

  ChemEngineering-03-00083




ChemEngineering-03-00083







ChemEngineering 2019, 3(4), 83; doi:10.3390/chemengineering3040083




Review



Solar Heat for Materials Processing: A Review on Recent Achievements and a Prospect on Future Trends



Luís Guerra Rosa





IDMEC, DEM, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal







Citation: Rosa, L.G. Solar Heat for Materials Processing: A Review on Recent Achievements and a Prospect on Future Trends. ChemEngineering 2019, 3, 83. https://doi.org/10.3390/chemengineering3040083



Received: 22 July 2019 / Accepted: 23 September 2019 / Published: 8 October 2019



Abstract


Considering works published in the literature for more than a decade (period from January 2008 till June 2019), this paper provides an overview of recent applications of the so-called “solar furnaces”, their reactors, process chambers and related devices, aiming specifically at the processing of (solid) materials. Based on the author’s own experience, some prospects on future trends are also presented. The aim of this work is to demonstrate the tremendous potentialities of the usage of solar heat for materials processing, but also to reveal the necessity of further developing solar-driven high-temperature technologies (which are required to displace the use of electricity or natural gas). In particular, it is essential to improve the temperature homogeneity conditions inside reaction chambers for materials processing using solar heat. Moreover, new innovative modular systems, practical and flexible, for capture, concentration, control and conduction of concentrated solar radiation are suggested. Solar thermal technologies for the production of electricity, as well as solar thermochemical processes for production of gases or liquids, are outside the scope of this review.
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1. Introduction


Interaction between solar light/radiation and matter is studied and applied at least since the Classic Antiquity. During the siege of Syracuse (circa 213–212 BC), Archimedes may have used mirrors acting collectively as a parabolic reflector to concentrate the sun’s rays in order to burn the Roman ships attacking the city. Nowadays, a single Fresnel lens, available on the market, for example, with dimensions 1400 × 1050 mm, fabricated from acrylic glass (PMMA polymer) and mounted in a structure equipped with an automatic sun-tracking system, is capable of concentrating the radiation on a small focal spot of approximately 8 to 10 mm diameter, and then temperatures of circa 1500 °C, or even higher, are easily attainable depending on the characteristics of the material that is being irradiated.



Either for residential, commercial, or industrial applications, solar heating and cooling technologies are available to provide hot water, space heating and cooling, pool heating, etc., but, on the contrary, the so-called high-concentration or high-flux solar applications, which pertain to the attainment of higher temperatures, are much less used. In fact, the current state-of-the-art on the use of concentrated solar energy applied to materials science and metallurgy is far from being so widely known. The main reason for it being less widespread is because high-concentration solar furnaces or other high-flux devices are relatively more difficult to build in order to operate under steady conditions. Although available in several labs distributed throughout the world, until now all high-flux solar furnaces have been designed and constructed individually, i.e., on a one-by-one basis because there are several possible optical configurations [1] which must take into account the geographical location [2] and the maximum power to be achieved.



Until now, the so-called “solar furnaces” are mainly point-focusing solar concentration facilities located throughout the world at universities, research institutes, and companies, operating at concentrations relevant to solar thermochemistry, materials processing and thermal treatments. The design of solar furnaces is mainly based on the concepts of geometrical optics, or ray optics, that describe light propagation uniquely in terms of rays [1].



The origin of current solar furnaces dates back to the beginning of the 20th century, when the Portuguese Catholic priest Manuel António Gomes created and patented “an apparatus for making industrial use of the heat of the sun and obtaining high temperatures such as are required in metallurgical and chemical researches” [3,4]. He was a very tall man, and for this reason was nicknamed ‘‘Father Himalaya”. In both his British [3] and United States [4] patents, Manuel “Himalaya” described his invention as comprising a parabolic reflecting-surface arranged to cause solar rays to converge upon a confined focus placed in the centre of a furnace, crucible, or other receiver. Two of the figures included in the Manuel Himalaya’s British patent application are depicted in Figure 1. For the 1904 World’s Fair of St. Louis (Missouri, MO, USA), he built a huge device he called the Pyreliophorus, which was apparently similar to a large convex lens that can concentrate the sun’s rays onto a small area, but in which thousands of mirrors over a surface of 80 m2 concentrated solar energy up to a temperature of around 3500 °C, enough to melt many different types of materials, including metals and rocks. The Pyreliophorus installation was one of the main attractions at the Saint Louis world’s fair, where it was awarded with two gold medals and one silver medal [5,6].



Manuel Himalaya’s British [3] and United States [4] accepted patents (“for making industrial use of solar heat, particularly in the metallurgical and chemical arts which necessitate the use of temperatures higher than those of ordinary furnaces, including the electrical furnace”) date back to 1901 and 1905, respectively, and during those years he resided in France. More than 40 years later, and by an initiative of the French chemist Félix Trombe and his team, a so-called solar furnace was built (circa 1950) at the town of Mont-Louis, a commune in the French Pyrénées-Orientales. Then, based on the 50-kW prototype built in Mont-Louis and using the results obtained there, a much more powerful solar furnace of 1000 kW was designed to be placed (not very far from Mont-Louis) at Odeillo (Pyrénées-Orientales and Cerdagne near the Spanish border in the south of France). Work on the construction of the Odeillo solar furnace lasted from 1962 to 1968 and was commissioned in 1970 [7]. Nowadays, this 1 MW solar furnace continues serving as an installation for studying materials at very high temperatures.



Instead of providing a state-of-the-art review of the development of Concentrated Solar Power (CSP) technologies over the last decade [8] or analysing the so-called “solar thermochemical processes” [9], this review intends to highlight the most recent achievements, but also shortcomings of the existing solar furnaces to be used for materials processing. Based on the author’s own experience, some guidelines, proposed solutions, and prospects for future research work will be also presented.




2. Other Recent Overviews


A review conducted by Bushra and Hartmann [10] has shown that most articles published on reflective two-stage solar concentrators deal with applications for power generation using solar cells, and thermo-electric generators. In a work published in 2017, Levêque et al. [11] reviewed the designs and characteristics of high-flux optical systems (HFOSs), as well as challenges and opportunities in the area of HFOSs for solar thermochemical applications. This review [11] provides an exhaustive list of point-focusing on-sun HFOSs, showing the characteristics and peak fluxes of existing solar furnaces worldwide (at universities, research institutes, and companies) which use real sunlight, but also of indoor solar simulators. The discrepancy between the spectral power distributions of the solar simulators compared to real solar radiation is normally considered a reasonable compromise, in order to allow for easily controlled and repeatable experiments. When the radiation is provided by xenon arc bulbs, some significant divergence occurs in the infra-red region due to the Xe emission lines, as discussed by Petrasch et al. [12] (2007) and Alxneit and Schmit [13] (2012).



More recently (2018), the state-of-the-art technology on the use of concentrated solar energy applied to materials science and metallurgy has been comprehensively reviewed by Fernández-González et al. [14], and it was concluded that solar energy offers a great potential in applications of high temperature. As opposed to conventional processes used in metallic and non-metallic materials processing (in which the higher the temperature, the higher the energy consumption), concentrated solar energy has costs that are not dependent on the temperature, and in this way, could be competitive with other high-energy technologies (laser, plasma, etc.). The most known drawback of solar energy is the impossibility of working 24 h per day because of the sun availability, but the work of Fernández-González et al. [14] has pointed out that concentrated solar energy could find application in the recovery of wastes, as well as in the processing of a short series of products (as for instance in obtaining of hard refractory ceramics), high purity materials (as for instance the production of lime for the chemical and pharmaceutical industries) or in materials recently discovered (as for instance fullerenes and carbon nanotubes). However, it is worthwhile to note remarks made by the authors [14]: “nowadays, the interest of solar energy is mainly focused on the field of energy, both thermal and electric, except for several research projects where the possible applications of solar energy in materials science are explored. The problem observed in most of these researches connected with materials science is the lack of continuity (not in all of them but is the general keynote), meaning that a certain field is explored and then abandoned, without an attempt of scaling up to pilot plant or industrial scale (searching for a commercial application). The reason for abandoning the topic is perhaps the lack of interest by the industrial companies (generally solar processes are competitive in quality, time and temperatures with traditional methods in a laboratory scale but they are not industrially proved, and apart from that, these traditional methods are well known and currently installed in competitive plants) or the lack of promising results (but this question was not observed, in general). In fact, few projects were scaled from laboratory to pilot scale, and none of them are commercially used on an industrial scale”.



Two other review works, by Alonso et al. [15] and by Ho [16], published in 2017 and 2016, respectively, are also worth being mentioned. Alonso et al. [15] reviewed the rotary kiln technology and focused on the employment of these devices for thermal and thermochemical processes conducted by concentrating solar energy. Among the solar devices, a novel rotary kiln prototype for thermochemical processes was presented and compared with a static solar reactor. In fact, rotary movement favours the radiation heat transfer; then, some practical conclusions on the design and operation of solar rotary kilns are remarked upon, and an analysis of their current limitations is presented.



The review work authored by Ho [16] provides an analysis of high-temperature particle receivers for concentrating solar power. It reveals the concern of the technical-scientific community to find out more efficient ways to generate high temperatures and to control them adequately. Although most studies are focused in the production of electricity by concentrating solar power in a receiver located at the top of a central tower (i.e., concentrating solar power tower technologies), the use of advanced receivers, of fluidized bed type or of the so-called “particle receivers”, may contribute to the evolution of the technologies for other important industrial sectors that need the attainment of high temperature. The falling particle receivers use solid particles that are heated directly as they fall through a beam of concentrated sunlight, with particle temperatures capable of reaching 1000 °C and higher. There are several alternative designs for the particle receivers, which include: free-falling, obstructed flow, centrifugal, flow in tubes with or without fluidization, multi-pass recirculation, north- or south-facing, and face-down configurations [16].



Furthermore, in 2018, a bibliographic analysis was carried out by Rosa & Rosa [17] on the database named Web of Science™ Core Collection, and the searches were done year by year, starting in 2008, i.e., with PY = Year Published = 2008, and ending with PY = 2017. This bibliographic analysis [17] considering the period from January 2008 till December 2017, aimed to provide a vision of recent applications of the so-called solar furnaces, reactors or process chambers and corresponding accessories, used for physical, chemical or metallurgical processes requiring high (>400 °C) and very high (>1500 °C) temperatures. Research works/publications dedicated to the production of electricity by solar-thermal or photovoltaic technologies, as well as other research topics like those dealing with desalinization technologies, and works aiming for the development of systems for thermal storage, namely those that make use of molten salts or phase change materials (PCMs), were not included in the metrics of the bibliographic analysis [17]. The results of the analysis have indicated the main topics under investigation, the institutions and countries involved, as well as the scientific journals where the works have been published. It could be also concluded that the usage of concentrated solar radiation to obtain high (>400 °C) and very high (>1500 °C) temperatures, needed for physical, chemical or metallurgical processes, is presently characterized by a low percentage of publications in comparison to the other research topics in which solar energy is also used.




3. Examples of Innovative Topics of Research


3.1. Process Chambers for the Thermal Dissociation of ZnO


Design of the solar receiver, reactor or process chamber, is critically important to the utilization of solar power to drive a high temperature thermal or thermochemical process. In a review article published in 2017 by Koepf et al. [18], relevant solar reactor development projects were summarized and compared.



In fact, concerning the development of process chambers for solar thermal applications, the research studies and projects carried out by groups based in Switzerland should be highlighted, particularly those dealing with the thermal dissociation of ZnO. The objective is to perform a redox cycle in two-steps: (1) the endothermal dissociation of ZnO to Zn and O2 above 2000 K using concentrated solar energy, and (2) the subsequent oxidation of Zn with H2O/CO2 to produce H2/CO, [19]. In fact, the production of Zn from ZnO in a high temperature solar decomposition process offers a thermodynamically efficient path for converting solar energy into storable and transportable fuels. In the process, the oxide is decomposed into its elements at a temperature above 2000 K. Zn, recovered after quenching the product gases, can be used directly as a fuel in a fuel cell or battery. In summary, it is suggested that when hydrogen is needed to supply a market, Zn should be used to split water to hydrogen in an exothermic reaction; the by-product of either the power generation or the water-splitting reaction is ZnO which would be recycled to the solar process [20,21].




3.2. Solar Heat for Glass Production/Melting


The abundance of silicate raw materials on the moon, together with the extremely high cost of transporting materials from earth, has certainly motivated NASA (as early as in 1979) to consider the use of concentrated solar radiation for in-situ glass production from lunar based materials [22]. The raw material of lunar origin is lunar regolith, from which plagioclase concentrate, high silica content slag, and calcium oxide are obtained. More recently (2014), the study of the feasibility of using concentrated solar radiation to provide process heat for glass production/melting was revisited by Ahrnad et al. [23], in this case using a high-flux solar simulator. The research included static, as well as semi-continuous melting experiments. Initial proof-of-concept static melting experiments involved melting a powdered, ternary soda-lime-silica glass forming batch which demonstrated that rapid and full conversion of the crystalline raw materials into an X-ray amorphous vitreous state was possible with rapid gas removal, resulting in a completely transparent glass. Further experiments to investigate the feasibility of generating a semi-continuous flow of molten glass using the concentrated radiation were conducted, and a series of semi-continuous glass melting experiments were completed to iteratively optimise pellet feed rate, radiant power intensity and crucible geometry. After the small-scale demonstration, the authors have concluded that, due to the non-linearity of productivity and efficiency on scale-up, significant further experimental work on a larger scale is required before the commercial feasibility of solar powered glass melting can be evaluated to any reasonable degree of certainty [23].



A porous glass body is called a frit. Frits are the main component of nearly all ceramic glazes, and they are also present in many compositions of different materials where a glassy phase is needed as binder. The production of frits is conducted in continuous melting furnaces and common temperatures in furnaces ranging between 1350 and 1550 °C. Once the raw materials batch is melted, it is cooled on water at high cooling rate; thus, the melt solidifies as small pieces of glass. This melting process implies a significant energy consumption and low efficiency and productivity of the process, but recently Romero et al. [24] have demonstrated, at a laboratory scale, the feasibility of applying real concentrated solar radiation to achieve the energy needed for performing, in only one step, the preparation of glass frits of different typology from the raw materials. The process includes decarbonation, melting and homogenization of molten fluids. Five glass compositions were formulated with the aim of preparing different types of commercial frits. The raw materials used to prepare the glasses were silica sand, with low contents of iron oxide and reagent grade oxide such as Al2O3, B2O3, ZnO, PbO and ZrO2. To complete the glasses composition, alkali and alkaline earth elements were introduced as reagent grade carbonates [24].




3.3. Solar Heat for Lime and Portland Cement Clinker Production


The primary natural CO2 sources include ocean release, animal and plant respiration, organic matter decomposition, forest fires and volcanic eruptions, while the primary anthropogenic CO2 sources include fossil fuel burning, cement production, and farmland ploughing. Concrete is used more than any other manmade material in the world, and is the second most consumed substance behind water [25]. Just to remember, concrete is composed of cement, fine aggregates (sand) and coarse aggregates mixed with water which hardens with time. Portland cement is the commonly used type of cement for production of concrete. The global production of Portland cement was estimated to be roughly 4.05 Gt in 2017 and 4.10 Gt in 2018 [26]. The manufacturing of Portland cement, concrete’s key ingredient, contributes significantly to the global carbon dioxide emissions. Most CO2 emissions from cement manufacture originate from de-carbonization of limestone and burning fossil fuels [27] and are responsible for about 5% of the global anthropogenic CO2 emissions and 7% of industrial fuels use, respectively [28,29]. Total emissions from the cement manufacturing sector can, however, contribute as much as 8% of the total global anthropogenic CO2 emissions [30,31], of which 50% is derived from the calcination process and 40% from burning of fuel [32,33]. Emission of CO, NOX and SO2 from the cement industry contributes also to greenhouse and acid rain effects [34]. So, alternative fuel sources [35,36] and novel clinker formulations with less limestone [37,38] ought to be implemented. Also, by allowing concrete strength development to occur with a higher concrete design age, potentially less cement is necessary to meet the concrete strength requirements [39].



To reduce CO2 emissions and energy requirements, several authors [40,41,42] have considered that the endothermic calcination of limestone (CaCO3) to produce lime (CaO) may be conveniently carried out with solar heat. An interesting approach consisted of using a directly irradiated fluidized bed reactor to produce lime suitable for Portland cement formulation [42].



Recent work by Oliveira et al. [43] has demonstrated the viability of producing grey Portland cement clinker upon direct exposure of the raw materials under concentrated solar radiation. White clinker, in turn, could not be produced by direct irradiation in the used test setup conditions because of its low absorptance of solar energy. In the frame of this research work, a conceptual design of a reactor for producing Portland cement using concentrated solar energy was presented, as it is depicted in Figure 2. A cylindrical solar reactor with an internal conical shape is envisaged to achieve such a goal. Concentrated heat would be supplied so that the material fed on the back side, by a screw-type device, would enter the reaction chamber, turning in a similar fashion as that used in conventional rotary kilns, kept inside for suitable heating treatment, and then exiting in the discharge end where either water and/or air jets would quench the clinker. The gases of the clinkerization process ought to be collected to recover the heat and post-treat the CO2 formed. Owing to its inherent reflectance, solar white clinker requires higher process temperatures in excess of 1600 °C, and thence the necessity of using either a solar furnace with higher output power, or the indirect heating approach [43].




3.4. Solar Heat for Treatment of Waste Materials


Solar heat is also being used for treatment of solid waste materials, and numerous solar-driven solid waste treatments and conversion methods have been developed. A review work published in 2016 by Ugwuishiwu et al. [44] summarizes the main applications, e.g., solar incineration of Municipal Solid Waste; solar solid waste pyrolysis (pyrolysis is the thermal degradation of carbon-based materials through the use of an indirect, external source of heat, typically at temperatures of 450 °C to 750 °C, in the absence or almost complete absence of free oxygen); solar solid waste gasification (gasification is a partial oxidation process which produces a composite gas, syngas, comprised primarily of hydrogen and carbon monoxide). Depending of the type of residues, which may include several types of inedible crop residues, the gasifier operating temperature may range from 760 °C to 1540 °C [45,46,47].




3.5. Opportunities for Solar Heat in the Minerals Processing and Metallurgical Industries


The application of concentrated solar thermal heat in the minerals processing field can also lower energy costs and reduce greenhouse gas emissions. Several types of ores or mine residues have been already treated at a pilot scale using solar thermal heat for the experiments, and here are some examples:




	
Successful results were obtained from solar thermal treatment of mercury mine wastes at temperatures higher than 400 °C in order to lower the Hg content [48];



	
Thermal decomposition and preheating of manganese ores with solar thermal energy was conceptually proven at temperature measurements up to circa 1000 °C [49];



	
The potential for alumina to be calcined with concentrated solar thermal heat has been assessed with a packed bed of boehmite (an aluminium oxyhydroxide) in a crucible positioned at the focal plane of a Fresnel concentrator by Padilla et al. [50]. The solar installation provided a power density of 260 W·cm−2 which allowed reaching temperatures higher than 1000 °C at few minutes of exposure. They reported 75% conversion after 10 min of exposure to solar radiation and the complete dehydration of boehmite, Al(OH)3, and its conversion to alumina, Al2O3, was attained after 90 min of solar radiation exposure under the static conditions described in the work [50]. Based on the fact that modern plants typically process alumina within flash calciners using particles of ~100 μm in diameter transported in a gas suspension through the reactor with residence times on the order of a few seconds, Davis et al. [51] have used a solar vortex transport reactor to processes powders of similar size to a flash calciner. They reported chemical conversion from aluminium hydroxide, Al(OH)3, to aluminium oxide or gibbsite, Al2O3, of up to 95.8% at nominal reactor temperatures over the range 890–1280 °C, and nominal residence times of approximately 3 s [51]. It is therefore proven that it is technically possible to calcine alumina without combustion and its concomitant CO2 emissions, at least during those periods when the solar resource is available. And, it is worth to remember that alumina is an intermediate product in the production of aluminium, but it is also a product in its own right. The industrial gibbsite calcination process shares similarities with the calcination of limestone, which takes place at a slightly lower range of temperature [40,41,42].



	
Studies sponsored by CSIRO (Australia’s national science research agency) have identified the potential to use solar in high-temperature processing of ores such as bauxite, copper and iron ore [52]. Solar thermal energy works best at temperatures between 800 °C and 1600 °C [53] which can be achieved with existing technology. It should be noted that traditionally the conversion of heat to electricity generally operates below 600 °C.



	
As an example of a high-temperature solar process allowing direct thermal route from the ore to metal, there is a recent publication [54] reporting the feasibility of using concentrated solar energy to the reduction of copper (II) oxide to metallic copper, in hydrogen atmosphere. Using a 1.5 kW thermal power vertical axis parabolic concentrator, the successful experiments were carried out using a stream of gaseous mixture 5/95 v/v H2/N2 for the reduction of CuO in H2.



	
Carrying out the solar experiments also in a stream of gas, which in this case was uncracked ammonia NH3 gas (NH3 gas with suppressed extent of dissociation by flowing), other researches [55] have shown that higher nitrides of Mo (δ-MoN) and Fe (ε-Fe2N) can be successfully synthesized. For that they have developed an experimental setup consisting of a linear reaction tube made of silica glass and sample holder made of refractory steel in order to carry out nitriding experiments for powder specimens of Mo and Fe in uncracked NH3 gas at specified linear flow rate under irradiation of concentrated solar beam.









3.6. Integration of Solar Heat in the Regenerative Calcium Cycle


Integration between solar thermal technology and the “calcium looping” technology is a current topic of research undertaken by several research groups. Calcium looping (CaL), also named “the regenerative calcium cycle”, is a carbon capture technology in the form of carbonate looping, where a metal (M) is reversibly reacted between its carbonate form (MCO3) and its oxide form (MO) to separate carbon dioxide from other gases coming from either power generation or an industrial plant. In the calcium looping process, the two species are calcium carbonate (CaCO3) and calcium oxide (CaO). CaL is composed by two main steps: the forward, endothermic step is called calcination, while the backward, exothermic step is carbonation. (1) In the calcination step: solid calcium carbonate (e.g., limestone) is fed into a calciner, where it is heated to 850–950 °C to cause it to thermally decompose into gaseous carbon dioxide and solid calcium oxide (CaO) and the almost-pure stream of CO2 is then removed and purified so that it is suitable for storage or use (it can be transported to a storage site, used in enhanced oil recovery or used as a chemical feedstock). (2) In the carbonation or reverse calcination step: the solid CaO is removed from the calciner and fed into the carbonator; it is cooled to approximately 650 °C and is brought into contact with a flue gas containing a low to medium concentration of CO2; the CaO and CO2 react to form CaCO3, thus reducing the CO2 concentration in the flue gas to a level suitable for emission to the atmosphere. Calcium looping may present interesting potential for integration with the cement industry, especially if limestone calcination can be conveniently carried out using direct solar heat and the auto-thermal re-carbonation can be exploited for thermochemical energy storage applications or post-combustion CO2 capture and utilisation [56,57,58,59].





4. Some Important Characteristics of Solar Furnaces


4.1. Main Advantages of Direct Application of Concentrated Solar Radiation


Besides being free and clean, there are two other major advantageous characteristics of direct application of solar radiation on a target (material or structure): (1) the possibility to achieve rapid heating and rapid thermal cycling, and (2) the use of a wide-spectrum radiation.



4.1.1. Rapid Heating and Rapid Thermal Cycling


The possibility to achieve rapid heating and rapid thermal cycling through the intelligible use of concentrated solar radiation is undoubtedly one of the featuring advantages of solar furnaces. The creation of rapid cycles of temperature variation at the surface of a test-piece is not easy to achieve using the traditional heating-systems, whatever they are: fuel or gas combustion furnaces, electric resistance furnaces, induction furnaces, or even microwave furnaces. However, one way to generate rapid increasing of temperature is by direct exposure of the test-piece to concentrated solar radiation. Exposure to the solar radiation can be done almost instantaneously. Some examples of the use of concentrated solar radiation for rapid heating and thermal cycling are available in the literature [60,61,62,63,64].



An example of the heating-cooling cycles obtained by exposure of white alumina discs to concentrated solar radiation is shown in Figure 3. A close view of variation of temperature versus time for two thermal cycles in the period between 12:39:40 and 12:41:10 of Figure 3a is shown in Figure 3b. In solar furnaces it is a tradition to register the temperatures versus the local time (hour of the day). The solar radiation reaching the heliostat(s) depends on the hour of the day (as well as on weather conditions) and normally the best insolation conditions are used to attain high-temperature in the experiments. In the example shown in Figure 3, the heating-cooling cycles were generated by using an automatic system composed by a plate with reciprocating motion, i.e., with a repetitive back-and-forth linear motion. This type of horizontal shutter is placed close to the focal zone in order to interfere with solar radiation flux before it irradiates the discs. The cooling of the discs can be accelerated by blowing them with compressed air.



The thermal cycling shown in Figure 3, with Tmax ≈ 1200 °C and Tmin ≈ 400 °C, was conducted on a group of six circular discs (each of them with 25 mm diameter and 2 mm thickness) made of commercial high-purity dense monolithic Alumina (RAPAL® 100) [63]. The specimens’ layout placed at the focal area of a high-flux solar furnace is depicted in Figure 4 in order to explain the positioning of the discs and the location of the thermocouples that were used to measure the temperature at various locations in the vicinity of the alumina discs. Figure 4a shows six discs of RAPAL® 100 duly positioned on a zirconia felt and ready to be irradiated by concentrated sunlight. In this particular experiment, twelve type K thermocouples were used to measure the temperature at various locations in the vicinity of the discs, Figure 4b shows the locations of the thermocouples’ joints, after removing the discs, the zirconia felt, and the alumina thermocouple protection sheaths. The temperature indicated in the graphs of Figure 3 is the temperature measured by the thermocouple located at the centre i.e., the thermocouple with reference no.1 in Figure 4b. During the irradiation, the distribution of temperature was also evaluated using an infra-red camera and its software. Figure 4c depicts an image obtained using an infra-red camera, and it should be remarked that, for achieving a more homogeneous distribution of temperature at the surface of the discs, a device (named “radiation homogenizer”) composed of vertical mirrors was placed close to the focal zone [63].




4.1.2. A Natural Wide-Spectrum Radiation


Contrary to most forms of radiation from various man-made sources (i.e., artificial sources of radiation, like gamma rays emitted by the radioisotopes, X-rays, microwaves, and Hertzian electromagnetic waves in the radar and radio range) solar radiation comprises a very wide spectrum of electromagnetic waves ranging from ultraviolet radiation (wavelengths between 10 nm and 400 nm) till infrared radiation (wavelengths between 700 nm and 1 mm) and including the visible part of the range. It is behind the scope of the present review to analyse and discuss the works dealing with beneficial and hazardous effects of solar radiation on humans, as well as on other living organisms (multicellular animals, plants, and fungi; or unicellular microorganisms such as bacteria). But, being a “natural” radiation, solar radiation is essential for the study of many phenomena occurring on materials and structures. Theoretically, materials can reflect, transmit, absorb and emit visible, infra-red and ultraviolet radiation coming from the Sun. Most materials do all of this in varying degrees, but some are much more prone to degradation or loss of their initial physical properties due to exposure to solar radiation for long periods of time. The durability of a material may be affected by solar irradiation mainly due to thermal effects and the specific effects caused by the wavelengths of the ultraviolet radiation. Materials more susceptible to degradation due to long-term exposure to solar radiation are polymers and polymer-based composites. One of the biggest problems caused by solar radiation is the photochemical degradation of most organic materials, which in turn causes the elasticity and plasticity of certain rubber compounds and plastic materials to be affected and can, in exceptional cases, make optical glass opaque [65]. Chemical changes induced in polymers by relatively low energy radiation such as UV or visible light are complex phenomena which may proceed via molecular or free-radical mechanisms. Nowadays, artificial weathering devices and artificial light sources are used to measure the resistance of materials to weather degradation. These type of tests are usually named laboratory-accelerated tests because their aim is to provide data in a shorter period of time than outdoor testing. Light sources for the accelerated weathering tests include Xenon long-arc lamps, fluorescent UV lamps, and carbon arc lamps [66].





4.2. Main Difficulties in the Use of Concentrated Solar Radiation


In counterpart to the advantages, there are difficulties which are inherent to the manipulation of concentrated solar radiation. Those difficulties mainly derive from the following facts:




	
The solar radiation depends on the atmospheric conditions (especially if clouds appear), on the solar time and on the latitude of the site.



	
After concentration, the solar radiation is essentially unidirectional. Then, the targeted objects are usually irradiated/heated in a single direction, which is not the case for most of industrial furnaces, typically dealing with temperatures higher than 400 °C, like gas furnaces, electric furnaces, micro-wave furnaces, or even optical furnaces that use a radiant energy different from the solar radiation. Note that artificial radiation sources may consist of incandescent lamps, graphite heaters, arc lamps, super high-pressure xenon gas-discharge tubes, and plasma radiators.



	
Additionally, the flux of solar radiation that reaches the target is theoretically non-homogeneous. In fact, a circle illuminated with a higher concentration in the middle (see Figure 5) is theoretically obtained when the paraboloid reflection model [1] is applied to the traditional solar concentrators utilizing a point focusing solar concentrating panel assembly.








The profile of the flux distribution is also dependent of any geometric distortion of the concentrating system. As an example, Figure 6 shows the measured flux distribution of the irradiance (energy flux) in a plane (perpendicular to the beam and close to the focal zone), when the solar radiation is first concentrated by a parabolic concave surface. Instead of a Gaussian-type distribution, it is also suggested that the radiation flux profile produced by a parabolic concave surface in a high flux solar furnace can be approximated by a Cauchy–Lorentz distribution [67]. In conclusion, upon the traditional direct concentrated solar radiation exposure, it is rather difficult to ensure a homogenous temperature distribution throughout the exposed samples.



The measurements indicated in Figure 6 were made with a circular-foil heat flux transducer (Gardon-type radiometer Vatell Thermogage 1000-4; sensitivity = 2 mV per W/cm2). The radiometer was mounted in a moving xyz table and measurements were made in a 2D array with 7 × 7 = 49 positions, separated by 15 mm in both x, y directions, covering a sampling region of 105 mm × 105 mm. The values of energy flux, measured in kW/m2, are reported in Figure 6, using also a colour scheme, going from blue (cold) to red (hot).



A much more homogeneous flux distribution is needed for most of the thermal treatments used for (solid) materials processing, particularly at the industrial scale. Therefore—to overcome this difficulty, inherent to the manipulation of concentrated solar energy—light or radiation homogenizers are nowadays being developed [67,68]. Ideally a uniform incident profile would lead to the homogeneous heating of the sample if the sample is also homogeneous.





5. On-Going Activities and Prospects on Future Trends for Solar Processing of Materials


Two examples of research activities carried out at the University of Lisbon are outlined: (1) development of indirect heating techniques to improve the temperature homogeneity conditions inside reaction chambers for materials processing in solar furnaces; and (2) design of new modular systems, practical and flexible, for capture, concentration, control and conduction of solar radiation.



5.1. Novel Approach Based on Heating by Indirect Irradiation


For the majority of operations for materials processing at the industrial scale (e.g., firing of ceramics, heat treatment of metallic parts, furnaces for glass melting or for glass fritting, calcination furnaces, etc.) it is indispensable that temperature control and temperature homogeneity conditions are guaranteed. Pursuing these objectives, innovative works by Li et al. [69] and Oliveira et al. [70] have provided some guidelines for improving the design of new indirect heating setups. Figure 7 depicts a setup used for indirect heating. Different setup configurations were investigated for improving temperature uniformity and high-temperature experiments using graphite receiver discs were carried out up to 1400 °C. Graphite discs were used in both vacuum and flowing argon atmospheres [70]. Other materials were also used as receivers, namely AISI 310 stainless steel, and molybdenum disilicide (MoSi2): an intermetallic compound with very attractive properties for use as a high-temperature heating element. MoSi2 is very refractory with a melting point of 2030 °C, has excellent resistance to oxidation and a moderate density (6.24 g/cm3) [69].



Recent work by Pereira et al. [1] has shown that theoretically there exists the possibility to attain homogenous distribution of concentrated solar flux by means of double reflexion using two paraboloid surfaces. As schematically presented in Figure 8, the parallel rays of solar light are reflected by the “concentrator” (concave paraboloid); then, before being concentrated to the focal point F, if these rays are reflected by a smaller paraboloid (with the same focal point of the “concentrator”)—which can be convex such as paraboloid reflector A or concave such as paraboloid reflector B—our calculations show that the reflected rays are simultaneously highly concentrated and equally distributed over the illuminated region (with a very small hole in the middle due to the shadow produced by the second paraboloid, probably too small to be detectable). Consequently, new devices, e.g., [71], can be designed to homogenise the flux of radiation near the sample (in order to equilibrate the temperatures).




5.2. Modular Systems for Capture, Concentration, Control and Conduction of Solar Radiation


Figure 9 depicts a computer-aided view of a modular-type system that was conceived to capture, concentrate, control and conduct solar radiation. The presented system is composed of two Fresnel lenses which, side by side, are mounted on a structure. Each Fresnel lens has, on its focus, a receiver device so that the concentrated solar radiation can be captured and then conducted by an optical waveguide made of low-loss optical fibers. Since in this case there are two Fresnel lenses, there will be two fiber-optical cables which conduct the concentrated solar radiation till the place or places where the radiation is needed.



These systems can be autonomous, stationary or mobile, and easily transported and deployed on the site where they can collect the direct solar radiation. They can be applied to a variety of processes. The main advantages of such types of systems derived from the fact that fiber optical cables are flexible and, if adequately manufactured, can provide highly concentrated solar radiation to places far from the site where the solar light was collected. Additionally, as the fiber optical cables are flexible, they can be used to illuminate the target not only from one single direction, but by using several cables it is possible to illuminate the target with radiation that is coming from different directions, thus circumventing one of the major problems with traditional high-flux concentrators: the unidirectionality of the radiation pattern.



The structure of the prototype depicted in Figure 9 is designed to follow the Sun during the day and to keep the receiver device as the focus of the Fresnel lens. For control/screening of the radiation that will be transmitted by each of the fiber optical cables, on the top of each Fresnel lens there is a “shutter” or “attenuator” (similar to a venetian blind) made of very light and stiff slats. The slats are rotated by an electrical motor that can be powered by a photovoltaic source. The control of the radiation is made by the opening or closing movement of the slats. Techniques of online/robotic adaptive control are being used [72,73,74] thus allowing dealing with the presence of fast perturbations on sunlight induced by clouds. The ongoing activities are also grounded on the work done by other researchers to demonstrate both capabilities and benefits of the usage of advanced optical fibers [75,76,77,78,79,80], which allow for the transferring and directing of the concentrated solar radiation to the place of solar energy utilization.



Receiver devices to be inserted at the entrance/inlet of the fiber optical cable are now being developed to satisfy the acceptance angle of the optical cables (see Figure 10). The current research results are very promising demonstrating that fiber optical cables (bundles) can be specially designed to transmit concentrated sunlight.





6. Conclusions


This review was intentionally focussed on solar-driven high-temperature technologies for (solid) materials processing. Solar thermal technologies for the production of electricity, as well as many so-called “solar thermochemical processes” for production of gases or liquids are outside the scope of this review. Nevertheless, despite some current shortcomings for attainment of homogeneous distribution of temperature in the processed materials (due mainly to the unidirectionality of the radiation pattern and the non-homogeneous distribution of the highly concentrated radiant flux), the examples analysed in this work reveal the tremendous potentialities of the usage of solar heat for materials processing.



There is a need for innovative systems for capture, concentration, control and conduction of concentrated solar radiation. Using optical waveguide transmission lines made of low loss optical fibers, it is possible to direct the concentrated solar radiation to the place of utilization of the high-flux solar energy. Therefore, it is foreseen that most of the new systems will take advantage of the capabilities and benefits of the usage of (advanced) optical fibers, which allow for the transferring of solar radiation to locations difficult to get to.
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Figure 1. Two figures of the Manuel A. Gomes Himalaya’s British patent application, dated 1901 [3]. 
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Figure 2. Scheme of conceptual design for solar clinker production [43]. 
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Figure 3. (a) Example showing 100 heating-cooling obtained with a solar furnace, between 12:13 and 13:23 (local time); (b) Detail of the plot Temperature versus Time showing cycles in the period between 12:39:40 and 12:41:10 [63]. 
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Figure 4. (a) Discs of alumina (RAPAL® 100) ready to be irradiated; (b) Locations of the thermocouples’ joints; (c) Image obtained by an IR CAM software [63]. 
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Figure 5. (a) Theoretical distribution of the irradiance (energy flux) reaching the focal plane (perpendicular to the beam) of a solar furnace, applying the paraboloid reflection model [1]; (b) Photo of a xenon-arc lamp with a paraboloid reflector. 
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Figure 6. Experimental (discrete) measurements of irradiance (energy flux), in kW/m2, conducted with a Gardon-type radiometer across a plane perpendicular to the radiation direction of a 60 kW (nominal power) solar furnace. 
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Figure 7. Photos showing a setup used for indirect heating: (a) before and (b) after being positioned inside a reaction chamber ready to be irradiated [17,69]. 
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Figure 8. Device receiving solar light, which is concentrated in a paraboloid concentrator, and then is reflected in a second paraboloid (reflector A or reflector B) to produce a high flux beam that is equally distributed over all the illuminated area. 
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Figure 9. Computer-aided view of a prototype (with 2 Fresnel lenses and 2 fiber-optical cables) to capture, concentrate, control and conduct solar radiation [17]. 
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Figure 10. Example of a concentration system (Fresnel lens) and a diverging lens to satisfy the acceptance angle of a possible conducting optical cable (not shown in the figure) [81]. 
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