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INTRODUCTION

About 95% of the hydrogen presently produced is from natural gas and coal, and the remaining 5% is generated as a by-product from the production of chlorine through electrolysis1. In the hydrogen economy (Crabtree et al., 2004; Penner, 2006; Marbán and Valdés-Solís, 2007), hydrogen is produced entirely from renewable energy. The easiest approach to advance renewable energy production is through solar photovoltaic and electrolysis, a pathway of high technology readiness level (TRL) suffering, however, from two downfalls. First of all, electricity is already an energy carrier, and transformation with a penalty into another energy carrier, hydrogen, is, in principle, flawed. The second problem is that the efficiency of commercial solar panels is relatively low. The cadmium telluride (CdTe) thin-film solar cells have a solar energy conversion efficiency of 17%. Production of hydrogen using the current best processes for water electrolysis has an efficiency of ~70%. As here explained, the concentrated solar energy may be used to produce hydrogen using thermochemical water-splitting cycles at much global higher efficiency (fuel energy to incident sun energy). This research and development (R&D) effort is, therefore, undertaken to increase the TRL of this approach as a viable and economical option.



THERMOCHEMICAL WATER-SPLITTING CYCLES

Solar thermochemical water-splitting cycles (TWSCs) use high-temperature solar heat to drive a series of reactions producing hydrogen with oxygen as a welcomed by-product (Safari and Dincer, 2020). The chemicals used are recycled, creating a closed-loop process utilizing only water as feedstock, plus solar heat. The simplest TWSC is a two-step process. The metal oxide redox reactions include one endothermic reaction and one exothermic reaction. The metal oxide is transformed first into a reduced-valence metal oxide plus oxygen.
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The reduced-valence metal oxide then reacts with H2O producing H2, oxygen, and the initial metal oxide.
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The metal oxide is, thus, recycled. These cycles require temperatures well above 1,500°C. A TWSC with more than two steps has been designed to deliver better performances at lower temperatures. The general electric sulfur–iodine (S-I) TWSC is the most renowned three-step TWSC (Schultz, 2003; Bhosale et al., 2019). It is made up of two endothermic steps and one intermediate exothermic step.
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The intermediate step is exothermic, the other two endothermic. Sink et al. (2009) suggests 850–900°C for the endothermic reaction (3), 400–500°C for the endothermic reaction (5), and 100°C for the exothermic reaction (4). While even lower temperatures have been proposed (Russ, 2009), the efficiency of the cycle increases by increasing the temperature of the reaction (3). It is η~52% at a temperature of 900°C, and η~60% at a temperature of 1,000°C (Schultz, 2003). As a downfall, the environment is, however, corrosive on the reactor side, and the supply of high-temperature solar heat is also challenging. This cycle has been extensively studied (Norman et al., 1982; Anzieu et al., 2006; Vitart et al., 2006; Zhou et al., 2007; Cerri et al., 2010; Zhang et al., 2010; Liberatore et al., 2012; Park et al., 2019), with technological advances still needed. Opposite to direct solar thermochemical water splitting into an integrated receiver/reactor (Chueh et al., 2010) presently featuring a very low TRL, the TRL of the indirect solar thermochemical hydrogen production is medium.



AYMAN SOLAR CONCENTRATOR

While the cycle was originally developed for nuclear heat, it is the use of solar heat that may revive the technology, thanks to improvements in solar concentrators' technologies, and the formulation of higher-temperature molten salts/liquid metal heat transfer fluids (HTF)/heat storage fluids (HSF). Thermal energy storage (TES) is mandatory for the dispatchability of electricity and continuous thermochemical hydrogen production.

To obtain such high temperatures, point-focusing solar concentrators should be used. Until recently, only two types of point solar concentrators are known and investigated. The first type is the parabolic dish, which can reach very high concentration ratios reaching very high temperatures at the focal point. The optical efficiency of the parabolic dish is high. Values from 78 to 89% were already achieved in the 1990s (Stine and Diver, 1994). A more recent study reported a 95% efficiency (Lovegrove et al., 2011). However, there are two disadvantages of the parabolic dish. The first is that its focal point is moving in space as the dish tracks the sun from sunrise to sunset. As such, the high-pressure and high-temperature HTF has to go through flexible pipes or rotary swivel joints to the storage tank, which is not practical at temperatures around 1,000°C. Also, high-temperature thermal storage of energy harvested from the parabolic dish is not practical. Moreover, the solid cross-sectional area of the parabolic dish results in high wind load on its structure pausing structural limitation on its size. Practically, no commercial parabolic dish with a diameter of more than 10 m is on the market. The other known point concentrator is the heliostat field and solar tower technology. Although this technology has a fixed focal point at the top of the tower, it has very low optical efficiency due to its heliostat tracking and reflecting concept. The beam-down variant with a fixed focal point at the ground is not any better. In theory, the optical efficiency is between 40 and 60%, even if some special design has delivered up to 63.9% efficiency (Wang et al., 2019), but in practice, it is even considerably less due to imperfect reflection over large distances. Moreover, the commercially available types can only reach temperatures below 600°C due to inaccuracies in the concentration procedures (receiver outlet temperature 565°C in Gemasolar, Ivanpah, and Crescent Dunes2). However, recently, Heliogen3 has utilized artificial intelligence (AI) technology to increase the concentration accuracy allowing temperatures up to 1,000°C to be reached at the receiver. Nonetheless, the technology still has low optical efficiency and is quite expensive as it is still in the R&D phase.

Recently, Al-Maaitah (2017, 2019) has developed a high flux solar concentrator with a lower focal point fixed to the ground composed of nested conical reflective rings resulting in high solar concentrations and temperatures well above 1,000°C (Al-Maaita, 20204). Since the focal point is fixed on the ground, then the high-temperature and high-pressure HTF can easily be conveyed through solid inexpensive pipes to the storage tank sitting at the ground underneath the receiver or next to it. A 10 m in diameter concentrator was built and tested in Masdar Institute Solar Platform in Abu Dhabi (UAE) where temperatures exceeding 1,000°C have been reached at the fixed focal point even at low DNI (Al-Maaita, 2020; see text footnote 4). One spherical or cylindrical receiver is used to heat HTF to the levels needed for the TWSC. The commercial name given to this concentrator is ASC (Ayman Solar Concentrator). The optical efficiency of the ASC is high and reaches 91% in practice, while it is 100% theoretically like the parabolic dish. Since the wind flows through its conical rings, the wind load of the ASC is about 10% that of the parabolic dish of the same dimensions. A 15-m ASC is designed and can be easily deployed, and a 25-m ASC is under design consideration. The system is modular, and many units can combine their inputs to a fixed storage tank to have a large storage capacity.



ASC WITH THERMAL ENERGY STORAGE AND THERMOCHEMICAL WATER-SPLITTING CYCLES

Between the different HTFs being considered, one receiving attention is MgCl2-KCl (Ding et al., 2018; Polimeni et al., 2018; Xu et al., 2018; Kurley et al., 2019; Peng, 2019; Vidal and Klammer, 2019; Wu et al., 2019; Fernández and Cabeza, 2020a,b,c). MgCl2-KCl is 37.5% MgCl2 and 62.5% KCl. It can be used between 426°C and 1,412°C. Within this range of temperatures, cp varies between 0.989 and 1.092 kJ kg−1 K−1, ρ between 1,668.5 and 1,124.3 kg m−3, μ between 5.73 · 10−3 and 8.57 · 10−3 Pa s, λ between 0.46 and 0.36 W m−1 K−1, and h between 421,391 and 1,542,352 J kg−1. ρ·cp varies between 1,650.5 and 1,228.1 ρ·cp kJ m−3 K−1.

The sulfur-iodine (S-I) TWSC (i.e. Ross, 2009) is adopted. Other metal oxide three steps are investigated (Charvin et al., 2007; Bhosale, 2020).

The opportunity of using TLC components upstream of the TWSC section and synergy between applications (basically the same design of concentrator and storage applies for the production of electricity or hydrogen) reduce the total cost of R&D, more intense on the TWSC side. Efficiency and durability of reactant materials, and efficient and robust reactor designs compatible with high temperatures and corrosive environments are major challenges.

Figure 1 presents a scheme of the upstream ASC with TES, plus the downstream TWSC. The metallic lenses focus the solar energy on the point receiver. The cold HFT from the cold TES reservoir passes through the receiver to reach the hot TES reservoir. The hot HTF then supplies the thermal energy needed by the TWSC. While the design of the ASC and TES is relatively simple, the design of the TWSC is much more complicated, requiring multiple different reactor sections and heat exchangers. The waste heat may also be recovered.
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FIGURE 1. Scheme of the upstream Ayman Solar Concentrator (ASC) with thermal energy storage (TES), plus the downstream thermochemical water-splitting cycle (TWSC).


The ASC has a much better collection efficiency compared with a field of heliostat and a tower receiver [91% (Al-Maaita, 2020; see text footnote 4) compared with, only in special cases, 63.9% (Wang et al., 2019)]. Storage can be done at high temperatures (1,100°C within easy reach). Importantly, it is much less costly to have a demonstration pilot plant than in a concentrated solar power, solar tower, and plant (Boretti et al., 2019). Moreover, the ASC is being developed anyway for high-temperature solar heat production, and thermal energy storage, coupled to continuous electricity production through high-temperature power cycles.

Opposite to the direct solar thermochemical water splitting into an integrated receiver/reactor (Chueh et al., 2010), the proposed solution permits a much more complex, but less challenging, chemical plant, not subjected to thermal transients, receiving heat and not direct solar energy, and without the extremely tight space constraints making the catalytic chemical processes hard to progress.



DISCUSSION AND CONCLUSIONS

Green hydrogen is booming, and the preferred technology is solar photovoltaic plus electrolysis5. The projected cost is 1.5 US$ per kg of H2 by 2050. By using about the same solar concentrator and collector, plus TES, of high temperature concentrated solar power to feed a TWSC, there is the opportunity to achieve even better costs of 1–1.5 US$ per kg and much earlier. Kayfeci et al. (2019) suggests a cost of 2.17–2.63 US$ per kg of H2 from nuclear thermolysis. Novel solar concentrators may produce thermal energy at a cost less than the cost of nuclear thermal energy. This cost is competitive with the current steam reforming of methane without CO2 capture and storage (Boretti, 2020).

ASC with TES may deliver solar heat continuously at temperatures up to 1,100°C. TWSC three steps, originally developed for nuclear hydrogen production, may return popular for solar thermal.

Synergies with power generation are beneficial. The upstream section of solar energy collection and storage is unaltered. The downstream section is specialized for electricity production, hydrogen production, or other high-temperature thermal processes. The three-step S-I already was developed up to a medium-high technology readiness level (TRL) (Boretti, 2021) when the interest in nuclear hydrogen dropped following the Fukushima Daiichi nuclear accident of 2011. By assuming the development of a high-temperature solar concentrator and collector, plus TES will progress independently for power generation, the only research and development effort is the one needed to further optimize the TWSC.
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FOOTNOTES

1www.irena.org/-/media/Files/IRENA/Agency/Publication/2019/Sep/IRENA_Hydrogen_2019.pdf.

2solarpaces.nrel.gov/by-technology/power-tower.

3heliogen.com.

4www.cmimarseille.org/menacspkip/wp-content/uploads/2018/09/8.B.-Wahaj-Invest-Ayman-Al-Maaitah.pdf.

5hydrogencouncil.com/wp-content/uploads/2021/02/Hydrogen-Insights-2021-Report.pdf.
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