid- 2

latitude temperate climates, around 1/3 of the annual global horizontal irradiation is diffuse [1]. The widely 3

accepted international ISO 9806:2017 standard [2] offers a thermodynamic model to estimate useful power 4

from solar thermal collectors and includes two testing methods to determine its parameters: Steady State 5

Testing (SST) and Quasi-Dynamic Testing (QDT). Although other standards exist, such as ASHRAE-93 6

[3], they are highly similar, essentially making them equivalent to each other [4]. 7

∗Corresp. author: J. M. Rodríguez-Muñoz, jrodrigue@fing.edu.uy

Preprint submitted to Renewable Energy Journal July 25, 2025



List of Symbols

Q̇u Useful power produced by the collector, W.

η0,b collector peak efficiency referred to direct solar

irradiance.

η0,hem collector peak efficiency referred to global solar

irradiance.

θ Incidence angle.

θL Longitudinal angle of incidence.

θT Transversal angle of incidence.

ϑa Ambient air temperature, ◦C.

ϑi Collector inlet temperature, ◦C.

ϑm Mean temperature of heat transfer fluid, ◦C.

ϑo Collector outlet temperature, ◦C..

a1 Heat loss coefficient, W/m2K.

a2 Temperature dependence of the heat loss coeffi-

cient, W/m2K2.

a5 Effective thermal capacity, J/Km2.

AG Gross area of collector, m2.

fd Diffuse fraction, Gdt/Gt.

Gbt Direct solar irradiance on collector plane, Wm−2.

Gb Direct normal solar irradiance, Wm−2.

Gdg Diffuse solar irradiance on the collector plane re-

flected by the ground, Wm−2.

Gdh Diffuse solar irradiance on horizontal plane,

Wm−2.

Gds Diffuse solar irradiance on collector plane from

the sky, Wm−2.

Gdt Diffuse solar irradiance on collector plane,

Wm−2.

Gh Global solar irradiance on horizontal plane,

Wm−2.

Gt Global solar irradiance on collector plane,

Wm−2.

Kb Incidence angle modifier for direct solar irradi-

ance.

Kd incidence angle modifier for diffuse solar irradi-

ance.

KbL Incidence angle modifier in the longitudinal

plane.

KbT Incidence angle modifier in the transversal plane.

Kdg incidence angle modifier for diffuse solar irradi-

ance reflected by the ground.

Kds incidence angle modifier for diffuse solar irradi-

ance from the sky.

Khem Incidence angle modifier for global solar irradi-

ance.

q Volumetric flow rate, Lmin−1.

u Surrounding air speed, ms−1.

The Incidence Angle Modifier (IAM) is an important part of the above-mentioned thermodynamic model8

that takes into account the variation of the optical efficiency with the angle of incidence and the environ-9

mental conditions. This modeling is addressed with two parameters, one for each component of the solar10

irradiance, direct and diffuse, namely Kb and Kd, respectively. The importance of direct-diffuse modeling11

disaggregation in energy performance calculations has been demonstrated in Ref. [5]. In our previous work,12

an improved direct IAM model (Kb) was proposed, originally developed for flat plate collectors [6] and then13

extended to evacuated tube collectors [7]. This model shows better performance than the other available14

models and is suitable for general use; it can be applied to collectors with uniaxial or biaxial IAM. This study15

builds on these previous efforts and focuses specifically on the other part of IAM modeling: the improvement16

of the diffuse IAM (Kd). As in the previous work, the ISO 9806:2017 standard model is used as a baseline.17
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In both test methods of ISO 9806:2017 (SST and QDT), diffuse solar irradiance is modeled globally 18

by a single parameter, Kd, which remains constant for a given collector. Although this is the most usual 19

approach, it should be noted that it does not distinguish, for example, the different contributions to the 20

diffuse irradiance from the sky by atmospheric scattering and from the surroundings by reflection, nor their 21

different directionality. The two test methods differ in the way this global diffuse parameter is estimated. 22

In the SST method, Kd is derived indirectly from Kb, the latter being determined experimentally through a 23

specific sub-test. Specifically, to estimate Kd in the SST framework, the previously determined Kb function 24

is integrated and weighted over the solid angle seen by the collector, assuming an isotropic distribution of 25

diffuse solar irradiance. In the QDT method, the parameter Kd is determined directly from experimental 26

data, addressing some anisotropic effects in the solar irradiance distribution. This creates a clear contrast in 27

the treatment of Kd between the two test methods, which has led to discrepancies between them [7–10], i.e. 28

the values of Kd obtained by one method and the other show differences. In the case of flat plate collectors, 29

the differences are small, on the order of 5 %, so the useful power estimated by both methods is similar [11]. 30

In contrast, for evacuated tube collectors, the differences are significant and increase with diffusion fraction 31

and temperature differences, reaching 39 % in the worst case [7]. 32

To reduce these differences, Rodríguez-Muñoz et al. [7] propose an improved parameter conversion 33

procedure from SST to QDT that incorporates the diffuse solar irradiance measurements into the standard 34

procedure. This procedure has been implemented for two different ETC-HP collectors, and the advantages 35

over the standard procedure have been demonstrated. It reduces the differences between SST and QDT in 36

the parameters related to the optical efficiency, in particular the Kd parameter. However, the reduction in 37

differences is partial and further research is needed to improve the consistency between test methods. This 38

motivates the present work, which focuses on improving the modeling and consistency of the Kd parameter 39

within the ISO 9806:2017 framework. Although alternative approaches exist, for various reasons, these 40

approaches have not been incorporated into the testing standards, as will be discussed in the following 41

paragraphs. 42

One of the alternative approaches to modeling Kd in the QDT method is derived from the work of Bosanac 43

et al. [12]. In this work, experiments with a flat plate collector were performed using in-situ measurements. 44

Although the procedure and model used are not exactly those of the standard, the methodology is similar 45

to that of the QDT method. Specifically, this author proposes modeling Kd based on Kb, similar to the 46

SST method; Kb is integrated and weighted over the solid angle seen by the collector, globally, without 47

distinguishing between that from the sky and that reflected from the ground. The implementation of this 48

model in the standard QDT method may allow greater consistency with the SST method. However, this 49

has not yet been tested. Another research gap is that other types of collectors, such as evacuated tubes, 50

have not yet been tested. Finally, the main disadvantage is that the parameter identification process is more 51

complex and requires a non-linear regression algorithm. 52
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Another alternative is proposed by Carvalho et al. [13], who suggest modifying the SST method by53

calculating Kd separately, using two different parameters instead of one. One parameter accounts for diffuse54

radiation from the sky, while the other accounts for ground-reflected radiation. This author introduces a55

calculation procedure for these new parameters, similar to the SST method, but with customized integration56

limits for each case. This model has been experimentally evaluated for both a flat plate collector and an57

evacuated tube collector, demonstrating the advantages of this approach [5]. However, the model has not58

been implemented in the QDT method. It is important to mention that Carvalho et al.’s model was originally59

proposed by Brandemuehl and Beckman [14] and later adopted in various textbooks in the field of solar60

energy [15]. This author has contributed to the integration of the model into the standard and has gone61

further to demonstrate its applicability to different solar collector technologies and orientations.62

Finally, the work of Hess and Hanby [16] is highlighted. Continuing the work of Carvalho et al., it63

incorporates an anisotropic distribution in the calculation procedure of the parameter associated with the64

diffuse solar irradiance from the sky [17], introducing precision as well as computational complexity. This65

work illustrates the advantages of this model over previous models at moderate operating temperatures for66

a flat plate collector with reflectors through numerical analysis. However, at low operating temperatures67

and/or traditional flat collectors, no advantages appear. In line with these results, in Ref. [18] the diffuse68

solar transmittance of a common flat glazing was analyzed and the anisotropic model of Hess and Hanby69

was adapted and compared with the traditional isotropic assumption. Both models were evaluated with70

experimental data for two different glass orientations. The results show that the anisotropic model is71

superior to the isotropic model, but the differences are very small and do not compensate for the additional72

computational complexity of the anisotropic model. For this reason, in the context of the present work, the73

anisotropy of the diffuse solar irradiance from the sky is considered as a second-order effect.74

1.1. Article’s contribution75

The main objective of this work is to advance in the experimental characterization of the diffuse IAM76

(Kd), improving the compatibility between thermal performance test methods. In this sense, two alternative77

models (Model 1 and Model 2) are proposed to address this problem.78

These models are based on the models of Bosanac et al. and Carvalho et al. and seek to fill the research79

gap of these previous works. Specifically, the integration of these models into the ISO 9806:2017 framework80

is detailed for both SST and QDT test methods, and their applicability is experimentally demonstrated81

using test data from two solar collectors: a flat plate collector (FPC) and an evacuated tube collector with82

heat pipes (ETC-HP). These collectors have very different IAM characteristics so that the results can be83

easily extrapolated to a wide range of collectors. The advantages and disadvantages of each approach are84

identified, and guidelines for improving the test standard are proposed.85

The first model (Model 1) extends the Kd modeling of the SST methodology to QDT. Although this86
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model was originally proposed by Bosanac et al. for FPC, in this work we show its applicability to the 87

standard QDT method and demonstrate its applicability to ETC technology. In the second model (Model 88

2), we propose a separate modeling of the diffuse irradiance, distinguishing between that coming from the 89

sky and that reflected from the ground, as proposed by Carvalho et al. for the SST method. In this case, 90

unlike the previous study [13], the specific implementation for the QDT method is presented and compared 91

with SST. This model is more accurate in predicting the useful power of the collector. However, it has the 92

disadvantage of requiring an additional measurement of the solar irradiance, i.e. the diffuse solar irradiance 93

reflected by the ground. In this sense, a simple method for estimating this component is proposed, which 94

requires the prior characterization of the albedo of the ground surrounding the test bed. Nevertheless, it is 95

also shown that substantial variations in the albedo estimation do not significantly affect the test results, 96

which is experimentally demonstrated in this work, evidencing the robustness of this method. 97

With respect to the experimental evaluation of the models, it is shown that both approaches provide 98

more robust results compared to the standard model by improving the consistency between the test methods. 99

It is also shown that although Model 2 outperforms Model 1, the differences are small, making it difficult to 100

compensate for the additional cost of implementing an additional solar irradiance measure. Therefore, we 101

consider that Model 1 is the best option for improving the test standard. In addition, it is also shown that 102

this model can be used to characterize a specific collector, and then Model 2 can be used to estimate its 103

energy production in a long-term simulation, for a specific site and usage conditions, taking full advantage 104

of each model. 105

Furthermore, the improved parameter conversion from SST to QDT proposed in Ref. [7] has been ex- 106

tended and evaluated in combination with the diffuse IAM models considered in this work. This approach 107

further improves the consistency between the test methods, especially in the case of the ETC-HP collector. 108

An important drawback of both models is that the parameter identification procedure in the case of the 109

QDT method requires a non-linear regression algorithm, which adds complexity and makes it difficult to 110

replicate. In this context, a free and documented Matlab program is provided to perform the parameter 111

identification, facilitating the reproduction of the QDT method and the integration of the alternative diffuse 112

IAM models into the test standard. 113

By addressing the above, the following scientific and technical contributions are provided in this work: 114

• The diffuse IAM models proposed by Bosanac et al. and Carvalho et al. are implemented within the 115

current ISO 9806 framework for both the SST and QDT test methods for the first time, and guidelines 116

are provides for its posterior use in long-term performance simulations. 117

• The applicability of these models is demonstrated experimentally for two solar collector technologies, 118

FPC and ETC, reducing discrepancies between steady-state and quasi-dynamic test methods, a well 119

recognized problem in the field of solar thermal collector testing. 120
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• A simple and robust method is proposed to measured diffuse solar irradiance reflected from the ground121

in the framework of QDT method, minimizing the need for additional solar irradiance instruments.122

• The improved parameter conversion procedure proposed by Rodríguez-Muñoz et al. [7] is extended,123

showing that its use, in combination with these diffuse IAM models, further reduces test method124

discrepancies.125

• A free and well-documented MATLAB program is provided for parameter identification, facilitating126

the reproduction of the QDT method and the integration of the aforementioned models.127

1.2. Article’s outline128

The structure of this work is presented as follows. In the next section, Section 2, the thermodynamic129

model proposed by the ISO standard is presented for the collector technologies considered in this work,130

along with the experimental procedure for each test method. This section also shows the integration of131

the alternative diffuse IAM models into the standard test methods: SST and QDT. Section 3 describes132

the test platform and the experimental data used in this work, in particular the procedure for obtaining133

the diffuse solar irradiance reflected by the ground, which is required for the implementation of Model134

2. Additionally, this section outlines the methodology used to assess the performance comparison of the135

alternative diffuse IAM models with respect to the standard model. Section 4 presents the results obtained,136

and finally, Section 5 summarizes the main conclusions of this work.137

2. Thermodynamic model and testing methods138

This section describes the thermodynamic model used in the test standard, the procedure for each test139

method, and provides a detailed description of the alternative diffuse IAM model and its integration into140

the standard.141

2.1. Standard thermodynamic model142

The thermodynamic model defined in the ISO 9806:2017 standard is general enough to be applied to143

different solar collector technologies. The standard also provides guidelines for adapting the model to144

specific cases, specifying which terms can be omitted from the general equation based on the solar collector145

technology used. Eq. (1) presents the recommended model for low temperature glazed collectors,146

Q̇u

AG
= η0,b [Kb (θ) Gbt +Kd Gdt]− a1 (ϑm − ϑa)− a2 (ϑm − ϑa)

2 − a5
dϑm

dt
, (1)

where Q̇u is the useful power produced by the collector; Gbt and Gdt are the direct and diffuse solar147

irradiances on the collector plane, respectively; ϑm is the mean temperature of the fluid flowing through148

the collector (mean between the inlet and outlet temperatures); ϑa is the ambient temperature; and the149
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parameters characterizing the thermal behavior of the collector are η0,b, Kb, Kd, a1, a2 and a5. The first 150

parameter is the optical efficiency of the collector at normal incidence with respect to direct solar irradiance, 151

a1 and a2 are the thermal loss factors, and a5 is the effective thermal capacity divided by the total collector 152

area (AG). As introduced earlier, Kb and Kd characterize the IAM with respect to direct and diffuse solar 153

irradiance, respectively. 154

All parameters remain constant except Kb, which varies as a function of the angle of incidence of the 155

direct beam, θ. In this work, for this function we have used the model proposed in Ref. [6, 7] due to its wide 156

applicability (uniaxial or biaxial IAM) and its superior performance compared to other models available 157

in the scientific literature. This model consists of dividing the incident angle range into smaller intervals 158

and assuming a piecewise linear function within each interval. For example, if a 10◦ interval is used, the 159

adjustable parameters would be Kb(10
◦),Kb(20

◦), . . . ,Kb(80
◦), where Kb(θi) represents the Kb value at 160

angle θi. For all types of collectors, it is mandatory that Kb(0
◦) = 1 and Kb(90

◦) = 0 for the first and last 161

parameters, respectively. In the case of ETC, the standard factorization approach was used [2], i.e. the IAM 162

was expressed as the product of two different functions: one dependent on θL and the other dependent on 163

θT , denoted as Kb = KbL ×KbT . Here KbL is Kb calculated at (θL, 0) and KbT is Kb calculated at (0, θT ). 164

The discretization process described above was applied to both the KbL and KbT functions. 165

The QDT method uses the model directly presented in Eq. (1). The SST method, however, uses a 166

simpler model that treats solar radiation globally. This involves the following substitution, 167

η0,b [Kb (θ) Gbt +Kd Gdt] = η0,hemKhemGt, (2)

leading to the following model, 168

Q̇u

AG
= η0,hemKhemGt − a1 (ϑm − ϑa)− a2 (ϑm − ϑa)

2 − a5
dϑm

dt
. (3)

Here Gt is the global irradiance at the collector plane. The parameters η0,hem and Khem correspond to 169

the optical efficiency at normal incidence and the incident angle modifier, both with respect to the global 170

solar irradiance. It is noteworthy that in the SST model, the parameter C is commonly used to characterize 171

the effective thermal capacity of the collector. However, in order to reduce the number of parameters and 172

maintain homogeneity, a5 was chosen as an alternative. The relationship between C and a5 is expressed as 173

a5 = C/AG. 174

The procedure for estimating QDT parameters from SST parameters (parameter conversions), i.e., esti- 175

mating η0,b, Kb, and Kd from η0,hem and Khem, is detailed in Annex B of ISO 9806:2017. This procedure 176

is described as follows. First, to estimate Kd, clear sky conditions are assumed, so Khem = Kb. Then, Kb 177

is averaged and normalized over the solid angle seen by the collector, assuming an isotropic distribution for 178
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diffuse solar irradiance. That is,179

Kd =

∫ π/2

0

∫ π/2

0
Kb (θ, γ) cos (θ) sin (θ)dθdγ∫ π/2

0

∫ π/2

0
cos (θ) sin (θ)dθdγ

. (4)

The standard recommends performing this integral as a summation by discretising the integration domain180

into intervals of length 10◦, an approach used in this study. The parameter η0,b is then calculated from181

Eq. (2) assuming normal incidence and a diffuse fraction of 15% in the plane of the collector, which is182

reasonable for SST conditions. That is,183

η0,b =
η0,hem

0.85 + 0.15×Kd
. (5)

2.2. Test procedure184

This section describes the data collection procedure for each test method. It should be noted that in each185

case the test variables must meet certain stability requirements, as specified in the respective test standard186

and summarized in various works, such as Ref. [4]. This work can be consulted if the reader is interested in187

a deeper study of these requirements.188

2.2.1. Quasi dynamic testing method189

In the QDT method, parameter identification is performed by a single test, which requires the execution190

of at least one measurement sequence for each day type. Each day type corresponds to a specific measurement191

sequence as defined in the standard. The total number of sequences required depends on the local climatic192

conditions and the timing of the test. Each day type must be at least 3 hours in duration and may consist193

of several non-consecutive sub-sequences of at least 30 minutes each. There are four different day types, and194

the conditions that must be met for each are detailed in the following paragraph.195

Day type 1 focuses on running sequences where the fluid temperature is close to the ambient temperature,196

emphasizing clear sky conditions. The angle of incidence varies within a specified range, providing sufficient197

variability for Kb function. Day type 2 involves measurements under varying cloud conditions at any198

operating temperature. Day type 3 requires the collector to operate at an intermediate inlet temperature,199

with measurements including clear sky conditions at two different intermediate temperatures. Day type 4200

requires a high inlet temperature sequence, including clear sky measurements.201

To ensure that the experimental data set contains sufficient variability for accurate parameter identifi-202

cation, the standard recommends that the following plots be generated: 1) (ϑm − ϑa) as a function of G; 2)203

Gbt as a function of θ; 3) Gdt as a function of G; and 4) (ϑm − ϑa) as a function of u. These plots must be204

compared to the typical plots of the standard and should show a significant degree of similarity.205
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2.2.2. Steady state testing method 206

In the SST method, parameter determination involves three distinct tests: (i) a performance test to 207

determine the parameters η0,hem, a1, and a2; (ii) an incident angle modifier test to determine Khem; and 208

(iii) an effective thermal capacity test to determine the parameter a5. The first test is extensively documented 209

and discussed in several references [4], so a detailed description is omitted here. 210

For the second test (IAM determination), we followed the same procedure as for day type 1 of the 211

QDT test, but the experimental data were processed according to the SST methodology. For each angle of 212

incidence, the experimental IAM value was determined using Eq. (3). The final IAM value for a given angle 213

of incidence was calculated as the average between two measurements: one before and one after solar noon 214

(symmetrical), taking into account transient effects (a fixed tracker was used for this test). 215

Both the current and previous tests; performance and IAM, must be conducted under steady-state 216

conditions, ensuring that dϑm/dt ≈ 0. Once these tests are complete, the parameter conversion procedure 217

described in the previous section must be performed. 218

The effective thermal capacity test was conducted following section 25.2 of the ISO 9806:2017 standard, 219

considering the second-order adjustment in thermal losses, i.e., the a2 coefficient. At the beginning of the 220

test, the inlet temperature was set equal to the ambient temperature, and the collector was covered with a 221

reflective blanket to reach a steady state. Subsequently, the cover was removed, and the collector was allowed 222

to reach a new steady-state point, which differed from the initial one due to the effect of solar irradiance. 223

The effective thermal capacity was determined by integrating Eq. (3) over the time period between the two 224

stationary operating points. 225

2.3. Diffuse incident angle modifier 226

In this study, two alternative models for Kd are considered, referred to as Model 1 and Model 2, in 227

addition to the standard model (Model 0) which serves as the baseline. For Model 0, the parameter Kd 228

is computed using Eq. (4) within the SST method, following the procedure outlined above. In the QDT 229

method, however, this parameter is derived directly from the experimental data. 230

In Model 1, the procedure for estimating Kd in the SST method remains unchanged, and this model 231

is extended to QDT. In other words, Eq. (4) is incorporated into Eq. (2), so that Kd is no longer fitted 232

directly from the data. Instead, it depends directly on the nodal values of Kb, which are determined along 233

with the rest of the parameters in the parameter identification algorithm. This change improves the overall 234

consistency between the test methods because both models treat Kd in the same manner and, for a given 235

collector, the parameter Kd corresponds to a constant value. 236

Model 2 differs from the previous models in the way it treats diffuse solar irradiance. While both Model 237

0 and Model 1 treat diffuse solar irradiance globally, Model 2 makes a distinction between diffuse solar 238

irradiance coming from the sky and that reflected from the ground, with a parameter for each component: 239
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Kds and Kdg, respectively. The calculations for these parameters are given below,240

Kds =

∫ π/2

0

∫ ζ

0
Kb (θ, γ) cos (θ) sin (θ)dθdγ +

∫ π

π/2

∫ π/2

0
Kb (θ, γ) cos (θ) sin (θ)dθdγ∫ π/2

0

∫ ζ

0
cos (θ) sin (θ)dθdγ +

∫ π

π/2

∫ π/2

0
cos (θ) sin (θ)dθdγ

, (6)

Kdg =

∫ π/2

0

∫ π/2

ζ
Kb (θ, γ) cos (θ) sin (θ)dθdγ∫ π/2

0

∫ π/2

ζ
cos (θ) sin (θ)dθdγ

. (7)

Here, β corresponds to the horizontal tilt of the collector, and ζ = arctan
[
(− tanβ cos γ)−1

]
. In this case,241

for a given collector, the parameters Kds and Kdg vary as a function of the horizontal tilt of the collector.242

These expressions assume symmetry with respect to the longitudinal plane of the collectors.243

Two observations are made about these equations. The first observation is that in the original paper by244

Carvalho et al., these integrals were expressed in a different coordinate system. In this paper, the choice245

has been made to use the same coordinate system as ISO 9806:2017, θ and γ, thus maintaining greater246

homogeneity and consistency with the standard, and facilitating model integration. The second observation247

is that in the case of collectors with biaxial Kb, for example, evacuated tube collectors, the function Kb is248

written in terms of the angles θL and θT , as already mentioned. Therefore, to perform the integrals, these249

angles must be expressed in terms of θ and γ. These relations are provided in the ISO 9806:2017 standard.250

Finally, below is an explanation of how Model 2 is incorporated into the thermodynamic model of the251

standard and into the SST and QDT test methods. In the case of the thermodynamic model, Eqs. (6)252

and (7) are incorporated directly into the model of Eq. (1) by the following substitution,253

Kd Gdt = Kds Gds +Kdg Gdg, (8)

leading to the following model,254

Q̇u

AG
= η0,b [Kb (θ) Gbt +Kds Gds +Kdg Gdg]− a1 (ϑm − ϑa)− a2 (ϑm − ϑa)

2 − a5
dϑm

dt
, (9)

where Gds and Gdg are the diffuse solar irradiance at the collector plane, coming from the sky and reflected255

from the ground, respectively.256

In both test methods, the integration of this model takes place at the data processing level. In the case257

of the SST method, the parameter conversion procedure changes and now requires the estimation of the258

parameters η0,b, Kb, Kds and Kdg (new thermodynamic model) from η0,hem and Khem. The procedure is259

described as follows. First, to estimate Kd, clear sky conditions are assumed, so Khem = Kb, as before.260

Then the parameters Kds and Kdg are calculated using Eqs. (6) and (7). Finally, the parameter η0,b is261

estimated as follows,262

η0,b =
η0,hem

0.85 + 0.12×Kds + 0.03×Kdg
. (10)

This equation results from combining Eq. (5) and Eq. (8). In addition, it was assumed that 15% accounts263

for diffuse solar irradiance, distributed as 12% from the sky and 3% reflected from the ground, a reasonable264

hypothesis for clear sky conditions and low reflective ground.265
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2.4. Parameter identification algorithm for QDT 266

Regarding the parameter identification algorithm for the QDT method, there are two options [11], which 267

differ in how they treat transient phenomena. The first method involves approximating the time derivative 268

using finite differences and treating it as an independent variable in a regression algorithm commonly known 269

as multi-linear regression (MLR). Its name derives from its use in the context of flat-plate collector testing 270

[19]. The second method is to perform a dynamic simulation coupled with a non-linear regression algorithm 271

(Dynamic Parameter Identification, DPI). Although its implementation is more challenging, it offers sig- 272

nificant advantages as it better handles the transient effects of solar collectors, both under standard test 273

conditions and in situ conditions as demonstrated in Refs. [20, 21]. As a result, it provides more reliable 274

parameter estimations. . This method is particularly suitable for ETC-HP technology, as experimentally 275

demonstrated in Ref. [18], technology addressed in the present work. 276

In this work, the DPI procedure was used, as it provides more reliable results and therefore offers a 277

better framework for comparing diffuse IAM models. Given the difficulty of its implementation, a Matlab 278

program for parameter identification is provided here, which represents a continuation and improvement of 279

the code provided in Ref. [18]. This program facilitates the implementation and reproduction of the QDT 280

methodology and the integration of the alternative diffuse IAM models in the test standard. 281

The program also reports uncertainty values for performance parameters (i.e., all parameters except those 282

related to the beam IAM) using the linearization approach, which is simple and provides reliable results [20]. 283

However, this method can only estimate uncertainty for parameters that represent input variables within 284

the regression algorithm. Since the parameters of the proposed diffuse IAM models are not adjustable 285

themselves but are instead calculated from the beam IAM, it is not possible to assign uncertainty to them. 286

Other uncertainty estimation methods exist for the DPI approach, such as bootstrapping and Monte Carlo 287

methods [22, 23], which allow estimation of the uncertainty of these parameters. However, these methods are 288

more complex, computationally intensive, and do not provide additional insights for the specific objective 289

of diffuse IAM modeling, and were therefore not considered in this work. Nevertheless, this remains a topic 290

for future work. 291

3. Experimental data and methodology 292

This section provides a description of the test facilities, in particular, the diffuse solar irradiance mea- 293

surements that are central to this work. It also describes the collectors considered, the experimental data, 294

and the methodology used to assess the performance of the alternative diffuse IAM models. 295

3.1. Test facilities 296

The experiments were carried out at the Solar Heater Test Bench (Banco de Ensayos de Calentadores 297

Solares - BECS) located at the Solar Energy Laboratory (Laboratorio de Energía Solar - LES, http://les. 298
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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◦299

W). This test bench, originally designed by LES researchers, is based on existing facilities of the Spanish300

National Renewable Energy Center (Centro Nacional de Energías Renovables - CENER). Notably, this301

test facility recently participated in a Latin American laboratory intercomparison organized by the PTB302

(Physikalisch-Technische Bundesanstalt), Germany’s national metrology institute. It received the highest303

ratings in most of the test variables and only had two minor observations regarding the determination of304

secondary variables, both of which were already addressed by the laboratory [24].305

The thermo-hydraulic installation and the data acquisition system are described in detail in Ref. [6], so306

they will not be reproduced here. However, we provide a description of the instrumentation dedicated to307

solar irradiance measurements, with particular emphasis on diffuse solar irradiance, a crucial aspect of this308

study.309

In this regard, the facility is equipped with three Kipp & Zonen CMP10 pyranometers. These pyra-310

nometers measure global solar irradiance in the collector plane (Gt), as global and diffuse solar irradiance311

in the horizontal plane (Gh and Gdh, respectively). All pyranometers used are spectrally flat and classified312

as class A according to the ISO 9060:2018 standard [25]. They are calibrated annually at LES with the313

ISO 9847:2023 standard [26] against a Kipp & Zonen CMP22 secondary standard traceable to the World314

Radiometric Reference at the World Radiation Center in Davos, Switzerland. The diffuse irradiance mea-315

surement is mounted with a shadow band, so the raw measurements must be corrected. For this correction,316

the expression given in Ref. [27] has been used, which is significantly better than the correction suggested317

by the manufacturer [28].318

Parameter identification in the SST method requires the measurement of global solar irradiance at the319

collector plane for the diffuse IAM models analyzed. However, the QDT method requires separate estimation320

of its direct and diffuse components. Therefore, the following information is provided on how each component321

was estimated at the collector plane.322

The direct solar irradiance Gbt at the collector plane was estimated from Gh and Gdh using the following323

procedure. First, the direct normal irradiance (DNI, Gb) was calculated using the closure relation Gh =324

Gb cos θz + Gdh, where cos θz is the cosine of the solar zenith angle. Then Gbt was calculated from the325

DNI by multiplying it by the cosine of the angle of incidence, θ. The diffuse solar irradiance Gdt at the326

collector plane was estimated from Gt and Gbt, simply by the difference, i.e. Gdt = Gt −Gbt. This diffuse327

measurement includes both the diffuse irradiance from the sky and the diffuse irradiance reflected from the328

ground (Gds and Gdg, respectively) and is sufficient for the implementation of Models 0 and 1.329

For the implementation of Model 2, however, it is necessary to estimate Gds and Gdg separately. The330

diffuse irradiance Gdg in the collector plane reflected by the ground is estimated from Gh as follows: Gdg =331

ρg (1 − cosβ)Gh/2. This equation assumes that the ground behaves as a perfect diffuse and isotropic332

reflector, where ρg is the albedo of the ground. Finally, Gds is estimated by difference, Gds = Gdt −Gdg.333
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With respect to the albedo of the ground, there are two options. The first and more accurate option is 334

to add an albedometer in front of the test platform. This instrument consists of two global pyranometers 335

positioned horizontally, one facing down to measure the solar radiation reflected by the ground. The albedo 336

is then obtained as the ratio of the two measurements. Ideally, these measurements should be synchronized 337

with those of the tested collector to provide albedo values specific to the sky conditions at the time of the 338

test at the specific site. This has the disadvantage of requiring an additional radiometer. The second option 339

is to perform a long asynchronous measurement campaign; one year would be optimal to capture the annual 340

variability of albedo, and use this data to fit an empirical model. This model can then be used to estimate 341

the albedo at the time of the test using the solar irradiance measurements on the horizontal plane mentioned 342

above. This option is less accurate but does not require an additional radiometer at the time of the test. 343

The second approach was used in this work. In this sense, six empirical albedo models were fitted in 344

Ref. [29] using measurements from the albedometer shown in Figure 1, which is located in front of the 345

collector test platform. For simplicity, the simplest model was used, which results from assuming a constant 346

value for the ground albedo; ρg = 0.2190, independent of sky conditions. In addition, a sensitivity analysis 347

was conducted to evaluate the impact of varying albedo values on the results. It was found that deviations of 348

± 20 % in albedo lead to only ± 1 % variations in the parameter identification of the collectors, confirming 349

the robustness of the proposed procedure. 350

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 models351

In this study, we used test data from two different solar thermal collectors: a Flat Plate Collector,352

referred to as FPC, and an Evacuated Tube Collector with Heat Pipes, referred as ETC-HP. The FPC353

served as the reference collector in a previously mentioned inter-laboratory comparison. These collectors354

and the experimental data set used in this study are identical to those used in Ref. [30]. For this reason,355

some general details of the tests are given below, but specific details can be found in the aforementioned356

article.357

Testing for the FPC took place from April 30 to May 15, 2021, while the ETC-HP was tested from358

September 3 to September 30, 2022. All tests followed the ISO 9806:2017 standard. Throughout the359

experiments, a spatial average wind speed of 3m/s was maintained using air blowers. In addition, flow rates360

were set at 2.40L/min for the FPC and 1.90L/min for the ETC-HP. Five different measurement sequences361

were obtained for the FPC and six different sequences for the ETC-HP (due to its complex IAM) using the362

QDT method. The SST methodology used the same data, but subjected it to different processing procedures363

to identify the sub-sequences or data points that met the specific requirements of that method.364

The methodology used to assess the performance of diffuse IAM models is described as follows. The365

experimental data previously describe were used to determine the parameters of the thermodynamic model366

introduced in Eq. (1) for both FPC and ETC-HP collectors, considering the various diffuse IAM models367

(Model 0, 1 and 2) and associated testing methods (SST and QDT).368

The comparison between models was carried out in three steps. First, the parameter values were di-369

rectly compared (when applicable), with particular attention to the differences arising from the testing370

methodologies adopted for each diffuse IAM model. Since not all models are directly comparable on a371

parameter-by-parameter basis, the second step involved calculating the useful energy produced by each col-372

lector under the reporting conditions defined in the standard. This approach enables a more comprehensive373

comparison by capturing the combined effect of all model parameters under varying operating conditions.374

Finally, the enhanced parameter conversion from SST to QDT, previously proposed by the authors [7],375

was evaluated alongside the alternative IAM models to further improve the consistency and reliability of the376

testing procedures. In particular, this work presents the extension of the enhanced parameter conversion377

procedure from SST to QDT to Model 2, while the extension for Model 1 was already introduced in previous378

work.379

4. Results380

This section presents and discusses the results obtained using the methodology described above. First,381

Subsection 4.1 shows the fitting results of the different diffuse IAM models along with the corresponding382

discussion. Next, Subsection 4.2 compares the performance of these models by presenting the useful power383
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produced by each collector under the reporting conditions defined in the standard. The benefits of the new 384

proposals are highlighted, particularly the improved agreement between the steady-state and quasi-dynamic 385

methods achieved with the new modeling. Finally, Subsection 4.3 presents the results of the enhanced 386

parameter conversion procedure from SST to QDT for all models, which show that combining it with 387

alternative diffuse IAM models further reduces discrepancies between testing methods. 388

4.1. Models’ parameters comparison 389

Models are implemented and evaluated under the SST and QDT procedures for both collector types. 390

Table 1 and Table 2 show the parameter values of the thermodynamic models from Eq. (1) for FPC and 391

ETC-HP, respectively. Uncertainty is reported only when mandatory according to the standard (i.e., for 392

performance parameters: all parameters except those related to the beam IAM), to simplify the tables. 393

Additionally, uncertainty cannot be reported when a parameter is fixed by the regression algorithm (e.g., 394

when the second-order loss coefficient is set to zero). Moreover, it is not possible to provide uncertainty for 395

the diffuse IAM parameters of the proposed model due to limitations of the method used, as discussed in 396

Subsection 2.4. 397

The values of the nodes for the angle of incidence modifier are reported every 10 degrees at the bottom 398

part of each table. It is noted that KbL for θL > 40◦ and KbT for θT = 80◦ correspond to interpolated 399

data. For all parameters, a t-statistic greater than 3 was obtained, indicating statistical significance, except 400

for the parameter a2, which therefore had to be kept constant at 0. A data averaging time of 10 minutes 401

was used for the SST method, and a data averaging time of 1 minute was used for the QDT method. In 402

addition, the numerical simulation time step in the dynamic parameter identification algorithm of the QDT 403

was set to 30 seconds, effectively balancing the benefits of the algorithm and its execution time [30]. 404

It is worth noting that, in all cases, the final value of the mean square error (used as the objective 405

function in the parameter identification process) is approximately 2-3 % relative to the mean useful power. 406

This indicates that, for the specific dataset used in this study, the models exhibit a comparable level of 407

accuracy. 408

For better interpretation of the results, the parameters are divided into two sets. The first set includes 409

the parameters η0,b, a1, a2, a5, and Kb, while the second set consists of the parameters associated with the 410

diffuse IAM: Kd, Kds and Kdg, whenever applicable. 411

The parameters of the first set do not change significantly when considering different models of diffuse 412

IAM within the SST framework. This is due to the fact that in this test method, the determination of the 413

parameters involves a certain degree of independence; the parameters are determined by three independent 414

subtests. On the other hand, in the QDT method, the determination of the parameters is global, i.e., all the 415

parameters are determined simultaneously. Therefore, in this case (QDT), some variation in the parameter 416

values is expected when considering different models of diffuse IAM. However, these variations are minimal, 417
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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.

η0,b 0.726 N/A 0.720 ±0.001 0.726 N/A 0.722 ±0.001 0.727 N/A 0.721 ±0.001

a1 4.499 ±0.019 4.331 ±0.020 4.499 ±0.019 4.342 ±0.021 4.499 ±0.019 4.340 ±0.020

a2 0 N/A 0.001 ±0.0003 0 N/A 0.001 ±0.0003 0 N/A 0.001 ±0.0003

a5 × 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

Kd 0.905 N/A 0.941 ±0.004 0.905 N/A 0.895 N/A – – – –

Kds – – – – – – – – 0.933 N/A 0.913 N/A

Kdg – – – – – – – – 0.744 N/A 0.717 N/A

θ Kb Kb Kb Kb Kb Kb

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 that418

for most parameters the differences are small, usually below 10 %, except for a5 and Kb(θ ≥ 60◦), where419

the differences are between about 17 % and 50 %, being larger in the case of ETC-HP. These differences are420

in line with previous work [10].421

Regarding the second set, the parameters of Models 0 and 1 are directly comparable, since both consider422

the diffuse component globally, assuming a constant value for the parameter Kd. Therefore, we will start423

with the analysis of these models. In the case of the SST method, the parameter Kd is the same in both424

models, as expected since it is estimated in the same way (see Subsection 2.3). In the case of the QDT425

method, it is observed that the value of Kd for Model 1 is quite close to that of the SST, while in the case426

of Model 0 it is not. Specifically, this parameter is overestimated in the QDT by 4 % and 20 % for the FPC427

and ETC-HP collectors, respectively, a result that is consistent with previous research [7, 9, 10]. This can428

be explained as follows. Although Models 0 and 1 consider Kd as a constant, the way in which this constant429

is determined is different in each case. As explained in Subsection 2.3, in the case of Model 0 for QDT,430
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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.

η0,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

a1 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

a5 × 1000 207.6 ±1.0 167.8 ±0.9 207.6 ±1.0 172.0 ±1.1 207.6 ±1.0 170.2 ±0.9

Kd 1.007 N/A 1.235 ±0.004 1.007 N/A 1.084 N/A – – – –

Kds – – – – – – – – 1.055 N/A 1.131 N/A

Kdg – – – – – – – – 0.671 N/A 0.775 N/A

θL\θT KbL KbT KbL KbT KbL KbT KbL KbT KbL KbT KbL KbT

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 431

with respect to the sky conditions. In the case of Model 1, the Kd parameter is determined by integrating 432

and weighting the Kb function over the solid angle seen by the collector, in the same way as in the SST 433

method; hence, the differences are smaller. In summary, Model 1 provides greater agreement between the 434

SST and QDT test methods. 435

For Model 2, the parameters of this model are determined separately, as this model treats diffuse solar 436

irradiance differently from Models 0 and 1. This model distinguishes between diffuse solar irradiance coming 437

from the sky and that reflected from the ground, with a parameter for each component, Kds and Kdg. The 438

values of the parameters depend on the horizontal tilt of the collector; for a simple comparison, a horizontal 439

tilt of 45◦ was used. The agreement between the SST and QDT test methods is better than for Model 440

0, but slightly worse than for Model 1. The main discrepancy is observed in the parameter Kdg, and the 441

determination of this parameter is strongly influenced by the nodal values of the KbL function at high angles 442

of incidence, which have greater uncertainty. 443
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As the parameters of Model 2 cannot be directly compared with those of Models 0 and 1, the next section444

provides a comparative analysis in terms of the useful power produced by the collectors. This will provide445

a better understanding of the differences between the models.446

4.2. Useful power under standard reporting conditions447

To complement the results and discussion presented in the previous section, the useful power produced by448

each collector was calculated for different temperature differences and sky conditions using Eq. (1) for Models449

0 and 1, and Eq. (9) for Model 2. In all cases, normal incidence and steady-state conditions were assumed,450

as specified in the ISO 9806:2017 standard. For the temperature difference, four cases were considered: 0,451

20, 40 and 60K. For the sky conditions, the Standard Reporting Conditions (SRC) specified in the ISO452

9806:2017 standard were used, as shown in Table 3. In addition, the evaluation of Model 2 requires the453

specific values of Gds and Gdg. The diffuse solar irradiance reflected by the ground Gdg was estimated using454

Eq. (11), a relationship derived using the isotropic transposition model [15], assuming normal incidence and455

Gdh/Gh ≈ Gdt/Gt.456

Gdg = Gdt
ρ (1− cosβ)

(Gdt/Gt)(1 + cosβ) + ρ (1− cosβ)
. (11)

Then the diffuse solar irradiance from the sky was estimated by the difference, i.e.: Gds = Gdt−Gdg. These457

expressions were evaluated assuming an albedo of 0.2 and a horizontal tilt of 45◦, and their results are shown458

in the last two columns of Table 3. These values (albedo and tilt) are commonly used in the field of solar459

thermal testing [15].460

Table 3: Standard Reporting Conditions (SRC).

Solar Gbt Gdt Gds Gdg

irradiance (W/m2) (W/m2) (W/m2) (W/m2)

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 and461

ETC-HP respectively. For a better understanding of these figures, note that each column corresponds to a462

different diffuse IAM model; Model 0, 1, and 2 from left to right, and each row corresponds to a different463

sky condition: clear, hazy, and gray sky, from top to bottom. In general, no significant differences are464

observed for clear sky conditions. However, for hazy and gray sky conditions, the differences between the465

test methods and the models become evident and tend to increase with the diffuse fraction. In terms of466

temperature differences, the discrepancy between test methods and models becomes more pronounced at467
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higher values. These observations are more pronounced for the ETC-HP collector (Figure 3) than for the 468

FPC collector (Figure 2). 469

(a) Model 0 - Blue Sky. (b) Model 1 - Blue Sky. (c) Model 2 - Blue Sky.

(d) Model 0 - Hazy Sky. (e) Model 1 - Hazy Sky. (f) Model 2 - Hazy Sky.

(g) Model 0 - Gray Sky. (h) Model 1 - Gray Sky. (i) Model 2 - Gray Sky.

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 470

between SST and QDT useful power estimates was calculated for the different sky conditions and temperature 471

differences, and then all the differences were averaged for each diffuse IAM model. Finally, the models were 472

ranked in decreasing order, from the least consistent to the most consistent, i.e. from the largest difference 473

to the smallest average difference. This procedure was done separately for each collector. 474

For FPC, the models are ordered as follows: Model 0, 2, and 1, with average differences of 3.3 %, 1.6 %, 475

and 0.6 %, respectively. In this case, the difference between the models is small, consistent with Figure 2. 476

For ETC, the models are ordered as follows: Model 0, 1, and 2, with average differences of 16 %, 6.7 %, and 477

5.2 %, respectively. In this case, the differences are significant, especially for Model 0. Although Model 2 is 478
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(a) Model 0 - Blue Sky. (b) Model 1 - Blue Sky. (c) Model 2 - Blue Sky.

(d) Model 0 - Hazy Sky. (e) Model 1 - Hazy Sky. (f) Model 2 - Hazy Sky.

(g) Model 0 - Gray Sky. (h) Model 1 - Gray Sky. (i) Model 2 - Gray Sky.

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 be479

noted that the percentages above are averages and therefore indicative. They do not reflect the asymmetry of480

the differences in sky conditions and temperature differences (see Figures 2 and 3). In general, as mentioned481

above, the differences are much larger for hazy sky conditions and high temperature conditions.482

In summary, Models 1 and 2 significantly improve the consistency between test methods compared to483

Model 0. However, the differences between Models 1 and 2 are small, so considering the additional cost of484

the additional albedo measurement, we consider Model 1 to be the ideal choice for testing the solar collector485

technology considered in this work. However, for other technologies, for example those that are particularly486

sensitive to diffuse solar irradiance [16], Model 2 may be the better choice for testing due to its superior487

performance, allowing for a better evaluation of design improvements and/or the use of alternative materials.488

Furthermore, since the values of Kb obtained during the tests do not change when considering different489
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models of diffuse IAM (as demonstrated in the previous section), Models 1 and 2 can be used in a comple- 490

mentary way, as described below. Once the parameters have been determined with Model 1 in the context of 491

the normalized tests, it would be possible to use Model 2 to carry out a long-term performance simulation, 492

reconstructing the parameters of this model, i.e. calculating Kds and kdg from Eqs. (6) and (7) respectively, 493

using the previously determined value of Kb with Model 1. 494

4.3. Enhanced parameter conversion from SST to QDT 495

In previous work [7], an enhanced parameter conversion procedure from SST to QDT was proposed, in 496

which the procedure was applied to two ETC-HP collectors. It was shown that this procedure is better than 497

that of the standard, since it produces converted IAM values closer to the QDT method. The above work 498

covers Models 0 and 1, as the models are the same for the SST method. This subsection demonstrates the 499

extension of this procedure for Model 2 and both collector types: FPC and ETC-HP. 500

The standard conversion procedure was described in Section 2. The extended procedure for Models 0 501

and 1, although detailed in [7], is briefly described below. First, we assume initial values for η0,b and Kd 502

(which could be those of the standard conversion). Next, we compute Kb using Eq. (12) (instead of assuming 503

Khem = Kb), and then we recompute the parameters η0,b and Kd as in the standard case; Eqs. (4) and (5). 504

The iterative process continues until the difference between the input and output parameters is less than a 505

specified tolerance. For Model 2, the process is similar, but it uses Eq. (13) instead of Eq. (12), and Eqs. (6), 506

(7) and (10) instead of Eqs. (4) and (5). 507

Kb =
(η0,hem/η0,b) Khem Gt −Kd Gdt

Gbt
. (12)

Kb =
(η0,hem/η0,b) Khem −Kds Gds −Kdg Gdg

Gbt
. (13)

The results of the standard and improved parameter conversion are shown in Table 4 for both collectors. 508

In the case of the FPC collector, although the enhanced procedure gives results closer to the QDT, the 509

differences with the standard procedure are minimal. In the case of the ETC-HP collector, the results are 510

much more significant: the improved procedure gives better IAM values (direct and diffuse), i.e. closer to 511

those obtained by the QDT method. 512

In this context, the useful power values presented in the previous subsection were recalculated for the 513

SST method using the diffuse IAM obtained through the enhanced procedure. For the FPC collector, no 514

significant differences were observed. In contrast, for the ETC-HP collec, the average difference between 515

SST and QDT estimates decreased by approximately 2 to 3 percentage points when considering all sky 516

conditions, and by 5 to 10 percentage points under gray sky conditions. These results confirm that the 517

enhanced procedure effectively reduces discrepancies between SST and QDT, particularly under hazy or 518

overcast conditions. 519
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Table 4: Comparison between standard and enhanced parameter conversion from SST to QDT for both collector and the

different diffuse IAM 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

η0,b 0.726 0.727 0.727 0.728 0.371 0.369 0.375 0.370

Kd 0.905 0.896 N/A N/A 1.007 1.039 N/A N/A

Kds N/A N/A 0.933 0.925 N/A N/A 1.055 1.095

Kdg N/A N/A 0.744 0.717 N/A N/A 0.671 0.702

θ Kb Kb Kb Kb KbL KbT KbL KbT KbL KbT KbL KbT

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 0.99 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 0.97 1.29 0.97 1.34 0.97 1.29 0.97 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 0.59 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 2.520

This suggests that the enhanced procedure benefits both models similarly, and the conclusions drawn in the521

previous section regarding their performance remain valid.522

5. Conclusions523

In this work, two different diffuse IAM models for solar thermal collectors have been integrated into the524

standard test method of ISO 9806:2017; Model 1 and Model 2. The first model treats the diffuse in a global525

manner, and the second model distinguishes between the direction, that from the sky and that reflected526

from the ground, requiring an additional measurement for the latter component. The performance of these527

models has been evaluated and compared with the standard model, which serves as a baseline, using test528

data from two different solar collectors: a Flat Plate Collector (FPC) and an Evacuated Tube Collector with529

Heat Pipe (ETC-HP). The evaluation was performed using both ISO 9806:2017 test methods: steady-state530

(SST) and quasi-dynamic (QDT).531

First, the parameter values of each collector and diffuse IAM model were identified. The results showed532
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that all the parameter values, except those related to the diffuse IAM, are very similar and independent 533

of the diffuse IAM chosen. On the other hand, in the case of the parameters related to the diffuse IAM, 534

Models 1 and 2 show a much better test method coherence, i.e. the parameter values obtained by the SST 535

and QDT methods are closer. 536

However, the parameters of Models 1 and 2 cannot be directly compared due to the different way in 537

which the diffuse solar radiation is treated. In this sense, for a better comparison of these models and using 538

the previously determined parameter values, the useful power produced by the collectors was calculated and 539

compared. For the temperature difference, four cases were considered: 0, 20, 40 and 60K and for the sky 540

conditions, the Standard Reporting Conditions (SRC) specified in the ISO 9806:2017 standard were used. 541

Overall, no significant differences are found under clear sky conditions. However, under hazy and overcast 542

conditions, differences between the test methods and the models become significant. Regarding temperature 543

differences, the differences between test methods and models become more pronounced at higher values. 544

These trends are particularly pronounced for ETC-HP. It is observed that Models 1 and 2 improve the 545

consistency between test methods. 546

Nevertheless, the differences between Models 1 and 2 are small, so the loss of precision associated with 547

the global modeling of diffuse irradiance does not compensate for the additional measurement for Model 2. 548

Therefore, we consider Model 1 to be the best choice for evaluating the solar collector technology considered 549

in this work. However, for technologies more sensitive to diffuse solar irradiance, Model 2 may be more 550

suitable. Furthermore, as the Kb values obtained during testing remain unchanged across models, they 551

can be used complementarily: first, Model 1 for standardized testing, and then Model 2 for long-term 552

simulations, reconstructing its parameters from those obtained with Model 1. 553

Furthermore, the improved parameter conversion from SST to QDT proposed by Rodríguez-Muñoz et al. 554

has been extended and evaluated in combination with the diffuse IAM models considered in this work. This 555

procedure improves even more the consistency between the test methods, especially in the case of ETC-HP, 556

providing IAM values (direct and diffuse) that are closer and reducing the differences in the estimated useful 557

power for the collectors. In the case of FPC, although the enhanced procedure gave better results, the 558

difference with the standard procedure was small. 559

It is important to mention that all tests were carried out with a low albedo soil, as specified by the 560

standard. It is to be expected that the differences between Models 1 and 2 will be more considerable when 561

working with higher albedo soils, e.g. in the framework of in-situ tests. The analysis of more complex 562

terrains represents future work. 563
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Appendix A. Data and software availability573

To facilitate the application of the QDT method, a MATLAB program with a nonlinear regression574

algorithm is available for download: https://bit.ly/STCT-Program-V3. This program is designed for general575

use with low-temperature solar collectors that have covers, supporting both uniaxial and biaxial IAM. It576

builds on the previous versions of the software provided in [7, 30], making this the third version, which577

retains the options from the earlier versions. In this version, three models for diffuse IAM (Model 0, 1, and578

2, as discussed in this study) are included.579

The program calculates and reports the characteristic parameter values along with their uncertainties580

and t-statistics (the ratio of the parameter value to its uncertainty). For parameter a2, users can set custom581

upper and lower limits, allowing it to be fixed at zero if the t-statistic is below 3 (both limits must be582

set to zero in this case). The software does not verify the quality of the experimental data set or ensure583

compliance with the ISO 9806:2017 standard, which must be checked beforehand. However, it provides584

graphs to evaluate data variability. The software also includes the two experimental data sets used in this585

study.586
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