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Solar energy, the most abundant and exploitable renewable energy resource, is regarded as a major energy source for the future. Nevertheless, solar irradiation is characterized by relatively low energy density, intermittency and uneven distribution. Storage of solar energy for usage during non-solar times is required to match supply and demand rates in today’s society. In this context, the application of solar energy for converting into storable, transportable, and energy-dense fuels (i.e., solar fuels) is an attractive option, with the advantage of contributing to promoting the commercialization of solar power technologies. Solar assisted biomass gasification is a promising pathway to produce solar fuels. With concentrated solar energy providing reaction heat, carbonaceous materials can be converted to high grade syngas, which could be further synthesized into useful hydrocarbon fuels. In such process, solar energy is stored in a chemical form, with solar spectrum fully utilized. Compared with autothermal biomass gasification, the usage of high-flux concentrated solar radiation to drive endothermic gasification reactions improves energy efficiencies, saves biomass feedstocks, and is relatively free of combustion by-products. This review presents a comprehensive summary of solar assisted biomass gasification, including concentrating solar technology, fundamentals of solar biomass gasification, state-of-the-art solar gasifier designs, strategies for solar intermittence management, and downstream applications.
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1 INTRODUCTION
As concerns increase worldwide regarding the rapid depletion of fossil fuels, the resulting greenhouse gas emissions and global warming, renewable energy sources have attracted more and more attention for gradually replacing fossil fuels (Fukuzumi, 2017; Cao et al., 2020). Solar energy is by far the largest renewable energy source exploitable - Continuous solar radiation reaches the Earth at a rate of 173,000 TW. Nevertheless, solar irradiation is characterized by relatively low energy density, intermittency and uneven distribution (Loutzenhiser and Muroyama, 2017). In order to match the energy demand of today’s society, solar energy needs to be stored for usage during off-solar periods. The conversion of solar radiation into storable, transportable, and energy-dense fuels (i.e., solar fuels) is an attractive option that could help to promote the commercialization of solar power technologies (Shih et al., 2018; Bayon et al., 2020; Troiano et al., 2022).
As shown in Figure 1, the utilization of concentrated solar energy to propel thermochemical conversions is one potential route for the production of solar fuels (Steinfeld, 2005). According to different types of reactants, the technique map can be divided into non-carbonaceous routes and carbonaceous routes. Non-carbonaceous routes involve solar splitting H2O and CO2 through direct thermolysis or multi-step thermochemical cycles, producing combustible gases H2 and CO. As direct thermolysis is a strongly endothermic reaction, an extremely high temperature is needed (usually >2,200°C), resulting in stricter operation conditions and inevitable irreversible loss in the product separation process. Multistep thermochemical cycles can automatically separate the product and greatly lower the reaction temperature, among which the two-step thermochemical cycle is the most favored for its simplicity (Centi and Perathoner, 2010; Roy et al., 2010). Numerous studies had focused on the ideal layout of the solar receiver-reactor (Agrafiotis et al., 2015; Chuayboon and Abanades, 2020; Wang et al., 2022) and the development of new catalysts (Bayon et al., 2020). Despite being hopeful, the conversion efficiency of solar splitting of H2O and CO2 remains a significant obstacle (Schappi et al., 2021). Additionally, carbonaceous routes can be taken by using methane (Li Z. et al., 2020), biomass or coal as feedstocks. The production of syngas (H2 and CO) can be achieved from solar thermochemical gasification, cracking or reforming processes, and it could be further synthesized into useful hydrocarbon fuels by Fischer-Tropsch synthesis (FTS). With water-gas shift (WGS) reaction or carbon capture and sequestration applied, solar hydrogen can be produced from any of these processes as well.
[image: Figure 1]FIGURE 1 | A technique map of thermochemical solar fuel production. Reproduced from (Bayon et al., 2020).
Because of its renewability and diversity as an energy source, biomass is gaining popularity. Energy crops and crop leftovers, wood and wood wastes, agricultural wastes, grass, residential waste, animal and municipal wastes, aquatic plants, food processing waste, and algae are all examples of biomass feedstocks (Baruah et al., 2018). The technologies applied to generate power from biomass include combustion, thermochemical, and biochemical conversions (Tanger et al., 2013; Kaur et al., 2019). Gasification and pyrolysis are the two primary thermochemical conversion pathways for biomass (Wang et al., 2017). It is believed that biomass gasification is a more efficient method of producing syngas than pyrolysis as it operates at a higher temperature and in the presence of an oxidizing agent (Cao et al., 2020). Syngas can be used to generate electricity, heat, and produce synthetic chemicals such as methanol, dimethyl ether, and ammonia. Furthermore, hydrogen of high purity derived from additional CO conversion in syngas may be utilized in fuel cells (Fukuzumi, 2017). Power generation from gasification products enables a 10x reduction in SO2 and NOx emissions as compared to direct burning of biomass feedstocks (Basu, 2010), since it is easier to remove pollutants from a syngas stream than to clean the flue gas emitted from direct biomass combustion.
Conventional autothermal biomass gasification (Yoon et al., 2011; Li et al., 2021c) necessitates burning a portion of the feedstock to induce highly endothermic processes, reducing the total energy content of the outputs (Heidenreich and Foscolo, 2015). A solar-biomass combination is a prospective way to compensate for inadequacies (Li and Wang, 2020). Solar infrastructures such as solar towers and parabolic dishes can concentrate solar irradiation above 1,000 suns (1 Sun = 1 kW m−2), making them ideal for driving any high-temperature solar thermochemical process. With concentrated solar energy providing reaction heat, carbonaceous materials can be converted to high grade syngas, which could be further synthesized into useful hydrocarbon fuels (Chu and Majumdar, 2012). In such process, solar energy is stored in a chemical form, with solar spectrum fully utilized (Figure 2). The biomass feedstock is also converted into a fuel that has a wider variety of versatile uses. In addition to solar reactor-based gasification, some other solar biorefinery processes are also valued for converting biomass into a spectrum of marketable products and energy (Golberg et al., 2021; Gutiérrez et al., 2022; Karan et al., 2022).
[image: Figure 2]FIGURE 2 | Schematic of solar gasification with biomass feedstocks.
(Piatkowski et al., 2011) summarized fundamental thermodynamics and kinetics for solar-driven biomass gasification. Some preceding solar gasifier designs for biomass gasification were reviewed by (Puig-Arnavat et al., 2013; Loutzenhiser and Muroyama, 2017). Most recently, (Jie Ling et al., 2022), discussed several hybrid solar-biomass thermo-chemical conversion systems. (Fang et al., 2021) concluded concentrated solar thermochemical gasification of biomass (CSTGB) from a whole system perspective. (Abanades et al., 2021) reviewed solar reactor concepts and modeling methods for biomass pyro-gasification, especially on spouted bed reactors. This review aims to present a comprehensive summary of solar assisted biomass gasification: Section 2 introduces concentrating solar technology; Section 3 presents the working principle of solar biomass gasification technology; Section 4 shows the main approaches to manage solar intermittence; Section 5 depicts different utilization forms of synthesis gas. Finally, the future prospects and conclusions are summarized in Section 6 and Section 7, respectively.
2 CONCENTRATED SOLAR ENERGY
The Sun, with a solar radiosity of 63 MW/m2, is an infinite supply of thermal energy comparable to a 5800 K blackbody at origin, offering the most plentiful and accessible renewable energy source. The direct normal incident solar radiation (DNI) distributed on the Earth’s surface, however, may scarcely reach 1000 W/m2 since the Sun’s rays come in a diluted form. Specialized solar equipment must be employed to capture solar irradiation and transform it into heat or chemical energy. Solar concentrators facilitate energy delivery at high temperatures, making them essential in a wide range of engineering applications. High flux can be achieved with only modest thermal losses thanks to optical concentration devices. They are made up of broad reflecting surfaces that gather solar radiation as it strikes them and focus it onto a solar receiver.
2.1 Solar concentrators
Solar concentrators follow the basic optical law for reflection by specular surfaces. From an energetic point of view, their concentration capability is expressed by flux concentration ratio Cf defined as the area-mean radiative power flux incident at the focused receiver area, normalized to the DNI.

[image: image]
Given the fact that the flux on the focused area is non-uniformly distributed and hard to measure, geometrical concentration Cg is introduced for convenience. It is described as the proportion of the aperture areas of the concentrator and receiver, [image: image] and [image: image], respectively.
[image: image]
In practice, the concentration ratio is constrained by the restricted divergence angle of sunlight on Earth. The concentrator’s rim angle [image: image] and the principle of etendue conservation are used to calculate the highest concentration ratio [image: image] that can be achieved (Weinstein et al., 2015):
[image: image]
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where [image: image] and [image: image] are the maximum geometrical concentration ratios for two-dimensional (line-focusing) and three-dimensional (point-focusing) systems, respectively. [image: image] is half of the divergence angle of sunlight on Earth (4.8 mrad). The rim angle [image: image] is the greatest angle at which the concentrator’s reflected light hits the receiver. When the rim angle reaches a maximum of 90°, the highest achievable concentration ratio for a 2-D system is roughly 208 and 43,400 for a 3-D system. Due to imprecise tracking and defects in reflector surfaces, real concentrators cannot attain such high concentration ratios (Weinstein et al., 2015).
Parabolic concentrators and their analogues are commonly applied in industry. Because of their greater concentration ratios, 3-D point-focusing concentrators are more practicable for driving solar gasification, as the gasification process requires the operation temperature normally >800°C. Typical types of point-focusing solar concentrator are depicted in Figure 3. The traditional solar tower configuration (Figure 3A, also called a central receiver system) is a three-dimensional concentrating system that directs incident solar rays to a solar receiver installed on top of a tower. Typically, C ranges from 300 to 1,500, and the operating temperature can reach over 1,000°C. Another point-focusing concentrator is the parabolic dish (Figure 3C), and its concentration ratio may easily exceed 1,000 at the tradeoff of more complexity and expense. Since parabolic dishes are restricted in size, for large-scale thermal applications the solar tower system is the most desirable approach.
[image: Figure 3]FIGURE 3 | Schematics of point-focusing solar concentrating technologies: (A) a traditional solar tower system, (B) a beam-down concentrating solar tower, and (C) a parabolic dish.
2.2 Solar tower system
As mentioned above, the solar tower system is becoming more appealing and exhibits a great potential for coupling with large-scale, high-temperature thermochemical processes (Weinstein et al., 2015). In a solar tower system, the solar field consists of numerous auto-controlled mirrors (heliostats) that track the Sun individually in two axes and reflect the direct solar radiation onto the central receiver (CR) located on the tower. The CR absorbs reflected solar radiation and converts it into thermal energy. To ensure a high optical efficiency, especially in scaled-up plants, a tower of ∼100 m above the ground is required. The challenges that brought by a tall tower include the increase in the maintenance difficulty of the receiver and significant heat loss and pump power requirement in heat transport from the solar receiver to power subsystem (Li et al., 2017). To make up for the deficiencies, a beam-down concentrating solar tower has been proposed and developed as a promising alternative technology (Rabl, 1976). Beam down layout utilizes a Cassegrain optical setup that was adapted from telescopes. As shown in Figure 3B, a secondary hyperboloid or ellipsoid reflector at the top of the tower directs the light impinging on it in the direction of the cavity receiver, which is placed on the ground (Li et al., 2015). The tower’s weight and cost are greatly reduced as a result as it now only supports the secondary reflecting component (Yogev et al., 1998). On the other hand, beam-down concept has some issues, which have been pointed out by (Vant-Hull, 2014).
The overall optical efficiency of a solar tower system, [image: image], is defined as the ratio of power captured by the receiver aperture [image: image] to the maximum potential power that could be received by the entire heliostat field (Lipiński et al., 2021). The maximum possible radiant power that can be collected is calculated when solar rays are normally incident on the total installed area of the mirrors in the heliostat field [image: image].
[image: image]
Therefore, Eq. 5 is a measure of how efficiently the heliostat field transfers solar radiation to the central receiver. As the heliostat field generally accounts for 30–50% of the capital cost of a solar tower system, improving the optical performance of the optical sub-system is essential for cost reduction (Li et al., 2016).
2.2.1 Heliostat field
There are cosine losses, reflection losses, shadowing and blocking losses, atmospheric attenuation losses and spillage losses in the process of receiving and reflecting sunlight by heliostats. For this reason, when arranging the heliostat array, the causes of these losses should be avoided appropriately, so that more solar radiation energy can be collected. 1) Cosine loss. In order to reflect solar energy to a fixed target, the surface of the heliostat cannot always remain perpendicular to the incident light, and may be at a certain angle. Cosine loss is due to this tilt caused by the heliostat surface area relative to the sunlight visible area reduction and produced. 2) Reflection loss. The reflection loss is caused by the reflectivity of the heliostat mirror surfaces being less than 1. 3) Shadowing and blocking losses. Shadowing loss occurs when the reflective surface of the heliostat is in the shadow of one or more adjacent heliostats, and thus cannot receive solar radiation energy, this situation is particularly serious when the Sun is at a low altitude. The shading of receiving towers or other objects may also cause some shadow loss to the heliostat array. When the heliostat is not in the shadow area, the blocking loss is resulted from the reflected solar radiation blocked by the back of the adjacent heliostats, causing the solar radiation cannot reach the receiver. 4) Attenuation loss. The solar radiation energy in the atmospheric propagation process of attenuation caused by the energy loss is called attenuation loss. The degree of attenuation is usually related to the location of the Sun, the local altitude and the rate of change in absorption due to atmospheric conditions. 5) Spillage loss. The solar radiation energy reflected from the heliostat does not reach the surface of the absorber and spill into the outside atmosphere, resulting in energy loss is called spillage loss. In view of this, the product of each efficiency element can be used to represent the overall optical efficiency.
[image: image]
A representative value of overall optical efficiency is approximately 67.45% annually for the Planta Solar 10 (PS10) solar power plant (10MW, in Andalusia, Spain), broken down into 84.40%, 88.00%, 96.56%, 99.09%, 95.50%, and 99.39% for cosine, reflection, shading, blocking, attenuation and spillage efficiencies, respectively (Rinaldi et al., 2014). A detailed review of state of the art in design of heliostats was presented by (Pfahl et al., 2017).
2.2.2 Solar receiver
Solar receiver is the key component in high-temperature solar energy utilization, which directly converts the solar energy captured, reflected and concentrated by the heliostat into high-temperature thermal energy that can be utilized efficiently. There are two design alternatives based on geometrical configuration: external and cavity-type receivers. The external receiver can receive radiation all around the circumference, which is conducive to the layout design of the heliostat field and the large-scale utilization of solar energy. However, since the heat absorber is exposed in the surrounding environment, a large heat loss is observed, and the receiver thermal efficiency is relatively low at high temperatures. For a cavity receiver, the aperture solely receives fluxes from one side of the solar tower. The fraction of incident radiation absorbed by the cavity-type receiver far surpasses the surface absorptance of the inner wall due to internal reflections. With the ratio of the cavity’s characteristic length to the aperture diameter increasing, the cavity receiver becomes close to a blackbody absorber (Romero and Steinfeld, 2012). The absorption efficiency may be expressed as follows for an assuming isothermal and completely insulated blackbody cavity-receiver with no heat losses through reflection, conduction, or convection:
[image: image]
Reduced radiative heat losses from a smaller receiver aperture are possible with high concentration ratios. This encourages the development of high-concentration-ratio solar concentrators (Li L. et al., 2021). Usually, solar receiver is also a solar reactor in solar thermochemical gasification. Thus, special designs are needed considering mass and heat transfer, together with heterogeneous chemical reactions. Cavity receiver-reactors are often adopted in high-temperature solar-driven biomass gasification reactions. The detailed information on solar gasifier designs and their performance indicators will be included in Section 3.
2.2.3 Solar towers for thermochemical processes
Solar tower technology was originally conceived for electricity generation (He et al., 2020); however, it is now regarded as the optimal option to conduct solar thermochemical processes at a large scale (Villafán-Vidales et al., 2017). Some papers on experimental applications of solar thermochemical processes in real solar towers have been published, verifying the feasibility of such technology. Key information of some of these facilities is summarized in Table 1. It is worth noting that the facilities in Table 1 are for a reduced scale, and their maturation has not yet reached a point that permits their adoption on a broader scale. The commercial application of such technology necessitates resolving issues in fundamental research and technological development. In the following sections, solar thermochemical processes based on biomass gasification will be specifically discussed.
TABLE 1 | Key information on solar tower facilities used for solar thermochemical processes. (Villafán-Vidales et al., 2017).
[image: Table 1]3 SOLAR BIOMASS GASIFICATION
3.1 Overview
A potential method for converting biomass into high-quality syngas, i.e., a combination of mostly CO and H2, while reducing undesired byproducts, is solar-driven pyrolysis and gasification. Both pyrolysis (Zhou et al., 2018) and gasification are endothermic processes that store heat chemically to produce solid carbon, char and synthesis gas with high calorific value. According to (Arribas et al., 2017), gasification generates a larger percentage of syngas in total product gas than pyrolysis. The proportion of syngas generated via pyrolysis and gasification ranged 63–74% and 82–90%, respectively.
In studies of biomass gasification, steam and CO2 are the most favorable gas agent for many researchers. Pyrolysis and char gasification are the two chemical processes that are primarily involved in the CO2 or steam gasification of carbonaceous feedstocks. For stoichiometric carbon dioxide or water delivery, the whole net reaction can be expressed as
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where x and y represent the feedstock’s H/C and O/C elemental molar ratios, respectively. For simplicity, other minor elements such as N and S are neglected in the formula. Intermediate reactions in this thermochemical process are shown as follows (Piatkowski et al., 2011; Bai et al., 2018; Jie Ling et al., 2022).
Pyrolysis:
[image: image]
Gasification of char: 
[image: image]
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Boudouard reaction:
[image: image]
Methanation: 
[image: image]
Steam methane reforming: 
[image: image]
Water-gas shift (WGS):
[image: image]
The detailed process is composed of three major reaction steps (Abanades et al., 2021). The first one is the pyrolysis occurring typically in the temperature range 300–1,000°C, where biomass is thermally decomposed into incondensable gases, chars, and tars. Following pyrolysis, char acts as a reactant in the highly endothermic gasification process with injection of an oxidizing agent in the second step. Different gas phase reactions, such as the reforming and Boudouard reactions, occur in a third stage. The Boudouard reaction, Eq. 13, becomes important for CO2-based gasification at above 1000 K. The WGS reaction, Eq. 16, which permits modifying the syngas composition for catalytic reforming to liquid fuels, is of special interest. At high temperatures, the WGS equilibrium shifts to the reactants and is hence carried out with additional catalysts at low temperatures (Piatkowski et al., 2011).
The traditional approach for supplying heat required in endothermic reactions is partial combustion of at least 30% of biomass feedstock (autothermal gasification). Inevitably, the resulting syngas has a lower calorific value, a higher CO2 concentration, and a lower H2/CO ratio due to such combustion. On the contrary, the heat needed for the gasification process is provided by solar radiation in a hybridized solar-biomass system. Consequently, the system showed an overall increase in the H2/CO ratio and a decrease in the CO2/CO ratio (Kruesi et al., 2013).
As concluded by (Müller et al., 2017), several factors make the solar-driven approach superior to the traditional autothermal process. First, it produces more synthesis gas per unit of feedstock since no feedstock is burned to provide reaction heat. Second, it generates syngas with a greater calorific value and lower CO2 intensity with the feedstock’s energy content being upgraded by solar energy input. Third, it enables higher reaction temperatures, leading in quicker reaction kinetics and fewer byproducts. Fourth, it does away with the requirement for upstream air separation during oxy-combustion. At last, solar gasification provides a productive way to store sporadic solar energy in a dispatchable and transportable chemical form (Piatkowski et al., 2011).
3.2 Performance metrics
The key performance metrics for solar biomass gasification are carbon conversion rate [image: image], energy upgrade factor U (also called cold gas efficiency) and solar-to-fuel energy conversion efficiency [image: image]. The carbon conversion rate, [image: image], represents the percentage of the initial carbon mass in the biomass feedstock that has been converted:
[image: image]
[image: image] less than one is caused by unconverted char and particle entrainment (Curcio et al., 2021). Another more favored way to examine carbon conversion rate is to measure the percentage of feedstock’s initial molar carbon content that has been transformed to carbon-containing gases such as CO, CO2, and CH4:
[image: image]
For CO2 gasification, the numerator needs to be subtracted by gas agent CO2 input. The calculation difference between Eq. 17 and 18 is due to soot production. The energy upgrade factor, [image: image], is defined as the ratio of the heating value of the syngas produced to that of the feedstock:
[image: image]
The equilibrium composition for the stoichiometric system C + H2O at 1300 K is an equimolar combination of H2 and CO, yielding U = 1.33 for solar steam gasification (Gregg et al., 1980a). When the energy content of the products exceeds that of the feedstock, the energy upgrade factor U is more than one, indicating that solar energy has been effectively stored in the products. Obviously, for autothermal gasification, U < 1. The solar reactor’s solar-to-fuel energy conversion efficiency, [image: image] , is defined as the proportion of the energy input that is transformed into the chemical energy of the produced syngas (Piatkowski et al., 2011; Abanades et al., 2021). It represents the global efficiency as both solar irradiative power and calorific content of feedstocks are considered as the input.
[image: image]
It is worth noting that many authors (Piatkowski et al., 2009; Wieckert et al., 2013; Kruesi et al., 2014; Müller et al., 2017; Muroyama et al., 2018; Dai et al., 2022) considered [image: image] as reacted biomass feedstock. It is implied that the unconverted solid particles are captured and returned to the reactor for further conversion or other beneficial use. The definition of [image: image] excludes the sensible heat of the hot product gases departing the reactor, which may be recovered and utilized to generate steam, for example. The optical efficiency of the solar concentrating system, which is approximately 70% for a solar tower configuration, is not included in the description as well (Wieckert et al., 2013). In some literatures, another form of efficiency formula is defined as the fraction of solar energy chemically stored in product gas (Gregg et al., 1980b; Kodama et al., 2002):
[image: image]
To be specific, for steam gasification:
[image: image]
where [image: image] and [image: image] are the standard enthalpy of reaction (11) and (12), respectively. For CO2 gasification:
[image: image]
Detailed information on performance indicators for solar thermochemical fuel processes was provided by (Bulfin et al., 2021).
3.3 Solar gasifier design
Solar gasifier design is the most prominent technology in solar biomass gasification to maximum energy efficiencies. Because the largest cost component arises from the investment of the solar collecting and concentrating infrastructure, a greater [image: image] implies a smaller solar concentrating system for the same syngas production, which immediately correlates to lower particular syngas fuel cost. The majority of solar gasification research has been carried out at the lab and pilot scales, with seldom commercial applications. Cavity receiver-reactors are often adopted in high-temperature solar-driven biomass gasification reactions.
Depending on the method of heating the reactants, solar cavity reactors can be divided into two categories: 1) directly irradiative reactors, where high-flux solar radiation is directly focused at the biomass feedstocks, and 2) indirectly irradiative reactors, where the radiation strikes an intermediate medium such as an opaque wall, which in turn heats biomass particles in the reaction zone by heat transfer. Directly irradiated solar gasifiers witness higher mass and heat transfer rates, and enable reaching and maintaining high operating temperatures (1,000–1,500°C), which is beneficial to gasification kinetics. However, to allow the focused sunlight to reach the reaction zone, a transparent window is required. The window configuration suffers from potential contamination by tar, biomass particles and condensed gases and its mechanical resistance is another concerning problem under high temperature and pressure conditions, especially at large scales. Conversely, indirect irradiative reactors can solve the aforementioned difficulties while sacrificing heat transfer performance. It sets certain strict limits on the absorber’s materials in terms of operating temperature, chemical stability, thermal conductivity, radiative absorptance, and thermal shock resistance (Kruesi et al., 2014). Due to its beneficial characteristics, such as its high emissivity, high thermal conductivity, inertness at high temperatures, and low coefficient of thermal expansion, SiC is frequently employed as an absorbing material (Muroyama et al., 2018). Based on the type of gas-solid contact, the solar gasifiers may be also classified into packed-bed, fluidized-bed, entrained flow, vortex flow, spouted bed, two-zone and molten salt-based gasifiers. As illustrated in Figure 4, a variety of combinations of directly/indirectly irradiative and gas-solid contact reactors has been proposed and tested.
[image: Figure 4]FIGURE 4 | Different categories of solar gasifiers for biomass gasification.
3.3.1 Packed-bed gasifier
Packed-bed gasifiers were the first to be applied in solar biomass gasification (Gregg et al., 1980b; Taylor et al., 1983; Flechsenhar and Sasse, 1995). They are primarily made up of a cavity-type receiver filled with carbonaceous materials. The concentrated solar energy is received directly through a transparent window (Gregg et al., 1980b; Taylor et al., 1983; Flechsenhar and Sasse, 1995; Arribas et al., 2017) or indirectly through an emissive plate re-emitting the radiation (Piatkowski et al., 2009; Müller et al., 2018). Figure 5 shows a schematic of the indirectly irradiated solar packed-bed reactor. Because of the extended residence period and the presence of a substantial amount of carbonaceous material in the reactor that absorbs radiation, these reactors provide a high reaction extent. They are capable of processing feedstocks with large particle sizes and diverse compositions. The thickness of the bed, on the other hand, is a limiting factor for the scaling up of those reactors since its thermal inertia can lead to significant temperature gradients and nonhomogeneous reactions due to limitations in heat and mass transfer, which have a serious influence on the reaction rate (Piatkowski and Steinfeld, 2008).
[image: Figure 5]FIGURE 5 | Schematic of the solar packed-bed reactor. Reproduced from (Müller et al., 2018).
One of the most typical indirectly irradiative packed-bed reactors was demonstrated by (Piatkowski and Steinfeld, 2008): The solar reactor consists of two cavities, the top one functioning as a radiative absorber and the bottom one housing the reacting packed bed that shrinks as the reaction proceeds, split by a SiC-coated graphite plate. Solar steam gasification of several types of carbonaceous feedstocks was tested in a 5-kW solar reactor prototype, in which the peak solar-to-fuel efficiencies ranged from 15.9% to 29% based on reacted feedstocks (Piatkowski et al., 2009). The most current study findings on the co-production of syngas and potassium-based fertilizer from agricultural wastes through solar gasification with the same reactor prototype were given by (Müller et al., 2018). A maximum solar-to-fuel efficiency of 17.9% was achieved with 23% potassium content stored in the ash, offering an effective and sustainable process for converting agricultural wastes into useful fuels and nutrients for soil.
As for directly irradiated packed-bed gasifier, recently, (Arribas et al., 2017), conducted solar pyrolysis and solar gasification of low-grade carbonaceous feedstocks (Scenedesmus algae, wheat straw and sewage sludge) under the direct irradiation of a high flux solar simulator. The result showed gasification provided higher production of CO and H2 and smaller amount of CO2 and CH4 than pyrolysis for each kind of feedstock. However, the performance metrics of this reactor were not given.
3.3.2 Fluidized-bed gasifier
In a fluidized-bed gasifier, the dispersed biomass particles provide a larger surface area for thermochemical reactions. Fluidized-bed gasifiers can be further classified into the bubbling ones and circulating ones. Bubbling fluidized-bed reactors have a lower gas velocity than circulating ones with pneumatic flow enhancement (Fang et al., 2021). Compared to packed-bed gasifiers, superior heat and mass transfer is an advantage of fluidized-bed gasifiers. This reduces the level of hot spots generated by non-uniform concentrated solar fluxes (Li et al., 2020b). The fluidized-bed gasifiers have been extensively researched since last century (Taylor et al., 1983; Murray and Fletcher, 1994).
(Müller et al., 2003) experimentally investigated the reaction kinetics of solar steam gasification of coal in a directly irradiated fluidized-bed tubular gasifier. At temperatures over 1400 K, syngas comprising an equimolar combination of H2 and CO and less than 5% CO2 was generated. With an energy upgrade factor of 1.34, the solar steam gasification provided a feasible method for solar fuel production. Later on, (von Zedtwitz and Steinfeld, 2005; von Zedtwitz et al., 2007), developed a numerical model to simulate the above-mentioned process. The model employs the Monte Carlo ray-tracing approach to solve the 3-D radiative exchange problem, as well as Langmuir–Hinshelwood rate laws for reaction kinetics.
(Kodama et al., 2002) studied the bubbling fluidized-bed gasification of Australian bituminous coal with CO2. The fluidized coal bed was directly irradiated using a concentrated Xe-arc lamp beam. The maximum solar-to-chemical energy conversion of 8% was achieved at the optimal gas velocity for fluidization. Because of the tiny reactor employed, it was unable to achieve greater energy conversion efficiencies due to the significant heat losses caused by heat conduction and convection. In a subsequent work, a directly irradiated bubbling fluidized-bed reactor was built and tested for the CO2 gasification of coal coke (Kodama et al., 2010). It adopted the idea of beam-down configuration, and a high flux solar simulator was utilized to simulate concentrated solar irradiation. Direct contact between the reacting particles and the transparent window was minimized by the relatively large distance between the fluidized bed and the window. Peak solar-to-chemical conversion of 14% was observed under experimentally determined optimum conditions. With increasing gas velocity, the heat transfer in the fluidized bed is enhanced but at the same time the heat loss by sensible heat carried in the exist gas is increased. According to the temperature distribution analysis, the author concluded that the high-temperature reaction zone was likely to be limited to the bed surface.
(Gokon et al., 2012) improved the aforementioned reactor by adding a draft tube at the center of the fluidized particle bed inside the reactor. As depicted in Figure 6, gases can enter the draft tube and the annular area between the inner tube and the reactor shell through separate inlets. In this internally circulating fluidized bed reactor, the feedstock particles constantly migrate downwards in the annulus area and upwards in the inner draft tube. Thanks to this forced circulation pattern, concentrated solar energy could be transferred from the bed surface to the bottom. During CO2 gasification, a peak solar-to-chemical conversion efficiency of 12% was obtained and a carbon conversion of 73% was reached with a power input level about 3 kWth. Steam gasification was also carried out under the same reactor setup, with a peak solar-to-chemical conversion of 9.7% (Gokon et al., 2015). Afterwards, chemically inert and inexpensive quartz sand was added as a heat transfer and storage medium to keep the bed height constant throughout gasification (Gokon et al., 2014). Some years later, continuous feeding and gasification of coke particles was realized (Gokon et al., 2019). The reactor with a simplified distributor layout achieved a solar-to-chemical conversion of 11.0–13.2% and a carbon conversion of close to 80%.
[image: Figure 6]FIGURE 6 | An internally circulating fluidized bed reactor coupled with beam down optical layout. Adapted from (Gokon et al., 2012).
Regarding indirectly irradiated fluidized bed gasifiers, most recently, (Li et al., 2021b), developed a clapboard-type internally circulating fluidized bed (ICFB) solar reactor. The reactor is made up of a clapboard-type ICFB and an absorption cavity, where a SiC emissive plate absorbed incident concentrated solar energy. Heat transfer between the bed particles and the wall surface can be considerably improved as a result of internal particle circulation, so the risk of overheating is effectively mitigated. CO2 gasification of charcoal was also experimentally conducted under Singapore’s first 28-kWe HFSS (Li et al., 2020a), where an average carbon conversion of 0.53, an energy upgrade factor of 0.88, and a solar-to-fuel conversion efficiency of 5.3% (sensible heat included) were obtained. It was pointed out that the restricted biomass feeding mass and the particle entrainment had limited the performance.
3.3.3 Entrained flow gasifier
Entrained-flow (drop-tube) gasifiers are well-suited for usage in indirectly irradiative reactors. Typically, a cavity receiver with or without a window at the aperture plane houses a set of tubular absorbers in an entrained-flow gasifier. Figure 7 shows, schematically, the geometrical configuration. In the tubes, the carbonaceous particles react with gas agent in gasification process.
[image: Figure 7]FIGURE 7 | A schematic diagram of an entrained flow gasifier. Reproduced from (Maag and Steinfeld, 2010).
Two prototypes of this kind of reactors were developed: 1) a 5 cm diameter cylindrical cavity-type receiver containing a 2.5 cm diameter SiC tube (Melchior et al., 2009); 2) an 18 cm diameter cylindrical cavity-type receiver containing five 2.54 cm diameter tubular absorbers (Lichty et al., 2010). For the single-tube solar reactor (Melchior et al., 2009), due to the low feeding rate of charcoal and the comparatively low carbon conversions, the gasification process utilized less than 1% of the solar input. As no efforts were made to optimize the structure of the prototype reactor, the peak observed solar-to-chemical energy conversion efficiency was just 1.53%. For the multiple-tube solar reactor (Lichty et al., 2010), the on-sun trials revealed an average biomass conversion of 58.4%.
3.3.4 Vortex flow gasifier
Another proposal is a directly irradiated horizontal cylinder in which the feedstock and gas are fed in such a way that a vortex flow forms inside the reactor, prolonging the particle residence time. Z’Graggen et al. designed a directly-irradiative 5-kW prototype vortex flow gasifier, where the steam gasification of petcoke was experimentally studied. Via the use of an aerodynamic protection curtain made of a tangential flow through four tangential nozzles paired with a radial flow through a circular gap, the window is actively cooled and maintained free of particles or condensable gases. The energy conversion efficiency [image: image] was between 4.8% and 8.6% for separate feeding of dry petcoke particles and steam, and between 0.5% and 4.7% for petcoke–water slurry feeding (Z’Graggen et al., 2006; Z’Graggen et al., 2007). Heat losses are mainly caused by attenuation, re-radiation, and conduction through the reactor walls.
By swapping out the window for a SiC cavity, Müller et al. transformed the directly-irradiated configuration into an indirectly-irradiated one, as shown in Figure 8 (Müller et al., 2017). In a high-flux solar simulator, gasification of charcoal-water slurry was performed at a concentration ratio of 3,718 suns. A maximum solar-to-fuel energy conversion of 19.7% and nearly complete conversion ([image: image] = 0.97) in less than 5 s were achieved. The calorific value of the feedstock was increased by 16–35% throughout all 51 solar runs.
[image: Figure 8]FIGURE 8 | A schematic diagram of a vortex flow gasifier. Reproduced from (Müller et al., 2017).
Heat and mass transfer are improved in vortex flow and entrained flow reactors, but the residence time is dramatically reduced, placing severe limitations on feedstock size.
3.3.5 Two-zone gasifier
In order to overcome the residence time and particle size restrictions of entrained flow gasifiers while maintaining the benefit of efficient radiative heat transfer, a two-zone reactor concept was first proposed by (Kruesi et al., 2013). It consists of a quick, high-temperature pyrolysis zone that produces limited quantities of tars and highly reactive char and a slow reaction zone that provides enough residence time for char gasification. The gasifier was constructed with a drop-tube zone for rapid pyrolysis and a trickle bed for char gasification. The trickle bed employed structured packing to manage the overall porosity of the gasification zone, making the char particles stay longer while yet allowing radiation to pass through. The performance of the two-zone reactor was experimentally evaluated and compared to the traditional drop-tube arrangements (Kruesi et al., 2014). Using Brazilian sugarcane bagasse particles as feedstock, the result showed a peak carbon conversion rate of 90%, energy upgrade factor of 1.06 and solar-to-fuel conversion efficiency of 21.6% (based on reacted feedstock).
(Bellouard et al., 2017b) experimentally evaluated the performance of a 1 kW two-zone (combined drop-tube and packed-bed) gasifier (Figure 9). A SiC reticulated porous foam is put within the tube at the bottom of the heated zone to trap the biomass in the area where the gasification reaction occurs, ensuring complete conversion while allowing the produced gas to go through. During continuous solar gasification of wood biomass, a high carbon conversion rate of up to 93.5% was achieved. Maximum solar-to-fuel energy conversion efficiency of 28% was attained with wood biomass at 1,400°C, and cold gas efficiency (energy upgrade factor) up to 1.21 was also achieved.
[image: Figure 9]FIGURE 9 | A schematic diagram of a combined drop-tube and packed-bed gasifier. Reproduced from (Bellouard et al., 2017b).
Very recently, an improved updraft solar reactor was developed, constructed, and experimentally tested by (Dai et al., 2022). Based on previous two-zone reactor designs, they improved the structure and operation pattern by changing the moving directions of the reactants. The feedstock was fed from the top of the reactor, and the gas agent was injected from the bottom. In this context, the high-temperature produced syngas can be used to preheat feedstock particles, as the feedstock and gases travelled counter currently in the tube, raising the temperature and reaction rate of pyrolysis. Utilizing lignite coal as feedstock, carbon conversion rates (XC) were 50–70%. Energy upgrade factor (U) of 1.14–1.17 and solar-to-fuel conversion efficiency of 20%–24% were also achieved based on reacted feedstock.
3.3.6 Spouted bed gasifier
In a spouted bed gasifier, a gas jet entrains solid particles from the bottom from the central area to the bed’s peripheral surface; the particles then reach the annular zone due to gravity (Abanades et al., 2021). A 1.5 kW solar conical spouted bed reactor (Figure 10) was designed and experimentally investigated at CNRS-PROMES (Bellouard et al., 2017a). An optional emitter plate was applied to switch the heating mode (directly or indirectly irradiated). Wood particles were continuously delivered into the reactor and successfully gasified at 1,100–1,400°C under real concentrated radiation. Parametric studies of the gasification conditions were carried out to optimize the syngas production. The influence of temperature, oxidizing agent, reactants stoichiometry, heating mode, biomass type, particles size, and biomass feeding rate on gasification performance was studied (Chuayboon et al., 2018a; b; Boujjat et al., 2019b; Chuayboon et al., 2019). Carbon conversion rates over 94% and an energy upgrade factor of up to 1.21 were achieved (Bellouard et al., 2019). To increase the thermal inertia of such type solar reactors, a layer of inert particles (alumina, SiC, olivine, and sand) has also been introduced and studied (Boujjat et al., 2020b).
[image: Figure 10]FIGURE 10 | Solar conical spouted bed reactor. Adapted from (Bellouard et al., 2019).
3.3.7 Molten salt gasifier
It was reported that molten carbonate salts could function as a combined catalyst and heat transfer medium for solar CO2 (Matsunami et al., 2000) or steam gasification (Hathaway et al., 2011). (Hathaway et al., 2013a) undertook a study to determine the ability of molten carbonate salts to improve the overall conversion of diverse cellulosic feedstocks into syngas through gasification processes. The feedstocks were gasified using steam in inert gases and in molten salts, respectively. At 1200 K, the addition of molten salts boosted overall syngas output by 25.7% and the reactivity index by up to 490%. Secondary products, such as condensable tar, were cut by 77%.
In a subsequent work, a 2.2 kW prototype molten salt gasifier (Figure 11) was studied under simulated concentrated solar radiation (Hathaway and Davidson, 2017). The inner cylinder is a cavity receiver with a front aperture. The outer cylinder bounds an annular volume which contains the molten salt and reacting biomass. Utilizing cellulose as biomass feedstock and CO2 as gas agent, the reactor obtained a solar-to-fuel efficiency of 30% and converted 47% of the carbon in a continuous process at 1218 K. The pneumatic feed system’s requirement for an extra gas stream led to the entrainment of char, which was the cause of the poor carbon conversion rate. Afterwards, a novel extrusion/screw conveyor feed system was applied (Hathaway and Davidson, 2020). Steam gasification of cellulose was carried out based on this new feed system, with the carbon conversion rate reaching 78%. At 1208 K, a solar-to-fuel efficiency of 40% was achieved, which was the highest value reported for a solar gasifer in the literatures.
[image: Figure 11]FIGURE 11 | Schematic of the molten salt solar gasification reactor. Adapted from (Hathaway and Davidson, 2017).
3.3.8 A brief summary on solar gasifier designs
In short, different solar reactor designs were experimentally tested for solar biomass gasification including packed-bed, bubbling fluidized-bed and entrained flow reactors. More recently, internally circulating fluidized-bed, vortex-flow, spouted-bed, two-zone and molten salt-based gasifiers have been considered. Table 2 compares the performance of the most important reactor designs for solar gasification of carbonaceous feedstock. Because there are differences in how the energy conversion efficiency is recorded, special attention should be paid when making direct comparisons.
TABLE 2 | Comparison of experimental performance of the most important reactor designs for solar gasification of carbonaceous feedstock (Puig-Arnavat et al., 2013).
[image: Table 2]Generally speaking, the packed-bed reactor design is distinguished by its durability, simplicity of operation, and ability to handle feedstock particles with different sizes and diverse compositions without any prior treatment, while it faces challenges with heat and mass transfer. Additionally, all previous packed-bed experiments were conducted in a batch-mode. Fluidized beds are widely accepted in combustion and gasification applications, as they enable continuous operation (Huang et al., 2012; Xue et al., 2015; Muroyama et al., 2018), quick adjustment of inputs, long particle residence periods, and sufficient gas-solid contact with effective heat and mass transfer. One disadvantage of fluidized-bed designs in comparison with packed beds is the requirement for smaller, generally homogenous feedstock particles, which results in more expensive feedstock preparation. Particle entrainment may have limited carbon conversions. Heat and mass transport are improved in vortex flow and entrained flow reactors, although residence time is dramatically reduced, imposing strict requirements on the feedstock size. The two-zone (combined drop-tube and packed-bed) design increases the effective residence time of char particles while still providing the efficient heat transfer to the particles needed for fast pyrolysis. Conical spouted bed reactors are more adaptable and capable of handling uniform or irregular particle distributions, coarse particles, and particles of various types than fluidized-bed reactors. Molten salt provides performance advantages over operation in gaseous environments. It acts as a heat transfer medium, catalyzes gasification reaction, promotes tar cracking, and the thermal mass allows for steady syngas production during solar transients. Nevertheless, molten salt related creep or corrosion issues need to be carefully considered. Separation procedure is also required for the solid residue (char/ash) and molten salt mixtures.
4 SOLAR INTERMITTENCE MANAGEMENT
When it comes to the rising interest in continuous syngas production, solar gasification technology is hampered by the inherent problem of intermittent solar radiation caused by cloud and rain. It was argued that the problem could be alleviated with thermal storage or hybridization (Hathaway et al., 2013b). Specifically, three main approaches have been investigated to manage solar intermittence: 1) performing solar/autothermal hybrid gasification in cavity gasifiers, 2) integrating dual fluidized-bed gasifier with solar particle receivers, and 3) Adopting intermediate heat transfer fluids. Solar intermittence management is a crucial step towards the usage of the technology during overcast times or overnight in a commercial plant for production of renewable solar fuels.
4.1 Solar-autothermal hybrid gasification in cavity gasifiers
4.1.1 Concept and simulation
Based on aforementioned cavity solar reactors, the concept of solar/autothermal hybrid gasification (SAHG) has been proposed to combine conventional autothermal gasification and solar-driven operation together to satisfy the need for continuous syngas production. The hybrid solar/autothermal reactor operates in three general modes: 1) sole solar-driven gasification during periods of sufficient DNI, 2) autothermal gasification only for night operation, and 3) an integrated system for periods of insufficient DNI. In the autothermal gasification mode, a part of the feedstock [image: image] (also called equivalence ratio) is combusted (Eq. 24) to drive the endothermic gasification (Eq. 25).
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In cavity-type reactors, O2 can be easily injected with gasification agent through the gas inlet, which simplifies the intricate interaction and control of the various system components. Figure 12 shows a schematic diagram of SAHG in a cavity reactor.
[image: Figure 12]FIGURE 12 | Schematic of solar/autothermal hybrid gasification (SAHG) in a cavity reactor.
(Muroyama et al., 2014) developed a simplified dynamic model to analyze fluidized steam solar/autothermal hybrid gasification considering DNI variations due to the changing weather, combining heat transfer with chemical equilibrium predictions. To maintain a specified temperature, the flow of O2, H2O, and carbonaceous material delivered into the system was dynamically controlled to solve DNI inadequacies. For a 5-day simulation with transient solar fluctuations, the temperature control error was no more than 4.3°C. Using lignite coal as the feedstock, an energy upgrade factor of 1.2 and a solar-to-fuel efficiency of 39% were achieved in solar-only mode, while the cold gas efficiency maintained at 87% in autothermal mode.
(van Eyk et al., 2016) developed a 1-D mathematical model to investigate the solar/autothermal hybrid gasification of coal particles in an entrained-flow reactor, including autothermal, solar-only, and combined cases. The overall solar-to-fuel efficiency rose from autothermal case to solar case, however for majority of solar input values (less than 3 MW/m2), the reactor efficiency was even lower than autothermal gasification due to the additional re-radiation heat loss. It is worthwhile to note that the increase in the energy upgrade factor for these low solar input cases can still be beneficial.
An ICE CCHP system powered by SAHG was thermodynamically investigated by (Li et al., 2018). Based on Gibbs free energy minimization, a zero-dimensional steady-state model of the SAHG in an indirectly irradiated two-cavity reactor was developed. Under different solar inputs, the optimal steam-to-feedstock and oxygen-to-feedstock ratios were first calculated and then applied to control feeding mole flow rates of the gas reactants during hybrid operation.
A dynamic numerical model of a scaled-up solar gasification reactor was established by (Boujjat et al., 2020c), where both solar-only and hybrid solar/autothermal modes were examined. Three feeding strategies were proposed and compared. The first is a straightforward on/off control method. The second approach is to adjust the biomass and steam flow rates to maintain the reactor temperature at 1,200°C. The third one employs pure oxygen and extra biomass injection to compensate for solar disturbances, ensuring constant day and night syngas production. It was shown that the third mode resulted in the most stable process operation under varying solar power input, while ensuring continuous conversion of biomass at night and during overcast times.
4.1.2 Lab-scale experimental test
Lab-scale experimental tests for SAHG have been carried out using fluidized-bed, spouted bed and molten salt reactors. (Muroyama et al., 2018) first tested SAHG in a prototype 1.5 kWth indirectly irradiated fluidized-bed gasifier. The experiment revealed the ability to increase temperatures by injecting pure oxygen into the solar gasifier. Transient solar energy deficiencies inherent in solar gasification could thus be solved. The negative effects of combustion were also observed to be significant, with O2:C lowering the H2:CO ratio, cold gas efficiency, solar-to-fuel efficiency, and increasing CO2 output. As a result, the injection of pure oxygen should be minimized in SAHG unless necessary. In solar-autothermal hybrid operation mode, highest solar-to-fuel efficiency of 15.4% was observed using activated charcoal as feedstock, and the corresponding carbon conversion rate and energy upgrade ratio were 0.79 and 0.74, respectively.
Recently, (Hathaway and Davidson, 2021), conducted hybrid operation in their modified molten salt gasifier. They found that steam addition could control the produced syngas quality (via water-gas shift reaction). In solar-only mode, solar gasification operated with a stoichiometric amount of steam at 1225 K and concentration ratio of 1,350 suns, showing a solar-to-fuel efficiency of 45% and a feedstock conversion rate of 93%. Hybrid operation with the addition of O2 was performed when the solar input was reduced by 23% while maintaining the feedstock flow rate, achieving 41% energy efficiency and 99% carbon conversion. The in-situ WGS ensured a hydrogen and carbon monoxide ratio of 1.7:1 in the product gas stream, at the expense of nine times the stoichiometric amount of steam consumption.
Spouted bed gasifiers were also tested in solar-only and mixed solar-combustion mode under real concentrated solar flux and the effects of process hybridization on syngas yield and reactor performance were investigated (Boujjat et al., 2019a). The results confirmed that O2 feeding rate is a relevant variable to control the process temperature. Most recently, (Curcio et al., 2021), parametrically studied the impact of oxygen flow rate, combination of oxidizing agents, reaction temperature and heating mode (directly/indirectly irradiated) on SAHG performance in a conical spouted bed gasifier. They also provided useful information on thermal and chemical transient behaviors during the switch in operating mode between solar-driven and hybrid gasification.
4.2 Integration of dual fluidized-bed gasifier and solar receiver
Dual fluidized-bed (DFB) gasifiers have been well developed for autothermal biomass gasification (Karl and Proell, 2018; Hanchate et al., 2021). A DFB system consists of a gasifier (typically bubbling fluidized-bed) where the biomass is injected, devolatilized and the char is partially gasified with steam, and a combustor (typically fast fluidized-bed) where the char coming from the gasifier is burned with air. To be clear, the heat generated from combustion is transferred to the gasifier by sensible heat of the circulating solids.
(Guo et al., 2015) proposed the concept of solar hybridized DFB (SDFB), by integrating DFB with a solar particle receiver. In such system, the heat needed for the gasification process is transferred from the combustion site and/or the solar receiver using the solid bed material as a heat carrier. Due to their possible low cost and high working temperatures (>1,000°C), solid particles are thought to be ideally suited for use as solar thermal heat carriers and storage media. As depicted in Figure 13A, the bed materials performed a complete loop between the warm storage tank, the solar receiver, the hot storage tank, the gasifier and the combustor. The flow direction and flow rate of the bed materials were controlled to accommodate the variation in solar radiation. In a subsequent study, a novel configuration of solar hybridized DFB gasification process was presented with char separation for the production of Fischer-Tropsch (FT) liquids (Guo et al., 2017). Three approaches to further improve the energetic and environmental performance of the system were proposed and assessed: 1) char separation from the bubbling fluidized gasifier; 2) co-gasification of biomass and lignite; 3) FT reactor tail-gas recycle.
[image: Figure 13]FIGURE 13 | Layout of SDFB system with thermal storage (A) adapted from (Guo et al., 2015) (B) adapted from (Gómez-Barea et al., 2021).
Based on the SDFB concept, (Gómez-Barea et al., 2021), simulated SDFB biomass gasification performance with a pseudo-equilibrium model, considering 4 different configurations for introducing/extracting the solids in the system (Figure 13B). For a standard configuration (Configuration 1), the process can be performed efficiently in a SDFB gasifier with char conversion of up to 80%, corresponding to an average 28-min char resident time. The operation required 2.4 MJ/kgbio of solar energy input, producing syngas with 12% of solar share (defined as the ratio between the solar heat supplied to the system and the lower heating value of the syngas).
In another work, the annual performance of the same system with char separation and storage was numerically investigated (Suárez-Almeida et al., 2021). To increase the solar share for a given char conversion at constant gasification temperature, the char from the solids stream leaving the gasifier can be separated and stored, thus decreasing the char burned in the combustor; under this operational mode, the solar heat has to compensate the heat from char combustion. The simulation result showed the seasonal char storage would be a potential option for increasing the flexibility of the system.
To conclude, the advantage of SDFB concept is that the solar receiver and the reactor are not coupled, while heat transfer is particularly efficient since carrier particles are employed directly in the reactor. Large-scale solid fuel gasification and liquid fuel generation may be solved by such combination (Tregambi et al., 2021). However, in such system, the removal of solid particles from the gasifier will theoretically lead to reactive particles in the solar loop, which may well present additional issues. Besides, the gasification unit in SDFB needs to be modified and improved in solar mode, since the residence time is too long (>20 min) compared with that of current conventional DFB gasification (1–5 min). Up to now, only theoretical and numerical studies have been carried out on this integration, and experimental studies are needed to further prove this concept.
4.3 Adoption of intermediate heat transfer media
Adopting an intermediate transfer medium increases operational flexibility and makes it possible to use a larger variety of contacting configurations. The associated surface areas can now be distributed across a bed’s volume rather than being mostly determined by the particle surface. A temporary storage also smooths out the erratic solar energy supply (Nzihou et al., 2012).
In 1985, (Bruckner, 1985), designed a solar coal gasification plant using molten slag as the heat transfer and storage medium. As illustrated in Figure 14, a glassy, synthetic slag was delivered to the top of the solar receiver, being heated to 1800 K by the concentrated solar energy. The melted liquid slag flowed into a thermal storage vessel before being gravity fed to the direct contact droplet heat exchanger (DHX). In DHX, feed gas (CO2 or steam) was heated to very high temperatures to drive coal gasification in a follow-up gasifier. With a nominal daily irradiation of 8 h assumed, the receiver duty cycle is 33%. As a result, the solar receiver has been designed to be three times the thermal input needed by the gasifier, allowing for simultaneous charging of a 16-h storage vessel.
[image: Figure 14]FIGURE 14 | Adoption of molten slag as heat transfer medium. Adapted from (Bruckner, 1985).
Similar to Bruckner’s concept, a continuous hydrogen generation system was suggested and demonstrated by (Xiao et al., 2013). It utilized molten salts-stored solar energy to drive biomass gasification in supercritical water. In the experimental study, salts were first heated with an electrical heater simulating a solar receiver system. Then, salts flowed to a helical concentric tube heat exchanger, where the slurry of biomass flows through the inner tube and the molten salts through the external tube in a countercurrent flow. When salts finished the cycle, they returned to the molten salt storage tank, and then they can be heated again in the electrical heater. In this reactor, hydrogen-rich gas was effectively produced by gasifying both model compounds and actual biomass (corn cob).
5 SUBSEQUENT UTILIZATION OF SYNTHESIS GAS (DOWNSTREAM APPLICATIONS)
Syngas produced by solar assisted biomass gasification can be used as solar fuels in power cycles (Liu et al., 2021). It is also favorable to be utilized as the raw material to produce synthetic liquid fuels such as methanol, ethanol, dimethyl ether and FT liquids (Jie Ling et al., 2022). Solar thermal energy stored as thermochemical heat can be a convincing approach to promote energy storage at ambient temperatures for long periods of time without heat loss.
5.1 Power generation
(Liu et al., 2016) compared the thermodynamic performance of two solar-biomass hybrid Brayton-Rankine combined cycle power generation systems. The first system employed the thermochemical hybrid routine, named solar gasification combined cycle (SGCC) system, in which concentrated solar energy activated the gasification of the biomass, and the produced syngas was used as a solar fuel in a combined cycle to generate electricity. The second system named solar hybrid combined cycle (SHCC) system adopted the thermal integration concept. The feedstock of biomass was gasified by the typical autothermal gasification technology, while the concentrated solar energy was directly utilized for heating the compressed air within the solar volumetric air receiver. The gasified syngas was combusted with the solar-heated air in the combustor, and the qualified high-temperature gas was used to drive the gas turbine for producing electricity. According to the annual system evaluation, the overall energy efficiency of SGCC system reached to 29.36%, compared with the SHCC system of 28.03%. The SGCC system showed more favorable thermodynamic performance by employing the solar thermochemical routine. (Bai et al., 2017) adopted a two-stage gasification concept in a power generation system, in which mid-temperature solar heat energy was used for biomass pyrolysis, high-temperature solar heat energy for biomass gasification (Figure 15). Simulation results showed the energy level upgrade ratio in the two-stage gasification system for the provided solar thermal energy was 32.35% compared to 21.62% in one-stage setup.
[image: Figure 15]FIGURE 15 | Solar biomass gasification in a combined cycle power generation system. Adapted from (Bai et al., 2017).
In addition to the combined Brayton-Rankine cycle, the integration of supercritical carbon dioxide power cycle and solar gasification has also been studied by (Xu et al., 2019). This hybridization concept has a potential to achieve both CO2 capture and a high solar share. According to the simulation, the net energy and exergy efficiency of the proposed system reached 43.4 and 44.6%, respectively.
5.2 Fuel production
5.2.1 Fischer-Tropsch synthesis
The Fischer-Tropsch (FT) process is a well-established and developed method for converting syngas to higher hydrocarbons, particularly liquid transportation fuels. Biomass gasification in conjunction with the FT process is a reassuring and encouraging possibility for producing “green” liquid fuels (Ail and Dasappa, 2016). In the FT synthesis, carbon monoxide is hydrogenated over metallic catalysts producing linear hydrocarbons, according to the following overall reaction:
[image: image]
Details on reaction mechanism, catalyst selection and reactor design for FT process were reviewed by (Ail and Dasappa, 2016; Konarova et al., 2022). In terms of the study of overall system, Kaniyal et al. developed a quasi-steady state dynamic model to estimate the transient behavior of the hybridized solar gasification of coal and its blend with biomass and natural gas for FT liquid fuel production (Kaniyal et al., 2013a; Kaniyal et al., 2013b). The authors found a 21%–22% annually averaged improvement in the energetic output per unit feedstock compared to that of a non-solar autothermal coal-to-liquid system. Recently, Pye and his colleagues analyzed algae-to-liquid fuel production via solar-driven supercritical water gasification (SCWG), reforming and FT processes (Rahbari et al., 2019; Shirazi et al., 2019). The suggested system exhibited a levelized cost of fuel (LCOF) as low as 2.44 USD/L of gasoline equivalent using 2016 as the base year for costing. The price appears to be much higher than that of fossil-based liquid fuels. However, the comparison is not absolutely accurate unless the embodied costs of associated GHG emissions generated by fossil-based fuel production are taken into consideration. In a subsequent work, to achieve the required H2/CO ratio of two for the FT process, PV-electrolysis based supplemental H2 was chosen as the preferred alternative, since syngas obtained from biomass can be H2 deficient (Rahbari et al., 2021). (Zhong et al., 2021) conducted a 3E (energetic, economic, and ecologic) analysis on biomass-to-liquids production system based on solar gasification and FT synthesis. Though not economic-competitive in short term (LCOF is 44.2% higher than market price), the system is still promising when the carbon tax reaches 81.5 USD/t.
5.2.2 Methanol production
Methanol production is another approach to use cleaned syngas to give transport fuel. For this application the H2/CO ratio must be 2. (Bai et al., 2015) proposed a poly-generation system of generating methanol and power with the solar gasification of biomass. In such system, the syngas from the biomass gasification was used for methanol production in a synthesis reactor, while the unreacted gas was used to generate power via a combined cycle power unit. After system scale optimization, the favorable system annual averaged energy efficiency, 48.35%, was achieved with methanol production cost of 361.88 USD/t (Bai et al., 2018, 2019).
Recently, (Xin et al., 2022), integrated solar-driven coal gasification with a methanol and electric power poly-generation system using a direct-fired supercritical carbon dioxide power cycle (Allam cycle) for power generation and carbon capture. The solar integration could improve the methanol production and net power output by 94.2% and 22.9%, respectively. The levelized cost of methanol was obtained as 341.95 USD/t.
5.2.3 Hydrogen production
Experimental tests for solar gasification of biomass in supercritical water (SCW) was successfully carried out by researchers in Xi’an Jiaotong University. The maximum reaction temperature of the solar reactor enclosed by a quartz glass window reached 650°C, which was sufficiently high enough to realize biomass gasify completely in SCW (Liao et al., 2013). Hydrogen fraction in the gas product also reached to 50% (Chen et al., 2010). The encouraging results indicated that hydrogen production with SCWG of biomass using concentrated solar energy was a promising approach.
(Lu et al., 2011) conducted a technical and economic evaluation of solar hydrogen production by supercritical water gasification of biomass. In high pressure separator, CO2 is separated from product H2 by high-pressure water absorption because solubility of CO2 in high-pressure water is much larger than that of H2. The projected cost of hydrogen production was 38.46 CNY/kg for the experimental demonstration system with the wet biomass treatment capacity of 1 t/h and the total project investment contributed significantly to the hydrogen production cost.
(Wu et al., 2019) proposed a multi-functional system based on solar biomass gasification to produce power, heating and hydrogen. The gasified syngas was used to produce power and heating via a power cycle unit during the heating periods and to produce hydrogen via a water-gas shift reactor during the non-heating periods. The annual average hydrogen production efficiency of the system reached 64.97%.
5.3 CCHP systems
Solar biomass gasification-based combined cooling heat and power (CCHP) system is another attractive option for downstream applications, as it can realize a cascading utilization of energy with high overall efficiency and low greenhouse gas emissions.
(Li et al., 2018) thermodynamically studied an internal combustion engine (ICE) combined cooling heat and power (CCHP) system driven by the SAHG of biomass. The suggested system was made up of two main subsystems: the SAHG subsystem and the CCHP subsystem. The syngas produced from SAHG powered an ICE to generate electricity along with waste heat of exhaust gas. The exhaust gas released from ICE drove a double-effect absorption chiller (DEAC) to deliver chilled water for cooling. In a subsequent step, hot water was produced using the exhaust gas that had previously passed through the DEAC at a somewhat lower temperature. An annual evaluation revealed that, when compared to the identical CCHP system powered by autothermal gasification, the SAHG system achieved annual average increases in heat, power, and cooling of 19.5%, 23.8%, and 4.5%, respectively.
(Wang et al., 2019) also presented a similar CCHP system while the waste heat from product gas was used to produce steam by heat exchanger to supply biomass gasification. Influences of variable parameters (electricity load ratio and DNI) in the off-design work conditions were studied. The results of the case study with 100 kW electricity generation indicated that the hybrid CCHP system based on solar biomass gasification achieved average energy and exergy efficiencies of 56% and 28%, respectively, and the increasing ratio of heating value of product gas reached 55.09% compared to autothermal gasification. Recently, (Wu et al., 2020), included an economic analysis in their work to evaluate the technical feasibility of the proposed hybrid CCHP system. When biomass price is assumed to be 40 USD/t, the payback period is 2.70 years in the proposed new system, which is 3.94 years shorter than the reference autothermal system.
6 CHALLENGES AND FUTURE PROSPECTS
6.1 Reactor design and scaling up
As mentioned in Section 3.3, solar reactor design is the most prominent part in solar assisted biomass gasification to maximum energy efficiencies. Despite several solar gasifiers tested at lab-scale, seldom have been scaled-up and none has been commercialized due to high reaction temperature, the large reactor volume needed to accomplish fuel conversion, and the inconsistent syngas production (Tregambi et al., 2021). Up to now, only three types of solar gasifier (packed-bed, entrained flow and vortex flow) have been applied in pilot scale projects.
In cooperation with PSI and ETH Zurich, Holcim (Switzerland) developed a 150 kWth solar gasifier that was based on the idea of an indirectly irradiated packed-bed solar reactor and intended for the batch gasification of biomass and waste feedstocks. The experiment was conducted at the CESA-1 solar tower of CIEMAT’s Plataforma Solar de Almeria in Spain (Wieckert et al., 2013). The solar reactor was installed 46 m up atop the solar tower. An array of sun-tracking heliostats guided the sunrays to a chilled mirror above the window, which directed the concentrated solar beam through the cavity. The temperature of the emitter plate rose quickly, whereas the packed bed’s poor thermal conductivity slowed the temperature rise towards the bottom of the bed. As a result, heat transport over the porous bed was considered to be the rate-controlling mechanism. Nevertheless, the experiment showed a satisfactory result, with an energy upgrade factor of up to 1.3 achieved, and the solar-to-fuel energy-conversion efficiency varying between 22 and 35%.
Sundrop Fuels Inc. (United States), in collaboration with the University of Colorado, has built a 1-MW solar plant to convert wood waste and other kinds of biomass into syngas. It employed a field of 2,700 mirrors to focus sunlight onto a 20-m solar tower in order to provide the heat required to operate the indirectly irradiated entrained-flow reactor (Service, 2009; Piatkowski et al., 2011). The 300-kW pilot version of the direct-irradiated vortex-flow reactor was also installed by the ETH Zurich, PDVSA (Venezuela), and CIEMAT (Spain) for the gasification of petcoke (Z'Graggen and Steinfeld, 2008; Piatkowski et al., 2011). However, no operating result regarding these two projects can be found in the open scientific literature.
Despite the fact that the concentrated solar assisted biomass gasification system is well-positioned and has several benefits for producing high-quality syngas, it is still in its early stages of development. Several types of solar gasifiers still need optimization and improvement to be scaled up with minimal issues and concerns. Though challenging, scaling up offers prominent advantages, as solar reactor at a large scale has a smaller surface area to volume ratio, which help reduce the heat loss and improve the energy efficiency. A wide variety of large-scale system simulations (Section 5) covering various downstream applications showed that energy and environmental benefits are substantial while the technology remains economically challenging, and requires incentive-based environmental policies.
6.2 Continuous high-quality syngas production
As emphasized in Section 4, solar intermittence management is a crucial step towards the usage of the technology during overcast times or overnight in a commercial plant for production of renewable solar fuels. The proposed SAHG concept has alleviated this problem to a large extent, however, the switch from solar-driven to hybrid (solar/combustion) mode lowers significantly the syngas yield (especially H2) while increasing CO2. Furthermore, the observed decline of syngas quality (both heating value and H2:CO ratio) due to hybridization can be an issue considering downstream applications. The ideal H2:CO ratio for direct synthesis of DME is unity. The ideal ratio for the synthesis of FT liquids or methanol is two. As the H2: CO molar ratio drops below one in hybrid mode, control of the product gas ratio is required to pair with fuel or chemical synthesis. Recently, (Hathaway and Davidson, 2021), studied in-situ water gas shift in their molten salt reactor, avoiding an additional reactor. It did, however, necessitate a water flow rate nine times greater than the stoichiometric one. Since the WGS reaction is exothermic, from the point of view of the reaction equilibrium, the reaction favors lower temperature. (Curcio et al., 2022) suggested it would be better to maintain a constant total syngas throughput and leave the control of H2:CO ratio to a downflow shift unit. Instead of water gas shift, (Rahbari et al., 2021), employed PV-electrolysis based supplemental H2 to adjust H2:CO ratio. There are few empirical results available in this sector, and the dynamic coupling among the different unit operations is still in its infancy (Boujjat et al., 2020c). Continuous high-quality syngas production together with its downstream processes needs to be further detailed.
In addition, control strategy in SAHG is a crucial factor to the system performance. Different control strategies have been numerically studied to optimize SAHG (Section 4.1.1), but none has been applied in an experimental demonstration, as fixed H2O:C and O2:C ratio were usually adopted in concept-proving experiments (Section 4.1.2). In the future, intelligent algorithms for dynamic control, short-term and accurate forecasts of DNI (Boujjat et al., 2020c), and experimental validations on smart control strategies ought to be investigated.
7 CONCLUSION
This work presented a comprehensive review of the production of solar fuels from solar assisted biomass gasification. It began by reviewing the background on solar concentrating technologies. The fundamentals and performance metrics of solar biomass gasification were also provided. The state-of-the-art solar gasifier designs were summarized in detail, including classification, characteristics and their corresponding experimental performance. Finally, towards practical applications, strategies for solar intermittence management and downstream utilization of syngas were discussed. Conclusion can be drawn as follows.
• Solar assisted biomass gasification is a promising pathway to produce solar fuels. Compared with autothermal biomass gasification, the usage of high-flux concentrated solar radiation to drive endothermic gasification reactions improves energy efficiencies, saves biomass feedstocks, and is free of combustion by-products.
• Because of their greater concentration ratios, 3-D point-focusing concentrators are more practicable for driving solar gasification. The solar tower system (including beam-down configuration) is becoming more appealing and exhibits a great potential for coupling with large-scale, high-temperature thermochemical processes.
• Cavity receiver-reactors are often adopted in high-temperature solar-driven biomass gasification reactions. A variety of combinations of directly/indirectly irradiative and gas-solid contact reactors has been proposed and tested. Each design has its own characteristics. The ultimate objective is to maximum solar-to-fuel energy conversion efficiency, by optimizing solar heating, minimizing heat losses and adopting proper gas/solid contacting to enhance heat and mass transfer.
• Solar intermittence management is a crucial step towards the usage of the technology during overcast times or overnight in a commercial plant for production of renewable solar fuels. Three directions have been suggested: 1) SAHG operation in a cavity reactor, 2) integration DFB with solar particle receiver, and 3) adoption of intermediate HTFs. The concept of SAHG in cavity reactors has been proved in lab-scale prototypes, while better operation strategy is under development.
• Syngas produced by solar assisted biomass gasification can be used as solar fuels in power cycles. It is also favorable to be synthesized into other transportation fuels such as methanol, FT liquids, and hydrogen. Solar biomass gasification-based CCHP system is another attractive option for its high overall efficiency and low greenhouse gas emissions.
• Nowadays, some intractable issues still challenge applications of the solar biomass gasification technologies, including the design and scaling up of the solar gasifier, the requirement for continuous high-quality syngas production, the collection and transportation of biomass, and the high investment cost of the technology. These problems should be further investigated for accelerating the commercial operation of energy system with solar assisted biomass gasification.
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Symbols
Aconc Aperture area of the concentrator
Arec Aperture area of the receiver
Cf Flux concentration ratio
Cg Geometrical concentration ratio
[image: image] Equivalence ratio
[image: image] Standard enthalpy of reaction i
[image: image] Absorption efficiency
[image: image] Optical efficiency
[image: image] Solar-to-chemical efficiency
[image: image] Solar-to-fuel energy conversion efficiency
LHVi Lower heating value of species i
mi Mass of species i
ni Number of moles of species i
[image: image] Stefan-Boltzmann constant
[image: image] Power collected by the receiver aperture
Qsolar Solar energy input
[image: image] Divergence half-angle of sunlight on Earth
Trec Temperature of receiver
U Energy upgrade factor
XC Carbon conversion rate
[image: image] Rim angle of the concentrator
Abbreviations
CCHP Combined cooling heat and power
CR Central receiver
CSP Concentrating solar power
CSTGB Concentrated solar thermochemical gasification of biomass
DEAC Double-effect absorption chiller
DFB Dual fluidized bed
DHX Droplet heat exchanger
DME Dimethyl ether
DNI Direct normal incident solar radiation
FT Fischer-Tropsch
FTS Fischer-Tropsch synthesis
HTF Heat transfer fluid
ICE Internal combustion engine
ICFB Internally circulating fluidized bed
LCOF Levelized cost of fuel
SAHG Solar/autothermal hybrid gasification
SCW Supercritical water
SCWG Solar-driven supercritical water gasification
SDFB Solar hybrid dual fluidized bed
SGCC Solar gasification combined cycle
SHCC Solar hybrid combined cycle
WGS Water-gas shift
WGSR Water-gas shift reaction
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