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Abstract 
Solar technologies, such as concentrating solar power (CSP) systems, are one of the most 
promising technologies for covering the future global energy demand, achieving a low-carbon 
economy and mitigating environmental problems (greenhouse effect). Typically, outdoor solar 
facilities are implemented for evaluating solar receivers and prototypes, but the intermittent nature 
of solar radiation and weather constrains are the main challenges in offering stable testing 
environments. Solar simulators have been identified as key facilities for carrying out high-quality 
indoor assessments under a controlled lab-scale environment. This PhD thesis is aimed to the 
optical design and characterization of a high flux solar simulator (HFSS) for researching solar-
thermal and thermochemical processes. To do so, a 17.5 kWe HFSS was developed along with a 
calorimetric test bench for the assessment of solar-thermal materials. The design of the 7 xenon 
lamps based solar simulator was numerically analyzed through the Monte Carlo ray-tracing 
method and characterized with the indirect flux mapping technique, an optical technique that 
involves the use of a high resolution camera and a diffusely reflective flat target plate. 
Characterization results showed a total peak flux of up to 1327±58 kW/m2 having an intercepted 
radiative power of 5.11±0.22 kW over a flux spot distribution of 120 mm in diameter, and 
conversion efficiency of 33%. Regarding the calorimetric test bench, its design was based on a 
flat-plate calorimeter which provides the versatility to replace test samples as interchangeable 
cartridges. By coupling the test bench with the HFSS, solar-thermal assessments of 4 different 
commercial solar absorber coatings and a new soot of forest biomass based coating were 
experimentally evaluated and compared under the same operating conditions. The presented 
approach for evaluating commercial and new solar-thermal materials provides critical information 
about their optical-thermal capabilities. Accordingly, the flux acceptance of suitable materials for 
their usage in solar-based industrial process heating can be effectively determined, and further 
progress in the improvement of solar-thermal technologies can be accomplished. 

Key words: High flux solar simulator; Concentrating solar power; Ray-tracing analysis; 
Calorimetric test bench; Solar absorber coatings.  
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Nomenclature 
Acronyms  

BRDF Bidirectional reflectance distribution function 

CCD Charge-coupled device 

CSP Concentrating solar power 

CPC Compound parabolic collector 

HCFL High concentrating flux level 

HFSS High flux solar simulator 

HTF Heat transfer fluid 

LCFL Low concentrating flux level 

LFC Linear Fresnel collector 

MCRT Monte Carlo ray-tracing 

PDC Parabolic dish collector 

PTC Parabolic trough collector 

SPT Solar power tower 

SHIP Solar heat for industrial processes 

SAC Solar absorber coating 

SC Shutter curtain 

SF Solar furnace 

SFB Soot of forest biomass 

SSAC Selective solar absorber coating 

  

Latin Characters  

A, B, g Fit parameters of the BRDF equation 

a Semi-major axis of the ellipse 

𝐴𝑡𝑔 Flux spot area on the target, m2 

b Semi-minor axis of the ellipse 



𝐵(𝜆, 𝑇) Black body spectrum, W/srm3 

c Middle distance between focal points, mm 

𝑐, 𝑐2 First and second Planck’s constants, Wm2, mK 

𝐶𝑝𝑤 Specific heat capacity of water, J/kgK 

𝐷𝑎𝑥𝑖𝑠 External cutting distance, mm 

𝑒 Eccentricity 

𝑓1 First focal point of the ellipse 

𝑓2 Second focal point of the ellipse 

𝐼𝑑𝑎𝑟𝑘 Dark current 

𝐼𝑙𝑎𝑚𝑝 Electric current of the lamp, A 

𝐼𝑚𝑎𝑥 
Maximum irradiance measured on a point 
during a nominated time, kW/m2  

𝐼𝑚𝑖𝑛 
Minimum irradiance measured on a point 
during a nominated time, kW/m2 

𝑙𝑐𝑢𝑡 Internal cutting distance, mm 

𝑙𝑐𝑦𝑙 Cylinder length, mm 

m Mass flow rate,  kg/s 

𝑀𝑝𝑖𝑥 Maximum grayscale pixel value 

N Number of recorded images 

𝑃𝑖𝑥(𝑖,𝑗) Averaged grayscale pixel value 

𝑝𝑖𝑥𝑖,𝑗 Grayscale value from the 𝑛𝑡ℎ image 

𝑄(𝑖,𝑗) Radiative flux on the target, kW/m2 

𝑞(𝑥,𝑦) Flux measured on the target, kW/m2 

𝑄𝑎𝑏𝑠 Absorbed thermal power, W 

𝑄𝑐𝑜𝑛𝑑 Conduction losses, W 

𝑄𝑐𝑜𝑛𝑣 Convection losses, W 

𝑄𝑖𝑛 Incident radiative power, W 

𝑄𝑙𝑜𝑠𝑠  Total heat losses, W 



𝑄𝑟𝑎𝑑 Radiation losses, W 

𝑄𝑟𝑒𝑓 Reflection losses, W 

𝑄𝑠𝑟 Radiant energy leaving the light source, W 

𝑄𝑡𝑔 Energy reaching the target, W 

𝑞 Mean flux distribution, W/m2 

R Target radius, mm 

𝑅𝑖𝑛 Internal radius of the ellipse, mm 

𝑟𝑐𝑦𝑙 Cylinder radius, mm 

𝑆  Spectral solar irradiance, W/m2 

𝑆(𝜆) Spectral solar terrestrial irradiance, W/m2nm 

𝑇𝑎  Room temperature, °C 

𝑇𝑖  Inlet water temperature, °C 

𝑇𝑜 Outlet water temperature, °C 

TR Total reflectance 

𝑇𝑠  Receiver surface temperature, °C 

𝑉𝑙𝑎𝑚𝑝 Input voltage of lamp, V 

  

Greek characters  

𝛼 Absorptivity 

𝛼𝑎𝑏𝑠  Coating absorptivity 

𝛼𝑖𝑑𝑒𝑎𝑙 Ideal absorptivity of 1 

𝛼𝑐 Truncation angle, ° 

ΔT Temperature difference in calorimeter, °C 

𝜀  Emissivity 

𝜀𝑖𝑑𝑒𝑎𝑙 Ideal emissivity of 0 

𝜂 Radiative transfer efficiency 

𝜂𝑎𝑏𝑠  Instantaneous thermal absorption efficiency 



𝜂𝑐𝑎𝑟𝑛𝑜𝑡 Carnot heat engine efficiency 

𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔 Coating efficiency 

𝜂𝑚𝑎𝑥 Maximum test bench efficiency 

𝜆 Wavelength of radiation, nm 

𝜌 Reflectance 

𝜌(𝜆, 𝜙) Spectral directional reflectance 

𝜌𝑤  Water density, kg/m3 

𝜎 
Stefan-Boltzmann constant, 5.67x10-8W/
m2K4 
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Chapter 1. Introduction 

One of the biggest challenges that civilization currently faces is the climate change (greenhouse 

effect) caused by the release of carbon dioxide emissions from fossil fuel resources such as coal, 

natural gas and oil. In recent decades, with the increase in world population, global energy demand 

has also increased, and with it, the excessive use of fossil fuels, particularly in the industrial sector, 

so intensifying the environmental issue [1-3]. In order to ensure energy security and sustainability, 

several international commitments and climate initiatives, such as the Paris agreement in 2015 or 

Kyoto protocol agreement, have been taken for achieving a sustainable low-carbon economy [4,5]. 

Therefore, sustainable technologies for industrial applications operating with clean energy such as 

the solar radiation are required. 

Solar radiation is defined as the radiant energy emitted by the sun in the form of electromagnetic 

energy. This radiant energy results from the continuous thermonuclear fusion processes that 

transform hydrogen atoms to helium. The total radiant energy emitted by the sun has been 

estimated in approximately 3.8 x1023 kW, which is radiated outwards in all directions [6]. 

Accordingly, the solar radiation incident over the earth is estimated to be around 1.7 x1014 kW. 

The transmitted solar energy passing through the atmosphere and reaching the earth surface is 

about 1.1 x1014 kW; the rest is reflected/absorbed by the atmosphere. This quantity of solar energy 

falling over the earth has been appraised to cover the whole-year world energy demand in only 1 

hour, approximately [6-8]. 

Solar energy is a plentiful, limitless and non-polluting source of energy that mainly provides light 

and heat, which not only is involved in numerous processes for life on earth (photosynthesis), but 

also contributes with the generation of various renewable energy sources such as wind, biomass, 

tidal energy, among others [1]. Therefore, in recent years, technologies for harnessing solar energy 

have been widely investigated and developed for improving their production, cost-effectiveness 

and efficiency.  

Currently, one of the most potential technologies for harnessing of the solar resource is the 

concentrating solar power (CSP) technology [9]. This solar technology is based on optical 

arrangements of reflective materials, geometrically designed for focusing solar beam irradiance 
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over a smaller area. Consequently, the direct normal irradiance (DNI) of the sun (1000 W/m2) can 

be increased, generating a higher level of temperature and flux density. With this sustainable 

technology, solar irradiance is converted into heat and transferred to a working fluid. Then, this 

heat can be used in a wide variety of applications, e.g.: solar heat for industrial processes (SHIP), 

electricity generation or the production of solar fuels (thermochemical) [10]. Furthermore, CSP 

systems can also introduce thermal energy storage (TES) and backup systems. These storage 

systems provide continuous and stable energy supply, avoiding hourly dependences and providing 

the main advantage of CSP which is dispatchability [11]. 

According to the international renewable energy agency (IRENA), cumulative CSP installed 

capacity grew five-fold, globally, between 2010 and 2019, to reach around 6.3 GW. IRENA also 

reports that the weighted average costs for electricity of CSP plants fell by 47% between 2010 and 

2019, from USD 0.346/kWh to USD 0.182/kWh [12]. In this context, renewable power generation 

costs have dropped drastically over the past decade, driven by steadily improving technologies, 

more competitive supply chains and the growing experience of project developers. 

In general, CSP systems can be classified in two groups based on the optical arrangement by which 

the sunlight is concentrated: line-focusing and point-focusing systems. Line-focusing systems 

utilize a linear receiver for absorbing the concentrated solar irradiance along a single axis (Fig. 

1.1a), whereas point-focusing systems concentrate the radiation on a single point (Fig. 1.1b). Line-

focusing CSP systems are: parabolic trough collector (PTC), linear Fresnel collector (LFC) and 

compound parabolic collector (CPC); while point-focusing systems are: parabolic dish collector 

(PDC), solar power tower (SPT) and solar furnace (SF). Typically, PDC and SPT can reach higher 

efficiencies due to the higher concentration ratios, but at a higher cost in comparison with line-

focusing systems [10]. Concentration ratios of line-focusing CSP can offer temperature ranges of 

60-400 °C, while the temperature range for point-focusing can cover 100-2000 °C [6]. 

Typically, for line-focusing CSP, the solar receiver (the absorber) is composed of a metallic tube, 

mainly manufactured with materials such as copper, aluminum or stainless steel which are 

commonly covered with a solar absorber coating (SAC) for improving the solar flux absorption 

[13]. For point-focusing CSP, solar receivers can be categorized in external and cavity receivers. 

In external receivers, the active area (absorber) slightly matches the receiver surface, while cavity 
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receivers are enclosures that trap the solar irradiation by multi reflection, increasing the absorption 

efficiency. For SPT systems, numerical analyses on the effect of the optical properties of SACs 

have been conducted by comparing external and cavity receivers [14]. Results showed that, for 

external receivers, SACs with a higher solar absorptance can contribute to achieve a higher 

system’s efficiency. Therefore, SACs play a fundamental role on solar receivers because they can 

increase the absorption level of the sunlight spectrum, improving the optical efficiency of the 

system. 

 
Fig. 1.1. Schematic of the CSP technologies: a) line-focusing and b) point-focusing systems. 

In order to design reliable CSP technologies, great attention must be paid on critical properties of 

the tandem solar receiver-coating, such as photo-thermal properties (absorptivity, emissivity), due 

to the fact that the system efficiency mainly depends on their heat transfer capabilities. When solar 

receivers are exposed to intense cyclic thermal stress, these properties are change due to material 

aging, producing physical and chemical receiver degradation [15]. Therefore, assessments under 

concentrated solar irradiance in continuous and controlled conditions are needed to reproduce 

accelerated degradation and evaluate solar materials performances through all the processes. 

Consequently, optical-thermal properties of the receiver-coating can be investigated and a suitable 

design can be achieved. However, one of the greatest challenges in the usage of the solar resource 



 

 
4 

 

is the intermittent nature of the solar radiation. This, due to the fact that the solar energy is a 

function of many factors, such as geographical position, month of the year, day and time, as well 

as atmospheric conditions [9]. Therefore, an excellent alternative for testing solar thermal 

technologies is with the aid of a high-flux solar simulator (HFSS) and a controlled lab-scale 

environment. 

The development of the HFSS technology started at the beginning of the 1990′s when more 

sophisticated high-discharge arc lamps were commercially available such as xenon arc lamps. 

These types of lamps can offer a color temperature of about 6000 K which approaches the 

terrestrial solar spectrum [16]. Currently, the DLR Institute, in Germany, has developed the largest 

HFSS worldwide, called “SynLight”. This facility is comprised of 148 x 7 kWe xenon short-arc 

lamps delivering a peak flux of 12.5 MW/m2. HFSSs provide an excellent testing environment 

for full-scale solar reactors and CSP technologies [17]. Besides offering controllable light flux 

levels without weather constrains, the main advantage of constructing a HFSS is the possibility to 

carry out novel solar thermal researches by studying the effects of high-flux concentrations on 

CSP technologies for their further progress. 

1.1 Motivation 
Currently, one of the sectors with the highest global energy demand is the industrial sector for 

applications such as food, wine and beverage, textiles, manufacturing, electricity generation, 

transport equipment, and chemical industries, among others [18,19]. In general terms, industry 

consumes about 32% of the total demanded energy worldwide. Specifically, 74% of this demanded 

energy is used for meeting the industrial process heating operations, of which ~55% is required in 

the range of 60-400 °C, and 45% is needed above 400 °C [19,20]. Currently, solar heat for 

industrial processes (SHIP) is one of the most important application fields where CSP technologies 

can be integrated for applications such as: dehydration processes, preheating of input and raw 

materials, pasteurization and sterilization, desalination and distillation, among others [21-23]. 

In order to meet the SHIP temperature requirements, both linear-focusing and point-focusing CSP 

systems, can be ideal candidates, offering low-medium (60-400 °C) and medium-high (400-1000 

°C) temperature levels, respectively. Accordingly, various strategies have been widely 

investigated for integrating CSP systems within the industry [24-28]. Therefore, an alternative to 
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the fossil fuel based energy sources can be attained, as well as an attractive way for achieving a 

sustainable low-carbon economy [2,22]. Nevertheless, the common barrier of these applications is 

the economic competitiveness, which is partially due to the relatively low solar system efficiency 

[27]. 

1.2 Justification 
The solar receiver is the critical part of any solar thermal system and is considered one of the main 

bottlenecks in improving the CSP performances. Solar receivers have to withstand high flux levels 

and thermal stress, and work in a high-temperature oxidation environment while they absorb and 

convert solar irradiation into thermal power with minimal optical and thermal losses [13]. In order 

to develop high-efficient and low-cost solar technologies, new designs of solar receivers, material 

testing and accelerated aging tests under a stable assessment environment are required for 

improving their optical-thermal efficiency and optimal service life. 

HFSSs are identified as key facilities for solar thermal and thermochemical research, offering 

artificial concentrated solar irradiance for conducting high-quality indoor assessments and 

emulating the operation of solar systems such as; SF, PDC or SPT [29]. The development of an 

HFSS contributes to the research and optimization of efficient solar absorber receivers, so 

improving the performance and competitiveness of solar technologies. SACs are of great interest 

to the industry, since they improve the capabilities of CSP systems in terms of solar-to-heat 

conversion efficiency; with the potential to generate a significant impact on the national market by 

the use of this clean energy and allowing migration towards a more sustainable model of society. 

1.3 Objectives 
The main objective of this PhD thesis is the optical design and characterization of an HFSS for the 

development of a well-controlled experimental platform for researching solar-thermal materials 

for low, medium and high-temperature applications; specifically, solar absorber coatings. 

Particular objectives are described as follows: 

x HFSS design: Determine the suitable lamp-reflector design and the whole optical array of 

the HFSS by performing a numerical analysis through the use of the Monte Carlo ray-

tracing technique. 
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x HFSS characterization: Implement an optical method for measuring the radiative flux 

characteristics of the HFSS (flux map). 

x Radiative flux modulation of the solar simulator: Defining a strategy for providing 

controllable light flux levels to adjust the proper output power for a particular testing 

assessment. 

x Experimental platform for solar-thermal research: Development of a calorimetric test 

bench for the evaluation of commercial and experimental solar absorber coatings. 
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Chapter 2. State of the art 

2.1 Solar simulators 
The solar simulator can be defined as an artificial solar radiation facility comprised of optical 

reflecting materials coupled with specialized high discharge arc lamps for offering a controllable 

light source with spectral output quite similar to that of the terrestrial solar spectrum. 

In general, solar simulators can be classified in two main groups according to the output irradiance 

level on their target: low flux solar simulator (LFSS) and high flux solar simulator (HFSS) [30]. 

In the first case, the LFSS, also called non-concentrating solar simulator, delivers collimated, 

homogeneous solar irradiance for approaching the terrestrial Direct Normal Irradiance (DNI) with 

a flux density of about 1 sun (1 sun = 1000 W/m2) in average. On the other hand, HFSSs are 

facilities which particular characteristic is the highly concentrated flux density into a common 

focal point, mimicking CSP systems and offering from hundreds to thousands of suns [29]. 

2.1.1 Low flux solar simulator 
At the beginning of the 1960’s LFSSs were firstly developed for thermal-vacuum space chamber 

testing and space environment simulation for Earth satellites and spacecraft assessments [31]. 

These LFSSs utilized carbon-arc and mercury-xenon lamps delivering intensities of up to 1500 

W/m2. In parallel with this investigations, new series of programs were sponsored in order to 

develop low-cost high-efficient facilities to simulate the space solar radiation in ground-test 

chambers [32]. A decade later, standard methods for solar terrestrial applications such as solar 

photovoltaic (PV) cells and solar thermal collectors were addressed in order to determine 

procedures for solar indoor assessments. From these established procedures, a solar irradiance of 

1000 W/m2 with an air mass AM1.5 of spectral composition (see Fig. 2.1) were chosen for 

standardizing indoor tests with solar simulators; since important solar installations and industries 

are located at mid latitudes with a zenith angle of approximately 48° [33]. 

Currently, commercial and custom-made LFSSs are utilized for terrestrial solar research, including 

PV cells, solar-thermal collectors and solar steam generators. Typical designs of LFSS for PV 

solar cell characterization are based on only one xenon arc lamp, due to the requirement of high 

collimation of light and the reduced target area (<10 cm2), simplifying the design [34]. For 

instance, a xenon flash light LFSS was developed for the characterization of PV cells, delivering 
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an adjustable irradiance of 800-1000 W/m2 and offering a spatial flux uniformity of ±95% over a 

target area of 9 cm2 [35]. 

 
Fig. 2.1. ASTM G-173-03 reference spectra. 

Another type of non-concentrating solar simulator, is the multi-lamp (or large-scale) LFSS. Unlike 

single-lamp LFSSs for PV cell applications, this type of solar simulator requires a greater number 

of lamps for covering larger testing areas, and they are usually employed for testing the 

performances of PV and photovoltaic thermal modules (PVT), as well as flat plate thermal 

collectors (FPTC) [36-38]. An example of this kind of facility is the multi-lamp LFSS comprised 

of 35 × 575 We Metal Halide (MH) lamps which was constructed for testing PV modules and 

solar-thermal applications [39]. This facility delivers a mean flux of 791 W/m2 on a target area of 

2200 mm × 1500 mm, offering a flux uniformity of 94.3%. 

Currently, one of the main challenges in improving the requirements of solar energy research is 

the suitable optical design of solar simulators for conducting indoor efficiency tests with uniform 

and reliable radiative flux outputs. An inadequate solar simulator design can introduce 

uncertainties in the indoor thermal efficiency assessment, resulting in an inaccurate evaluation of 

the solar collectors [40]. In this context, new methodologies for the optical designs of non-

concentrating solar simulators can provide further progress in enhancing the performances of these 

facilities. 
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2.1.2 High flux solar simulator 
High-Flux Solar Simulators (HFSSs) are facilities used for researching and developing efficient 

thermodynamic cycles which demand high temperatures and high flux levels [30]. Similar to 

LFSSs, HFSSs can be classified in single-lamp and multi-lamp depending on the design purposes 

and applications. HFSSs were firstly developed in the 1990´s for the study of high-temperature 

solar thermochemical processes with absorbing gas-particle mixtures along with a solar reactor 

[16]. This solar simulator was developed with only one high pressure xenon arc lamp of 20 kWe 

delivering 16 MW/m2 over a target area of 7 cm x 7 cm. Later, at the ETH-Zurich a single-lamp 

HFSS was principally designed for investigating solar-thermal and thermochemical processes at 

temperatures up to 3000 K such as the production of solar fuels (solar hydrogen). This solar 

simulator was designed with a high-pressure 200 kWe argon arc lamp which delivers a radiative 

power up to 75 kW with a peak flux exceeding 4.25 MW/m2 [41]. This is the highest power 

consuming light-source implemented for a single-lamp HFSS that is reported in the literature to 

date. 

At the mid 2000’s, great advances in PV cells gave rise to new investigations with Concentrating 

Photovoltaics (CPV) [35]. The CPV technology is comprised of optical arrays for focusing the 

beam radiation onto the solar cell, making them cost-effective due to the reduced area of these 

cells, higher electricity production, as well as being more suitable for larger installation [42]. 

Therefore, new designs of single-lamp HFSSs for solar-thermal, thermochemical processes and 

CPV applications were developed [43]. For instance, a pulsed solar simulator was developed and 

characterized for CPV cell calibration, obtaining a radiative flux range from 7 to 1500 kW/m2  by 

using a single Xenon arc lamp [44]. 

Multi-lamp HFSSs are mainly designed for mimicking linear and point-focusing CSP technologies 

such as PTC, CPC, PDC, SPT [45-47]. The design objective is to achieve the directional, spatial 

and spectral distributions of those systems principally for testing solar materials and components 

for high temperature and thermochemical applications. At the Paul Scherrer Institute (PSI), a HFSS 

capable of reaching  a peak flux of 11 MW/m2 and 50 kW of radiative power over a target diameter 

of 60 mm was developed for thermochemical process research and advance high-temperature 

materials [29]. A truncated ellipsoidal reflector along with a 15 kWe high discharge xenon arc 

lamp were optically analyzed for constructing each of the units of the solar simulator. Fig. 2.2 



 

 
10 

 

shows the layout of the 10 lamp-reflector array where the radiation is delivered to the target within 

a rim angle of 40.6° horizontally and 27° vertically. The HFSS equipment includes ten rectifiers, 

electrode cooling and control systems. The flux level is adjusted by individually switching on/off 

the required lamps, as well as by varying the electric current between 70% and 100%. From the 

front view of the arrangement showed in Fig. 2.2a, it can be observed different reflector 

geometries. This is carried out in order to achieve more defined Gaussian flux distribution profiles 

on the focal plane and reduce spillage losses from the entrance of cavity receivers [29]. 

 

Fig. 2.2. a) Optical layout of 10 lamp-reflector units; b) Ellipsoidal reflector geometry coupled with 

a xenon short arc lamp, elaborated from [29]. 

Similarly, at the German Aerospace Center (DLR), the same methodology was implemented by 

using a 10 lamp-reflector unit array, each unit comprised of a xenon arc lamp coupled with a 

truncated ellipsoid of revolution [48]. In this design, the input power per lamp of 6 kWe was lower 

than the PSI HFSS of 15 kWe per lamp. Later, new methodologies for multi-lamp HFSSs were 

described for a suitable optical design of the facility by optimizing the lamp arrangement through 

ray-tracing techniques [49]. Nowadays, HFSSs that utilize up to 18 short arc lamps have been 

constructed as a result of those schematic approaches, delivering flux peaks of about 21.7 MW/m2 

[50]. In order to develop a high efficient solar simulator, with suitable radiative flux characteristics 

similar to those of CSP systems, the selection of the main components needs to be determined in 

advance. 
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2.1.2.1 Light source 
The most critical part in designing a solar simulator is the selection of the light source. This 

important component determines the spectral quality of the concentrated artificial sunlight over 

the target and imposes limits on the optical design of the concentrating system. Traditionally, high 

discharge arc lamps of xenon, argon and metal halides (MH) are the light sources used for the 

development of HFSSs [30].  

The xenon lamp is a high discharge arc lamp that produces light by applying a DC current through 

its electrodes. Then, an electric arc is formed between the anode and cathode by means of the 

ionization of the high pressure xenon gas (≤40 bar). Fig. 2.3 shows the emission spectrum of a 

xenon arc lamp in comparison with a blackbody of 6000 K and with the G173-03 reference solar 

spectrum [49]. Xenon arc lamps are the most widely light sources used for solar simulator 

applications due to its major advantages such as a spectrally stable output, spectral range close to 

that of the terrestrial solar spectrum, in addition to offering a shorter and brighter arc light (point 

source) in comparison with similar arc lamps [51]. This last advantage is due to the fact that xenon 

lamps provide a smaller electrode gap, generating a smaller magnification of the arc light and 

producing a more defined Gaussian flux distribution. Nevertheless, the main disadvantages of this 

discharge arc lamp are: the strong emission peaks in the spectral band of 800-1000 nm (see Fig. 

2.3), the high power consumption and cost-maintenance, as well as the short useful lifetime (≤1000 

hrs.). Furthermore, when higher flux levels of power output are required such as in HFSS 

applications (≥6kWe per lamp), a more complex cooling system and expensive power supply 

become mandatory, resulting in a high-cost system. Despite these disadvantages, xenon lamps are 

the main option for solar simulator applications because they have been well characterized and 

validated through the years for solar-thermal, thermochemical and PV cells research [33,51]. 

The argon arc lamp is another kind of high discharge arc lamp implemented for solar simulator 

applications. This lamp generates radiant power outputs with spectral composition similar to the 

natural sunlight with a blackbody spectrum of about 6500 K. This kind of lamp utilizes argon gas 

at high pressure (7-10 bar) and its emission is in the spectral range of 275-1525 nm [30,41]. Similar 

to xenon lamps, argon lamps emit strong peaks in the infrared spectrum and produce higher output 

power in the ultraviolet band compared with xenon lamps. 
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Fig. 2.3. Emission spectrum comparison of a xenon arc lamp, a blackbody radiation of 6000 K and 

the G173-03, elaborated from [49]. 

Metal halide (MH) lamps have recently increased their usage for solar simulator applications due 

to advances in their design quality. MH lamps offer: higher energy conversion efficiency than 

xenon and argon lamps; provide a longer period of service life and relative low cost; offer a good 

spectral match to the natural solar output and have a lower explosion risk, due to their double 

envelope inside the bulb [33,51]. Furthermore, MH lamps can provide a higher light intensity due 

to the lumen per Watt conversion rate over 100 lm W⁄  [30,52].  

Fig. 2.4 shows the power emission level of the xenon, argon and MH lamps compared with the 

natural sunlight in the spectral range of 300-1000 nm [30]. It can be clearly seen that MH lamps 

matches better with the solar spectrum, while xenon and argon lamps emit higher level of IR 

radiation. On the other hand, MH lamps have a longer electrode gap, resulting in a higher 

magnification of the arc light and making difficult a proper concentrated irradiance distribution. 

Moreover, the radiative power output can result spectrally unstable due to oscillations produced in 

the AC power supply [53]. Despite this fact, HFSSs have recently been developed with the help 

of modern MH lamps [51,52,54]. Currently, there is not an HFSS designed with a combination of 

these type of lamps (xenon, argon and MH lamps), which could imply a more complex optical 

design for each lamp type in the system. Other light sources that have been employed to design 

solar simulators, particularly LFSSs, are: carbon arc lamps, quartz-tungsten halogen lamps, 

mercury-xenon lamps, light emitting diode (LED) and super continuum laser [51]. Currently, all 
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this kind of light sources have not been implemented for HFSSs due to the light intensity is quite 

low for concentrating solar power applications [32]. 

 

Fig. 2.4. Comparison of light sources and the G173-03 reference spectra in the band of 300-1000 

nm, taken from [30]. 

2.1.2.2 Concentrator 
The other critical component for designing a solar simulator is the concentrator. Typically, the 

concentrator is an optical reflector manufactured with aluminum and with the shape of an ellipsoid 

of revolution as illustrated in Fig. 2.5. The ellipse geometry is based on a closed curve with focal 

points (𝐹1, 𝐹2) equidistant from the center along the semi major axis a. Eq. (2.1) depicts the 

mathematical representation of an ellipse with semi-major axis (a) and semi minor axis (b) on the 

coordinates x and y, respectively: 

 𝑥2

𝑎2 +
𝑦2

𝑏2 = 1 (2.1) 

 

Fig. 2.5. Schematic of a truncated ellipsoidal reflector (solid part) with respect to an ellipse (short-

dotted line). 
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Based on the geometry of an ellipsoid, a light beam coming from one of the focal points, when it 

impinges the reflective surface, the beam will reflect off and pass through the other focal point, 

see Fig. 2.5. In general, HFSSs have been widely designed with ellipsoidal reflectors due to its 

major advantage of providing efficient radiative transfer between the light source and the target 

[49].  

A parabola is another geometry implemented for designing solar simulators, especially in LFSSs 

[38,39,55]. At the Royal Institute of Technology (KTH), a HFSS comprised of 12 xenon-arc lamps 

close coupled with parabolic concentrators (400 mm in diameter) was design for the testing of 

solar cavity receiver prototypes [56]. As well, this HFSS was designed with specialized Fresnel 

lenses made of silicon-on-glass (SOG) materials for concentrating the artificial sunlight with a 

focal length of 1500 mm, achieving a peak flux of 7.22 MW/m2. 

The compound parabolic concentrator (CPC) has also been used in HFSSs as a secondary 

concentrator for increasing the heat flux density on the focal plane. For instance, the ETH-Zurich 

single-lamp HFSS introduced a 2D-CPC with its entrance coincident with the HFSS’s focal plane 

for enhancing the mean heat flux [41]. Furthermore, a water-cooled 3D CPC coupled with a multi-

lamp HFSS was designed for improving the flux uniformity inside a solar reduction reactor [57]. 

Moreover, bundles of optical fiber are another optical component implemented in HFSSs for 

achieving a more uniform flux distribution [58]. Bundles have a diameter of 10 mm containing 

28,100 optical fibers (each of 55 µm in diameter), offering the flexibility to deliver flux 

distributions in 2D and 3D surfaces by transmitting the flux output of 500 kW/m2 to the target. 

Due to the flat absorption characteristics of the fiber in different bands, the spectral output is 

practically the same as its incident spectrum, as explained in [58]. 

Most of the developed HFSSs implement xenon arc lamps and ellipsoidal reflectors as the main 

design components. Moreover, concentrators of different geometries and specialized optical 

materials can be used as a complement for improving the optical efficiency. In the present study, 

xenon arc lamps coupled with ellipsoidal reflectors are chosen for designing a HFSS which has 

the versatility to regulate the flux density in a mechanical form (detailed in Chapter 3 and 4). Once 

the critical components have been chosen, theoretical analysis are carried out for predicting the 

radiative flux characteristics and performances that the optical system can deliver, which is 

discussed in the next section. 



 

 
15 

 

2.1.3 Ray-tracing analysis for HFSSs 
In energy transfer studies, radiative properties changing with direction and geometrical shapes 

could make of the analysis a more complex issue when applying conventional numerical 

techniques. Consequently, statistical approaches can be implemented through sampling 

techniques. These type of sampling methods are commonly called Monte Carlo (MC) techniques 

[59], and their prediction accuracy depends mainly on the sample size. Accordingly, thermal-

radiation analyzes can be approached with MC techniques because light beams travel in discrete 

packages throughout relatively long distances along a straight path until interacting with matter. 

This involves tracking the history of statistically relevant photon packages from the emission point 

to the absorption point. Therefore, one of the main useful tool to perform optical designs for 

concentrating solar power technologies is the Monte Carlo ray-tracing (MCRT) method. It is used 

to simulate and predict, in a precise way, the irradiance flux distribution in the focal plane of the 

concentration system [60].  

In general, a multi-lamp HFSS comprises: a set of illumination sources (e.g. xenon arc lamps) and 

reflectors that concentrate the radiation delivered by the lamps toward a unique focal point. 

Traditionally, the concentrator is designed with a truncated ellipsoid of revolution. Multi lamp-

reflector arrays are configured with such a geometry that all units share a common focal point (see 

Fig. 2.2a). Previous studies have clearly explained that, placing an arc lamp in one of the foci of 

the ellipsoid and a target in the other one shall result in a good radiative transfer between both [61]. 

The radiative transfer efficiency η can be defined as the fraction of radiant energy coming from 

the light source 𝑄𝑠𝑟 and the energy incident on the target 𝑄𝑡𝑔, as described by the Eq. (2.2): 

 
𝜂 =

𝑄𝑡𝑔

𝑄𝑠𝑟
 (2.2) 

In order to obtain a high radiative transfer efficiency and reduce radiative losses, specific 

geometrical parameters have to be taken into consideration in the design of an ellipsoidal 

concentrator. The modification and selection of design parameters such as truncation diameter, 

ellipse´s eccentricity, concentrator height, focal length, as well as semi-major and minor axes, a 

and b (see Eq. 2.1) will be involved in achieving good performance in radiative transfer efficiency. 

For instance, a large eccentricity can lead to a large focal length, implying that the ellipsoidal 

concentrator will no longer focus radiation efficiently due to the scattered of light by larger 

radiation path lengths. 
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With the development of multi-lamp HFSSs, MCRT codes have been generated for modeling the 

radiative exchange between arbitrarily arranged surfaces such as a light source and a target. For 

instance, a free and open-source MCRT code (VEGAS) was developed for provide radiative 

boundary conditions for CSP modeling as well as HFSSs [62]. The PSI HFSS, comprised of 10 

xenon lamps (see Fig. 2.2), was optimized by means of the VEGAS code, computing the transfer 

efficiency with 5x106 rays per run for ten independent runs. The electrodes of the xenon lamp (15 

kWe) were modeled as cylindrical rods and the arc light as a sphere of 9 mm in diameter positioned 

at the main focus 𝐹1. The concentrators were set as specular gray surfaces, with a directional-

hemispherical total reflectivity of 90%. The transfer efficiency 𝜂 was presented as a function of 

the focal distance, reporting that 𝜂 reaches a maximum value of 34% by implementing a focal 

distance of 3000 mm, truncation diameter of 950 mm and eccentricity of 0.87 [29]. 

Similarly, the 45 kWe HFSS designed at the University of Minnesota was optimized with the aid 

of the VEGAS code [63]. By using the MCRT analysis, the optimal reflector shape, dependent on 

the eccentricity, was determined by improving the transfer efficiency at reasonable uniformity 

levels of the flux distribution on the target. Since the xenon lamps do not emit as an ideal point 

source, the arc light was modeled as a cylindrical arc of 2 mm in radius and 6.3 mm in length, 

corresponding to the arc light of the lamp and assuming isotropic and uniform emission. 

Theoretical results showed a radiative power of 7.5 kW delivered over a circular disk of 60 mm in 

diameter, reaching a transfer efficiency of 30%. 

Based on the concept of identical lamp-reflector units configured in concentric rows, a systematic 

methodology for designing a set of multi-lamp HFSSs was performed by generating an MC ray-

tracing simulation [49]. The modeling consisted on 18 x 2.5 kWe xenon arc lamps uniformly 

emitting with the shape of a cylindrical arc light source with length and radius of 4.5 mm and 0.75 

mm, respectively. For every ray, pseudorandom numbers were generated and used to determine 

the coordinates of the emission point, and the azimuthal and polar angles describing the direction 

of emitted rays. A cumulative distribution function CDF was implemented for the polar angles to 

random numbers. The ray-tracing results for the HFSS with all 18 lamps in operation presented a 

radiative power of 10.6 kW, a mean flux of 3.8 MW/m2, a peak flux of 9.5 MW/m2 and a transfer 

efficiency of 56% over a target diameter of 60 mm. 
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Commercial ray-tracing software have also been used for the design and optical improvement of 

solar simulators of high concentrated flux. OptiCAD® is a flexible, optical analysis, and 

visualization program that models many optical solid components, including lenses, mirrors, light 

pipes and imported CAD surfaces. This software was implemented for the assessment of the 

radiative flux distribution at the focal plane of the DLR HFSS [48]. Consequently, it was possible 

to compare in detail the simulation results with measured data to estimate the flux distribution 

achieved by the complete assembly.  

Another software that applies the MCRT method for enhancing the performances in optical 

systems is TracePro® by Lambda Research. This commercial software has been commonly used 

in solar simulator applications [46,54,64,65]. For instance, TracePro was utilized for optimizing a 

7 lamps HFSS where a concept of non-coaxial deflection angle was integrated to the typical 

ellipsoidal reflector for improving the spatial flux uniformity [65]. By comparing simulations and 

experiments, the relative deviation of total radiative power was reported in 4.9%. 

In this doctoral thesis, TracePro is used as the main tool for the analysis of the optical design of 

the HFSS due to its great capability to predict radiative flux characteristics with complex 3D 

optical system models. 

2.1.4 Radiative flux characterization of HFSSs 
In order to carry out research on concentrated solar energy by using a solar simulator, it is 

necessary to determine accurately the optical-thermal performances of the system. Therefore, 

measurements of the radiative flux distribution in the focal plane (flux map) are required for 

defining the boundary conditions established by the concentrating optical system. Then, suitable 

radiative power inputs can be set based on the research applications of the solar simulator. 

Typically, the characterization of the radiative flux distribution of a concentrating solar system is 

performed by using direct or indirect flux mapping techniques [66]. Direct flux mapping 

techniques are those in which one or more solar flux gauges are installed in the focal plane to 

directly measure the level of radiative flux delivered by the solar simulator [47,52]. The direct flux 

mapping is the most accurate of the methods implemented for characterizing HFSSs. The heat flux 

gauge typically used and widely characterized for usage in concentrating solar applications is the 

Gardon type gauge [67]. When using a single flux gauge, it is necessary to scan over the area of 

interest for fully mapping the flux distribution. The disadvantage of this method is the low spatial 
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resolution, which makes it less efficient. Increasing the number of sensors to map the flux 

distribution can contribute to better resolution and lower measurement uncertainty. However, the 

complexity in cost and maintenance, in addition to the cooling system required to protect the flux 

gauge from the high concentrated flux, increases with the number of used sensors [66]. For 

example, an 130 kWe HFSS was characterized by using a Gardon gauge coupled with a copper 

plate covered with black paint, both Gardon and plate, cooled with water [68]. The flux spot was 

scanned at a diameter of 200 mm with a 20 mm of displacement distance, a total flux mapping 

time of 2642 s was required and a measurement uncertainty of 7.46% was obtained. 

The indirect flux mapping method consists of using a high-resolution camera such as a charged 

coupled device (CCD) camera or a complementary metal oxide semiconductor (CMOS) camera 

to spatially capture, in the pixels, all the information of the concentrated light brightness. In this 

method, the intensity levels of the pixels are related to the levels of solar irradiance, where a linear 

relationship has been widely demonstrated [43,50]. Furthermore, a Gardon flux sensor is usually 

used along with a target covered with a diffusely reflective material to simulate a Lambertian 

distribution of light [69]. The indirect flux mapping method is typically used in CSP systems due 

to: it is low cost compared to the direct method as it requires only one flux sensor, it is faster in 

acquiring data, in addition to offering high spatial resolution [70]. Regarding solar simulators, the 

indirect flux mapping method has been implemented using two Lambertian targets; a static target, 

where the flux gauge is installed, and a mobile one for recording the concentrated flux spot [69,71]. 

However, the mobile target is displaced in front of the static one to capture the concentrated 

brightness, causing the flux map to be captured outside the focal plane. To reduce this problem 

and reduce measurement errors, the moving target must be reduced in thickness as much as 

possible. However, by reducing its thickness, the interval time in which the mobile target is placed 

on the focal point is reduced due to possible damage from the high concentrated flux. In this sense, 

the use of a single Lambertian target contributes not only to eliminate this error, but also to keep 

the target the needed time to take the appropriate number of images of the flux spot. Abuseada et 

al. [72] determined the minimum threshold of captured images to obtain a more accurate flux 

characterization by calculating the root mean square error (RMSE) for the total power and 

maximum deviation. Accordingly, the RMSE value is reduced by increasing the number of 

captured images, showing that after 30 images the reduction of RMSE is negligible. 



 

 
19 

 

Calorimetric techniques have also been used in the characterization of solar simulators [43]. For 

instance, Codd et al. reported the characterization of an HFSS by quantifying the thermal balance 

between the incident flux on an instrumented receiver and the increase in temperature, assuming 

steady state conditions [73]. An alternative for using a heat flux gauge together with the indirect 

method is the use of a cavity-type calorimeter for HFSS calibration [74]. In this way the irradiance 

absorption is maximized and the spectral dependencies are decreased. Another technique reported 

in the literature is the use of a calibrated thermographic (IR) camera to determine the incident heat 

flux. The flux map is calculated by relating the temperature measurements captured with the IR 

camera together with flux measurements with a Gardon gauge [75]. 

In this study, the indirect flux mapping method (camera-diffuse target) is implemented for the 

characterization of the proposed solar simulator. Additionally, a Gardon radiometer is used to take 

measurements of radiative flux over the focal plane. The implemented flux characterization 

methodology is presented in the Chapter 3. 

2.2 Solar absorber coatings 
Solar receivers are key components in CSP systems, since their photo-thermal conversion 

performance is related to the final efficiency of the whole system. Metallic surfaces are commonly 

used as receiver materials for low-to-medium temperature CSP applications. For high temperature 

CSP such as SPT, ceramic materials or austenitic alloys (Inconel) are used. These types of 

materials are implemented due to their high melting point, corrosion resistance and high level of 

thermal conductivity [76]. In both cases, these materials are combined with coatings specially 

designed to maximize the absorption of solar radiation, reduce losses due to reflection, in addition 

to protecting the metal base from high levels of oxidation produced by the high thermal load. These 

optical-thermal materials are known as solar absorber coatings (SAC), which can be classified in 

selective and non-selective coatings. 

2.2.1 Description of solar absorbers 
By analyzing in detail the radiative properties of a surface with finite thickness on which a radiative 

flux is incident; part of the radiation will be reflected, part will be absorbed and part will be 

transmitted through the surface [59]. If the object is thick enough, it can be considered opaque, 

meaning that radiation cannot be transmitted through it. On the basis that all radiation must be 



 

 
20 

 

absorbed or reflected according to the conservation of energy, the following equation, Eq. (2.3), 

can be established: 

 𝛼 + 𝜌 = 1 (2.3) 

where α is the absorptance, defined as the ratio of the absorbed solar radiation to the incident solar 

radiation; and ρ, the reflectance, defined as the ratio between the reflected part of the incident 

radiation to the total incident radiation [77]. Therefore, a SAC can be referred to a material whose 

main property is the high level of absorptance in the solar spectrum, maximizing the photo-thermal 

conversion process in solar-thermal applications. However, during the radiation absorption 

process, the material’s temperature can increase to such an extent that the energy is re-emitted in 

the form of heat according to Kirchhoff's law of thermal radiation [59].  

Since all materials emit thermal radiation due to the movement of subatomic particles, thermal 

emittance can be defined as the fraction of radiant energy emitted by an object as a function of its 

temperature and wavelength, to the radiation emitted by an ideal black body at the same 

temperature. Taking into consideration one of the variants of Kirchhoff's law for an opaque object, 

the thermal emittance will be equal to the absorptance of the object, meaning, the surface will emit 

as much energy as it is absorbed, as a function of the temperature of the object. This implies energy 

losses due to emission of thermal radiation. In this sense, a selective solar absorber coating (SSAC) 

is one that absorbs the maximum amount of solar radiation in the spectral range of 250-2500 nm 

(UV-Vis-NIR, see Fig. 2.1), but reflects the amount of thermal energy from the absorber at 

wavelengths longer than 2500 nm, so avoiding the re-emission of thermal energy. 

2.2.2 Selective and non-selective SACs 
In general, selective and non-selective SACs can be categorized based on their design and optical 

absorption mechanisms as: semiconductor-metal tandems, dielectric-metal composites, multilayer 

coatings, textured surfaces and absorber paints [78]. Several techniques for producing coatings are 

implemented depending on materials and complexity of the design. Some of these techniques are: 

chemical vapor deposition (CVD), physical vapor deposition (PVD) by magnetron sputtering (DC, 

RF), electro-deposition, anodization, spin coating, air-plasma thermal spray, spraying deposition, 

among others. Characteristics of SACs are presented as follows [78-80]: 
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Coatings based on semiconductor-metal tandems are selective absorbers in the spectral band of the 

visible and near infrared, with a band gap interval between 0.4-1.3 eV. Materials such as silicon 

or germanium are typically used and applied by CVD. 

Textured surface absorbers (e.g., ZnO-Ag, Cu-Ni) are needle-like or dendritic-shaped geometric 

structures designed on micro or nano-scale by lithography, CVD, or PVD. The rough surface 

absorbs solar radiation by optical trapping through multi-reflection. 

The metal-dielectric composite (cermet), consists of metallic particles within a dielectric matrix 

which is deposited on a reflective metallic substrate such as copper or steel [81]. Application 

techniques such as electroplating, inorganic pigmentation, CVD, PVD, can be used to produce this 

coating. The selectivity of these materials depends on design parameters (size, orientation and 

shape of particles) and can reach absorptance levels of ~0.92 with thermal emittance of 0.16. 

Multilayer coatings consist of the union of semi-transparent metallic layers (e.g., Cu, Ni) alternated 

with dielectric layers (SiO2, Al2O3), mounted on a substrate to which an anti-reflective layer is 

applied. In this configuration, solar radiation is absorbed by the dielectric layers, while thermal 

emittance is reflected by the metallic layers, so obtaining great selectivity. 

In general, the advantage of using SSACs is the low emittance value that they have at certain 

temperatures, providing a reduction in thermal losses. Furthermore, due to the mentioned 

application techniques, SSACs have better adherence to the substrate compared with techniques 

such as spray deposition. However, the low emittance requirement typically leads to quite complex 

and expensive deposition techniques, such as magnetron sputtering. Moreover, SSACs commonly 

present alterations in their structures when high cyclic thermal loads are applied (low thermal 

stability) and are sensitive to abrasion [79]. Currently, there are no commercial SSACs that can be 

used at elevated temperatures in open environments (oxidation); they are mainly implemented for 

CSP applications at low-medium temperature in evacuated environments. Due to the size and 

shape of the substrate, and the complex techniques to produce SSACs, re-coating methods are not 

easy to implement in the CSP plant and dismantling operations are not planned in the solar plant 

in case of coating failure [14]. 

Solar absorber paints are another type of coatings (usually non-selective) and represent a less 

expensive alternative to selective coatings due to the less complex fabrication and application 
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techniques. An important advantage of absorber paints is the ability to re-coat in a practical form 

on large-scale receiver surfaces. These coatings are made from synthetic pigments which are 

combined with solvents for applying over metallic substrates. These materials are commonly 

manufactured with metal oxides such as FeMnCuOx, where polymers such as silicone, siloxane 

resin or phenoxy resins (also called polyhydroxyl ethers) are used as binders [82]. However, 

binders also absorb infrared radiation, increasing thermal emittance. 

Commercial absorber paints such as Solariselect, Solarect-Z, SolkoteHI/SORB-II, Thurmalox250 

are spray deposited SSACs for CSP applications at low-to-medium temperatures. For high 

temperature CSP applications, Pyromark2500 is a silicone-based non-selective black paint, with a 

temperature resistance of >1000 °C. Currently, Pyromark is the standard coating for CSP plants 

and is widely used as a reference for many coating designs. This commercial coating offers a 

measured solar absorptance of 0.96, while its level of thermal emittance at 600 °C has been 

reported at 0.86, which implies losses due to thermal radiation [83]. 

2.2.2.1 SACs based on residual biomass 
Recently, researches on SACs report that, novel materials based on carbon allotropes (graphite, 

fullerenes, graphene) have been implemented in solar-thermal applications. This, on the grounds 

that their amorphous graphitic structures are well-known for offering great light absorption 

qualities [84,85]. These new carbon-based materials for SACs have been evaluated for solar-

thermal applications at low temperature levels. Such as, a bulk graphene based SAC was reported 

by Alami et al. [86] for the light absorption enhancement of flat-plate collectors. Results reported 

a maximum radiative-to-heat transfer efficiency of 69.4% as the best performance achieved when 

using the graphene-clad copper oxide collector compared with the commercial coating 

Thurmalox250 as the reference (39.5% efficiency). Recently, carbon nanoparticles have been 

identified in Soot of Forest Biomass (SFB), a byproduct of combustion waste. In the present PhD 

project, an absorber coating based on SFB has been employed as SAC for its assessment [87,88]. 

Although carbon nanostructured materials have been used in solar absorption applications [89], 

none has been developed from waste materials. The development of SACs based on biomass 

residual is an important unexploited market sector to date. Furthermore, it is an interesting research 

field due to the fact that waste materials usage helps reducing environmental impacts. Therefore, 

this type of coating is a promising material for solar thermal applications due to its major 
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advantages, such as: high solar absorptance, sustainability, low cost, easy preparation and safe 

application [88]. 

2.2.3 Methods for performance assessment of SACs 
In applications with flat-plate solar collectors, standardized methods have been developed using 

mathematical models that take into account the degradation induced by thermal load, humidity and 

pollutants. In this type of analysis, important degradation parameters such as diffusion and 

oxidation are calculated to estimate the durability of the coating over a useful life of 25 years [79]. 

However, similar criteria for evaluating SACs for high temperature CSP applications are very 

limited. Although coatings are used in evacuated environments, they must be stable in the air in 

case the vacuum is breached. 

2.2.3.1 Degradation assessments by thermal treatments 
For CSP applications, the optical-thermal performances of solar absorber coatings are usually 

assessed after annealing the sample in muffle furnaces at high temperatures (~400-800 °C) for 

prolonged periods [90-92]. This thermal treatment has been extensively implemented to evaluate 

thermal fatigue and degradation in both open (oxygen) and evacuated environments [93]. Results 

of these studies have demonstrated that oxidation is one of the principal factors of degradation 

after exposing the coating to high thermal cyclic loads. These types of heat treatments are 

implemented to estimate firstly temperature resistance and stability. Parameters required for the 

testing are the selection of a proper annealing time and temperature. Then, optical properties such 

as absorptance are measured to calculate the optical efficiency. 

2.2.3.2 Degradation assessments by accelerated aging cycles  
During operation, SACs are subjected to high levels of cyclic thermal loads by sudden climatic 

changes (solar intermittency), so producing thermal shocks. Hence, coating can begin to degrade, 

causing micro-cracks and the eventual detachment from the receiver. Accelerated aging tests have 

been carried out using solar furnaces together with air-cooling systems to cyclically heat and cool 

the material and generate thermal shocks. For instance, accelerated aging tests were conducted 

with 4 different SACs and the Pyromark coating (reference) for SPT applications with a 

concentrated solar facility at PROMES-CNRS laboratory, France [94]. The objective was to 

observe the evolution of the optical properties of SACs through quick changes of solar input for 

simulating cloudy weather. After 200 cycles with temperature ranges of 450-600 °C and 450-800 
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°C, no significant degradation on the optical properties were observed. Furthermore, accelerated 

aging tests ranged from 100-850 °C were carried out by Boubault et al. for quantifying the cost-

effectiveness of SACs in the CSP industry [95]. For this purpose, 3 different SACs were used: 

Pyromark2500, lanthanum strontium manganite oxide (LSM), and cobalt oxide (Co3O4). Though 

Pyromark exhibited a higher emissivity than LSM and Co3O4 coatings, it achieved a better 

performance in durability and thermal efficiency. 

Published literature on the evaluation of SACs indicate that; currently there is no appropriate 

SSAC for CSP applications at high temperature that can operate in contact with oxygen. 

Furthermore, comparisons between selective and non-selective coatings indicate that the solar 

absorptance is the most important factor due to the fact that the absorbed solar irradiation is the 

predominant external heat input to the receiver [14]. Outcomes have also shown that the most 

accessible option for enhancing the performances of SACs is the development of a highly 

absorptive ultra-black non-selective coating [95]. In order to continue with a further progress of 

this technologies in terms of solar-thermal conversion efficiency, research on concentrated solar 

energy at laboratory-scale can be an excellent alternative for SAC assessments. 

2.3 Calorimetric test bench 
The solar energy performances of a CSP system depends mainly on the ability to convert 

concentrated solar irradiance into thermal power carried by the heat transfer fluid (HTF) such as 

liquids or gases. Therefore, a fundamental research subject in CSP applications is the improvement 

of the radiative-to-heat transfer performances and optimal service life of SACs [96]. The thermal 

functionality of SACs is strongly dependent on their optical-thermal properties, which are aged by 

cyclic thermal loads, causing physical chemical degradation. In order to perform solar thermal 

research with SACs, a well-controlled laboratory environment needs to be developed. 

Methods for evaluating the degradation-resistance of SACs and the mechanisms that accelerate 

the aging have been developed based on heat treatments in ovens at high temperatures and also 

with high flux solar furnaces for producing thermal shocks. The drawback of thermal treatments 

in ovens is the unrealistic conditions for a proper photo-thermal conversion at high solar flux. In 

the case of solar furnaces, the main advantage is the real condition of concentrated solar irradiance 

for conducting suitable outdoor solar investigations. Nevertheless, the solar resource is hourly 
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dependent and is also conditioned by the weather. Moreover, solar furnaces require of a large space 

and involve high costs [30]. 

One of the particular objectives of this PhD project is the development of an experimental platform 

for solar thermal research that include the construction of a HFSS. A solar simulator offers the 

advantage of controlled and continuous high flux levels without weather constrains. For the 

assessment of selective and non-selective SACs, the development of a test bench is proposed in 

order to accomplish this assignment. The calorimetric test bench based on the calorimetric 

measuring principle is coupled with the HFSS, which is used as the radiative flux input. 

In CSP research, a calorimeter is a practical instrument for measuring the concentrated solar 

irradiance and thermal power at the concentrator focal plane [97]. In typical calorimeters, the 

concentrated solar flux is intercepted, absorbed and converted into heat by the solar receiver. 

Subsequently, the heat is transferred through a thin wall by conduction. Lastly, the heat is taken 

away by an HTF by forced convection. By measuring the inlet and outlet temperature of the HTF 

and calculating the energy balance, the thermal power incident over the receiver can be quantified 

[59]. 

Theoretical analyses developed in the 60’s have clearly explained the heat transfer process when 

a flat plate heat exchanger is coupled to solar concentrators of PDC and PTC [98,99]. Currently, 

flat-plate calorimeters have been developed to characterize the radiative flux performances of CSP 

systems by using copper as the absorber receiver, which is covered with a solar absorber coating. 

In the published literature, calorimetric efficiencies have been reported up to 90%.  

Unlike flat-plate calorimeters, cavity calorimeters are enclosures designed with an orifice by which 

the radiation enters through, and then, radiation is absorbed by the cavity wall [100]. Commonly, 

absorber coatings are applied (black matte paints) inside the cavity in order to achieve high 

apparent absorptivity [77]. For instance, a high flux conical cavity calorimeter was developed at 

the DLR Solar Research Institute for purposes of characterizing the DLR Solar Furnace [100].  

Table 1 shows some of the calorimeters reported in the literature that have been implemented in 

solar-thermal applications. 
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Table 2.1. Overview of calorimeters for the characterization of solar-thermal technologies. 

Institute Calorimeter 
Type 

Calorimeter 
body 

Material of 
receiver 

Aperture 
diameter 

(mm) 

Incident flux / 
power Measuring campaign of 

Institute of 
Solar 
Research 
(DLR) 

Conical cavity Copper Copper 20 5000 kW/m2 / 
382W 

High solar flux of the 
DLR Solar Furnace 

[100]. 

IER-UNAM Conical cavity Stainless 
steel-Copper Copper 32.4 1162 kW/m2 / 

958W 

Thermal power of a 
CSP device DEFRAC 

[101]. 

IER-UNAM Flat plate Stainless 
steel Copper 90 50.9 kW/m2 / 

324W 

Concentrated energy of 
the DEFRAC system 

[102]. 

Stellenbosch 
University Flat plate Nylon PA6C Copper 90 - / 931W 

Performance of small-
scale heliostat field 

[103]. 

Indian 
Institute of 
Technology 

Hyperboloidal 
cavity Copper Copper 20 850 kW/m2 / 

267W 

Concentrated solar 
thermal systems in arid 

deserts [104]. 

In this study, a flat plate calorimeter-based test bench is proposed for the flux absorption efficiency 

assessment of different SACs along with the HFSS as the concentrated light source. The main 

characteristic of the proposed calorimeter design is the possibility to remove its active area 

(absorber element) as an interchangeable cartridge. With this approach, the absorption efficiency 

can be evaluated and compared by inserting different selective and non-selective SACs in the test 

bench. Besides, indoor testing under the same conditions of controlled irradiance level, room 

temperature and mass flow rate of the HTF can be accomplished. Accordingly, the performances 

of suitable materials for its usage in SHIP can be effectively determined. Furthermore, new low-

cost, environmentally friendly SACs can be experimentally evaluated and compared with 

commercial coatings for a further progress in the development of this solar technology. 
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Chapter 3. Development and characterization of the high flux solar 

simulator 
In this Chapter, the development of the proposed high flux solar simulator is presented. First, the 

optical design of the system is numerically analyzed through the use of the Monte Carlo ray-tracing 

(MCRT) method. Subsequently, the construction of the optical system, the main components, as 

well as the acquisition and control systems are described. Finally, the flux characterization of 

individual lamp-reflector units is carried out by means of the indirect flux mapping technique. In 

addition, a heat flux experiment is conducted in order to demonstrate the thermal capability that 

the solar simulator can achieve with a characterized material. 

3.1 Optical design and physical model 

3.1.1 Light source 
High intensity discharge arc lamps of xenon and metal halides (MH) are widely used light sources 

in both HFSSs and LFSSs, due to the fact that this type of lamps offer the best approximation to 

the natural sunlight at high output power [30]. Some of the advantages and disadvantages that both 

of the lamps provide have been explained in Chapter 2. In this study, xenon short-arc lamps were 

selected as the light source on the grounds that the spectral output of this high-discharge arc lamp 

is quite comparable to that of the terrestrial solar irradiation with AM1.5, see Fig. 2.3 [49]. 

Moreover, the plasma ball coming from the cathode (arc light) can be approximated to an ideal 

point source for practical effects, due to the smaller electrode gap of the lamp. Accordingly, a more 

defined Gaussian flux distribution can be achieved, which is useful in point-focusing CSP 

applications. Therefore, an ozone-free xenon short arc lamp (XBO®2500W/HS) was chosen for 

the HFSS design. On the one hand, the spectral distribution of the xenon lamps does not match the 

solar terrestrial spectrum effectively. On the other hand, solar receivers in CSP applications are 

design to absorb as much concentrated solar flux as possible in the wavelength range of 300-2500 

nm for producing thermal energy. As the research purposes of this study are addressed to achieve 

high temperature levels for heat production, similar to CSP systems, the mean radiative flux on 

the target plays a major role regardless of the wavelength dependence. Therefore, an accurate 

matching with the solar spectrum is not as significant as the flux intensity [30]. 
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3.1.2 Reflector design 
In this study, truncated ellipsoidal reflectors were selected for concentrating the radiative energy 

coming from the xenon lamps on a focal flux spot of approximately 100 mm with a focal distance 

of 2000 mm. Fig. 3.1a shows the ellipsoidal reflector model with the main design parameters, and 

the Fig. 3.1b shows the xenon lamp model, having 5.5 mm electrode gap and 60 mm bulb diameter. 

From Fig. 3.1a, 2c is the distance between the focal points 𝑓1 and 𝑓2 (focal length); 𝛼𝑐 is the 

truncation angle subtended by the internal radius (𝑅𝑖𝑛) of the ellipse to the point source disposed 

in the focus 𝑓1 on the optical axis. The length from the focus 𝑓1 to the internal cut radius, along the 

optical axis, is described as 𝑙𝑐𝑢𝑡. The distance from the second focus 𝑓2 to the edge of the 

concentrator through the optical axis is given by 𝐷𝑎𝑥𝑖𝑠. Geometrical associations between these 

design parameters are described in Equations 3.1-3.5. 

 𝑡𝑎𝑛(𝛼𝑐) =
𝑅𝑖𝑛

𝑙𝑐𝑢𝑡
 (3.1) 

 𝐷𝑎𝑥𝑖𝑠 = 2𝑐 − 𝑙𝑐𝑢𝑡 (3.2) 

 
𝑐 =

𝐷𝑎𝑥𝑖𝑠

2
+

1
𝑒2 − 1

[ 
𝐷𝑎𝑥𝑖𝑠

2
(1 + 𝑒2) − 𝑒√𝐷𝑎𝑥𝑖𝑠

2 + 𝑅𝑖𝑛
2 ] 

(3.3) 

 𝑎 =
𝑐
𝑒

 (3.4) 

 𝑏 = √𝑎2 − 𝑐2 (3.5) 

 
Fig. 3.1. a) Truncated ellipsoidal reflector model with the main design parameters; b) xenon arc 

lamp model presenting an electrode gap of 5.5 mm (units in millimeters). 
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First, to ensure enough space between the optical system and the focal plane, and according to 

restrictions of our application requirements, a distance of 2000 mm (2c) was chosen as the focal 

distance (see Fig. 3.1a). Then, the maximization of the source-to-target radiative transfer efficiency 

η was assessed by modifying the truncation angle 𝛼𝑐 and the truncation radius 𝑅𝑖𝑛 in the range of 

25-75° and 175-325 mm, respectively. Furthermore, different values of the eccentricity e were 

analyzed in the same ranges for determining the optimum design, which results are presented in 

Section 3.4. 

For the transfer efficiency analysis (Eq. (2.2)), the radiative output energy 𝑄𝑠 generated by the arc 

emitter is typically estimated to be approximately 60% of the total electric power input [49]. This 

is due to the imperfect electrical to radiative conversion, power losses in the form of heat and 

energy consumption of the power electronic components. Taking a more conservative value of 

50% from the nominal input power (2.5 kWe), the radiative output power 𝑄𝑠 was established for 

considering degradation losses and adding a safety factor into the design accuracy. 

3.1.3 Solar simulator array 
For the HFSS assembly, 7 xenon arc lamps were implemented in a matrix arrangement positioned 

onto a virtual sphere with a radius of 1846 mm measured from the center of the sphere (focal plane) 

to the truncation of the reflectors 𝐷𝑎𝑥𝑖𝑠 as depicted in Fig. 3.2. This matrix array is comprised of 2 

lamps in the upper row, 3 lamps in the middle row and 2 lamps in the lower row, and all the lamp-

reflector units share a common focus 𝑓2 for increasing the heat flux density on the focal plane. In 

this configuration, the central lamp-reflector unit (1) is placed in the origin of the coordinate system 

and the radiative flux is concentrated towards the positive direction of the z axis. This lamp-

reflector unit forms an angle with the normal of the target of about 19.46° (yz plane). In this form, 

a high resolution camera can be installed with its optical axis perpendicular to the target surface in 

order to apply the indirect flux mapping technique for characterization. This configuration allows 

to add 2 more lamps for achieving higher flux levels (if necessary), one on the upper section of the 

middle column and the other one on the lower section, forming a 3x3 matrix. Moreover, this lamp 

array offers the possibility to introduce different shutter curtain (SC) designs for adjusting the 

irradiance level and, as a consequence, obtaining different ranges of temperature. The integration 

and designs of SCs will be explained in detail in Chapter 4. 
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Fig. 3.2. Layout of the seven lamp high flux solar simulator assembled in a matrix array: a) front 

view; b) lateral view. 

3.2 Ray-tracing analysis 
An important and valuable tool for conducting the optical design of CSP systems and solar 

simulators is the Monte Carlo ray tracing (MCRT) technique, which offers assistance for 

enhancing optical modeling by allowing the selection of suitable design parameters [105]. In this 

study, the commercial software TracePro® (Lambda Research) is used for the optical design and 

the analysis of complex 3D geometries [106]. The software SolidWorks® was used to generate the 

computer-aided design (CAD) files of the lamp-reflector units and the solar simulator structure. 

Then, the designs were imported into TracePro for the ray-tracing analysis. 

TracePro reports optical phenomena such as: light absorption, specular reflection, refraction, 

diffraction, and radiation scattering by following the radiative flux related with each ray. In the 

ray-tracing technique, the interaction between a light beam and a specular surface can be described 

by the Bidirectional Reflectance Distribution Function (BRDF), and it is defined as the scattered 

radiance per unit incident irradiance, and is described by Eq. (3.6) [107]: 

 𝐵𝑅𝐷𝐹(𝜃𝑖, 𝜑𝑖, 𝜃𝑟, 𝜑𝑟) =
𝑑𝐿𝑟(𝜃𝑟, 𝜑𝑟)
𝑑𝐸𝑖(𝜃𝑖, 𝜑𝑖)

 
(3.6) 

where 𝑑𝐿𝑟(𝜃𝑟, 𝜑𝑟) is the unit of radiant energy per unit of solid angle 𝑑𝛺𝑖 (W m2sr⁄ ); the 

irradiance 𝑑𝐸𝑖(𝜃𝑖, 𝜑𝑖) is the incident power flux density per unit area (W m2⁄ ). The angles 

𝜃𝑖, 𝜑𝑖, 𝜃𝑟, 𝜑𝑟 are the polar and azimuth incident angles and polar and azimuth reflected angles, 
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respectively, as depicted in Fig. 3.3a. The BRDF model is independent of the incident direction. 

This refers to the fact that reflectance function only depends on the difference between the specular 

and diffuse reflection direction (scattering by rough surfaces). Fig. 3.3b shows the representation 

of the BRDF function of a reflective surface; 𝛽0  is the projection of the unit vector 𝑣0 in the 

specular direction; 𝛽 is the projection of the unit vector  𝑣 in the scattering direction; the magnitude 

|𝛽 − 𝛽0| is the BRDF argument. Here, 𝛽 and 𝛽0 are vectors with values less than or equal to 1. 

This method offers an excellent model of the behavior of optical surfaces such as specular and 

diffusing surfaces. 

 

Fig. 3.3 a) Radiation reflection behavior determined by the BRDF function; b) scatter of a light 

beam describing the BRDF function. 

The BRDF model used in TracePro is called the ABg model, which is a quasi-inverse-power-law 

model, described by the Eq. (3.7): 

 𝐵𝑅𝐷𝐹 =
𝐴

𝐵 + |𝛽 − 𝛽0|
𝑔 (3.7) 

In this function, A, B and g are fit parameters describing the angular shape of scattering based on 

the optical surface properties. B must be greater than zero; otherwise, g must be zero. If g is zero, 

the surface becomes a Lambertian surface. The total reflectance TR is given by the integral of the 

BRDF function over all angles as shown in Eq. (3.8): 

 

𝑇𝑅 = ∬ 𝐵𝑅𝐷𝐹(𝜃𝑖, 𝜑𝑖, 𝜃𝑟, 𝜑𝑟) 𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃 𝑑𝜃𝑑𝜑

2𝜋 𝜋2

0 0

 

(3.8) 
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Where 𝜃 and 𝜑 are angles referred to the normal vector of the surface under analysis. The sum of 

the absorptance, specular reflectance and diffuse reflectance for the incident irradiation on the 

receiver surface must be equal to unity according to the law of energy conservation. 

In the determination of the BRDF, optical surface properties of the reflector were established 

according to the values of A= 0.018, B= 0.015 and g= 2, which are the parameters typically used 

in specular surfaces [106]. Therefore, the parabolic reflector surface was configured with a 

specular reflectance coefficient of 94.86%, absorptance of 5%, and BRDF of 0.14%. This specular 

reflectance value is selected in order to estimate the maximum possible performance of the solar 

simulator when a high reflective coating layer is applied over the surface of the concentrators. In 

addition, the specular reflectance will be established based on the reflectance measured on the 

concentrators for a proper comparison with the model. 

In previous studies, the emitter arc of the high intensity discharge arc lamps was considered as a 

cylinder with a diffusely and uniformly distributed light emission [108]. In this study, a cylindrical 

shape arc emitter was modeled with a radius of 𝑟𝑐𝑦𝑙 = 2.3 mm and length of 𝑙𝑐𝑦𝑙 = 5 mm, the same 

length as the electrode gap showed in Fig. 3.1b. The cylindrical light source was positioned at the 

focal point 𝑓1 inside the reflector, along the optical axis of symmetry. Results are presented in 

section 3.4.  

3.3 Characterization methodology of the HFSS 

3.3.1 Indirect flux mapping technique 
In order to carry out the characterization of the HFSS the indirect flux mapping method was 

employed through the use of a high resolution camera and a flat target plate, which diffusely 

reflects the concentrated irradiance. First, pictures of the flux spot incident on the flat plate are 

captured, and measurements with a heat flux gauge are taken as well. Subsequently, by relating 

the pixel intensity level (grayscale) of the images with the radiative flux values, the mapping of 

the irradiance distribution over the target can be calculated [43,50,69]. The processing data of 

recorded images is performed by using the software MATLAB. This technique is used to obtain 

the spatial information of the radiative flux, as well as the total radiative power intercepted by the 

target. Furthermore, it is used to corroborate that the Gaussian flux distribution does not present 

irregularities such as undesirable peaks. 
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Fig. 3.4a shows the experimental configuration of the flux mapping method by taking radiative 

flux measurements for each radiation unit individually. A water-cooled Gardon type radiometer 

was employed to take irradiance flux measurements at the HFSS’s focal plane, as shown in Fig. 

3.4b. The TG1000-0 sensor, manufactured, calibrated and certificated by the Vatell company, can 

measure heat flux densities of up to 1.08 MW/m2 with a calibration constant of 108.2 kW/m2/mV 

and accuracy of ±3% [109]. The measured heat flux is proportional to the temperature difference 

between the center and the foil disk circumference (constantan), which is bonded to a cylindrical 

heat sink (made of copper). Previous studies have shown that Gardon gauges of this type may 

exhibit calibration errors when are used for measuring concentrated natural or simulated sunlight, 

specially up to 3500 kW/m2, due to differences in the calibration blackbody source [110]. In this 

context, a comparison of the in-house calibration performed by CIEMAT and that of Vatell for 

concentrated solar irradiance measurements has shown an error agreement within the 3.6% for 

both calibrations [72,111]. Consequently, the sensor scale factor provided by Vatell is considered 

accurate enough for concentrated flux measurements in this study. 

 

Fig. 3.4. a) Experimental setup of the indirect flux mapping method; b) heat flux sensor embedded 

on a flat target plate for generating the flux mapping. 

A CR1000 data logger, ±0.06% analog voltage accuracy, from Campbell Scientific, was utilized 

to measure the output signal of the heat flux gauge. This flux gauge works by the principle of the 

thermopile that transmits a voltage signal proportional to the flux density over the sensor. In the 

data logger, this voltage signal is converted into kW/m2 by means of the calibration factor 

provided by the manufacturer. Furthermore, a 406.4 × 406.4 mm AA-6061-T651 aluminum plate, 
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with 12.7 mm thickness, was used as a Lambertian target to record images of the flux spot 

concentrated over its surface. This plate was covered with a high temperature resistant white matte 

commercial coating (650 °C), Comex® [112] for diffusely reflecting the light concentrated on the 

target, and was combined with the Gardon gauge for taking flux measurements. A three-axes 

dynamic test bench with displacing error of ±1 mm was utilized to displace the target for taking 

measurements with the heat flux sensor. 

A CCD camera, Allied Vision AVT-MK5054, 12-bit depth, with 1292×964 pixel resolution, was 

used to capture images of the concentrated flux on the target. In order to attenuate the bright of the 

concentrated light for avoiding saturation, the camera was set with an HR Varifocal Zoom Lens 

½”, and filters for this purpose. The camera was located with its optical axis parallel to the normal 

of the target, 2240 mm in front of it, avoiding perspective corrections for this position, see Fig. 

3.4a. The sensor cell of the CCD camera has dimensions of 3.75 µm x 3.75 µm giving a target 

resolution of 0.4 mm at the focal plane. The camera was set in monochrome mode with an average 

exposition time between 20-40 ms, depending on the peak flux level of the lamp-reflector unit 

under characterization. In this way, the grayscale value is kept at 78% of the maximum level (255) 

for capturing the flux spot of the 7 lamps separately and avoiding overexposure. To calculate the 

flux maps, 30 images per flux map were recorded and averaged for obtaining a more accurate flux 

characterization, as reported in [113]. The images were taken after the lamps reached steady output 

for avoiding flux fluctuations (≥10 minutes). The dark current was also measured by recording 

unexposed images, and was subtracted from the averaged grayscale image. The grayscale image, 

which is the base of the flux map, was obtained with Eq. (3.9); where 𝑃𝑖𝑥(𝑖,𝑗) is the averaged 

grayscale pixel value in the (i,j) position; 𝑝𝑖𝑥𝑖,𝑗 is the grayscale value from the 𝑛𝑡ℎ image; N is the 

number of recorded images; and 𝐼𝑑𝑎𝑟𝑘 is the dark current. 

 
𝑃𝑖𝑥(𝑖,𝑗) = [

1
𝑁

∑ 𝑝𝑖𝑥𝑖,𝑗

𝑁

𝑛=1

] − 𝐼𝑑𝑎𝑟𝑘 
(3.9) 

By relating the intensity level of pixels and the measured radiative flux, the flux maps were 

obtained implementing the Eq. (3.10); where 𝑄(𝑖,𝑗) is the radiative flux on the target, 𝑞(𝑥,𝑦) is the 

flux measured in the focal plane,  𝑃𝑖𝑥(𝑖,𝑗) is obtained from Eq. (3.9) and 𝑀𝑝𝑖𝑥 is the maximum 

grayscale pixel value in the averaged image. 
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 𝑄(𝑖,𝑗) =
1

𝑀𝑝𝑖𝑥
∑ ∑ 𝑞(𝑥,𝑦) ∗ 𝑃𝑖𝑥(𝑖,𝑗)

𝑗

1

𝑖

1
 

(3.10) 

By quantifying the flux distribution on the target, the mean flux can be obtained and then used to 

calculate the electrical to radiative conversion efficiency described by the Eq. (3.11) [30]; where 

𝑞 is the mean radiative flux, 𝐴𝑡𝑔 is the flux spot area on the target and their multiplication provides 

the intercepted radiative power; 𝐼𝑙𝑎𝑚𝑝 and 𝑉𝑙𝑎𝑚𝑝 are the electric current and voltage that energize 

the lamps (2.5 kWe per lamp). 

 
𝜂𝑒𝑙𝑐 =

𝑞 ∗ 𝐴𝑡𝑔

𝐼𝑙𝑎𝑚𝑝 ∗ 𝑉𝑙𝑎𝑚𝑝
 

(3.11) 

In this study, each of the radiation units (lamp-reflector units) is characterized individually and the 

total flux map is presented as the algebraic sum (superposition) of the individual flux maps. The 

reason for adopting this approach is that the target plate is not water-cooled, so it can reach high 

temperature levels when more than one radiation unit is used simultaneously. This can lead to the 

emission of radiation, introducing more uncertainties in the measurements. This superposing flux 

mapping approach has been widely reported and validated with an agreement of 99.97% [50,108]. 

The validation of this assumption (radiative flux additivity) will be reported in Section 3.5.2.1. 

3.3.2 Uncertainty analysis 
In order to ensure high accuracy in the implemented flux measurement technique, an uncertainty 

analysis was conducted for this purpose. For flux mapping calculation, there are three main error 

sources to take into consideration; the target properties, the heat flux gauge accuracy, and the 

camera resolution. Typically, spatial errors associated with the target properties are mainly due to 

the unevenness of the surface, the applied reflective coating, as well as the alignment of the target. 

Then, the non-uniformity of the reflected light can introduce uncertainties caused by different view 

angles. In this study, the view angle of the diffusively reflecting flat target plate is considered 

relative to the view angle of the camera, because the camera is installed with the normal of its 

sensor parallel to the normal of the plate. Therefore, errors due to the view angle are not considered. 

On the other hand, the displacement of the linear bench along the horizontal (±1 mm) and vertical 

length (±1 mm)  for a target movement within 200 mm introduces an alignment error of 1% for 

both vertical and horizontal displacements. Therefore, the error for the target alignment is 

estimated in 2%. 
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The Gardon sensor has an accuracy of ±3% provided by the manufacturer Vatell. As 

aforementioned, a comparison of the in-house calibration performed by CIEMAT and that of 

Vatell for concentrated solar irradiance measurements has shown an error agreement within the 

3.6% for both calibrations, as discussed in [72,111]. Therefore, the sensor scale factor of ±3% is 

considered for the flux measurements in this study. 

The CCD camera was calibrated taking into account the optics and exposition times, so; neither 

glints nor random reflected beams were observed. Hence, for the applied optical filters and lens, it 

is assumed that the spatial relation from pixels to millimeters is not affected as long as the light 

entering the camera sensor arrives approximately parallel to the normal of the optics surface [108]. 

Furthermore, both the intrinsic noise of the camera sensor (chip temperature) and the light not 

delivered by the lamps are removed by taking into consideration the dark current, as explained in 

Eq. (3.9). Moreover, to ensure a linear chip response, flux measurements were taken at different 

locations of the flux spot and were compared with the pixel intensity levels for the same exposition 

time. Fig. 3.5 shows the comparison between radiative flux measurements and grayscale values 

presenting an agreement within an average error of 1.5% for a peak flux level of 420 kW/m2. In 

addition, the non-uniformity of the flux distribution, caused by flux oscillations and transient 

change of light, is reduced by taking a large number of images of the brightness spot on the plate, 

as explained in section 3.3.1 [113]. However, a non-uniformity error of 1.2% was estimated 

because the discretization of the active area of the sensor (25.4 mm) influences the conversion of 

the pixels into flux intercepted by the target over the analyzed area. 

The known dimensions of the target plate and the Gardon sensor introduce uncertainties when they 

are related to the digital image for generating the coordinate system for the flux mapping. 

Accordingly, the scale factor error for the target area was calculated by analyzing the nominal 

distance of interest to the pixel size of an enlarged control image [114]. In this study, a line of 200 

mm represents the nominal distance with uncertainty of ±1 mm, leading to a relative error of 0.5%. 

Taking into account the horizontal and vertical axes, the total relative error leads to 1%. Besides, 

the pixel error for the scale factor is estimated in ±0.5 pixel, and the nominal distance is covered 

by 377 pixels, resulting in a relative error of 0.13%. Therefore, the total relative error is estimated 

in 0.26%. By combining the error propagation, the scale factor error is estimated in 1%. Table 3.1 
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depicts the main sources of errors and the total error propagation calculated by the square root of 

the sum of the squares of the relative errors [115]. 

 

Fig. 3.5. Comparison between the flux measurements taken with the Gardon gauge and the 

grayscale values obtained by calibrating the CCD camera. 

Table 3.1 Error sources introduced in the characterization technique. 
Error source Errors introduced in the flux mapping 

Target properties and alignment 2% 

Heat flux measurements 3% 

CCD camera:  

     Linearity 1.5% 

     Uniformity 1.2% 

     Scale factor for the target area 1% 

Total 4.4% 

3.3.3 Thermal analysis 
Since the solar simulator is intended for use in low-to-medium and medium-to-high temperature 

applications, a temperature experiment was conducted by implementing only the central radiation 

unit for demonstrating the attainable thermal capability with a high temperature commercial paint. 

The testing material, a 12.7×304.8×304.8 mm carbon steel plate positioned at the focal point, was 

covered with a high temperature resistant (650 °C) black matte paint, Comex®
 [116]. Furthermore, 

an OPT-PI400, 382×288 pixel resolution, thermographic camera by Optris®, was utilized to 

measure the heat distribution. The IR camera was calibrated in advance by setting the emissivity 

of the material under analysis. Measurements on the testing plate were taken with calibrated Type-
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K thermocouples (0.75% error) and served as a reference to adjust the configuration of the camera. 

Flux measurements from the Gardon gauge were also used for calibration due to the fact that 

thermal radiation from the bulb could introduce uncertainties to the measurements with the 

thermographic camera. It was noticed that when the lamp is turn off after the experimentation time 

the flux drops quickly from 200±6 to 40±1.2 kW/m2 in 5 s approximately, and stops completely 

after 80 s. In that interval, an average flux of 2.5±0.1 kW/m2 was measured, representing the heat 

emitted by the bulb and electrodes. This represents the 1.25% of the total radiative flux; so, the 

thermal contributions of the light source elements are quite low. Therefore, the calibration factor 

of the camera was estimated in 1.5%, by taking the square root of the sum of the squares of 

individual uncertainties. The thermographic camera was located 2000 mm in front of the carbon 

steel plate. 

3.4 Results and discussions 

3.4.1 Ray quantity dependence 
A ray-tracing analysis was carried out to estimate the proper ray number to provide not only 

sufficient accuracy but also minimum calculation cost. The ray quantity dependence analysis was 

performed by tracing rays for a single lamp-reflector unit in a range from 0.1𝑥106 rays to 4𝑥106 

rays. Fig. 3.6a shows the normalized flux distribution obtained with the different quantity of 

launched rays. It can be appreciated that a high degree of convergence is reached after 1𝑥106 rays. 

However, the computational cost increases considerably when using a ray number up to 4𝑥106. 

Considering 4 million of rays as the best option, the relative error was calculated to determine the 

amount of rays that confers accuracy to the model and at the same time a fast convergence solution. 

From Fig. 3.6b it can be seen that the relative error is already within 2.5% for 2𝑥106 rays, so the 

accuracy improvement by increasing the ray number from 2𝑥106 rays to 4𝑥106 rays is very 

limited. Furthermore, considering that the solar simulator design counts with 7 lamps, a high 

number of rays would involve a relatively high computational cost. Therefore, the simulations 

were run with 2𝑥106 rays per lamp, which can offer a good balance in accuracy and computational 

cost. 
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Fig. 3.6. a) convergence of the ray-tracing analysis when the number of rays is increased from 

0.1𝒙𝟏𝟎𝟔 to 4𝒙𝟏𝟎𝟔 rays; b) relative error with respect to the best option of 4𝒙𝟏𝟎𝟔 rays. 

3.4.2 Analysis of the lamp-reflector design 
Fig. 3.7a shows the variation of the eccentricity e as a function of the truncation angle 𝛼𝑐 in a range 

of 25-75°, for different truncation radii 𝑅𝑖𝑛 in a range of 175-325 mm. It can be observed that the 

lower the truncation angle and radius, the higher the eccentricity, reaching an eccentricity of 0.976 

for angle and radius of 25° and 175mm, respectively. By increasing the truncation angle for a fixed 

truncation radius, the eccentricity presents an almost linear reduction until reaching the lowest 

value of 0.877 within the analyzed ranges. Fig. 3.7b shows the different estimated values of 

radiative transfer efficiency η as a function of the truncation angle and the truncation radius. It can 

be appreciated that an increment in transfer efficiency occurs between 25-55° for all truncation 

radii, and above this range, the efficiency is reduced. Furthermore, it can be seen that lower values 

of transfer efficiency are obtained with lower truncation radii. As reported in [29], having a low 

eccentricity of the ellipse, a short focal length, as well as large concentrator’s diameter and large 

truncation angle, higher radiative transfer can be achieved, although, at the expense of having less 

surface area for reflecting more light beams. Consequently, a trade-off has to be made between the 

radiant energy intercepted by the reflector surface and the flux at the target. One reason for not 

obtaining higher transfer efficiencies with a larger truncation radius could be that the focal length 

was established at 2000 mm as the first design parameter, generating a restriction for the other 

parameters. Based on the sensitivity flux analysis, an ellipsoidal concentrator with truncation angle 

𝛼𝑐 = 55°, truncation radius 𝑅𝑖𝑛 = 275 mm, eccentricity e of 0.918, semi-major and minor axes 
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of 1082.25 mm and 413 mm, respectively and concentrator height of 274 mm, were selected in 

order to achieve the highest transfer efficiency of η = 42%. Fig. 3.8a shows the CAD design of the 

truncated ellipsoidal reflector selected from the ray-tracing analysis and Fig. 3.8b shows the HFSS 

designed with seven lamp-reflector units, a movable testing bench, and a shutter for regulating the 

level of the concentrated flux delivered onto the target. The implementation of the shutter will be 

explained in detail in Chapter 4. 

 

Fig. 3.7. Analysis of the ellipsoidal reflector design as a function of the truncation angle 𝛂𝐜 and 

truncation radius 𝐑𝐢𝐧 : a) analysis of eccentricity; b) analysis of transfer efficiency. 

 

Fig 3.8. a) Layout of the ellipsoidal concentrators designed with the MCRT method (units in 

millimeters); b) complete HFSS design along with the shutter and the test bench. 
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3.4.3 Analysis of the flux characteristics of the HFSS design 
As aforementioned, the optical performances of the designed HFSS were carried out with the aid 

of the software TracePro by launching 2 million of rays per run for a single lamp and configuring 

the reflectivity factor at 94% in order to determine the maximum achievable performance. Fig. 3.9 

shows the flux distributions estimated with the ray-tracing analysis for each individual lamp. Fig. 

3.9a describes the flux distribution of the central lamp, defined as the number 1, see Fig. 3.2. This 

radiation unit reaches a theoretical peak flux of about 254 kW/m2 with a radiative power of 820 

W over a target diameter of 120 mm. The lamp-reflector unit number 6 (Fig. 3.9f) reaches the 

highest peak flux of up to 258 kW/m2 with an incident power over the target of about 833 W. 

Units number 2, 3, 4, 5, and 7 reach theoretical flux peaks of 215, 219, 243, 244, and 257 kW/m2, 

shown in Fig. 3.9b, c, d, e, and g, respectively. The algebraic sum of the individual flux peaks and 

the radiative power are estimated as 1690 kW/m2 and 5857 W, respectively. 

Fig. 3.10a shows the predicted flux distribution when all the 7 lamp-reflector units are modeled 

and Fig. 3.10b shows the flux profiles of the vertical and horizontal distribution over the target. 

Accordingly, the estimated peak flux reaches 1690 kW/m2 and a total power of 5858 W over a 

target diameter of 120 mm. In order to reduce the computational cost, the ray number was set to 

1.5𝑥106 rays per lamp when the 7 lamps were analyzed together (Fig. 3.10). The relative error 

between the algebraic sum of the individual radiation units and the total peak flux predicted with 

the 7 lamps together is about 0% for the peak flux and 0.02% for the intercepted power. This 

outcome implies that either a ray number of 1.5𝑥106 or the algebraic sum of the radiative flux per 

lamp can be applied when the system is analyzed with all the lamps together (additive assumption). 

By applying the Eq. (3.11), the theoretical electrical-to-radiative conversion efficiency is estimated 

as 33.5% for the designed HFSS. 
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Fig. 3.9. Predicted flux maps of the lamp-reflector units: a) unit 1 (central); b) unit 2; c) unit 3; d) 

unit 4; e) unit 5; f) unit 6; g) unit 7. 
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Fig. 3.10. a) Total radiative flux distribution with a peak of 1690 𝐤𝐖/𝐦𝟐 on a target diameter of 

120 mm; b) Flux distribution profiles along the horizontal and vertical position over the target. 

3.5 Construction and characterization of the HFSS 

3.5.1 Construction  
The Centro de Investigaciones en Optica, A.C. (CIO), campus Aguascalientes, in collaboration 

with Solara Industries, S. A. of C. V., have designed and built a high flux solar simulator for solar-

thermal and thermochemical research. Fig. 3.11 shows this facility composed of seven xenon short 

arc lamps coupled with aluminum reflectors, a dynamic test bench, and a shutter curtain. This 

facility was installed at the Laboratorio de Innovación y Caracterización de Sistemas Termosolares 

y Fotovoltaicos (LICS-TF), in the solar-thermal laboratory. 

The HFSS utilizes 2.5 kWe xenon short arc lamps, ozone-free (XBO®2500 W/HS) with a bulb 

diameter of 60 mm and an electrode gap of 5.5 mm [117]. In order to power a single xenon arc 

lamp, an array of three lamp power supplies connected in parallel were implemented; where a rated 

input voltage of 220 VAC single phase per power supply was required. The rated output current 

and voltage that the power supply array can provide is about 90 A and 28 V, respectively, so 

achieving the electrical input power of 2.5 kWe per lamp. Furthermore, custom-made ellipsoidal 

reflectors have been fabricated by molded aluminum and have been polished on their internal 

surfaces to achieve high reflectivity. This particular lightweight reflector (~1 kg) offers high 

resistance to attrition and corrosion owing to its anodized finish. In order to cool the lamp-reflector 

units and prevent damage due to overheating, a set of 3 blowers were employed; 1 blower that 
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offers a rate of fresh air of up to 43 m3 hr⁄  and two blowers of 32 m3 hr⁄ . These blowers were 

connected to air distributors for dividing the mass flow rate of air to the lamp-reflector units 

equally. For security, the cooling system is turned on automatically when the lamps are triggered 

by the user. 

 

Fig. 3.11. a) Photograph of the 17.5 𝐤𝐖𝐞 HFSS developed at the optical research center (CIO, 

Spanish acronym); b) control panel and desktop PC for controlling and monitoring the HFSS. 

The structure that supports the lamp-reflector units is made of a 45 mm × 45 mm extruded-

anodized aluminum profile. The secondary support is fabricated with 50.8 mm × 50.8 mm RHS 

(Rectangular Hollow Sections) steel with epoxy paint finish. The supports of concentrators are 

based on of machined-anodized aluminum AA-6061. The supports of the bulbs are manufactured 

with machined steel D2 covered in black oxide, which is produced by the chemical oxidation of 

steel. Black oxide offers a dark layer that adds corrosion resistance and reduces light reflection. 

50.8 mm × 50.8 mm RHS steel was utilized to manufacture the 3-axes linear testing bench with 

epoxy paint finish. It is assembled by 45 mm × 45mm extruded aluminum profile anodized finish.  

The housing of the bench is a black sheet gauge 14, epoxy paint finish. The shutter is fabricated 

with a 50.8 mm × 50.8mm RHS steel structure epoxy paint finish. Besides, axes and supports of 

the shutter were manufactured with D2 machined steel, in a black oxide finish. Both, the bench 

and the shutter are depicted in Fig. 3.11a. The frame that contains the shutter is a 45 mm × 45 mm 
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extruded aluminum profile with an anodized finish and the slats are constructed with 1/8” steel 

plate gauge with a black oxide finish. 

The HFSS is installed inside an enclosure which consist in double sheetrock-based walls and 

concrete walls for housing the system and prevent damage to both, researchers and sophisticated 

equipment (high-discharge arc lamps). The enclosure is equipped with an air conditioning system 

and a ventilation system for regulating the temperature and extracting gases. Besides, a specialized 

electrical transformer box is installed behind the solar simulator for energizing the lamps. 

The solar simulator can be effectively controlled from the outside of the HFSS housing by means 

of a control panel and a desktop PC, as depicted in Fig. 3.11b. The desktop PC is utilized to control 

the system units (lamps, blowers) and acquiring experimental data (flux measurements). 

Furthermore, a control panel located above the PC is implemented to manually turn on the blowers 

with a control key and turn on-off the lamps of the solar simulator. In addition, a computer monitor 

is installed for observing the flux distribution delivered by the solar simulator on the samples under 

test, see Fig. 3.11b. For turning the lamps on-off, opening-closing the SC and displacing the 3-

axes linear bench, a data acquisition system was also developed based on National Instruments 

LabVIEW software with a NI-CompactDAQ-9178.  

Fig. 3.12a shows the control system of the lamps, blowers and the shutter curtain where the number 

of required lamps can be turned on-off and the SC can be activated. Moreover, a CR1000 data 

logger (Campbell Scientific), ±0.06% analog voltage accuracy, ±3 min. per year real-time clock 

accuracy, was employed for data storage and control of the measurement instruments such as the 

Gardon gauge. The software Loggernet was utilized for collecting flux and temperature data from 

the experiments, as well as for controlling the shutter and the linear bench, as depicted in Fig. 

3.12b. In this form, the flux gauge can be moved along the focal plane for taking measurements. 
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Fig. 3.12. a) Screenshot of the HFSS control system for turning the lamps on-off; b) control system 

for data storage and control of the linear bench.  

3.5.2 Characterization of the HFSS  
Once the solar simulator has been constructed, the reflectivity factor that the ellipsoidal reflectors 

provide was firstly measured with a UV–VIS-NIR Cary 5000 spectrophotometer, wavelength 

range of 175–3300 nm. Accordingly, an average reflectivity of approximatelly 80% was measured 

on the concentrator’s surface. This level of specular reflectivity is thought to be reasonable 

considering that a reflective coating layer was not applied. According to the publised literature, 

this kind of coating has a high risk for cracking and detachment from the surface due to the high 

thermal load [48]. In this study, claiming for benefits in durability and resistance, a polished solid 

aluminum concentrator was selected, which reflectance is sufficient to conduct the desired 

experimentation. It is also light-weight (facilitating manipulation) and offers great resistance to 

corrosion and overheating, making this concentrator a suitable option to performe high 

concentrated flux testing with low maintenance and high durability. 

In order to characterize the solar simulator, radiative flux measurements were taken with the heat 

flux gauge at the focal plane of the facility. Fig. 3.13a shows the maximum peak flux measured 

from each radiation unit individually in a lapse of 10 minutes (600 s). It can be observed that the 

measurements exhibit weak flux oscillations at the start-up of the lamps, which begin to stabilize 

after ~300 s, according to these results. These oscillations occur due to the reactions of the 

electrical discharge in the xenon gas and the stabilization of the power supply as well. After 7 

minutes, the lamps reach the 95% of the final output value, achieving a quite steady flux output 
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after this warm-up lapse. From Fig. 3.13a, it can be clearly observed that the radiation unit with 

the lowest peak flux is the unit #2, with a peak flux up to 152±7 kW/m2, followed by the unit #3 

with 170±7 kW/m2. This is thought to happen because lamps 2 and 3 are located at the upper row 

of the solar simulator array, so the tilt angle with respect to the normal of the Gardon sensor is 

larger compared with the rest of the lamps. This inclination produces a larger distribution of the 

concentrated irradiance over the target plane, reducing the peak flux and increasing the spot. The 

highest peak flux was achieved by the lamp-reflector unit #6 with a peak flux up to 211±9 kW/m2. 

From Fig. 3.13a, units 1, 4, 5 and 7 attained a peak flux of 210±9 kW/m2, 189±8 kW/m2, 200±9 

kW/m2 and 195±9 kW/m2, respectively. In addition, the temporal instability of the radiative 

output was analyzed for each of the radiative units. Fig. 3.13b shows flux measurements of the 

radiation unit #7 during a time of 3 minutes (180 s) at two different positions; at the focal point of 

195±9 kW/m2 and at 10 mm away from the peak (145±6 kW/m2). Measurements were taken 

each second after the lamps reached the steady output (720 seconds). It can be appreciated that the 

flux oscillations in the analyzed time are between 1-6.2 kW/m2. The temporal instability can be 

calculated by implementing the Eq. (3.12) described by:  

 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙 𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = |
(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛)
(𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛)

| × 100 

 

(3.12) 

where 𝐼𝑚𝑎𝑥 and 𝐼𝑚𝑖𝑛 are the maximum and minimum irradiance measured on the selected point  

during the nominated time [55]. Based on this equation, the temporal instability is within ≤2%. 

Furhermore, for all the 7 lamp-reflector units, similar instabilities were measured, observing that; 

the lower the radiative flux, the higher the flux instability. 
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Fig. 3.13. a) Peak flux measured for each of the 7 radiative units at the focal plane; b) flux 

measurements in a span of 180 s with the lamp 7 for analyzing temporal flux oscillations after the 

lamp reached the steady output (720 s after). 

3.5.2.1 Flux mapping technique 
Individually, the radiative flux distribution of the lamp-reflector units was measured with the 

Gardon gauge along the focal plane in steps of 5 mm over a diameter of 120 mm. Subsequently, 

the target plate was positioned for capturing photographs of the concentrated irradiance. The use 

of the AVT-MK5054 CCD camera and the diffusively reflecting flat target plate allowed to obtain 

the flux map in mm, in accordance with the description presented in Section 3.3.1. Fig. 3.14 shows 

the flux maps of the 7 lamp-reflector units over a target area of 200 mm x 200 mm. From this 

results, each of the 7 lamp-reflector units achieve a mean flux ranging from 62-65.6 kW/m2 with 

a radiative power between 701-742 W over a target diameter of 120 mm. Fig. 3.14b depicts the 

flux distribution with the lowest mean flux of about 62±3 kW/m2 and a total radiative power of 

701±30 W over a target diameter of 120 mm. As aforementioned, the effect of the incident angle 

with respect to the normal of the focal plane is a reduction of impinging peak energy due to the 

distribution of the flux. Accordingly, when the lamps 2 and 3 hits the target, the flux spot results 

in a more spread distribution, generating a elliptical-like shape, as shown by the Fig. 3.14b and 

3.14c, which is in accordance with the MCRT simulations (see Fig. 3.9b and 3.9c). The mean flux 

provided by the radiation units 1, 3, 4, 5, 6 and 7 are 65.4±2.8 kW/m2, 63.2±2.7 kW/m2, 65±3 

kW/m2, 65.2±2.8 kW/m2, 65.6±2.8 kW/m2 and 65.4±2.8 kW/m2, respectively. In order to 

ensure that the radiative power output of each lamp have good response to the ray-tracing results, 

the electrical imput power of each lamp was measured, observing that the 7 lamps are energyzed 
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with an electrical input power in a range of 2.1 to 2.3 kWe. Therefore, the total electrical input 

power is about 15.54 kWe, resulting in 88% of the maximum input power for energyzing the lamps. 

 

Fig. 3.14. Flux maps of the lamp-reflector units: a) unit 1 (central); b) unit 2; c) unit 3; d) unit 4; e) 

unit 5; f) unit 6; g) unit 7. 
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The flux maps obtained by the indirect flux mapping technique show quite similarity in distribution 

compared with the flux distributions predicted with the ray-tracing analysis, see Fig. 3.9. The main 

difference between simulations and measurements is clearly observed in the higher peak flux levels 

obtained by the MCRT method. This is attributed to the lower reflectivity factor offered by the 

manufactured concentrators of 80% compared to the 94% configured in the simulations.  

In order to analyze the level of agreement between simulations and measurements, the MCRT 

technique was implemented adjusting the reflectivity factor to 80%, similar to that exhibited 

physically by the concentrators. Table 3.2 shows the comparison between both simulations and 

experimental results having a reflectivity factor of 80%. It is worth mentioning that the electrical 

input power configured for simulations was adjusted with that of the electrical input power 

measured for energizing each of the lamps. Besides, the radiative power from the arc emitters was 

kept at 50% of the radiant power for simulations as explained in section 3.1.2.  

Table 3.2. Comparison of the radiative flux characteristics between simulations and experimental results with 
a reflectivity factor of 80%. 

Lamp 

reflector 

unit 

Measurements (80% 

reflectivity) 
Measured 

electric 

input power 

kWe 

Electrical-to-

radiative 

conversion 

efficiency 

𝜂𝑒−𝑟  (%) 

Simulations (80% 

reflectivity) Relative error 

between peak 

flux (%) Peak flux 

(kW/𝑚2) 
Power (W) 

Peak flux 

(kW/𝑚2) 
Power (W) 

1 210±9 740±32 2.25 32.8 209 725 0.5 

2 152±7 701±30 2.24 31.3 160 679 5 

3 170±7 715±31 2.2 32.5 162 680 5.8 

4 189±8 736±32 2.3 32 196 710 3.5 

5 200±9 738±32 2.15 34.3 198 710 1 

6 211±9 742±33 2.25 33 212 730 0.5 

7 195±9 740±32 2.15 34.4 211 725 7.5 

Total 1327±58 5112±226 15.54 32.9 1348 4959 
1.5% (from 

total) 
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From Table 3.2, it can be observed that the electrical to radiative conversion efficiency calculated 

with the Eq. (3.11) ranges from 31.3% to 34.4% over a target diameter of 120 mm, which is in 

accordance with simulations at 80% reflectivity. Furthermore, the peak flux in both, simulations 

(80% reflectivity) and experimental measurements have good agreement for lamp-reflector units 

1, 5, and 6 with a relative error within 0.5-1%. On the other hand, a disagreement occurs for the 

lamp-reflector units 2, 3, and 7, with a relative error in peak flux of about 5%, 5.8%, and 7.5%, 

respectively. The outcomes show that the peak flux of the lamp-reflector unit 2 is lower than 

simulations, while the intercepted power over the target diameter of 120 mm is higher in the same 

comparison. These inconsistencies are attributed to the fact that the radiative flux is focused on the 

target in such a way that the flux distribution has a higher level of concentrated energy in the 

middle and edges of the flux spot. This effect results in a lower peak flux, but with higher energy 

within the distribution area. This effect is observed in the lamp-reflector units 2, 4, and 7, where 

the peak flux is lower than the flux estimated by simulations, but the intercepted power is higher. 

Fig. 3.15 shows the comparison of the flux distribution profile measured and simulated with the 

lamp-reflector unit 1. It can be clearly seen that the predicted flux distribution has a wider peak 

flux than the measured flux has, between 0 to 15 mm in radius. It can also be seen that the measured 

radiative flux is slightly wider than the estimated flux at a target radius between 30 to 60 mm. The 

full width at half maximum (FWHM) defines the radial distance from the center (peak flux) to the 

point at which the distribution drops to half its maximum value. From Fig. 3.14 the half width was 

calculated from measurements and simulations, obtaining a distance of 32 mm and 26 mm, 

respectively. Based on these results, it can be inferred that, the larger the half width, the more the 

intercepted power for the same target diameter; effect observed for all the lamp-reflector units. In 

addition, the relative error was calculated for both flux distributions, obtaining an error of 13% for 

a target diameter of 120 mm, 9% for a diameter of 100 mm, 6% for 80 mm and a relative error of 

4% for a target diameter of 60 mm. 
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Fig. 3.15. Comparison between the experimental and theoretical flux distribution profile of the 

lamp-reflector unit 1 over a target diameter of 120 mm. 

Disagreements between predicted radiative flux properties and measurements can also be 

generated by manufacturing and mechanical installation of the optical system. In this context, one 

of the main causes of discrepancies of theoretical and experimental results for solar simulators is 

the optical alignment of the arc emitter inside the reflector [108,113]. The alignment of the bulb 

on the focal point of the ellipse 𝑓1 has a great influence in the final optical performance of the solar 

simulator. In order to align the whole radiative units with their flux spots onto the focal plane, the 

alignment of the central lamp-reflector unit (unit #1) is utilized for this purpose. Fig. 3.16a shows 

the flux distribution obtained with the radiation unit #1 when the bulb is moved (manually) 2±0.5 

mm away from the ideal position and Fig. 3.16b shows the flux distribution when the bulb is 

adjusted at the designed location of 𝑓1. As a result of the displacement of the bulb 2 mm from the 

focal point, the peak flux is reduced up to 162±7 kW/m2 (48 kW/m2 lower) and the intercepted 

power is also diminished up to 540±23 W (25% less power). It is worth mentioning that the 

alignment of the xenon lamps inside the reflectors was carried out manually, which implies that 

the optical performance of the solar simulator can be improved; for instance, by implementing a 

precisely alignment system driven by a stepping motor [64]. 
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Fig. 3.16. a) Flux distribution of the central radiation unit (#1) when the bulb is moved 2 mm away 

from the ideal position; b) flux distribution when the bulb is adjusted at the designed location. 

In order to demonstrate the additivity of the individual flux maps described in section 3.3.1, 

radiative flux measurements were taken with pairs of radiation units together and by 

superimposing flux maps of individual units. Table 3.3 depicts the comparison of radiative flux by 

measuring radiation units together and by summing two single radiation units. It can be observed 

that the flux reached with a pair of units leads to the same result by doing the algebraic sum. In 

addition, the relative error between the superposed and measured flux is within the repeatability 

of the implemented technique (95.6% bounds). Therefore, this results validate the implemented 

superposing flux mapping approach. 

Table 3.3 Comparison between the superposed and measured flux for the validation of the superposing flux 
mapping approach. 

Radiation units (#) Superimposing(𝐤𝐖/𝐦𝟐) Together (𝐤𝐖/𝐦𝟐) Error (%) 

1-7 405 410 1.24 

2-4 341 344 0.87 

5-6 406 411 1.22 

Fig. 3.17 shows the flux map produced by superimposing individual radiation unit measurements 

demonstrating the flux delivered on the focal plane when the 7 lamp-reflector units are employed. 

Fig. 3.17a depicts the map of the irradiance distribution over a target area with dimensions of 200 

mm x 200 mm, delivering a total peak flux of 1327±58 kW/m2. It can be observed that the flux 

distribution on the target is highly axisymmetric, which agrees with the results obtained from the 

ray-tracing analysis. Fig. 3.17b shows the horizontal and vertical flux distribution profiles over a 
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120 mm target diameter. As a final result, the complete facility is capable of delivering an average 

flux density of 455±20 kW/m2 with a radiative power of 5.14±0.22 kW intercepted within a 

target diameter of 120 mm. Accordingly, the total mean flux level corresponds to a theoretical 

black body stagnation temperature of approximately 1680 K (𝑞 = 𝜎𝑇𝑏
4). This value is the 

maximum theoretical temperature that a blackbody receiver would reach for a given flux input 

with no losses [108]. By applying Eq. (3.11), the electrical-to-radiative conversion efficiency was 

calculated at 33% by using the total input electrical power data measured from the energy sources 

of 15.54 kWe. 

 

Fig. 3.17. a) Total flux map of the developed HFSS over a target area of 200 mm x 200 mm, 

delivering a total peak flux of 1327±58 𝐤𝐖/𝐦𝟐; b) horizontal and vertical flux distribution profiles 

showing high symmetry on both axes. 

3.5.2.2 Thermal measurement 
To demonstrate the attainable thermal capability with a high temperature commercial paint, a heat 

flux experiment was conducted by implementing only the central radiation unit (#1) irradiating a 

carbon steel plate with a peak flux of 210±9 kW/m2, as explained in section 3.3.3. In this case, 

only a single radiation unit was used in order to avoid saturation or damage to the thermographic 

camera sensor. Furthermore, this thermographic camera was implemented due to the fact that it is 

a more versatile method for measuring temperature, finding variations and localizing hot spots in 

a robust manner than with the use of thermocouples. Fig. 3.18a shows the heat flux distribution 

over the carbon plate and Fig. 3.17b the temperature profile over 200 mm in length, respectively. 
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The results show a maximum measured temperature of approximately 480±7 °C over the carbon 

steel plate covered with a black matte paint. Furthermore, it can be appreciated that the temperature 

distribution has a Gaussian shape and the flux distribution does not present local “hot spots” over 

the plate. The measurement was taken 45 minutes after the lamp was turned on and the room 

temperature did not exceed 25 °C. Accordingly, it can be inferred that a single lamp-reflector unit 

can be used for low-medium temperature applications using a commercial thermal paint, which is 

in accordance with the application purposes of the designed system.  

 

Fig. 3.18. Thermal analysis with a single radiation unit: a) Temperature distribution on a carbon 

steel plate covered with a black paint; b) temperature profile on a length of 200 mm, presenting a 

peak of about 480 °C. 

3.6 Summary 
In this Chapter, the design and characterization of a 17.5 kWe HFSS has been reported. The design 

of the 7 xenon lamps solar simulator has been numerically analyzed through the MCRT method. 

In order to determine the best lamp-reflector assembly, the radiative transfer efficiency was 

optimized by modifying design parameters such as the reflector radius and eccentricity. As a result, 

the theoretical peak flux was predicted to achieve up to 1635 kW/m2 with a total radiative power 

of approximately 6 kW over a target diameter of 120 mm, when a reflectivity factor of 94% 

(standard mirror) is employed. Based on the theoretical results, the construction of the HFSS was 
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carried out, presenting a technical report of the main components, instrumentation and acquisition 

systems used to fully control the facility in a remote manner. 

The characterization of the HFSS was conducted by implementing the indirect flux mapping 

technique. For this methodology, a CCD camera and a water-cooled Gardon gauge embedded with 

a diffusely reflective target plate were utilized for obtaining the flux distribution delivered by the 

solar simulator on the focal plane. Therefore, a total peak flux of up to 1327±58 kW/m2 and a 

total mean flux of 452±19 kW/m2 was measured over a uniformly rounded spotlight distribution 

of 120 mm, having an intercepted radiative power of 5.11±0.22 kW. This results validated 

experimentally the ray-tracing analysis and the assumption of additivity of the individual flux 

outputs as well. Furthermore, a temperature analysis was conducted by measuring with a 

thermographic camera and irradiating a target plate with single radiation unit. The temperature 

level achieved after 45 minutes was up to 480±7 °C onto a carbon steel plate covered with a high-

temperature resistant black paint. This measurement offers valuable information about the 

temperatures that can be achieved with one lamp-reflector unit when a commercial thermal paint 

is applied over a metallic substrate. The reported outcomes provide valuable information to 

determine how the equipment operates and opens possibilities for the advancement of different 

applications for concentrating solar-thermal energy, such as solar material testing and 

thermochemical processes. 
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Chapter 4. Radiative flux modulation of the HFSS 
In the present Chapter, the optical design and optimization of different shutter curtains (SCs) is 

conducted in order to improve the flux regulation capabilities of the developed HFSS. The 

optimization in design is carried out by using an excellent MC ray-tracing software, TracePro. 

Predictions of the flux distributions are analyzed by modifying design parameters and shapes of 

SCs. Furthermore, experimental flux modulations when a flat shutter is used are presented for 

validation. Moreover, radiative flux measurements at the focal plane and further back the focal 

plane are also performed in order to modify the spot size and flux level. All the experiments have 

been conducted by utilizing a single radiation unit for detailed analysis. 

4.1 Shutter curtain for flux modulation 
In solar-thermal research, solar simulators must provide adjustable radiative flux in a controlled 

manner and in a wide range of intensities in order to achieve low-medium-high temperature levels 

for transferring into different testing materials [118]. Typically, rectifiers are employed to adjust 

the radiative flux delivered onto the receiver. The inconvenient with rectifiers is that the output 

power modulation is carried out by directly adjusting the power supply of the lamps [64]. This can 

lead to flux oscillations and instability due to variation of the electrical input power [119]. The 

flux resolution quality provided by the rectifiers is also conditioned by the lamp noise threshold 

current (80% of the maximum current), in which the plasma generated between the electrodes 

produces noise. This noise can highly affect the system design. In order to have a reliable rectifier, 

which can provide steady-state operating conditions of the lamp, highly sophisticated electrical 

circuits must be taken into consideration [120,121]. This method involves more complex and 

costly flux control systems, in which complexity, cost and maintenance increase greatly with the 

number of lamps available [33].  

Alternatively, a multi-lamp HFSS can also regulate the flux level by turning on and off the number 

of required radiation units [50]. Nevertheless, if the flux level depends on the number of lamps 

turned on, the resolution would be conditioned by the number of units and by the flux output level 

that each lamp can deliver. In this study, different SCs are designed to mechanically regulate the 

radiative flux delivered by the solar simulator for providing a complete controllable indoor testing 

environment. The SCs are implemented in order to have a wide range of radiative flux levels, and 

as a result, avoiding the use of rectifiers. Accordingly, with well-controlled flux capabilities, a 
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wide variety of solar-thermal assessments can be conducted, such as: thermal fatigue failure by 

cyclic thermal loads, characterization of heat transfer performance in materials, solar reactor tests 

for solar fuel production, testing of solar selective absorber coatings, among others 

[16,94,113,118]. 

4.2 Geometry and physical model 

4.2.1 Shutter curtain designs 
The proposed SCs were coupled with the multi-lamp HFSS developed and described in the 

previous Chapter. This HFSS, comprised of seven radiation units, is arranged in a matrix 

configuration as illustrated in Fig. 3.2. This arrangement was chosen taking into consideration the 

shutter geometry. In this study, three different curtain designs were analyzed versus the flat SC 

fabricated by the company, Solara Industries, which was described in section 3.5.1. This flux 

modulation analysis is conducted in order to determine the suitable design that can provide an 

efficient flux regulation with the lowest radiative losses. 

The manufactured SC has been designed with a rectangular shape by aluminum profiles with cross 

size of 45 mm × 45 mm contained in a structure made of 50.8 mm × 50.8 mm RHS steel. This flat 

shutter has dimensions of 2140 mm in height and 1168 mm in length, see Fig. 4.1a. This flat SC 

is comprised of 16 slats that are mechanically open and closed by a servomotor. The height, length 

and thickness of each slat are 1200 mm, 80 mm and 3 mm, respectively. Fig. 4.1b shows the SC 

number 2 which is designed with three sections; two tilted lateral sections and one flat central 

section. The lateral sections of this SC form an angle of 20.4° in order to align the normal vectors 

of these lateral sections to be pointing to the outermost columns of the radiation units. The 

dimensions of the SC2 are a height of 2380 mm and a width of 1330 mm. Furthermore, this shutter 

counts with 12 slats, 4 slats per section, and the height, length and thickness of each slat are 1500 

mm, 105 mm and 3 mm, respectively. The SC3 has a similar geometry as the previous one, as 

shown in Fig. 4.1c. The main difference from the SC2, is that, in the SC3 the number of slats 

implemented in the lateral sections is seven and for the central section is six. In addition, the length 

of the slats is also modified from 105 mm (SC2) to 80.5 mm for the curtain 3. This is done in order 

to determine whether the number of slats and/or the gap between them can have a significant 

influence on the concentrated flux level that can be obstructed. Moreover, an individual SC, 

designed close-coupled with each radiation unit, is analyzed for optimizing the flux modulation 
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and reducing radiative losses due to the obstruction of the shutter structure, see Fig. 4.1d. This SC4 

allows to vary the radiative flux in an independent manner without affecting the rest of the radiation 

units. Table 4.1 shows the global dimensions of the proposed shutters, as well as the manufactured 

flat SC1. 

 

Fig. 4.1. Layouts of the 4 shutters designed to adjust the light flux delivered by the solar simulator 

(units in millimeters); a) SC1; b) SC2; c) SC3; d) SC4. 

Table 4.1. Dimensions of the designed shutters. 
Shutter Structure (mm) Slats (mm) 
 Height Wide Height Wide Thickness 
1 2140 1168 1200 80 3 
2 2380 1330 1500 105 3 
3 2377 1350 1500 80.5 3 
4 638 620 550 80 3 
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4.2.2 Flux modulation at different positions 
The flux modulation analysis was also conducted by positioning the target at different planes 

behind the focal point of the solar simulator (away from the lamps array). Hence, the level of 

concentrated irradiance onto the target, as well as the flux distribution area can be theoretically 

modified. For carrying out this flux modulation, the target was displaced at 6 different locations 

from the focus 𝑓2 to 300 mm further back over the z axis, in steps of 50 mm. As the target was 

displaced away from the focal point, the radiation units were adjusted within the model in position 

in order to maintain distribution of the flux spot over the target. Fig. 4.2a shows the separation 

between the radiation unit #5 to the unit #1 (center) of 708.5 mm when the target is at the focal 

plane 𝑓2. For the case of the unit #4 (left from the central), the distance is the same as the unit #5 

due to symmetry. The central lamp-reflector unit (#1) was kept fixed for all the analyzed positions 

of the target. The other radiation units were moved away from their initial position (pointing the 

focal point 𝑓2) to 816.5 mm separated from the central unit, when the target is moved 300 mm 

behind the focal point, see Fig. 4.2b. To do so, the distance between the radiation unit 1 and unit 

5 is increased in steps of 18 mm each time the target is relocated in steps of 50 mm further back 

the focal plane and so on. 

 

Fig. 4.2. a) starting position of radiation units #4 and #5 with respect to the unit #1 (central) when 

the target is located at a focal plane (2000 mm) in the model; b) separation between units when the 

target is displaced 300 mm further back the focal plane. 

Table 4.2 depicts the distances between radiation units when the target is displaced from the focal 

plane. For the radiation units in the upper and lower rows (1, 2, 6 and 7), the same distances are 

applied due to symmetry with respect to the middle of the rows. It is worth mentioning that this 
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displacements of radiation units were performed only with the MCRT technique for analyzing the 

flux distributions and irradiance levels that could be achieved. 

Table 4.2. Increments of the gap between the lamps when the target is relocated away from the focal plane. 
Target displacement (mm) 0 50 100 150 200 250 300 
Lamp separation (mm) 708.5 726.5 744.5 762.5 780.5 798.5 816.5 

 

4.3 Flux modulation analysis by the MCRT method 
In this study, the commercial software TracePro® (Lambda Research) was employed to assess the 

radiative flux output delivered by the solar simulator over the target at the focal plane and also at 

different planes further back. Since the SCs are complex 3D geometries for the optical analysis, 

TracePro becomes an excellent tool for obtaining detailed irradiance contour maps on the target 

for predicting the light regulation efficiency with the four designed shutters.  

In order to determine the best performance that each curtain can provide, ray-tracing campaigns 

were carried out by using each of the designed SCs at different apertures of the slats. The complete 

aperture of the shutters is 0° in the angular movement of the slats, parallel to the normal of the SC 

(0° for fully open). The shutter aperture at 70° was identified as the maximum possible aperture 

that the concentrated flux can reach the receiver in this study. Therefore, radiative flux distributions 

were predicted on a target placed at the focal point by opening/closing the shutters from 0° to 70°.  

For predicting the flux characteristics of the system, the main optical processes and properties that 

TracePro utilizes have been described in the previous Chapter, section 3.2. In order to conduct 

simulations in TracePro, the arc-emitter of the xenon lamps was modeled as a cylindrical volume 

source which emission is assumed diffusely and uniformly distributed with a cylinder radius of 

𝑟𝑐𝑦𝑙 = 2.3 mm and a length of 𝑙𝑐𝑦𝑙 = 5 mm. Furthermore, the reflectance level on the concentrator 

surface was set to that of the standard mirror (94%). As aforementioned (Chapter 3), this 

reflectance level is chosen in order to determine the maximum optical performance than the system 

could achieve. Correspondingly, surface properties of the SC and the target were considered as 

perfect absorbers due to the fact that the objective is to analyze the geometrical curtain shape as 

an obstructing element for the light beams and estimate the total flux distribution on the target. 
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4.4 Experimental setup to characterize the flux adjustment 
In order to acquire a detailed evaluation of the ray-tracing campaigns, radiative flux measurements 

with the radiation unit #1 were performed. The indirect flux mapping technique was employed 

through the use of a CCD camera and a diffusely reflective flat target, as described in the previous 

Chapter, section 3.3.1. With this technique, images of the brightness spot over the target were 

captured with the camera. Then, the gray-scale intensity of the pixels is related with the 

concentrated flux density measured with the Gardon sensor. Accordingly, the flux maps over the 

target are achieved [71]. 

Fig. 4.3 illustrates the experimental setup for measuring the irradiance distribution over the target, 

as well as recording pictures of the flux spot for obtaining the flux maps. The validation of optical 

model was performed by using the SC 1 (Fig. 4.1a). This shutter is utilized for practical purposes 

of flux evaluation because the central radiation unit is not significantly affected by the manner that 

the shutter obstructs the flux through the slats. In this form, if the flux measurements are in 

accordance with the predicted flux obtained by the MCRT method, then the shutter design with 

the best performance can be considered for fabrication. The SC 1 was positioned 1000 mm in front 

of the focal point. Furthermore, experiments were carried out by adjusting the shutter aperture 

from 0° (fully open) to 60° with steps of 5° in the angular movement of the slats. To measure the 

concentrated flux, a water-cooled Gardon type radiometer was employed, as shown in Fig. 4.3. As 

explained in the previous Chapter, this TG1000-0 sensor, manufactured, calibrated and certificated 

by the Vatell company, can measure heat flux densities of up to 1.08 MW/m2 with a calibration 

constant of 108.2 kW/m2/mV [109]. 

To reflect the concentrated irradiance, a 304.8 mm × 304.8 mm steel plate with thickness of 12.7 

mm was employed as the target plate for applying the flux mapping technique. This steel plate was 

coated with a high-temperature tolerance white matte commercial coating (650 °C), Comex [112] 

for reflecting the concentrated light incident on it. Then, this plate is assumed as a diffusively 

reflecting flat plate and pictures of the concentrated irradiance distributed on its surface can be 

recorded. Furthermore, a three-axes testing bench with positioning error of ±1 mm was utilized to 

displace the target over the focal plane and different planes behind it (away from the lamps) for 

the flux modulation analysis. 
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Fig. 4.3. Experimental configuration for applying the flux mapping technique and taking flux 

measurements with the flat SC1. 

In order to take pictures of the brightness spot onto the target, the same CCD camera described in 

Chapter 3 (AVT-MK5054), with 1.24 Mpix, was utilized for this purpose. Furthermore, the same 

Varifocal Lens and density filter were also employed to diminish the bright of the flux spot and 

avoid saturation. The CCD settings were established in monochrome mode with an exposition time 

between 20-50 ms depending on the distance at which the target was relocated. Besides, for 

calculating the flux map, the camera was reconfigured, and the optics were adjusted at each plane 

where the target was positioned for avoiding distortions. 

As the shutter is introduced in the setup, the CCD camera is installed at 1350 mm in front of the 

focal plane, at one side of the shutter, forming an angle of 50±1° with respect to the receiver’s 

normal. Due to this, a transformation of the pixels to real coordinates in the plane are carried out 

by processing the images in MATLAB®. In order to relate the projected area to the target area, the 

approach explained in [43,74] was employed for this purpose. Additionally, when flux maps were 

calculated at different planes behind the focal point, the SC was removed from the experiments 

and the camera was installed on its original position as explained in Chapter 3, at 2120 mm in front 

of the target, so avoiding perspective corrections. 

To implement the flux mapping technique, flux measurements were taken at the focal plane and at 

different planes away the focal point, in a range from 0 mm (𝑓2) to 300 mm further back. These 
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flux measurements were taken after 10 minutes in order for the lamp to attain the steady state. 

Furthermore, a total of 30 images per flux map were taken, averaged, and processed in MATLAB. 

Besides, the dark current was measured by capturing unexposed pictures and then was removed 

from the averaged gray-scale map. For calculating the flux maps, Eq. (3.9) and (3.10) were 

implemented. By obtaining the flux mapping result, the electrical-to-radiative conversion 

efficiency was calculated by means of Eq. (3.11). 

4.5 Ray-tracing results and discussions 

4.5.1 Ray-tracing analysis with the different shutter curtains 
To carry out ray-tracing simulations, a ray number of 2𝑥106 per radiation unit was implemented 

for all simulations because this ray quantity offers good balance in simulation accuracy and 

computational cost, as discussed in section 3.4.1. From the simulation results, the total estimated 

peak flux reaches 1690 kW/m2 and the total power of 5.8 kW over a target diameter of 120 mm 

when the 7 radiation units are employed without the SCs. 

Fig. 4.4a shows the radiative peak flux modulation when the SCs are gradually closed from 0° 

(fully open) to 70° in steps of 10°. For the SC1, it can be appreciated that, compared with the peak 

flux estimated without the shutter, a lower peak flux of 900 kW/m2  is obtained, presenting 

radiative losses due to obstruction of the structure of up to 47%. The radiative loss is the amount 

of delivered flux that is not intercepted by the target due to the obstruction of the shutter geometry. 

This level of radiative loss with the flat SC1 occurs due to the fact that the shutter slats fully open 

let the concentrated flux pass through them easier for the central radiation unit than the lateral 

units. This means, the position of the lateral radiation units with respect to the shutter’s normal 

forms an angle which makes difficult for the light beams to pass through the slats. Accordingly, 

the shutter shape by which the concentrated flux is blocked is different for the outermost units as 

it is for the radiation unit at the center.  

Unlike SC1, the other shutter designs can offer a more suitable geometry for letting the 

concentrated flux to pass through and to be regulated. For instance, shutters 2 and 3 count with 

three sections that allow the light go through the slats in the same amount of level as the central 

radiation unit, see Fig. 4.4b. The SC2 provides a peak flux level of up to 1520 kW/m2  for an 

aperture of 0°, decreasing until 46 kW/m2 for an aperture of 70°. Correspondingly, the SC3 offers 
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a peak flux of 1450 kW/m2 for fully open of the slats and 6 kW/m2  for an aperture of 60°. From 

this comparison, it can be seen that the shutter 2 offers both wider ranges and higher values of flux 

levels than the shutters 1 and 3. When the SC4 is implemented, a peak flux level of 1570 kW/m2  

can be achieved for an aperture of 0°, while a peak flux of 92 kW/m2 can be reached for an 

aperture of 70°. From Fig. 4.4a, the flux modulation offered by shutters 2 and 4 shows a similar 

trend over the analyzed range, showing also slightly better results with the SC4. Consequently, the 

SC4 can provide the best performance in modulating the output flux level on the focal plane. 

 

Fig. 4.4. a) Predicted radiative flux modulation as the shutter designs are gradually closed; b) 

model of the SC2 together with the HFSS. 

Table 4.3 depicts the radiative losses estimated with the 4 analyzed cases which are derived from 

the structure obstruction. Cases 2 and 4 are the shutters that provide better results in both flux 

adjustment and low radiative losses, achieving a wider range of flux levels. The curtain with the 

highest efficiency is for the SC4 (individual shutter per unit). The SC4 lets pass a high level of 

concentrated flux, resulting in losses of only 7%. The SC2 (Fig. 4.4b) provides a quite similar 

performance than SC4, but involving quite less mechatronic complexity and exhibiting losses of 

9%, only 2% more than the best case. Based on these results and looking for an excellent relation 

between the final cost and the benefit expected from the shutter, the SC number 2 is selected as 

the best design to regulate the radiative flux along with the designed lamp-reflector arrangement. 
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Compared with the manufactured flat shutter 1, the total flux modulation can be considerably 

improved by implementing the geometrical configuration of the shutter 2. 

Table 4.3. Radiative losses of the shutters from the maximum flux available as a result of the light obstruction 
caused by the geometry implemented in each case. 

 Shutter 1 Shutter 2 Shutter 3 Shutter 4 

Radiative losses 47% 9% 14% 7% 

4.5.2 Predicted flux distributions at different planes behind the focal plane 
In order to analyze the flux modulation by modifying the target position at different planes behind 

the focal plane, MCRT simulations were performed without the use of the SCs. The target was 

displaced at 6 locations further back the focal point, from 0 to 300 mm behind in steps of 50 mm. 

As the target was relocated for radiative flux estimations in the model, the radiation units where 

relocated (see Table 4.2) to avoid hot-spots within the irradiance distribution onto the target. Fig. 

4.5a depicts the reduction in radiative peak flux as the target is displaced further back the focal 

plane and Fig. 4.5b shows the predicted irradiance distribution 300 mm away from the focal point, 

achieving a peak flux up to 480 kW/m2 over a target diameter of 210 mm. The predicted peak 

flux is regulated from 1690 to 480 kW/m2 and the spot size is varied in diameter from 120 to 210 

mm achieving an intercepted radiative power of 5.8 kW for all the analyzed cases. Therefore, by 

displacing the target away from the focus, a wide range of peak flux levels can be achieved, while 

keeping constant the intercepted power over the target for different spot diameters due to the 

energy conservation. Accordingly, different materials can be assessed depending on the flux 

requirements [56]. The decrease in peak flux between planes is not quite large owing to the fact 

that the tilt of the radiation units is maintained constant at 20.4° in the horizontal plane (zx) by 

readjusting the radiation units as the target is displaced, see Fig. 4.2. Otherwise, the more the 

divergence angle, the more the undesired flux peaks as the target is positioned away from the 

focus. It is worth mentioning that the adjustments in location of the radiation units do not guarantee 

that the flux spot can be maintained in a well-defined Gaussian distribution along the different 

planes at the same time. On the other hand, the relocation of the target at different planes provides 

the possibility to adjust the flux level and enlarge the flux spot area. 
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Fig. 4.5. a) Radiative flux modulation as the target is displaced away from the focal point; b) flux 

distribution with a predicted peak flux of 480 𝐤𝐖/𝐦𝟐 at 300 mm away from the focal plane 

estimated with the 7 radiation units. 

4.6 Experimental results and discussions 

4.6.1 Flux modulation with a single radiation unit 
To validate the MCRT model, the experimental results obtained with the central radiation unit #1 

were utilized for comparison with simulations when the target is displaced further back the focal 

plane. Furthermore, flux measurements with a single radiation unit were compared with ray-

tracing simulations when the manufactured flat shutter #1 is implemented for regulating the flux 

at the focal plane.  

Based on the results obtained from the flux mapping technique with the central radiation unit 1, a 

peak flux of 210±9 kW/m2 with an intercepted power of 740±33 W over a target diameter of 120 

mm were measured (see section 3.5.2). The mean flux distributed over the target area is up to 

65.4±2.8 kW/m2 calculated from the flux mapping technique, and the electrical to radiative 

conversion efficiency of 32.8% was calculated with Eq. (3.11). The flux and power measured at 

the focal point is lower than the flux level predicted in the MCRT simulations. As explained in 

section 3.5.2.1, differences between simulations and experiments are mainly due to the higher 

reflectivity factor configured in the model (94%) in comparison with the reflectance measured on 

the manufactured concentrator (80%). Although the reflectance of the fabricated reflector is lower 
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compared with reported HFSSs (reflectance ≥90%), this level of specular reflectance is considered 

to be good enough, taking into account that a reflective coating layer was not applied. Hence, for 

carrying out an initial analysis, this concentrator is considered a suitable element to conduct 

concentrating flux testing. 

In order to compare simulations and measurements properly, ray-tracing simulations were 

performed by configuring the specular reflectance equal to that measured over the surface of the 

fabricated concentrator. Therefore, a specular surface Almeco-Sacallm3, with 80% of specular 

reflectance, was configured in the settings of the software TracePro. Table 4.4 shows the 

comparison between the radiative peak flux predicted and measured at different planes, from 0 to 

300 mm behind the focal plane. In addition, the respective flux spot diameter on the target at each 

analyzed plane is reported. These flux spot diameters represent the area at which the intercepted 

radiative power is kept constant (740 W) at all the different planes. Experimental results reveal a 

peak flux regulation from 210±9 kW/m2 to 95±4 kW/m2, compared with the flux estimated 

from 209 to 89 kW/m2. It can be observed that both simulations and measurements exhibit a 

similar trend in peak flux reduction as the target is displaced further back the focal plane. 

Furthermore, the theoretical flux spot shows an increment in diameter between 10-15 mm among 

each target location along the analyzed range. Similarly, measurements show a flux spot increase 

of approximately 10-15 mm per target relocation, see Table 4.4. Differences in results can be 

related with the manual adjustment of the lamp in the focus 𝑓1 inside the ellipsoidal reflector and 

can also be generated by manufacturing and mechanical installation errors of the optical system.  

Despite all possible error sources, simulation results with the MCRT method are considered in 

good agreement with experimental results, and the relative error between simulations and flux 

measurements is within the repeatability of the implemented technique except for the last 

measurement at 300 mm behind the focal plane with 6.7% relative error. 

Table 4.4. Comparison between radiative flux estimated and measured at the same reflectivity of 80%. 
 Simulations Experiments Relative error 

between peak 
flux (%) Flux diameter (mm) Flux (kW/𝐦𝟐) Flux diameter (mm) Flux (kW/𝐦𝟐) 

Focal plane 120 209 120±3 210±9 0.4 
50 mm 130 194 130±3 198±9 2 
100 mm 145 183 140±3 175±8 4.3 
150 mm 155 165 148±4 162±7 1.8 
200 mm 170 140 163±4 143±6 2.1 
250 mm 180 115 176±4 120±5 4.3 
300 mm 195 89 190±4 95±4 6.7 
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Fig. 4.6 depicts the modulation of the concentrated irradiance distribution delivered by a single 

radiation unit (central) measured in distances range from 0 (focus) to 300 mm away from the lamp 

array, in steps of 50 mm between measurements. These outcomes exhibited that the peak flux level 

can be adjusted from 210-95 kW/m2and the flux spot area can be enlarged from 120-190 mm in 

diameter. Moreover, it can be observed that the Gaussian-like flux distribution can be kept in a 

wide range of distances and that local “hot-spots” are not generated. This is important in 

experiments where the irradiance distribution over the walls needs to be as uniform as possible, 

such as assessments with volumetric and cavity receivers [50]. In this context, an HFSS with 

adjustable flux spot can offer the versatility to carry out different researches in solar thermal and 

thermochemical applications where large flux spot areas and low peak flux levels are required 

[122]. 

 

Fig. 4.6. Radiative flux modulation of the central radiation unit measured from the focal plane (FP) 

to 300 mm away from the lamp array. 

4.6.2 Validation of the flux regulation with the shutter #1 
The flat SC1 is utilized together with the central radiation unit for conducting flux modulation 

experiments. This SC was fabricated together with the HFSS, but its performance was not analyzed 

in detail because of the system complexity. Nevertheless, this element is critical and useful to 

determine the viability that a shutter curtain can provide for adjusting the flux level. Therefore, 

this flat shutter is employed for the initial analysis and for comparing measurements versus 

theoretical results as part of the validation. This flat SC was positioned 1000 mm in front of the 
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focal point and measurements were taken for an aperture range from 0° (fully open) to 60° in steps 

of 5° in the angular movement of the slats for each flux measurement campaign. Furthermore, in 

order to compare the experimental results with the predicted results from the ray-tracing analysis, 

a reflectivity factor of 80% was configured on the concentrator surface for simulations with 

TracePro. Besides, a range of apertures of the shutter from 0-60° with steps of 2° of resolution was 

established for the ray-tracing analysis. 

Fig. 4.7 depicts the outcomes of both simulations and measurements when the flat shutter 1 is 

implemented to modulate the radiative flux on the target located at the focal plane. The outcomes 

show a monotonically reducing trend of the flux level as the shutter is gradually closed. 

Experimental results present a flux modulation in the range from 174.7±7.5 kW/m2  to 0.55±0.02 

kW/m2 for slat apertures from 0° to 60°, respectively. Correspondingly, the predicted flux 

modulation obtained from the MCRT method is in the range from 178 kW/m2 to 0.6 kW/m2 for 

slat apertures from 0° to 54°, respectively. From this result, the relative error between simulations 

and measurements is about 4.8% within the analyzed range. Accordingly, the flux modulation 

analysis in the experimental campaign is in good agreement to simulation results. 

 

Fig. 4.7. Comparison between flux modulation measurements (red cross) and predicted radiative 

flux (blue circles). Measurements were taken each 5° in aperture and simulations each 2°. 

From the experimental evaluation, it can be inferred that the shutter is an excellent tool to adjust 

the flux level without the need to displace the target receiver from the focal plane. Hence, the 
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mechatronic shutter becomes a competitive advantage of the system, because it provides versatility 

to conduct experimentation for complex photo-thermal processes where more precise heat flux 

levels are required [118]. 

In order to apply the flux mapping technique, the methodology described in section 4.4 is used 

together with the flux measurements taken at the focal plane described in Fig. 4.7. For this analysis, 

flux maps were calculated each 10° of the aperture of the manufactured shutter from 0° to 40°. 

Fig. 4.8 shows the flux maps over a target area of 200 mm x 200 mm. The radiative flux 

measurements, obtained for aperture adjustments of  0°, 10°, 20°, 30° and 40°, are up to 174.7±7.7, 

143.2±6.3, 97.5±4.3, 58.3±2.7 and 23.3±1.1 kW/m2, respectively. For the same range of 

apertures and flux measurements, the intercepted power is calculated in 620±27 W, 450±19 W, 

310±13 W, 135±6 W and 40±1 W over target diameters of 115, 108, 96, 85, and 60 mm, 

respectively. Hence, it is observed that the radiative power can be alternatively regulated by 

reducing the flux spot area when the shutter is gradually closed instead of increasing the spot by 

displacing the target further back the focal point.  

From this experimental result, it can be appreciated that the geometrical configuration of the 

shutter for obstructing the path of concentrated flux does not alter the flux distribution over the 

target in an inconvenient manner. As the shutter blocks the light beams, the distribution keeps its 

Gaussian-like shape without undesired hot-spots that could generate thermal loads or critical 

damage to solar-thermal materials under analysis [123]. Accordingly, with the experimental 

validation, critical information from the flat shutter #1 was obtained and reliable design parameters 

to manufacture a more efficient shutter for improving the system’s optical performance can be 

effectively achieved. Therefore, the experimental results provide validation to the whole model 

implemented in the MCRT method with TracePro. As a result, the development of the SC2 could 

provide higher efficiency with lower radiative losses compared to the flat shutter #1. 
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Fig. 4.8. Flux maps obtained at the focal plane when the manufactured shutter 1 is employed, using 

curtain apertures of: a) 0°; b) 10°, c) 20°, d) 30° and e) 40°, respectively. 

4.6.3 Construction of a new shutter curtain 
Based on the results obtained with the SC1, the ray-tracing analysis was validated, so the 

development of a shutter for improving the flux modulation was conducted. From the ray-tracing 

analysis, the shutter design #2 was found to have the best performance with low radiative losses 

of 9%. However, in order to recycle the manufactured material used in the flat shutter 1, a new 

SC, named #5 was designed, containing the main design parameters of both the fabricated shutter 

1 and the shutter 2 (selected layout Fig. 4.1b). Fig. 4.9a shows the physical layout of the flat shutter 



 

 
73 

 

1 and Fig. 4.9b shows the layout of the new shutter design, presenting design parameters quite 

similar to those implemented in the shutter 2 such as two tilted lateral sections (20.4°) and one flat 

central section. Then, the normal vectors of these lateral sections can be pointing to the outer 

columns of the radiation units. This new curtain counts with 14 slats, 5 slats per lateral section and 

4 slats in the middle section. The manufactured slats from the flat shutter 1 were implemented in 

this new design and the structure made of 50.8 mm × 50.8 mm RHS (Rectangular Hollow Sections) 

steel with epoxy paint finish was also used. 

 

Fig. 4.9. a) Flat shutter design #1 which was manufactured; b) new shutter design #5 based on the 

characteristics and materials used in the flat shutter 1. 

The new shutter design was analyzed through the MCRT method with the same methodology 

implemented in section 4.5.1. Fig. 4.10 presents the comparison between the predicted flux 

modulation offered by the shutter 1, shutter 2 as well as the new shutter design 5. It can be observed 

that the reduction in the peak flux has a similar trend between shutter 2 and the shutter 5 both 

having a range of shutter apertures of 0-70°. The SC5 shows a peak flux modulation from 1440 to 

25 kW/m2, presenting radiative losses of 15%, 6% higher than shutter 2. This is an important 

result since the fabricated SC revealed an efficiency up to 53%, and by modifying the geometrical 

configuration, the efficiency is improved by 32% higher. This efficiency is the ratio of the 

intercepted flux with the shutter to the intercepted flux without it. The experimental results 

obtained with the flat shutter 1 showed good agreement with simulations within the 4.8%, as 
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described in the previous section. Therefore, the possibility to achieve a higher flux modulation 

efficiency, such as that obtained with the shutter 5, can be effectively accomplished. 

 

Fig. 4.10. Comparison of the theoretical flux modulation achieved with the flat shutter 1, the best 

shutter chosen from the ray-tracing analysis (shutter 2) and the new shutter design 5. 

Fig. 4.11a shows a photograph of the SC5 developed from recycled materials previously used in 

the shutter 1 and Fig. 4.11b shows the front view photograph of the shutter with the servomotor 

installed in the central section of the curtain for opening/closing the slats. This shutter is controlled 

by a CR1000 data logger (Campbell Scientific), ±0.06% analog voltage accuracy, and an encoder 

is also used for regulating the angular position and speed movement of the slats.  

At this point of the project, the new SC has not been validated for regulating the flux output due 

to installation details. For future work, the proper flux modulation analysis is expected to be 

conducted with the new shutter which is predicted to offer a more efficient flux adjustment than 

the flat shutter 1. Accordingly, the flux spot control capability in a mechatronic form can be highly 

improved for conducting solar-thermal research in low, medium and high temperature applications 

with this optical system. 
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Fig. 4.11. New shutter curtain constructed from recycled materials from shutter 1: a) back view 

photograph; b) front view photograph with the servomotor installed in the middle of the structure. 

4.7 Summary 
In this Chapter, the optical optimization for improving the flux modulation capabilities of the 

developed HFSS has been numerically analyzed and experimentally validated. By using the 

software TracePro, the ray-tracing analysis was carried out by implementing three different shutter 

designs, as well as the manufactured flat SC. Simulation results showed that shutters #2 and #4 

provided the best performances in both radiative flux modulation and low radiative losses. Based 

on the less mechatronic complexity and low radiative losses (9%) the SC2 was chosen as the best 

option for modulating the flux output of the HFSS. Furthermore, the flux modulation analysis was 

performed by displacing the target at different planes away from the lamp array without using the 

shutter. The outcomes showed a predicted peak flux modulation from 1690 to 480 kW/m2 with a 

spot size modified from 120 to 210 mm in diameter achieving an intercepted radiative power of 

5.8 kW for all the analyzed cases. Hence, demonstrating that the displacement of the target at 

different planes can provide the possibility to reduce the peak flux level, while increasing the flux 

spot area. Accordingly, different materials can be assessed depending on the flux requirements. 
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The validation of the MCRT model was carried out by employing the central radiation unit 1 for 

comparison with simulations when the target is displaced further back the focal plane. Results 

exhibited a measured peak flux varying from 210 to 95 kW/m2, compared with the predicted flux 

varying from 209 to 89 kW/m2 for the same range of target displacements. These results revealed 

a similar trend in peak flux reduction compared with simulations, so demonstrating good 

agreement between the model and measurements. Furthermore, by utilizing the flat SC, flux 

measurements with the central radiation unit were conducted and compared with ray-tracing 

simulations for the flux modulation analysis. Results depicted a monotonically reducing trend of 

the peak flux level as the shutter was gradually closed, presenting a flux modulation range of 

174.7-0.55 kW/m2 for measurements, and a modulation range of 178-0.6 kW/m2 for simulations, 

presenting a relative error of 4.8% over the analyzed aperture ranges.  

In addition, the flux map system was implemented in order to analyzed the flux distribution when 

the manufactured shutter is open/closed at different aperture angles of the curtain slats. From the 

flux maps analysis, it was observed that the geometrical configuration of the shutter did not alter 

the irradiance distribution onto the target in an undesired form. Consequently, the experimental 

validation of the MCRT model has provided critical information for improving the system’s optical 

performance by selecting suitable design parameters to fabricate a more efficient shutter. 

Furthermore, a new shutter was developed based on recycled materials from the shutter 1 and 

design parameters from the shutter 2. For future work, the validation of the new curtain will be 

conducted with the whole radiation units. Based on simulation results, it is expected to achieve a 

more efficient flux modulation than that obtained with the shutter #1. Therefore, a wider range of 

controlled flux levels with a more accurate flux resolution can be obtained for carrying out 

different solar-thermal experiments with this facility. 
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Chapter 5. Development of the calorimetric test bench for solar 

absorber coatings assessment 
The efficiency of CSP technologies depends greatly on the capability of the solar receiver to 

convert radiative flux into thermal power which is taken away by a heat transfer fluid (HTF). 

Typically, solar absorber coatings (SACs) are applied on solar receivers in order to improve the 

flux absorption and, as a consequence, the efficiency of the solar system. Normally, SACs based 

on black paints provide a low-cost commercial solution for specific requirements and for different 

solar-thermal applications, such as non-concentrating, line-focusing, as well as point-focusing 

systems [83,124-127]. Therefore, the research on the radiative-to-heat transfer efficiency, as well 

as the useful lifetime of SACs is of great importance for improving this technology. In order to 

carry out solar-thermal research with different selective and non-selective SACs, a well-controlled 

laboratory environment is required to accomplish this purpose. 

In this Chapter, the development of a test bench, based on the calorimetric measuring principle is 

reported. The test bench is coupled with the HFSS developed within this project for its utilization 

as the radiative flux input for experimentation. An energy balance is calculated in order to evaluate 

experimentally the heat transfer performance of the test bench, implementing the standard coating 

Pyromark®2500 as the reference coating. Furthermore, calorimetric experiments are presented by 

using 4 different commercial SACs and a new Soot of Forest Biomass (SFB) based coating, all 

deposited over aluminum substrates. Hence, the heat transfer performances and thermal 

efficiencies of the analyzed coatings can be compared under the same operating conditions; so 

offering an alternative approach for the assessment of commercial and new SACs. Accordingly, 

the flux acceptance of suitable materials for their usage in SHIP can be effectively determined. 

5.1 Materials and methods 

5.1.1. Construction of the calorimetric test bench 
Generally, a test bench is an instrument developed to carry out assessments under a controlled 

environment where new prototypes can be evaluated for specific applications [128]. In parallel, a 

calorimeter is a practical instrument for measuring the radiative heat flux that a solar-thermal 

system can collect, so determining the performances of the system under analysis [104]. 

Traditionally, these types of calorimeters are developed using metallic materials such as copper or 
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steel due to their excellent heat conduction properties and high melting points for withstanding 

elevated levels of concentrated solar irradiance [97,101,102]. 

Although, aluminum is a material widely used in CSP systems, its usage is generally limited to the 

frames and casings of the absorber receiver. On the other hand, investigations have been conducted 

on the possible applications of aluminum in solar power systems. For instance, Farzaneh et al. 

[129] reported an analysis of the advantages of using aluminum in solar systems such as: high 

resistance to corrosion in outdoor operating environments and the suitable optical properties of its 

anodic layer that make it a candidate material for utilizing it as a solar receiver. Furthermore, Wang 

et al. has reported thermal stress analyses by modeling tube receivers based on steel, copper and 

aluminum for PTC systems [130]. Results showed an effective stress of 67.5 MPa for steel and a 

maximum value of 5 MPa for copper and aluminum. Hence, for lower values of thermal 

conductivity such as that of steel, the effective thermal stress of the tube receiver is significantly 

higher. Therefore, the level of stress tolerance results quite similar for copper and aluminum, 

implying that aluminum can be a suitable receiver option for PTC systems. In this context, the 

thermal conductivity of aluminum (170 W/mK) is greater than steel (14-20 W/mK) [131]. 

Additionally, important advantages for using aluminum as the body of the calorimeter are: the 

lower cost compared to copper, the less complexity for manufacturing compared to steel, as well 

as its straightforward manipulation due to the light-weight. Besides, the temperature range used 

for evaluating the SACs in this study is between 60 °C to 500 °C, which is under the limits of the 

melting point of aluminum (≤660 °C). Accordingly, aluminum has been selected for constructing 

the calorimeter’s body in this study. 

Fig. 5.1a shows the mechanical design of the calorimeter which is based on AA-6061-T651 

aluminum. In order to simplify the heat transfer analysis, a flat-plate geometry was chosen for 

designing the calorimeter, and its dimensions were selected based on the flux distribution delivered 

by the solar simulator presented in Chapter 3. Dimensions of the plate are a length, height and 

thickness of 150 mm, 150 mm and 25.4 mm, respectively. For the inlet/outlet of the HTF, channels 

were drilled laterally with a diameter of 17.86 mm for cooling the system homogeneously. 

Furthermore, a receiving faceplate was manufactured for being coupled with the calorimeter plate, 

having an aperture diameter of 100 mm, as shown in Fig. 5.1b. In this design, the faceplate offers 

the possibility to slightly focus more light flux onto the absorber element. By combining the flat-
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plate calorimeter with the faceplate, coated samples can be inserted and removed as 

interchangeable cartridges. Additionally, rockwool, thermal conductivity of 0.07 W/mK at 300 °C, 

was employed for insulating the whole test bench. 

 

Fig. 5.1. Layouts of: a) the flat-plate calorimeter; b) faceplate designed with a conical aperture 

(units in millimeters). 

Generally, for low temperature CSP systems, water or air are used as the HTF for taking the 

absorbed heat from the solar receiver. Correspondingly, at medium-to-high temperature 

applications, pressurized water, thermal oil, steam or compressed air are used for this purpose due 

to their thermo-physical properties to transport heat at high temperatures [20]. In order to simplify 

the mechanical design and to perform an initial analysis of the system, water was used as the HTF 

in this study. Fig. 5.2a depicts the layout of the test bench configuration together with the solar 

simulator. For this configuration, the sample under test is located in the focal plane of the HFSS. 

As explained in section 3.5.1, a data logger (CR1000), ±0.06% accuracy, ±3 min per year clock 

accuracy, was utilized for data storage of the measurement instruments such as temperatures and 

radiative flux. Besides, a water pump was employed for circulating the water inside the 

calorimeter, as shown in Fig 5.2b. A water mass flow rate of 24.63x10−3 kg/s was established by 

controlling the energy supply of the water pump and by opening/closing a valve. For measuring 

the mass flow rate, a flowmeter of ±3% output signal voltage accuracy was implemented, and the 

weighing technique was also implemented in order to verify the flow of water. By weighing the 

mass of water in a span of 1 minute, the added uncertainties are ±0.001 kg and ±1 s, respectively. 
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In order to measure the inlet and outlet water temperatures from the calorimeter, RTD PT100 

sensors, with an accuracy of ±0.3 °C were implemented for this purpose. Besides, six Type-K 

thermocouples with ±0.75% error, were employed for measuring the raise in temperature on 

specific locations over the test bench and the test plates (samples). Additionally, a circulating 

chiller (Huber®) was connected along with an insulated thermotank (150 L) in order to maintain 

the working fluid in stable conditions while passing through the closed-loop circulation system. 

 

Fig. 5.2. a) Calorimetric test bench along with the solar simulator; b) components of the 

experimental configuration: 1) HTF inlet, 2) water pump, 3) ball valve, 4) flowmeter, 5) pressure 

transducer, 6) absorber receiver, 7) HTF outlet. 

5.1.2 Description of the implemented SACs 
In order to evaluate the performances of the proposed calorimetric test bench, a heat transfer 

analysis was carried out by using the standard coating Pyromark. Besides, the thermal efficiencies 

of different commercial SACs commonly implemented in solar-thermal systems, as well as a new 

absorber coating based on soot, were analyzed and compared.  

Currently, the silicone-based coating Pyromark2500 is a non-selective black paint extensively 

employed for designing and testing CSP systems such as external receivers and cavity receivers 

for STP and PDC systems. This coating provides a temperature resistance of >1000 °C [14,124]. 

For low-medium temperature applications, the absorber coating Thurmalox250 offers a maximum 

operating temperature of ≤538 °C and is usually applied on metallic surfaces such as evacuated 

tube collectors, PTC systems, as well as flat-plate collectors (FPC) [86,126,127]. Similarly, the 

selective solar absorber coating (SSAC) silicone-based, Solkote is developed for CSP applications 
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such as PTC on metal receivers (aluminum, steel, copper), providing a temperature tolerance of 

up to ≤538 °C [125]. As well, this black coating offers resistance to both UV degradation and 

moisture. Furthermore, the high temperature resistant black paint Comex is a quick-drying silicone 

enamel spray coating with a maximum temperature tolerance of up to ≤650 °C [116]. Although its 

implementation in CSP applications has not been investigated extensively to date, its performance 

assessment is of interest in this study. 

To provide sustainable alternatives to commercial coatings, a new non-selective SAC based on 

soot from forest biomass (SFB) is experimentally analyzed for determining its flux acceptance and 

efficiencies. This new soot-based absorber coating was provided from the collaboration with the 

Dr. Luis Bernardo López-Sosa, from the Universidad Intercultural indígena de Michoacán. The 

base of this coating, the forest biomass soot, is processed by means of mechanical grinding [88]. 

In order to fabricate the organic solvent, essential grapefruit rind oil is extracted by steam drag, 

which has been reported to act as a natural solvent for expanded polystyrene [132,133]. 

Accordingly, both the body and ligand of the absorber paint are based on a binder made of 

expanded polystyrene waste (Styrofoam), which was dissolved in grapefruit oil for producing the 

SFB coating mixture (soot + binder). The mixture proportion in mass between solvent and 

polystyrene is 3:1, according to [132]. The weight concentration between binder and soot was 60% 

and 40%, respectively [88]. Furthermore, the fabrication cost of this environmental friendly SAC 

is about 1 $USD/liter by implementing waste organic materials. 

In order to obtain the required metal-coating tandem, AA-6061-T651 aluminum plates were 

chosen for this purpose. The dimensions of this metallic substrates are a length, height and 

thickness of 160 mm x 110 mm and 5 mm, respectively. With the use of an air spray gun, all the 

analyzed SACs were applied by spray deposition, which is a straightforward method for covering 

large surfaces. Fig. 5.3 shows the photographs of the 5 test plates (substrate-coating) applied at 

room temperature (25 °C) by the spray technique. In order to carry out the radiative-to-heat transfer 

efficiency comparison, the analyzed SACs were applied according to the procedures indicated by 

the manufactures. Such as, 1 layer of coating was applied on the aluminum substrate for Pyromark 

and Comex, as recommended in [124,116]. In parallel, 4 layers of the coating Solkote and 2 layers 

of the coating Thurmalox were deposited on their corresponding substrates in order to obtain 

suitable levels of absorptivity and emissivity by following the procedures recommended in [126] 
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and [127], respectively. For the case of the soot-based coating, the spray deposition was carried 

out through the procedure indicated in [88]. 

 

Fig. 5.3. Pictures of 5 SACs applied over aluminum substrates with the spray deposition. 

The characterization of the absorber properties of SACs can be studied through the Kirchhoff's 

law of radiation, as mentioned in section 2.2.1. [59]. The statement of this law is that; the 

absorptivity and emissivity of a surface at a given temperature will be the same at thermodynamic 

equilibrium. For an arbitrary surface, the solar absorptivity (α) can be obtained by involving the 

spectral directional reflectance 𝜌(𝜆, 𝜙) for opaque materials as described in Eq. (5.1). 

 𝛼 = 1 − 𝜌(𝜆, 𝜙)  (5.1) 
where 𝜆 represents the spectral dependence in wavelength, and 𝜙 represents the directional 

dependence of the incident radiation at a given temperature T. By performing the integration 

calculation of the spectral directional reflectance along with the spectral solar terrestrial 

irradiance 𝑆(𝜆) within the spectral range 𝜆1-𝜆2, the solar absorptance can be estimated with Eq. 

(5.2) [82]. 

 
𝛼𝑎𝑏𝑠 =

∫ 𝑆(𝜆)[1 − 𝜌(𝜆, ϕ)]𝑑𝜆𝜆2
𝜆1

∫ 𝑆(𝜆)𝑑𝜆𝜆2
𝜆1

 
(5.2) 



 

 
83 

 

As aforementioned, for an arbitrary opaque surface, the emissivity (𝜀) can be considered the same 

as the absorptivity at a given temperature, 𝜀 = 1 − 𝜌(𝜆, 𝜙, 𝑇). Therefore, the total thermal 

emittance ε(T) can be calculated by using the spectral solar reflectance data together with a suitably 

scaled black body spectrum given by Eq. (5.3). 

 
𝜀(𝑇) =

∫ {[1 − 𝜌(𝜆, 𝑇)]𝐵(𝜆, 𝑇)}𝑑𝜆∞
0

𝜎𝑇4  
(5.3) 

From this equation, 𝜎 represents the Stefan-Boltzmann constant; 𝐵(𝜆, 𝑇) represents the black body 

spectrum of a given surface, which is described by Eq. (5.4) with 𝐶1and 𝐶2 being the first and 

second constants of Planck, respectively [59]. 

 𝐵(𝜆, 𝑇) =
𝐶1

𝜆5[𝑒(𝐶2
𝜆𝑇) − 1]

 (5.4) 

In order to measure the spectral hemispherical reflectance of the absorber coatings, a double beam 

Cary 5000 UV-Vis-NIR spectrophotometer, with an integrating sphere for specular and diffuse 

reflectance, was employed for this purpose. Then, the absorptance was obtained according to the 

standard method described in [134] by using the solar terrestrial spectrum with an air mass of 1.5 

ASTM G173-03 in a range from 𝜆1 = 0.3 μm to 𝜆2 = 2.5 μm. Fig. 5.4a shows the spectral 

directional absorptance obtained with the coatings under analysis applied over aluminum 

substrates. From Fig. 5.4a, it can be seen that the non-selective coatings, Pyromark and SFB exhibit 

a higher absorption behavior in the solar spectral region, with slightly higher values for the SFB 

coating between 1.7-2.5 μm. The great absorptivity level in the SFB coating is attributed to the 

graphitic structures based on carbon nanoparticles previously found in this material through X-ray 

diffraction [88]. By Raman spectroscopy, previous researches have detected the presence of the G, 

D and 2D bands in the SFB coating which are related to the sp2-sp3 bonds, a characteristic mixture 

in carbon nanostructures [88,135]. Accordingly, the higher absorptivity is attributed to the carbon 

components found in the forest biomass soot, which provide to this material important light flux 

absorption capabilities. In contrast, the lowest spectral absorptance was achieved for the Comex 

coating with a monotonically reduction from 0.7-2.5 μm. 

Furthermore, measurements of the spectral hemispherical reflectance of the SFB and Comex 

coatings in a range from 2.5-17 μm were provided by the Dr. Luis Bernardo López-Sosa, from the 

Universidad Intercultural indígena de Michoacán, based on a collaboration related to this study. 

These measurements were obtained with a Perkin Elmer Frontier FTIR spectrophotometer. Fig. 



 

 
84 

 

5.4b depicts the spectral emissivity of Comex and SFB coatings, observing that the emissivity 

increases in both cases at wavelengths higher than 6 μm. By calculating the integral of the spectral 

reflectance weighted against the black body radiation function at 200 °C (Eq. 5.3), the total thermal 

emittance is obtained in 0.92 and 0.86 for the SFB and Comex coatings, respectively. Currently, 

the Optical Research Center (CIO) counts with a Cary 670 FTIR spectrophotometer, but the 

equipment was not available during the development of this study. Therefore, the thermal 

emittance from Pyromark was obtained from previous published works [83], and for the cases of 

Thurmalox and Solkote the emittance was obtained from the manufacturer for a surface 

temperature of ≤400 °C and ≤260 °C, respectively. 

 

Fig. 5.4. a) Absorptivity values of the implemented SACs; b) emissivity of the coatings Comex and 

SFB. 

Table 5.1 shows the optical properties of the solar absorber coatings under study. It can be observed 

that Solkote is the only selective coating with an emissivity of 0.27 at a temperature surface of 400 

°C. Moreover, the SFB coating has the lowest temperature tolerance with ≤300 °C based on the 

reported by López-Sosa et al. [88]. Based on this, the heat transfer analysis and comparison are 

carried out by setting two radiative input powers in order to achieve temperature levels of ≤300 °C 

and >400 °C. Therefore, the absorption efficiency comparison of the commercial coatings, as well 

as the maximum performances of the SFB coating can be analyzed in a complete manner. 
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Table 5.1. Optical properties of the absorber coatings under study. 

SACs Absorptance (±0.1%) Thermal Emittance 
(±0.1%) Temperature tolerance (°C) References 

Pyromark®2500 0.95 0.85 (400 °C) 1000 [83] 

Solkote® 0.93 0.27 (400 °C) 538 [125] 

Thurmalox®250 0.93 0.50 (260 °C) 538 [126,127] 

Comex® 0.84 0.86 (400 °C) 650 [116] 

SFB 0.95 0.92 (100 °C) 300 [88] 

Generally, evacuated tube receivers such as steel pipes or glass to metal welds in vacuum 

atmospheres are not implemented for low-medium temperature PTC technologies [136]. In this 

context, previous researches have demonstrated that evacuated tubes in PTC systems exhibited the 

frequent issue of vacuum loss, affecting the final system’s efficiency [137]. Therefore, the 

assessment of solar receivers under an open environment is a relevant aspect for improving the 

performances of such systems. Correspondingly, evacuated environments are usually omitted at 

the receiver block of LFC technologies, so simplifying the design of the system [20]. Currently, 

one of the principal challenges in the development of SACs for CSP technologies is their efficiency 

enhancement under harsh environments (oxidation) [14]. Therefore, the solar-thermal research of 

SACs under an open environment is highly relevant, so an evacuated atmosphere for the 

calorimetric test bench is not employed in this study. 

It is important to mention that the analyzed absorber coatings are fabricated by manufacturers for 

their employment in different solar-thermal applications at different operating conditions such as: 

oxidation environments, temperature and concentrated flux level. Therefore, the presented thermal 

efficiency comparison is not aimed to qualify the analyzed coatings, but to assess their 

performances with the aid of the calorimetric test bench. In this form, optical-thermal 

performances of different coatings, used for different applications, can be contrasted under the 

same operating conditions, and variations in efficiencies depending on individual qualities can be 

analyzed. As a result, the absorption performance offered by new SACs, such as the SFB coating, 

can be compared with commercial coatings and evaluated. 
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5.3 Heat transfer quantification 

5.3.1 High flux solar simulator 
The developed HFSS, integrated by seven 2.5 kWe xenon arc lamps, is utilized as the flux input 

for the calorimetric experiments. The xenon lamps based HFSS offers artificial concentrated 

irradiation with a black-body spectrum (6000 K) quite similar to the terrestrial sunlight (5777 K) 

with an air mass of 1.5 [30,49]. Besides, solar-thermal and thermochemical research have been 

carried out by implementing such high-discharge arc lamps (2.5 kWe) [50,57]. Additionally, solar 

simulators with similar artificial sunlight have been used for the comparison of different solar 

receivers [138]. 

To characterize the flux distribution delivered by the HFSS, the water-cooled Gardon type 

radiometer TG1000-0 was employed for this purpose. As explained in section 3.3, the sensor scale 

factor of ±3% provided by Vatell is considered accurate enough for concentrated flux 

measurements in this study based on the experimental validations published in the literature 

[72,111]. A characterization campaign was conducted with this Gardon gauge by measuring the 

heat flux onto the focal plane in a circular area of 100 mm in diameter in steps of 5 mm taking into 

consideration the faceplate of the calorimeter, see Fig. 5.1b. In order to calculate the input power 

𝑄𝑖𝑛(𝑅) incident on the target surface with radius R, the Eq. (5.5) was utilized for this purpose 

[139]. 

 
𝑄𝑖𝑛(𝑅) = 2ᴨ ∫ 𝑞(𝑟)𝑟𝑑𝑟

𝑅

0
 

(5.5) 

Where 𝑞(𝑟) is the mean radiative flux over the target area and 𝑄𝑖𝑛 is the input power used for 

performing the calorimetric experiments. For this analysis, the flux mapping technique is not 

considered for characterizing the intercepted power over the target. The main reason is due to the 

high uncertainties that can be generated by the secondary concentrator of the test bench, taking 

into consideration that this indirect technique is used with a diffusely reflective flat target plate 

along with the CCD camera. 

In order to carry out the test bench performance evaluation and the thermal efficiency comparison, 

the radiative input power 𝑄𝑖𝑛 was established in 2 different levels: low flux level and high flux 
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level. Accordingly, the thermal efficiency comparison of the analyzed SACs at low-medium and 

medium-high temperature ranges can be conducted. 

5.3.2 Quantification of the energy balance 
Fig. 5.5 depicts the layout of the calorimeter together with the test plate for the heat transfer 

assessment. The calorimetric test bench was equipped with six thermocouples type K (TC-K), 

±0.75% uncertainty, which are shown with red dots from 1 to 6 in Fig. 5.5. In order to measure the 

receiver surface temperature, 3 TC-K were installed on the back surface of the testing plate 

(substrate-coating) locating them evenly from the center (0 mm in diameter) to 50 mm away. 

Furthermore, a 382×288 pixel resolution thermographic camera (OPT-PI400) was implemented 

for measuring the temperature distribution on the front side of the testing plate. The IR camera was 

previously calibrated adjusting the emissivity of the material under test. Moreover, measurements 

were previously taken on different samples with the calibrated TC-K and served as a reference to 

adjust the configuration of the camera, giving an uncertainty of 1.5%. Additionally, 3 TC-K were 

located on the front part of the test plate (red dot #4), on the faceplate (red dot #5) and over the 

calorimeter marked with the red dot #6 as shown in Fig. 5.5. 

 

Fig. 5.5. Schematic layout of the calorimeter along with the testing plate for the analysis of the heat 

transfer process. Thermocouples (TC-K) are represented with red dots and numbers. 
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To quantify the thermal power transferred to the HTF (𝑄𝑎𝑏𝑠), the proper energy balance of the 

working fluid was conducted by implementing the Eq. (5.6). 

 𝑄𝑎𝑏𝑠 = 𝑚𝐶𝑝𝑤(𝑇𝑜 − 𝑇𝑖) (5.6) 

where 𝑚 is the mass flow rate of the HTF; 𝐶𝑝𝑤 is the specific heat capacity of water; 𝑇𝑖 and 𝑇𝑜 are 

the inlet and outlet water temperatures, respectively. The thermal efficiency 𝜂𝑎𝑏𝑠 can be defined 

as the ratio of the thermal power absorbed by the working fluid 𝑄𝑎𝑏𝑠 to the radiative input power 

over the target 𝑄𝑖𝑛, as described by the Eq. (5.7). This equation was utilized for quantifying the 

thermal efficiency 𝜂𝑎𝑏𝑠 of the different SACs under analysis. 

 𝜂𝑎𝑏𝑠 =
𝑄𝑎𝑏𝑠

𝑄𝑖𝑛
 (5.7) 

Furthermore, thermal losses were assessed in order to evaluate the radiative-to-heat transfer 

performance of the test bench. The thermal losses can be assessed by an energy balance taking into 

consideration the input power 𝑄𝑖𝑛 on the absorber element of the test bench. As the thermal losses 

𝑄𝑙𝑜𝑠𝑠 involve the reflection (𝑄𝑟𝑒𝑓), conduction (𝑄𝑐𝑜𝑛𝑑), convection (𝑄𝑐𝑜𝑛𝑣) and re-radiation (𝑄𝑟𝑎𝑑) 

of the incident power, they can be simplified by 𝑄𝑙𝑜𝑠𝑠 = 𝑄𝑟𝑒𝑓 + 𝑄𝑐𝑜𝑛𝑑 + 𝑄𝑐𝑜𝑛𝑣 + 𝑄𝑟𝑎𝑑 [14]. 

Hence, the energy balance for thermal losses can be described along with the energy transferred 

to the working fluid 𝑄𝑎𝑏𝑠 and the coating absorptivity 𝛼𝑎𝑏𝑠, as shown in Eq. (5.8) [140]. 

 𝑄𝑙𝑜𝑠𝑠 = 𝛼𝑎𝑏𝑠𝑄𝑖𝑛 − 𝑄𝑎𝑏𝑠 (5.8) 

The figure of merit of the coating efficiency is also employed to evaluate the SAC performance, 

which is based on the total energy absorbed by the coating to the total energy absorbed by an ideal 

selective coating (𝛼𝑖𝑑𝑒𝑎𝑙 = 1; 𝜀𝑖𝑑𝑒𝑎𝑙 = 0) and is described by Eq. (5.9) [94, 141, 142]. 

 
𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔 =

𝛼𝑎𝑏𝑠�̅� − 𝜀𝜎𝑇𝑠
4

𝛼𝑖𝑑𝑒𝑎𝑙�̅� − 𝜀𝑖𝑑𝑒𝑎𝑙𝜎𝑇𝑠
4 =

𝛼𝑎𝑏𝑠�̅� − 𝜀𝜎𝑇𝑠
4

�̅�
 

(5.9) 

Based on this metric, the impact that each coating can have on the system can be analyzed by 

implementing optical-thermal parameters involved in the performance of each coating under test, 

such as; absorptivity 𝛼𝑎𝑏𝑠, emissivity 𝜀, coating temperature 𝑇𝑠 and mean flux incident on the test 

plate �̅�. Furthermore, the maximum efficiency of the test bench can be calculated based on the 

efficiency of a Carnot heat engine operating between a high temperature and a low temperature 

level, which is described as follows [143]: 
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 𝜂𝑚𝑎𝑥 = 𝜂𝑐𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇𝑎

𝑇𝑠
 (5.10) 

where 𝜂𝑚𝑎𝑥 is the maximum efficiency of the test bench and 𝑇𝑎 is the room temperature. 

Furthermore, an uncertainty analysis was conducted by taking into consideration the main error 

sources in the energy balance calculation [115]. Hence, the error propagation assessment was 

carried out, being the water mass (kg), time (s) and the temperature difference (°C) the principal 

contributions to the heat transfer uncertainty of the test bench. 

5.4 Results and discussions 

5.4.1 Performance evaluation of the test bench 
In order to evaluate the heat transfer performance provided by the test bench, calorimetric 

experiments were carried out by applying the commercial coating Pyromark2500 on the absorber 

receiver. Fig. 5.6a depicts the picture of the AA-6061-T651 based test bench under installation. 

Furthermore, a proper radiative input power was established for conducting experiments at low-

medium temperature levels with the aid of the shutter curtain. It is worth mentioning that the 

shutter was adjusted arbitrarily for obtaining the required flux levels without performing a deep 

analysis with the shutter, as described in section 4.6. Fig. 5.6b shows the concentrated flux spot 

incident on the analyzed test plate inserted into the test bench. It can be observed a rounded flux 

spot over the center of the receiver. 

 

Fig. 5.6. a) Installation of the test bench for SACs assessments; b) concentrated flux spot on the 

analyzed test plate coated with Pyromark. 
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To carry out the thermal efficiency comparison with different commercial coatings, a peak 

temperature of approximately 500 °C was considered. Correspondingly, a low peak temperature 

for the assessment of the SFB coating was also used (≤300 °C). To do so, two different peak flux 

levels were adjusted. Fig. 5.7a shows the mean flux profile, called low concentrating flux level 

(LCFL) which corresponds to a radiative peak of up to 100±3 kW/m2 with a mean radiative flux 

of 38.58±1.15 kW/m2 and a radiative input power of 303±9 W within a target diameter of 100 

mm. In order to obtain a higher concentrated irradiation for reaching higher temperatures, a second 

case called high concentrating flux level (HCFL) was adjusted for this purpose. Fig. 5.7b shows 

the mean radiative flux of the HCFL, having a radiative peak of up to 415±12 kW/m2 with a mean 

flux of 157±5 kW/m2 and an input power 𝑄𝑖𝑛 of 1238±37 W onto a target diameter of 100 mm. 

 

Fig. 5.7. a) Mean flux distribution and radiative input power at LCFL; b) mean flux distribution 

and radiative input power at HCFL. 

This two flux levels were first used for analyzing the performances of the test bench when the 

Pyromark coating is implemented. Therefore, a sensitivity heat transfer analysis was carried out 

by using 4 different mass flow rates with each of the radiative flux levels. Fig. 5.8 shows the 

thermal efficiencies and temperature differences (𝑇𝑜 − 𝑇𝑖) as a function of the mass flow rate. Fig. 

5.8a shows that, for a mass flow greater than 24.63x10−3 kg/s, the thermal efficiency begins to 

saturate between 91-92.5%, while at flow levels less than 24.63x10−3 kg/s the efficiencies drop 

between 85.6-90%. In contrast, as the mass flow rate increases, the temperature difference (ΔT) 

decreases. This is due to the fact that at low flow rates, the working fluid is limited in removing 
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heat from the test plate, which implies not only an increase in the system’s temperature, but also 

in thermal losses; for a mass flow rate of 15x10−3 kg/s the temperature of the calorimeter (TC#6, 

see Fig. 5.5) was 34 °C, while at 28x10−3 kg/s TC#6 was 23 °C, almost room temperature (20 

°C). Similarly, Fig. 5.8b shows the behavior of ΔT and thermal efficiency as a function of mass 

flow rate. Hence, it is observed that for flow rates greater than 24x10−3 kg/s the efficiencies begin 

to saturate between 88-90% for temperature differences between 9-11 °C, respectively. For this 

case of HCFL, the temperature of the calorimeter was up to 58 °C at a mass flow rate of 

28x10−3 kg/s and 78 °C for a flow rate of 15x10−3 kg/s. The implemented mass flow rates were 

15x10−3±0.24 x10−3 kg/s, 20x10−3±0.32 x10−3 kg/s, 24.63x10−3±0.39 x10−3 kg/s and 

28.7x10−3±0.45 x10−3 kg/s obtaining thermal efficiencies of 85.66±3.1%, 89.51±3.3, 

91.74±3.8% and 92.5±4.2%, respectively for a LCFL, and 75.96±2.73%, 84.41±3.14%, 

88.69±3.41% and 90±3.5%, respectively for a HCFL. Although a high temperature difference is 

useful in reducing the uncertainty level (in particular for LCFL), higher mass flow rates provide 

higher efficiencies, as well as contribute to keep the receiver well cooled avoiding damage to the 

coating and possible delamination. Therefore, a mass flow rate of 24.63x10−3 kg/s is considered 

a reliable value to carry out the experiments with the test bench. 

 

Fig. 5.8. Thermal efficiencies and temperature differences of the test bench as a function of the 

mass flow rate for: a) LCFL; b) HCFL. 

Subsequently, to corroborate that the peak flux incident on the coated test plate is in accordance 

with the required temperature level, measurements were taken with the thermographic camera as 
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well as with the thermocouples located on the back side of the test plate, as explained in section 

5.3.2. Furthermore, temperature experiments were carried out with and without cooling the test 

plate with the working fluid for determining the maximum temperature generated by the peak flux 

levels. Fig. 5.9a shows the temperature distribution measured with the thermocouples without 

applying a mass flow rate (0 kg/s) depicted with the red rhombi. As well, this graph shows the 

temperature distribution when a mass flow rate of 24.63x10−3 ±0.39 x10−3 kg/s is applied (blue 

circles). It can be clearly observed the decrease in temperature level produced by the cooling effect 

of the HTF, so guaranteeing the test bench design viability. This result shows a reduction in peak 

temperature from 178±3 °C to 116.4±2 °C with mass flow rate from 0 kg/s to 24.63x10−3 kg/s, 

selected mass flow rate from the sensitivity heat transfer analysis.  

Fig. 5.9b shows the temperature measured with the thermographic camera taking only into 

consideration the average temperature inside the white circle named test plate which corresponds 

to the irradiated area of interest of 100 mm in diameter. Subsequently, by applying a HCFL, a 

maximum temperature of 519±10 °C was achieved without applying a mass flow rate, as shown 

in Fig. 5.9c with red rhombi. Correspondingly, Fig. 5.9c shows the temperature distribution profile 

(blue circles) achieving a maximum temperature of up to 252±5 °C by implementing a water mass 

flow rate of 24.6x10−3 kg/s. Additionally, Fig. 5.9d shows the average temperature taken with 

the thermographic camera when the selected mass flow rate is applied. Although the temperature 

on the test plate is significant, the boiling point of the water is not surpassed. The main reason is 

that the recirculation of the water, the insulated water reservoir with capacity of 150 L, as well as 

the circulating chiller, and the control on the volumetric flow (L/min), avoid the phase change of 

water. Additionally, the temperature level on the calorimeter measured with the thermocouple #6 

(see Fig. 5.5) does not reach water’s boiling point, neither at LCFL (27°C on calorimeter) nor at 

HCFL (66 °C on calorimeter). 
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Fig. 5.9. a) Temperature distributions at the back surface of the coated test plate for LCFL; b) 

average temperature over the test plate for a LCFL taken with the IR camera; c) temperature 

distributions at the back surface of the coated test plate for HCFL; d) average temperature over the 

test plate for a HCFL taken with the IR camera. 

To calculate the energy balance (Eq. (5.6)), the temperature difference between both inlet 𝑇𝑖 and 

outlet 𝑇𝑜 water temperatures at the calorimeter were measured for this purpose. Fig. 5.10a depicts 

the temperature profiles of 𝑇𝑖 and 𝑇𝑜, their temperature difference ΔT and the volumetric flow of 

1.49 L/min (24.63x10−3 kg/s) when the Pyromark coating is implemented. For a LCFL, the inlet 

and outlet water temperatures and the temperature difference were up to 20.1±0.15 °C, 22.8±0.15 

°C and 2.7±0.2 °C, respectively. From this graph, it can be observed the rising in temperature 𝑇𝑜 

as the heat from the input power is transferred to the HTF in a span of 5400 s (1.5 hrs.). 

Correspondingly, Fig. 5.10b shows the trend of the inlet and outlet water temperature, as well as 

the temperature difference ΔT for the case of HCFL, having values of 20.21±0.15 °C, 30.91±0.15 

°C and 10.7±0.2 °C, respectively. It can be noticed that the maximum achieved temperature 
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difference ΔT occurs at approximately 1000 s (16 min) until stabilizing at 30 minutes. Furthermore, 

during the experimental analysis, 𝑇𝑖 and 𝑇𝑜 achieved temperature levels between 20 °C to 31 °C, 

so thermo-physical properties of the water such as water density 𝜌𝑤 and specific heat capacity 𝐶𝑝𝑤 

were averaged at 997 kg/m3 and 4180 J kg °c⁄  for the energy balance. 

 

Fig. 5.10. Water temperature profiles of: 𝑻𝒊, 𝑻𝒐,and the volumetric flow of 1.48 L/min 

(24.6𝐱𝟏𝟎−𝟑 𝐤𝐠/𝐬) when the Pyromark coating is implemented. a) at LCFL; b) at HCFL. 

Fig. 5.11 shows the trend of the heat transferred to the working fluid as the input power is absorbed 

and converted into useful work 𝑄𝑎𝑏𝑠. The temperature reached on the receiver surface is about 

115±2 °C for the case of the LCFL, see Fig. 5.9b. Based on the energy balance, the absorbed 

thermal power from the test plate is up to 277.97±14 W when a radiative input power of 303±9 

W is applied. Therefore, the thermal efficiency 𝜂𝑎𝑏𝑠 is quantified in 91.74±3.8% which can be 

observed in Fig. 5.11a with a similar trend of the absorbed power due to the proportionality in Eq. 

(5.7). Fig. 5.11b shows the growth trend of the thermal power converted into useful work, which 

is calculated in a maximum value of 1098.6±26 W for the HCFL, reaching a temperature over the 

test plate of about 254±4 °C (see Fig. 5.9d) by implementing a radiative input power 𝑄𝑖𝑛 of 

1238±37 W. Accordingly, a thermal efficiency of 88.69±3.41% is quantified, resulting in an 

efficiency reduction of 3.3% when compared with the thermal efficiency obtained at LCFL (within 

the uncertainty level). This slight reduction in efficiency is thought to happen due to the increment 

in thermal losses as the temperature over both the receiver surface and the test bench rise, which 
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generates the reduction of heat transferred to the working fluid based on the thermal balance 

described in Eq. (5.8). 

 

Fig. 5.11. Transferred thermal power and thermal efficiency as the input power is absorbed by the 

test plate covered with Pyromark: a) at LCFL; b) at HCFL. 

In order to evaluate the test bench performance when the thermal losses increase, four different 

radiative input powers were established at 303±9 W, 750.97±22 W, 1238±37 W and 1690±50 

W, while maintaining the mass flow rate constant at 24.63x10−3 kg/s. From Fig. 5.12a, it can be 

observed the increase in thermal losses as the absorber receiver heats up, presenting a curve with 

exponential growth. For each implemented flux level, overall thermal losses were quantified with 

Eq. (5.8) and were plotted versus the temperature difference between the absorber surface 

temperature 𝑇𝑠 and the room temperature 𝑇𝑎 once the experiments reached the steady state (1.5 

hrs.). Accordingly, the overall thermal losses were calculated in 12.9±1 W, 44.63±3 W, 90.88±4 

W and 155.4±6.1 W, increasing as the temperature difference (𝑇𝑠 − 𝑇𝑎) increased. From this 

result, a third degree polynomial curve fit was performed, obtaining an 𝑅2 of 0.9982, as shown in 

Fig. 5.12a. In parallel, as the thermal losses rise with the increment of the temperature over the test 

plate, the heat transfer performance is affected by a drop in thermal efficiency. Fig. 5.12b shows 

the drop in thermal efficiency for the 4 different input power levels, obtaining efficiencies of up to 

91.74±3.8%, 90±3.2%, 88.69±3.41% and 86.8±2.8%, respectively. This reduction in absorption 

efficiency presents a linear trend with an 𝑅2 of 0.98853. The principal factor for the drop in 

efficiency is because the working fluid removes heat from the receiver with a constant mass flow 

rate for all the different levels of input power, making difficult to cool the receiver at higher peak 
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flux levels. This limitation of cooling the receiver properly generates a rise in temperature not only 

on the test plate, but also into the test bench, which increase the overall thermal losses. It is worth 

mentioning that the thermal losses reported in Fig. 5.12a are evaluated for all the calorimetric test 

bench, not only for the implemented coating. On the other hand, the heat losses exhibited by the 

test bench can be reduced by properly adjust the mass flow rate of the HTF, which will be discussed 

in the next sections. 

 

Fig. 5.12. a) Overall thermal losses  of the test bench as the test plate is heated up; b) thermal 

efficiency trend of the test bench as a function of (𝑻𝒔 − 𝑻𝒂). 

The coating efficiency of Pyromark for a LCFL and HCFL was quantified with the figure of merit 

(Eq. (5.9)) obtaining values of 92.3±2.7% and 92.6±2.7%, respectively. It can be observed that 

the efficiencies in both cases are practically the same, with an increase of 0.3% for HCFL. On the 

one hand, this effect could be happening due to the fact that the coating efficiency responses better 

at higher flux levels when the operating temperature is in the range implemented in this study [83]. 

On the other hand, the solar absorptance is being considered the same throughout the experimental 

campaign, see Table 5.1. In order to analyze the solar absorptance of the coating after being 

irradiated with a HCFL, measurements with the spectrophotometer were conducted for this 

purpose. Fig. 5.13 illustrates the comparison of the spectral absorptivity of the Pyromark coating 

before and after the experimental campaign with a HCFL. It can be clearly observed a reduction 

of absorptivity in the range of 300-1750 nm, while an increase is noticed between 1750-2500 nm. 

By using Eq. (5.2), the solar absorptance weighted against the standard AM1.5 is calculated, 
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obtaining a value of 0.94±0.001, presenting a reduction of 1.22% after irradiation. Spectral 

measurements of different samples irradiated with a LCFL did not show a significant change on 

the solar absorptance. Therefore, values of solar absorptance of 0.9517±0.001 and 0.94±0.001 

were used for calculating the coating efficiency for LCFL and HCFL, obtaining values of 

92.3±2.7% and 91.6±2.7%, respectively, with a reduction of 0.758%. 

 

Fig. 5.13. Comparison of the spectral absorptivity of Pyromark before and after being irradiated. 

Furthermore, it can be noticed that the coating efficiency is higher than the thermal efficiency 

obtained with Eq. (5.7). This is mainly due to fact that the high radiative flux �̅� and the high 

absorptance level of the coating have more impact than the energy losses at these temperature 

levels between 100-250 °C, as explained by Cindrella et al. [141]. For the case of LCFL, the 

expected efficiency of 92.3±2.7% (coating efficiency) is reduced to 91.74±3.8% (thermal 

efficiency), only 0.6% less, which is within the uncertainty range of the measurements. For the 

case of HCFL, the expected efficiency is reduced by 3.17%, which is explained by the heat losses 

analysis presented in Fig. 5.12. Heat losses are mainly due to conduction into the mass of the 

testing system since the mass flow rate is kept constant. 

With regard to the maximum efficiency of the test bench, the efficiency of a Carnot heat engine is 

evaluated with Eq. (5.10). From this evaluation, the Carnot efficiency of the test bench for a LCFL 

is up to 24.48±0.24%, while for a HCFL the efficiency is 43.45±0.43%. Then, it can be observed 

that the Carnot efficiency is mainly influence by higher temperatures reached on the receiver 

surface; as the receiver temperature 𝑇𝑠 increases, the system’s Carnot efficiency increases as well. 
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However, as the temperature on the test plate rises, the energy losses of the coating would also rise 

due to dependence with temperature to the fourth power 𝑇𝑠
4, see Eq. (5.9). Therefore, the system 

will have a limit temperature at which the maximum efficiency would begin to decrease [144]; but 

this effect was not observed in the temperature range implemented in this study. Based on the heat 

transfer evaluation of the test bench, a good performance is observed for carrying out the thermal 

efficiency comparison with different SACs at the proposed heat flux levels. Table 5.2 depicts the 

global parameters quantified for the performance evaluation of the test bench when the Pyromark 

coating is applied for the analysis. 

Table 5.2. Global parameters of the test bench evaluation with the use of the coating Pyromark. 
Parameter Value at LCFL Value at HCFL 

𝒎 24.63x10−3 ±0.39 x10−3 kg/s 24.63x10−3 ±0.39 x10−3 kg/s 
𝑻𝒊 20.1±0.15 °C 20.21±0.15 °C 
𝑻𝒐 22.8±0.15 °C 30.91±0.15 °C 
𝑻𝒔 115±2 °C 254±5 °C 
𝑪𝒑𝒘 4180 J/kg°C 4180 J/kg°C 

𝝆𝒘 997 kg/m3 997 kg/m3 

𝑸𝒊𝒏 303±9 W 1238±37 W 

𝑸𝒂𝒃𝒔 277.97±14 W 1098±26 W 

𝑸𝒍𝒐𝒔𝒔 12.9±1 W 90.88±4 W 

𝜼𝒂𝒃𝒔 91.74±3.8% 88.69±3.41% 

𝜼𝒄𝒐𝒂𝒕𝒊𝒏𝒈 92.3±2.7% 91.6±2.7% 

𝜼𝑪𝒂𝒓𝒏𝒐𝒕 24.48±0.2% 43.45±0.4% 

5.4.2 Heat transfer performance and efficiency comparison with different SACs 
With the use of the four different commercial SACs, in addition to the soot-based coating (SFB) 

described in section 5.2.2, the comparison of the absorbed thermal power performance and thermal 

efficiency was conducted with the aid of the test bench. To carry out the radiative-to-heat transfer 

analysis, the experiments were performed by using the characterized flux levels of LCFL and 

HCFL described in Table 5.2, as well as a mass flow of 24.63x10−3 ±0.39x10−3 kg/s. 

Additionally, an uncoated plate (only aluminum) was utilized for analyzing the thermal efficiency 

of the substrate when an absorber coating is not applied. 

Temperature differences measured with the different SACs are shown in the Fig. 5.14a presenting 

a quite similar growth trend, except for the uncoated aluminum plate. From this graph, the absorber 

coating with the highest temperature difference was the Pyromark coating, achieving a temperature 
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difference ΔT of 2.7±0.2 °C. Correspondingly, the temperature differences measured with the 

other SACs were 2.6±0.2 °C, 2.52±0.2 °C, 2.49±0.2 °C and 2.45±0.2 °C for SFB, 

Thurmalox250, Solkote and Comex, respectively. For the case of the uncoated substrate, the 

temperature gradient ΔT was only of 1±0.2 °C, which is an expected outcome due to the fact that 

the reflectivity factor of the aluminum surface generates a higher energy losses. Based on these 

results, it can be observed a quite narrow range of temperature differences between 2.7 to 2.45 °C 

for the coatings under test at the LCFL. Fig. 5.14b shows the absorbed thermal power profiles 

quantified with the different samples under analysis. It can be clearly observed that the thermal 

power profiles present a similar trend as the respective temperature difference trends because the 

thermal power 𝑄𝑎𝑏𝑠 is directly proportional to the ΔT and to the mass flow rate, see Eq. (5.6). The 

absorber coating with the highest heat transfer performance was Pyromark with a transferred 

thermal power of 277.97±14 W, followed by SFB, Thurmalox, Solkote, Comex and aluminum 

with 267.67±13 W, 259.88±13 W, 256.35±13 W, 252.23±13 W and 102.95±5 W, respectively. 

From this graph, the SFB coating exhibited an excellent heat transfer performance at this flux level, 

with an absorbed power of 267.67±13 W, higher than most of the commercial coatings and only 

3.7% less than the Pyromark performance, which is within the uncertainty range of the energy 

balance. By comparing the heat transfer performance of the analyzed absorber coatings, it can be 

observed a quite similar behavior with a difference in percentage between the highest and the 

lowest absorbed power of 9.2%. As a result at this LCFL, it could be inferred that; the higher the 

solar absorptance the better the efficiency, neglecting the thermal emittance [141]. 

 
Fig. 5.14. a) Temperature difference ΔT evaluated for the 6 samples at LCFL; b) thermal power 

profiles 𝑸𝒂𝒃𝒔 at LCFL. 



 

 
100 

 

Fig. 5.15a shows the temperature difference comparison of the different samples under test, 

achieving a maximum temperature difference of 10.7±0.2 °C with the Pyromark coating at HCFL. 

The temperature differences ΔT obtained at this flux level were 10±0.2 °C, 9.7±0.2 °C, 8.9±0.2 

°C, 8.75±0.2 °C and 3±0.2 °C for the coatings Thurmalox, Solkote, Comex, SFB and the uncoated 

substrate, respectively. In contrast with the ΔT obtained for the LCFL, the temperature gradients 

exhibited a slightly wider range between coatings. From Fig. 5.15a it can be seen that the SFB 

coating achieved an excellent thermal performance similar to the implemented commercial 

coatings. Nevertheless, it was observed that the SFB coating started to present delamination 

problems after the test plate reached a surface temperature of 180 °C, achieving a maximum useful 

work of 900.84±25 W, as depicted in Fig. 5.15b. This coating detachment could be produced not 

only by the lower thermal tolerance compared to the commercial coatings, but also by the 

degradation of the coating’s binder, which occurs while the test plate is being irradiated [145]. 

Furthermore, this result implies that the maximum temperature resistance of the SFB coating could 

be determined at ≤150 °C. Therefore, it could be inferred that this coating could have a great 

potential in solar-thermal applications at low-medium temperature level (60-150 °C) such as: flat 

plate collectors, CPC systems and small-scale PTC [27]. The useful work absorbed by the samples 

under test, as depicted in Fig. 5.15b, are; 1098.6±25.2 W, 1029.53±25.73 W, 998.64±25.96 W, 

916.28±25.2 W, 900.84±25 W and 298±19 W,  for the coatings Pyromark, Thurmalox, Solkote, 

Comex, SFB and the aluminum plate, respectively. From this result, the commercial coatings 

Pyromark and Thurmalox were the coatings with better performances, presenting a difference in 

collected power of 6.3% between them. In spite of having the lower thermal emittance (0.27), the 

Solkote coating presented a lower efficiency than Pyromark and Thurmalox. This is mainly due to 

the fact that its solar absorptance is 0.92, 2.1% less than Pyromark, and this is the critical parameter 

for achieving a higher efficiency, as aforementioned. Based on this, the performances of the 

Comex coating can be explained by the lower absorptance level of 0.85. Although having similar 

absorptivity (~0.92) and Solkote less emissivity (0.27), Thurmalox achieved a better performance. 

In this context, critical parameters during the application procedure of the SACs can have a 

significant impact on the final performance such as: the coating thickness, easy adhesion to the 

substrate, the excellent acrylic base and the high temperature resistance of each coating. Moreover, 

for high oxidation environments at high heat flux levels, the improvement of the thermal efficiency 

with the aid of a selective coating has been reported to be of ~0.8% for an emissivity range of 0.9 
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to 0.5 [25]. Therefore, it could be inferred that external elements involved during experimentation, 

as well as the relationship between absorptivity and emissivity with respect to the optical-thermal 

performance, could be analyzed indirectly with the calorimetric approach reported in this study. 

 

Fig. 5.15. a) Temperature difference ΔT evaluated for the 6 samples at HCFL; b) thermal power 

profiles 𝑸𝒂𝒃𝒔 at HCFL. 

In order to evaluate the optical properties of each coating before and after being irradiated with a 

HCFL, absorptivity measurements were taken and compared. Fig. 5.16 shows the change in 

spectral absorptivity that the coatings experience before (denoted with 1) and after (denoted with 

2) the experimental campaign. It can be observed that the coating Solkote reduces its absorptivity 

level between 700 to 1500 nm while Thurmalox keeps unchanged throughout the wavelength 

range. This could explain the better performance obtained from Fig. 5.15. Furthermore, the Comex 

coating seems to improve slightly the spectral absorptance between 300 to 700 nm. Previous 

studies have reported that improvements in optical efficiencies of SACs can occur during 

experimentation due to a curing phenomenon on the coating that emerges at certain levels of 

irradiance and temperature [94]. Therefore, the change in absorptivity level of Comex could be 

explained due to a better adhesion to the substrate during the experimentation process at high flux 

levels. By calculating the solar absorptance, the change experienced by each coating was 1.22% 

(reduction) for Pyromark, 0.28% (reduction) for Solkote, 0.03% (reduction) for Thurmalox, 

0.247% (increase) for Comex and 0.28% (reduction) for SFB.  
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Fig. 5.16. Comparison of the spectral absorptivity of the SACs before (1) and after (2) being 

irradiated with a HCFL. 

For LCFL, the maximum thermal efficiencies 𝜂𝑎𝑏𝑠 of the analyzed coatings were calculated with 

the aid of Eq. (5.7) and results are shown in Fig. 5.17a along with the corresponding temperature 

differences. From Fig. 5.17a, it can be observed that Pyromark achieves the highest thermal 

efficiency compared with the other SACs, reaching 91.74±3.8% of efficiency. Regarding the other 

samples under test, the calculated efficiencies were up to 88.33±4%, 85.77±4.1%, 84.6±4.1%, 

83.24±4.1%, and 33.97±1.7% for SFB, Thurmalox, Solkote, Comex and the uncoated substrate, 

respectively. From Fig. 5.17a, it can be clearly observed that the most significant parameter for 

the achieved thermal efficiency is the temperature difference obtained with each coating. 

Therefore, for the same experimental conditions of flux and mass flow rate, the higher the 

temperature ΔT, the better the thermal efficiency 𝜂𝑎𝑏𝑠. Correspondingly, the maximum thermal 

efficiencies reached with a HCFL were compared and are depicted together with the respective 

temperature difference in Fig. 5.17b. Similar to the LCFL, the Pyromark coating achieved higher 

thermal efficiency than the other commercial coatings under the experimental conditions presented 

in this study. Accordingly, the thermal efficiencies obtained with the samples under analysis are 

88.69±3.41%, 83.16±3.24%, 80.61±3.14%, 74±2.96%, 72.69±2.9% and 24.1±1.6%, 

corresponding to the coatings Pyromark, Thurmalox, Solkote, Comex, SBF and the aluminum 
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plate. In contrast with the LCFL, the thermal efficiencies decreased significantly between 4% to 

12% less when a HCFL was applied. This efficiency reduction could be occurring due to an 

ineffective capability of the working fluid to remove heat from the absorber receiver as the 

absorber is heated up when going from a LCFL to a HCFL, while maintaining constant the mass 

flow rate. Hence, higher thermal losses can be generated, reducing the heat transfer performance, 

as well as the thermal efficiency. On the one hand, by rising the mass flow rate, the cooling effect 

on the calorimeter can be improved, reducing the overall thermal losses, enhancing the heat 

transfer performance (see Fig. 5.8) as well as, protecting the tandem substrate-coating from 

degradation. On the other hand, the operating conditions for the calorimetric experiments have the 

same impact for all of the samples under analysis. Hence, under the same controlled conditions 

such as flux and mass flow rate, the thermal losses will affect each sample depending on their 

individual characteristics and performances. Therefore, a direct coating comparison about the flux 

acceptance and performances, under the operating conditions presented in this study, can be 

assessed. As aforementioned, the analyzed commercial coatings are fabricated by manufacturers 

as a solution for specific solar-thermal applications. Consequently, the performances achieved with 

each sample are only parameters to identify the possible efficiency achievable when a specific 

commercial coating is used under the operating conditions presented here for an open environment. 

 

Fig. 5.17. Thermal efficiency comparison between the analyzed SACs and the uncoated substrate: 

a) at LCFL; b) at HCFL. 

Table 5.3 shows the results obtained from the heat transfer performance comparison and thermal 

efficiency by using the LCFL and HCFL. From Table 5.3, it can be noticed that the efficiencies 
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𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔 for all the analyzed coatings present slight reductions from the low flux level to the high 

flux level. Furthermore, it can be observed that the coating efficiencies 𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔 reached higher 

levels than those obtained for the thermal efficiency 𝜂𝑎𝑏𝑠 at HCFL, because the heat transfer 

process of the working fluid is not involved in the quantification of 𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔. Therefore, the main 

source of thermal losses at high flux level can be attributed to the conduction losses through the 

test bench structure, which involves the working fluid and the thermal efficiency. 

Table 5.3. Results obtained from the thermal efficiency comparison with the analyzed SACs. 

SAC 
Value at LCFL Value at HCFL 

ΔT (°C) 𝑄𝑎𝑏𝑠 (W) 𝜂𝑎𝑏𝑠 (%) 𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔 
(%) ΔT (°C) 𝑄𝑎𝑏𝑠 (W) 𝜂𝑎𝑏𝑠 (%) 𝜂𝑐𝑜𝑎𝑡𝑖𝑛𝑔 

(%) 
Pyromark 2.7±0.2 277.97±14 91.74±3.8 92.3±2.7 10.7±0.2 1098±26 88.69±3.4 91.6±2.7 
Solkote 2.49±0.2 256.35±13 84.6±4.1 91.8±2.7 9.7±0.2 998.6±26 80.61±3.14 91.4±2.7 
Thurmalox 2.52±0.2 259.88±14 85.77±4.1 91.2±2.7 10±0.2 1029.5±25 83.16±3.24 91.6±2.7 
Comex 2.45±0.2 252.23±13 83.24±4.1 82.3±2.6 8.9±0.2 916.28±25 74±2.96 83.2±2.5 

SFB 2.6±0.2 267.67±13 88.33±4 92.3±2.7 8.75±0.2 900.84±25 72.69±2.9 92.9±2.7 

From these results, it can be noticed that the Comex coating has exhibited a great heat transfer 

performance in both LCFL and HCFL when compared to the other commercial coatings. Based 

on its easy application, low-cost and thermal efficiency, the Comex coating could be an interesting 

and practical solution in CSP applications when requiring re-coating the metal-based solar 

receiver. In the case of the experimental SFB coating, its heat transfer performance is considered 

acceptable on the basis that, for LCFL its thermal efficiency was only 3.7% less than Pyromark 

(the highest efficiency). Even though the test plate suffered from delamination, for HCFL the 

SFB’s thermal efficiency achieved up to 72.69%, only 9.5% less than Solkote. Moreover, the soot-

based coating can provide a sustainable strategy for the reutilization of solid combustion waste, in 

addition to its low-cost, easy fabrication and application. Therefore, the SFB coating could 

represent a promising alternative for its utilization in SHIP applications at low-to-medium 

temperature levels of about ≤150 °C. Nonetheless, before the SFB could be integrated on the 

market as an SAC alternative, further research is required for improving critical properties of this 

coating such as; temperature tolerance, hardness and adhesion, as well as optical-thermal 

properties. 
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5.5 Summary 

In the present Chapter, the development of a calorimetric test bench for the flux absorption 

assessment of SACs has been reported and experimentally evaluated. The test bench was designed 

based on a flat calorimeter made of aluminum for reducing complexity in both manufacturing and 

heat transfer quantification. The test bench was coupled with the developed HFSS for achieving a 

well-controlled laboratory environment for conducting calorimetric experiments. Subsequently, 

two different heat flux input levels, called LCFL and HCFL, were established with the solar 

simulator at LCFL= 100±3 kW/m2 and HCFL= 415±12 kW/m2. To evaluate the heat transfer 

performance of the test bench, the standard coating Pyromark was employed for this purpose, 

obtaining a thermal efficiency of 91.74% for the LCFL and an 88.69% for the HCFL. Furthermore, 

an experimental campaign was carried out by adjusting the flux delivered by the solar simulator at 

4 different levels. By increasing the concentrated peak flux and keeping the mass flow rate at the 

same level, the thermal losses of the calorimetric test bench were analyzed, observing a reduction 

in thermal efficiency as the temperature over the test plate (substrate-coating) increased. This 

experimental conditions provided the possibility to analyze performances and efficiencies of the 

different SACs due to the fact that the maximum efficiency is achieved based on the individual 

qualities of each coating. 

For the thermal efficiency comparison, the Pyromark coating resulted in the highest thermal 

performance, which can be inferred due to its high temperature resistance (1000 °C) and high solar 

absorptance. Furthermore, it was observed that the coating Comex presented quite similar 

performance than the commercial coatings Thurmalox and Solkote, even when this coating is not 

widely known as an absorber coating for low-medium temperature CSP applications. From this 

experimental campaign, it was stated that the analyzed coatings have been fabricated by the 

manufacturer for specific purposes, and this comparison is only for the evaluation of their 

particular qualities under specific conditions presented in this study. Additionally, the thermal 

efficiency comparison was carried out in order to analyze the performances and flux acceptance 

of the new SFB coating, a byproduct of combustion waste. The SFB coating exhibited a reasonable 

good performance compared with the commercial coatings, making it a promising coating for its 

possible use in industrial process heating operations at low-medium temperature levels, possibly 
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in the range of 50-150 °C. However, further research is required for enhancing the quality of this 

experimental absorber coating. 
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Chapter 6. Conclusions and future work 

6.1 High flux solar simulator 
In this doctoral study, the development of a 7 (x2.5 kWe) xenon lamps based high-flux solar 

simulator has been theoretically analyzed by using the MCRT technique. Furthermore, the solar 

simulator characterization has been experimentally conducted by implementing the indirect flux 

mapping technique. From the prediction of the flux characteristics, the solar simulator reached a 

source-to-target radiative transfer efficiency of 42%, which was found to be the maximum level 

for the selected focal distance of 2000 mm. Furthermore, the theoretical electrical-to-radiative 

conversion efficiency was predicted in 34.5% for a target diameter of 120 mm. The validation of 

the ray-tracing model was conducted by the flux mapping technique, achieving a measured total 

peak flux of 1327±58 kW/m2, presenting excellent agreement with simulations, with a relative 

error of 1.5%. Moreover, the intercepted radiative power, measured on a circular spot distribution 

of 120 mm, was up to 5.11±0.22 kW, corresponding to 3% of relative error with the simulation 

results. Additionally, the images obtained with the thermographic camera provided important 

information in terms of the temperature that a single radiation unit can achieve when using a high 

temperature commercial coating.  

The development of the solar simulator has been described taking into detail geometrical 

parameters for the proper optical design. This makes it a unique facility in its type, particularly in 

Latin America. Furthermore, the optical design procedure can provide guidance for constructing 

new solar simulators by properly modeling the lamp-reflector array based on specific design 

requirements. Based on the research conducted in this doctoral thesis, the heat flux capabilities of 

the developed solar simulator make it a valuable technology for researching solar-thermal and 

thermochemical processes in a well-controlled indoor environment. Therefore, the construction of 

the HFSS opens up the possibility to carry out new and innovative research about the effects that 

high concentrated flux levels can have on various solar components, both those existing on the 

market and those developed within the research center. 

6.2 Shutter curtain for flux modulation 
In order to modulate effectively the radiative flux output of the HFSS, an optical optimization 

through the use of the MCRT technique has been conducted and experimentally validated. First, 4 

different SCs were proposed in order to accomplished this assignment. Theoretical results revealed 
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a radiative loss level of 47% when the manufactured flat SC was implemented for modulation, 

whilst levels of 9%, 14% an 7% were predicted with shutter designs #2, #3 and #4, respectively. 

From this ray-tracing analysis, the SC4 achieved the best performance in flux regulation, followed 

by the shutter #2. Although shutter 4 presented a better flux regulation, the shutter #2 provided a 

less mechatronic complexity for both designing and manufacturing, making it a suitable shutter 

alternative for regulating the radiative flux with lower energy losses. Furthermore, it was shown 

that the concentrated irradiance can be adjusted by modifying the position of the target further 

back the focal point. The effect that relocating the target can offer is to modify the peak flux and 

the flux spot diameter while keeping constant the intercepted power, providing the possibility to 

carry out different solar-thermal applications where large receiver areas at a lower peak flux levels 

are required. 

From the experimental campaign with the flat shutter, it was demonstrated an excellent agreement 

between the ray-tracing analysis and the flux modulation measurements with a single lamp-

reflector unit. For instance, the relative error was found within the 4.3% for most of the studied 

cases. Based on this numerical analysis and experimental validation, the SC can be considered a 

competitive tool for achieving a wide range of flux levels at high resolution, while operating the 

light sources in a continuous and stable manner. Additionally, the validation of the ray-tracing 

model provided substantial results that contributed with the fabrication of an efficient shutter 

curtain called SC5. Therefore, by effectively adjusting the delivered concentrated irradiance, a 

wide variety of solar-thermal research can be carried out for applications at low, medium and high 

temperature levels. 

6.3 Calorimetric test bench 
In this doctoral research, the development and evaluation of a test bench for the analysis of 

different solar absorber coatings has been carried out. The performance evaluation of the test bench 

was conducted by applying the standard coating Pyromark over an aluminum substrate. A 

sensitivity analysis of the heat transfer performance as a function of the mass flow rate was carried 

out. From this sensitivity analysis it was observed that by increasing the mass flow rate the thermal 

efficiencies are increased, while the temperature differences are reduced due to the cooling effect. 

Though the efficiencies are improved with greater velocities of flow rates, the reduction in the 

temperature differences involves a rise in the overall uncertainty. By establishing a constant mass 
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flow rate, the outcomes showed an absorbed thermal power of 277.97±14 W for an input power 

of 303±9 W, obtaining a thermal efficiency of 91.74%. Correspondingly, for an input power of 

1238±37 W the absorbed power was up to 1098±26 W, with an efficiency of 88.69%. For the 

performance comparison, 5 different absorber coatings were assessed by implementing a low and 

high concentrating flux levels, as well as maintaining the selected mass flow rate. For a low flux 

level, thermal efficiencies were in a very narrow range between 83%-91%, while for a high flux 

the efficiencies were between 72%-88%. The outcomes also showed that for both low and high 

concentrating flux levels, the commercial coatings Pyromark and Thurmalox exhibited the higher 

thermal efficiencies, respectively.  

Based on the experimental results, it was demonstrated the possibility to evaluate and compare the 

performances that different commercial and new absorber coatings can provide. From the 

experimental outcomes, it was observed that for a low concentrating flux level, the efficiencies are 

quite similar, inferring that the selection of a SAC can be conditioned by different criteria than a 

lower thermal emittance or a higher absorptance such as availability, lower cost, non-polluting. 

Furthermore, it was shown that either with a higher solar absorptance or a lower thermal emittance, 

the light flux absorption and final efficiency can be affected by other parameters such as the 

maximum temperature resistance, a better adhesion to the substrate, or a curing reaction during 

experimentation.  

Regarding the SFB coating, experimental results demonstrated the great heat transfer performance 

that this potential coating have at low concentrating flux level, presenting a thermal efficiency of 

only 3.7% less than Pyromark. Although the SFB coating presented a delamination issue at a 

temperature of about 180 °C, this coating showed great qualities in transferring heat to the working 

fluid. Therefore, and based on its low cost and simple preparation method, the SFB coating could 

be a promising solar absorber in industrial process heating operations at temperature levels below 

150 °C, but further research is required for improving critical properties of this coating.  

Finally, this investigation demonstrates that the proposed test bench can be a potential tool for the 

analysis of solar-thermal materials such as new candidate absorber coatings, metallic substrates 

for solar receivers and thermal barrier coatings, because it has the versatility to replace the absorber 

receiver as an interchangeable cartridge. Therefore, the implementation of the test bench along 

with the solar simulator provide not only a well-controlled solar laboratory, but also an alternative 
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method for the assessment of solar-thermal technologies, offering the possibility to make further 

progresses in this research field. 

6.4 Future work 
In this doctoral thesis, the development of a solar laboratory for well-controlled indoor assessments 

with different solar-thermal materials was carried out. However, being a multidisciplinary study, 

certain aspects in the development and/or improvement of the indoor lab facility were not 

completely covered. In this context, the following points should be addressed as a future work: 

x In order to maximize the source to target transfer efficiency, the ellipsoidal reflectors of 

the solar simulator should be coated with a highly reflective layer that can provide 

reflectance levels of about >90%. Otherwise, the reflectivity value of the concentrators 

should be enhanced by improving the polishing technique. If the polishing technique of the 

reflector is enhanced, its efficiency can be increased considerably, attaining levels of 

radiative flux closer to that of the theoretical results. 

x The indirect flux mapping technique is an excellent approach for obtaining spatial 

information about the irradiance distribution over the target. However, for avoiding 

spectral dependences and obtaining information of the transient operation and the 

intercepted thermal power in terms of heat transfer analysis, the development of a flat-plate 

copper based calorimeter should be considered as future work. With the combination of 

both techniques, highly accurate flux measurements could be achieved. 

x An important step towards a wide range of radiative flux levels should be the 

characterization of the flux modulation with the fabricated SC5 for all the lamps in 

operation. 

x Regarding the calorimetric test bench, more high temperature resistant materials such as 

copper, stainless steel or austenitic alloys can be implemented as the substrate of absorber 

coatings in order to analyze the radiative-to-heat transfer efficiencies compared with the 

results obtained for aluminum. 

x One of current challenges in CSP applications is the improvement in service life of solar 

materials. In order to assess the evolution of the optical-thermal properties of absorber 

coatings and thermal barrier coatings, the future work should include a degradation analysis 
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by performing accelerated aging cycles with the solar simulator, reaching temperatures of 

up to 700 °C. 

x In parallel with the thermal fatigue failure conducted with the solar simulator, a degradation 

analysis performed with an accelerated aging chamber could be considered in order to 

compared the different effects on the absorber coatings when different factors such as dust, 

moisture, oxidation and vacuum atmospheres are included. 
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