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Abstract

:

Hydrogen is a versatile vector for heat and power, mobility, and stationary applications. Steam methane reforming and coal gasification have been, until now, the main technologies for H2 production, and in the shorter term may remain due to the current costs of green H2. To minimize the carbon footprint of these technologies, the capture of CO2 emitted is a priority. The in situ capture of CO2 during the reforming and gasification processes, or even during the syngas upgrade by water–gas shift (WGS) reaction, is especially profitable since it contributes to an additional production of H2. This includes biomass gasification processes, where CO2 capture can also contribute to negative emissions. In the sorption-enhanced processes, the WGS reaction and the CO2 capture occur simultaneously, the selection of suitable CO2 sorbents, i.e., with high activity and stability, being a crucial aspect for their success. This review identifies and describes the solid sorbents with more potential for in situ CO2 capture at high and medium temperatures, i.e., Ca- or alkali-based sorbents, and Mg-based sorbents, respectively. The effects of temperature, steam and pressure on sorbents’ performance and H2 production during the sorption-enhanced processes are discussed, as well as the influence of catalyst–sorbent arrangement, i.e., hybrid/mixed or sequential configuration.
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1. Introduction


The European Green Deal [1] has the overarching aim of making Europe climate neutral in 2050, but global energy consumption is expected to continue growing, requiring decarbonized energy vectors for end use applications [2]. Hydrogen is a promising energy vector, with a high calorific value (122 kJ g−1), which is being considered as the cleanest energy option, with a zero-carbon footprint, since it burns cleanly, giving water as the only product. Therefore, if linked with renewable energy sources and CO2 capture, it allows for decarbonizing a wide range of final sectors of use, providing clean power and heat to transport and stationary applications [3]. Hydrogen is an important raw material of some industrial processes, such as hydrocracking, ammonia synthesis, methanol production, and the manufacture of hydrochloric acid; it is also a reducing agent in the steel industry [4]. Up to now, 96% of the H2 production technologies [5] are based on non-renewable sources such as the steam methane reforming (SMR) of natural gas/oil-based or coal gasification (grey H2). The H2 production followed by CO2 capture is an interesting alternative to reduce carbon footprint but is in an early stage of implementation (blue H2).



The transition to a more sustainable H2 production cannot be dissociated from economic and technological aspects. Water electrolysis is a mature technology that produces about 4% of green H2 if renewable sources of energy are used (e.g., solar, wind), but it is limited by heavy efficiency penalties, and it may be suitable for a large market only if renewable electricity costs will be low enough. The steam reforming of glycerol [6,7,8], biogas [9], methanol [10], ethanol [11,12], etc., and gasification of biomass-derived feedstocks [13] are alternatives that are being investigated but need to overcome some technological barriers, many times related with the presence of contaminants. The photo-biological and photo-electrochemical methods are currently at a very early stage of development [2,5]. Figure 1 shows the main routes for H2 production.



H2 production through technologies that use green fuels, such as biomethane steam reforming or biomass-derived feedstocks gasification, have a relevant potential for industrial implementation [5,14]. In addition, comparatively with other renewable sources, it has a unique advantage, if the process is carried out with carbon capture and storage (CCS), carbon negative emissions could be achieved [15]. The technology readiness level (TRL), H2 cost, and CO2 emissions have a preponderant role in the large-scale implementation of these technologies. For example, the biomass-derived feedstocks gasification for H2 production (TRL 5-6) presents a very high decarbonization potential (~80% without CCS, compared with SRM without CCS) [2]. Moreover, negative CO2 emissions can be achieved if biomass-derived feedstocks gasification is replaced by gasification with CCS (TRL 3-5), i.e., −14.6 vs. 2.6 kg CO2/kg H2 [2].



Development of technologies with minimal environmental impact may decrease the world’s dependence on fossil fuels. Moreover, it can contribute to the decrease in political conflicts since the fossil fuel extraction is limited to very few countries [16]. The “in house” H2 production may increase both national energy security and contribute to economic development [17]. However, the cost of H2 production using renewable energy sources needs to be further reduced to ensure large-scale implementation [18]. Maggio et al. [19] believe that the first market of green H2 will be as feedstock for industrial applications, followed by power generation in stationary applications, and then the mobility sector, which presents major critical issues (cost, infrastructure availability, purity requirements, etc.).



Economic development, energy utilization, environment and climate are interconnected, but getting to “secure energy and environmentally friendly at lowest cost” is becoming increasingly difficult [20]. SMR is currently the most cost-effective process for H2 production, followed by coal gasification [21]. Large-scale H2 production by electrolysis of water with abundant electric power from renewable sources is expected in the long term; however, on a shorter term, due to a low level and insufficient global supply of renewable energy, H2 production from fossil fuels with CO2 capture and storage may prove to be an enabler for low CO2 emission H2 production [22] and ensure the transition needed for the future. Timely implementation of educational, financial, legislative, social and technological initiatives is necessary to make this happen.



Table 1 summarizes the main H2 production technologies, including their efficiencies, estimation of H2 costs, CO2 emissions and current technology maturity.



The commercial technologies based on the fuels reforming and gasification processes involve the production of syngas (H2, CO, CO2, and some CH4 and hydrocarbons). However, H2 purity has a high impact on end use applications, namely, in the case of fuel cells where H2 content in the feeding stream has to be above 99.97% [22]. The water–gas shift reaction is often used in industry to upgrade the syngas. Through the conversion of the CO into CO2, an additional quantity of H2 is produced [24], increasing the calorific value and composition of syngas. Separation techniques can then be applied for better hydrogen yields such as pressure swing adsorption (PSA), membranes, and distillation. Despite currently PSA being the most used technology with high levels of H2 purification, other advanced technologies such as membrane reactors, sorption-enhanced reforming or gasification and water–gas shift (WGS) reaction are in constant development.



The H2 production by WGS reactions is equilibrium-limited, but if CO2 is continuously removed, the reaction will be shifted in favor of increased H2 production (Equation (1)).


  CO +  H 2  O   ⇄   ∆ H > 0   ∆ H < 0    CO 2  +  H 2    ∆ H = ± 41   kJ / mol  



(1)







Depending on the temperature, during the reforming and gasification processes, the WGS reaction can contribute to an increase in the H2 production. As can be shown in Figure 2, H2 and CO2 formation takes place mainly at lower temperatures, which is not compatible with the operating conditions of the reforming and the gasification processes. Consequently, the syngas produced during the reforming or gasification (>600 °C) is upgraded in an independent WGS reactor (250–500 °C). The in situ CO2 capture during the reforming and gasification processes, or syngas upgrade in an independent reactor, can favorably influence the thermodynamic equilibrium of the above-mentioned reactions for a higher efficiency of H2 production and can lead to additional advantages such as increased energy efficiency, reduced reactor or catalyst volume. The concept of such advantageous combinations of process steps is known as process intensification. The combination of both processes, reaction and CO2 capture is defined as sorption-enhanced reforming (SER), sorption-enhanced gasification (SEG) and sorption-enhanced water–gas shift (SEWGS) reactions.



The selection of suitable CO2 sorbents, with high activity and stability for the sorption-enhanced processes, i.e., SER, SEG and SEWGS, will depend on the process reaction temperatures. Thus, the solid sorbents can be classified as high-temperature (>400 °C) CO2 sorbents (e.g., CaO, Li4SiO4, Li2ZrO3), which are mainly used for SER and SEG, and as medium-temperature (200–400 °C) CO2 sorbents (e.g., hydrotalcites, MgO) that are used for the SEWGS reaction. Some hydrotalcites can be used also at higher temperatures (~500 °C). Ideally, the sorbents should have the following properties: high mechanical stability, high adsorption capacity, fast reaction kinetics and low regeneration heat demand. In addition, if during the sorption-enhanced processes the CO2 sorbents regeneration generates pure CO2, two product streams can be obtained—H2 and CO2—which can also be valorized in downstream processes. The performance of solid CO2 capture sorbents has been largely studied and is described in the literature [26,27,28,29], but usually the research is focused only on the sorbent point of view. The goal of this review is to assess the sorbent influence on the reforming and gasification processes and during the WGS reaction, and also how the sorbent presence affects the H2 production yield. Only Ca-based sorbents, alkali-based sorbents and Mg-based sorbents will be considered since these are based on chemical reactions between the CO2 and the sorbent, while for example the CO2 capture by hydrotalcites is based on chemisorption processes. The Ca-based sorbents appear to be the most promising due to the fast carbonation kinetics and high theoretical CO2 carrying capacity, but the sorbents deactivation during the first’s cycles and the high energy consumption are drawbacks that need to be overcome. Currently, the alkali-based sorbents are not competitive due to the price, kinetic limitations and low CO2 carrying capacity. At medium temperature, the Mg-based sorbents present kinetic limitations, but the use of alkali molten salts to facilitate the CO2 diffusion on the sorbent show promising results. Detailed information about the sorbents and approaches to overcome some limitations can be found along the article. The catalyst-sorbent arrangement is important and may determine the success of sorption-enhanced reactions. Hybrid materials, i.e., with catalytic and CO2 capture activity, have also been gaining relevance, but the conclusions about their performance are often contradictory, and must be better understood.



Summarizing, aiming at increasing the H2 production yield, this review focuses on in situ CO2 capture materials, the high-temperature CO2 sorbents that are used mainly during the syngas production by reforming or gasification processes, and the medium-temperature sorbents are applied during the syngas upgrade through the WGS reaction.




2. High-Temperature CO2 Sorbents: Syngas Production


The syngas can be produced from a variety of feedstock sources, and it is a versatile intermediate gas obtained from reforming and gasification processes for the production of chemicals and fuels (Figure 3). The syngas composition is strongly dependent on the feedstock and the production technology (Table 2). The use of solid CO2 sorbents to improve the H2 content in the syngas obtained from the reforming and gasification technologies is described below.



2.1. Sorption-Enhanced Steam Reforming


Hydrocarbon reforming technology refers to the process of converting hydrocarbons into H2 using reforming techniques. Besides the hydrocarbon, the other reactants can be either steam (steam reforming) or oxygen (partial oxidation) or both (auto-thermal reaction) [16,34]. Among the hydrocarbon reforming, the SMR is particularly attractive due the level of maturity, high H2 production efficiency, and lower production costs (Table 1).



In the steam reforming process, hydrocarbon and steam are catalytically converted to H2 and CO2. The whole process involves the following major steps: generation of reforming or synthesis gas (syngas), water–gas shift reaction, and gas purification [21]. At the commercial level, the most usual raw material involved in the steam reforming process is methane from natural gas, but alternative raw materials containing gases through various combinations of light hydrocarbons including ethane, propane, butane, bio-methanol, bioethanol, biogas [9,35] are described in literature. The use of alternative raw materials such as biogas can be preceded by the H2S removal and/or biomethane enrichment to improve the H2 yield production and minimize catalysts poisoning [9]. The main chemical reactions that take place during hydrocarbon reforming are summarized in Table 3.



In a typical process, the steam and natural gas react at 850–900 °C, with pressures of 20–35 atm, and steam to carbon (S/C) ratios of 2.5–3.0, in the presence of a Ni-based catalyst to produce syngas. SMR is severely endothermic, and thus thermodynamically preferable under a high temperature and low pressure [34]. Lower temperatures increase coke deposition [22]. Despite the SMR being favorable at lower pressures, the methane activation by the catalyst is improved at high pressures, which justifies the high pressures used in industry.



The Ni-based reforming catalysts for H2 production face four major issues: loss of activity, poisoning, carbon deposition and sintering. The noble metals (Rh, Pt, Pd, Ru) have a better performance and coke resistance than Ni, but the high cost limits their utilization as catalysts for H2 production [36]. When the feedstock contains organic sulphur compounds, the reforming step should be preceded by a desulphurization step to avoid the catalyst poisoning. In the conventional systems, the syngas is fed into a WGS reactor, where the CO reacts with steam to produce additional H2, and then passes through a pressure swing adsorption system allowing one to obtain H2 with higher purity (near 100%) [21]. Besides in the SMR process there may be an additional CO2 production due to the furnace heating. If the SMR process includes CCS, a separate post-combustion CO2 capture unit is required for the flue gas. Despite the additional cost of SMR with CO2 capture, the overall production cost is still significantly lower that using renewable energy for producing hydrogen via water electrolysis.



The sorption-enhanced steam reforming (SESR) combines the reforming reaction system, i.e., reforming, WGS reaction and CO2 capture reactions, in a single reactor by the addition of a high-temperature solid sorbent. The in situ capture of CO2 overcomes the equilibrium limitations of the reforming and WGS reactions, through the shifting of the reaction equilibrium to the product side (Le Chatelier’s principle). The integration of reaction and product separation in a single step intensifies the process, increasing the H2 production yield and decreasing the size of downstream separation stages or even eliminating the need for them. At high temperatures (>600 °C), the most popular sorbents for in situ CO2 capture are calcium oxide, sodium and lithium silicate/zirconate-based materials. Some works with hydrotalcites are also described in literature.



The Ca-based sorbents are especially attractive for SESR due to the high exothermicity of the carbonation reaction. The heat generated during carbonation can be consumed in situ in the highly endothermic reforming reaction (Equation (2)), relieving the need for direct fuel combustion [26]. Moreover, the reaction enhancement enables lower operation temperatures (500–700 °C), reducing problems associated with high process energy requirements and poor energy integration within the plant environment, since the energy efficiency of the steam reforming process increases by approximately 20% [37]. Therefore, higher H2 production yields can be achieved while moving the optimum temperature of the reformer towards lower values compared to conventional SMR. Since the differences in the operating conditions of reforming and regeneration steps are considerable, the use of different reactors has been proposed to ensure continuous H2 production by periodically regenerating the sorbent [38]. This aspect will have an important impact on a potential scaling up of SESR technology to a commercial size. Currently, the SESR concept (TRL < 5) faces many challenges that can be overcome by the study of most suitable arrangement and operation of the reactors in various configurations, such as operating temperatures and pressures, reactors design, lifetime, cost of materials, etc. These studies are relevant to assess the economic, environmental, and technical feasibility of SERS. Figure 4 shows a simplified diagram of (a) SMR and (b) SESMR processes.



Emerging technologies to reduce the energy requirements of the SMR, and consequently the CO2 emissions, also includes the chemical looping hydrogen (CLH) process since the fuel is oxidized by oxygen provided by a solid oxygen material instead of mixing with air. The main chemical reactions of CLH are shown in Equations (5)–(7):


     CH  4  +   MeO  x    →   MeO   x − 1   + 2  H 2  + CO       ∆  H  25 ° C   > 0   



(5)






     CH  4  + 4   MeO  x    → 4   MeO   x − 1   + 2  H 2  O +   CO  2        ∆  H  25 ° C   > 0   



(6)






     MeO   x − 1   + 1 / 2  O 2    →   MeO    x                ∆  H  25 ° C   < 0   



(7)







The major advantage of this process is that the required heat for converting CH4 to syngas is supplied without combusting part of the fuel. However, further studies need be conducted to improve the syngas quality, since it usually contains a substantial amount of CO2 because it is difficult to control the oxygen reduction carrier [37]. Nevertheless, Chisalita et al. [39] compared different configurations for H2 production by SMR with CO2 capture applying the CLH process and conclude that by using iron-based oxygen carrier, lower H2 production costs can be achieved comparatively with no capture conventional reforming (41.84 vs. 42.43 EUR/MWh).




2.2. Sorption-Enhanced Gasification


Gasification technology refers to the process of converting coal or biomass-derived feedstocks into gaseous fuel using a gasification medium such as air, O2 or steam [16,40]. It is a variation of pyrolysis that occur in inert atmosphere and, therefore, it is based upon partial oxidation of the feedstock material into a mixture of H2, CH4, CO, CO2 and higher hydrocarbons, i.e., syngas. Gasification is typically realized via the use of catalysts, which accelerate the rate of gasification and allow for the use of lower temperatures [18]. The catalyst efficiency is evaluated in terms of the H2 yield and is affected by the synthesis methods and the operation parameters. Ideally the catalysts should have a large specific surface area, high catalytic activity to effectively increase conversion rate and should be stable [14].



The critical factors that affect the syngas yield are the feedstock type, particle size, catalyst employed, operating temperatures (500–1400 °C), operating pressures (1 to 33 bar), and duration [16]. Some of the reactions that take place during gasification are:


   C +  H 2   O    → CO +      H   2        ∆ H = + 131    kJ  / mol   



(8)






  C +  O 2    →      CO   2        ∆ H = − 394    kJ  / mol  



(9)






     C  + 1 / 2  O 2  →  CO          ∆ H = − 111    kJ  / mol  



(10)






  C +   CO  2    →   2  CO          ∆ H = + 172    kJ  /  mol     



(11)







In comparison with coal, the biomass gasification to H2 production is in an initial stage of implementation and facing problems related to feedstock distribution and technological aspects [5]. One of the problems is the production of tars, where the use of CaO acting as a CO2 sorbent also catalyzes the cracking reaction of tars enhancing the H2 purity and yield [17,41].



Sorption-enhanced Gasification (SEG) is being considered as a promising solid fuel conversion and CO2 capture technology that can produce H2-rich syngas mainly due to two reasons: (i) steam is used as the gasification agent [5,40] and (ii) removal of CO2 by the sorbent, both leading to an enhanced H2 production via WGS reaction [40]. The flow diagram of gasification and SEG are similar to the one shown in Figure 4a,b, respectively. However, depending on the sulphur content it can include a gas cleanup step before the shift conversion reactor [21].



In the Oxy-SEG, the air is replaced by O2 as oxidant agent, meaning that a flue gas rich in CO2 is obtained, making its storage or utilization easier. In comparison with the conventional gasification, the SEG and Oxy-SEG processes require lower gasifier temperature (600–750 °C vs. 800–850 °C) and produce high H2-rich syngas (>70% vs. <50%), higher H2/CO ratio (<10 vs. <2). The CO2 in the flue gas is lower than 10% in the conventional gasification process, and less than 30% or 90% in SEG and Oxy-SEG processes, respectively. This means that an optimized CCS/CCU can be attained for sorption-enhanced processes [42].



Mongkolsiri et al. [43] simulated the H2 production during biomass and coal co-gasification. The authors investigated the efficiency of Gasification-WGS and compared with the SEG-WGS and Gasification-SEWGS processes, between 500 and 1000 °C. Typically, a gasification process needs to be operated at high temperatures to achieve the required high H2 yield. The best performance was achieved for the Gasification-SEWGS process that presents a H2 concentration 45% higher than the conventional Gasification-WGS.



Fermoso et al. [44] stands out that the H2 yield increases with increasing temperature, which is justified by the enhancement of tar conversion, but the CO concentration can also increase probably due to the thermodynamic constraint of the WGS reaction at high temperatures. Therefore, selecting the appropriate operating temperature must be based on a compromise between the CO concentration and H2 yield. In the same work, it is shown that the H2 yield was not significantly influenced by the increase in S/C ratio from 2.3 to 9.4 during the sorption-enhanced steam gasification, performed with Pd/Co–Ni catalyst and dolomite sorbent, while it increased remarkably in steam gasification. These results underline the advantage of the SESG, as it allows the process to operate at a S/C ratio as low as 2.3 without significantly compromising the high H2 yield (76.1%) and purity (>98%). Consequently, SESG should significantly increase the energy efficiency of the process, reducing the operating costs due the use of a low S/C ratio.




2.3. Enhancement of the H2 Production with Ca-Based Sorbents


The use of Ca-based sorbents is considered a promising CO2 capture method for pre- and post-combustion conditions. This is due to the high theorical CO2 carrying capacity (0.78 g CO2/g CaO), the abundance and the low-cost of Ca-based sorbents that are available in nature such as limestone and dolomites, as well as the cost cut-off key feature of this CO2 capture process related to its carrying capacity and regenerative possibility. The cyclic carbonation–calcination is designed by calcium looping and is illustrated in Figure 5.



The calcination and carbonation reactions are both dependent on temperature, and its value is related to the CO2 vapor pressure as described by Equation (12) [45], and Figure 6 illustrates this dependence:


   P  e q     atm   = 4.137 ×   10  7  exp   − 20474 / T  K     



(12)







The calcination reaction (Equation (13)) at the calciner occurs at temperatures >900 °C (at 1 atm) and the CaCO3 is decomposed releasing the CO2 captured by the CaO, which would be recycled to the carbonator. This regeneration reaction is endothermic.


   CaCO 3  ( s )   → CaO ( s ) +  CO 2  ( g )     ∆  H  900 ° C   = + 165   kj   mol  



(13)







The atmosphere of calcination is a key aspect due the fact that for efficient compression, storage or utilization, the CO2 purity should be high; therefore, the calcination atmosphere ideally should be pure CO2. In the conventional configuration of CaL, an additional amount of fuel is combusted in an oxygen/carbon dioxide (O2/CO2) environment to maintain the desired operating temperature in the calciner and produce a high-purity CO2 stream. Both the temperature and the atmosphere parameters of calcination affect the sorbent morphology, i.e., specific surface area, total pore volume and CaO crystallite size properties suffer less modifications at lower values of temperature and CO2 partial pressure, which keeps the sorbent’s reactivity.



The carbonation reaction is exothermic (Equation (14)) and occurs at temperatures between 600 and 700 °C (at 1 atm), where CO2 is captured by CaO sorbent to form CaCO3, which in return is sent back to the calciner, and the cycle is continued. The high exothermicity of the carbonation reaction is an advantage in integrated processes since a high-grade heat can be utilized in the secondary power cycle for additional power generation.


  CaO ( s ) +  CO 2  ( g )   →  CaCO 3      ∆  H  700 ° C   = + 170   kj   mol  



(14)







The carbonation reaction occurs in two stages, a fast controlled stage (kinetic regime) that is dominant in the early cycles, and a slow diffusion limited stage (diffusional regime) that can become dominant after many cycles, mainly due to the loss of sorbent reactivity by sintering and pores’ blockage (Figure 7).



In the sorption-enhanced processes, the Ca-based sorbent loss of reactivity will have a negative impact on the H2 production. The key challenge of these materials is to minimize the sintering problems without significantly affecting the sorbent cost [46]. Approaches to increase the Ca-based sorbents lifetime include the use of inert additives for CO2 capture that can act as a solid support and/or to produce CaO-mixed oxides with a higher stability [47,48,49,50,51,52,53]. The change of sorbents morphology and microstructure through the use of different synthetic precursors and preparation methods [50,52,54,55,56,57,58,59] have also been studied. Selected inert additives should have or form oxides with a high Tammann temperature, contributing to the modification of the calcined sorbent skeleton/microstructure, hindering the aggregation or sintering of CaO crystallites, helping in the preservation of the nanocrystalline CaO structure [46]. Reactivation of sorbents with hydration, thermal and chemical pre-treatment is also reported. The use of solid Ca-based sorbents recovered from waste resources [60,61,62,63,64,65,66,67,68,69,70,71], as support or as doped materials [63,72,73,74,75,76,77,78] is recommended, due to its potential for circular economy.



Detailed reviews of Ca-based sorbents for CO2 capture, including sorbents carrying capacity, stability enhancement, and CaL applications were made by Sun et al. [26] and Salaudeen et al. [79].



The Ca-based sorbents regeneration is energy intensive due to the endothermicity of the CaCO3 calcination reaction, identified as a disadvantage for CaL, but it can be minimized through the addition of steam. The steam has a higher thermal conductivity than air or CO2, which allows for the use of lower calcination temperatures, minimizing sorbent sintering problems and fuel consumption. After the calcination, the steam can be easily separated from CO2 by condensation. More recently, the replace of conventional fuels by solar fuels had gained relevance, and some solar fluidized bed reactors’ prototypes for CaCO3 calcination are described in the literature [80,81,82].



Dang et al. [83,84] propose the integration of sorption-enhanced steam reforming of glycerol and methane reforming of carbonates to produce high-purity H2 without CO2 emission. The authors [84] introduce 1% of Pd in Ni-Ca-Al hybrid materials lowering the regeneration temperature of the hybrid material, from above 800 °C to 650 °C, since the Pd promotes the CH4 decomposition. Along the SESR of glycerol-methane reforming cycles, the catalyst showed a superior stability in terms of H2 production (98.5%) and CH4 conversion reaction (80%) because the Ni particle sintering was minimized. During the regeneration process, a syngas with a ratio of H2/CO < 3 was achieved for ten cyclic tests. A scheme of this new method is illustrated in Figure 8.



The SESR with Ca-based sorbents in a packed bed is usually divided into three characteristic stages [4,38,85]: pre-breakthrough stage, breakthrough stage and post-breakthrough stage (Figure 9). During the pre-breakthrough stage, the fresh sorbent provides timely in situ CO2 capture, which occurs simultaneously with steam reforming and WGS reactions. At this stage, almost pure H2 is collected at the reactor outlet. With the progress of CO2 capture, the capture rate of CO2 by the partially carbonated sorbents starts to decline, and the process shifts from a chemical reaction-controlled stage to a diffusion-controlled stage. Once Ca-based sorbents reach saturation, the CO2 capture becomes slow, and the breakthrough occurs. At this stage, the product H2 stream at the outlet starts to be mixed with some CO2. By further extending the CO2 sorption process, the sorbents will end up saturated and CO2 sorption rate would decline to zero. This is the post-breakthrough stage, which has no difference from traditional steam reforming. In an optimized SESR process, the pre-breakthrough stage should be extended as long as possible to allow for a suitable CO2 remotion and maintain a high level of H2 production. Once the breakthrough takes place, the reactor should be switched to regeneration mode.



Using favorable conditions, and a Ca-based sorbent mixed with steam reforming catalyst, Dou et al. [5] obtained a total concentration of CO2 in the product gas lower than 50 ppm. Regardless of the fuel and the operating conditions applied, the authors observe that the carbonation reaction can effectively shift the equilibrium of steam reforming and WGS reactions, overcoming the conventional processes limitations in terms of H2 production and feedstock conversion due to the thermodynamic boundaries of the reversible WGS reaction.



Mahishi et al. [85] performed steam gasification experiments (500–700 °C, 1 atm) with biomass (pine bark) in the presence of a Ca-based sorbent. The H2 yield, total gas yield and carbon conversion efficiency increased by 48.6%, 62.2% and 83.5%, respectively. This was attributed to the reforming of tars and hydrocarbons in the raw product gas due to the presence of CaO, meaning that the calcium oxide played a dual role of sorbent and catalyst. There are other authors [86,87,88] that use Ca-based compounds as catalyst–sorbent; however, some of them perform the experiments at temperatures above 800 °C. This means that, depending on the CO2 partial pressure, the equilibrium is being shifted for the CaCO3 decomposition zone (calcination reaction), so at those high temperatures the tars reforming by Ca-based materials are mainly responsible for the improved H2 production yields.



Wang et al. [89] produced H2 by catalytic conversion of biomass with and without in situ CO2 capture in a dual fixed bed reactor. The authors compare the H2 production using Ni catalyst supported in Al2O3 or in CaO and observe an increase in H2 production for Ni supported in CaO. It stands out that 500 °C was the highest temperature used during the experiments, meaning that probably higher H2 yields can be achieved if the optimal CaO carbonation temperature is used.



Shahbaz et al. [90] reported that the amount of Ca-based sorbents can also influence the H2 production. The CaO/biomass ratio from 0.5 to 1.42 has a positive impact on H2 production, syngas yield, carbon conversion efficiency, and gasification efficiency; however, for higher ratios a decrease in the H2 production was observed. The authors justify it with the carbon conversion efficiency and the gasification efficiency dropping to 29.2% and 38.2%, respectively, at a higher ratio (~2), since these parameters were measured based on moles of carbon-containing gases. However, there are disagreements in the literature about the optimal CaO/feedstock [91], which can be related with the feedstock properties and operating conditions. Detchusananard et al. [92] investigated the H2 production by the biomass SEG process and stated that a ratio of CaO/C > 3.2 should be maintained to ensure that the generated CO2 is completely captured.



For integrated gasification combined cycle (IGCC) power plants, CO2 capture can be implemented as either a post-combustion system for CO2 capture from flue gas, or a pre-combustion system for CO2 capture from syngas. However, the use of CaL as the pre-combustion CO2 capture configuration was found to result in an efficiency penalty 1–2% lower than conventional pre-combustion solvent scrubbing technologies [93]. Moreover, CaL has been shown to enhance the water–gas shift reaction, yielding a high-purity H2 stream, increasing the quality of syngas. To decrease the efficiency penalties of CaL associated to the endothermic sorbent regeneration, the solar-driven calcination in a fluidized bed reactor is an interesting alternative [81,94].



The cyclic CO2 uptake of Ca-based sorbents is a key factor that can limit the efficiency of SE processes. A reduction in the sorbent CO2 carrying capacity on cycling operation is regarded as the major challenge of pre-combustion CaL. As mentioned above, this happens because of sintering, pores blocking, but also due to sorbents attrition and sulphation. Specially in the case of gasification, the pores blocking can be more accentuated due to the tar species deposit on active sites of CaO surfaces. The modification of Ca-based sorbents to improve the stability and porosity along the time are the most promising approaches. Even so, to maintain acceptable sorbent conversion, the spent sorbent needs to be partially replaced by fresh sorbent. The ratio of sorbent/catalyst and the preparation methods can also affect the SESR and SEG processes’ efficiency levels. The in situ CO2 capture is influenced by the temperature, the steam and the pressure used during the SE processes. These conditions can be quite different from the post-combustion CaL conditions for CO2 capture.



2.3.1. Effect of Reforming/Gasification Temperature on Ca-Based Sorbents


Temperature is the most important parameter of the reforming/gasification process since it directly influences the conversion of feedstock and the CO2 capture. It stands out that the sorbents carbonation is strongly dependent on temperature and the CO2 partial pressure (Equation (12)).



During biochar gasification, Chimpae et al. [13] observed that the CO2 emission decreased with increasing temperature from 500 to 650 °C. The authors consider that it is justified by the enhanced CO2 sorption at 650 °C. Similar tendencies were observed by Muller et al. [95] during the wood SEG, i.e., the lowest CO2 and the highest H2 contents were obtained for temperatures between 630 and 750 °C. In line with this, during biomass gasification experiments with Ca(OH)2 as Ca-precursor, Guoxin et al. [96] observed that high temperatures go against CO2 capture, and identify the 650–700 °C range as the optimal operating temperature. Criado et al. [97] attributes the reduction in CaO carbonation to the slow diffusion of product molecules or ions at lower temperatures (<550 °C), resulting in a high density of small islands that cover the CaO surface more rapidly than at higher temperatures. Consequently, a smaller product layer thickness was formed, which reduced the sorbent’s carrying capacity.



In general, a consensus is found regarding operation in SEG, with temperatures lying between 600 and 750 °C. At a temperature above 750 °C, CO2 capture is not possible due to equilibrium constraints, and below 600 °C the CO2 capture rate is not feasible due to its slow sorption kinetics. Hence, for CaO to be able to adsorb the produced CO2, the temperature must be lower than that of the typical catalytic gasification range of 750–950 °C [91].




2.3.2. Effect of Reforming/Gasification Steam on Ca-Based Sorbents


It is well-established that the presence of steam enhances the extent of the carbonation reaction within a given time of Ca-based sorbents [29]. Donat et al. [98] noted that the steam affects the driving force (pCO2− pCO2,eq) needed for carbonation to be initiated. Morphological analyses of sorbents, after repeated carbonation–calcination multicycles, revealed that sorbents cycled in the presence of steam possessed a greater surface area and pore volume in the pore diameter range of 10–100 nm. The mesopores (2–50 nm) and small macropores (>50–100 nm) content have a positive effect on carbonation due to a lower diffusional resistance to CO2 along the sorbent when CaCO3 forms, which allows for higher CO2 uptake capacities over a given time.



Dong et al. [99] compared the in situ high-temperature steam (in carbonator/calciner) with the ex situ low-temperature steam (steam hydration in hydrator) and found that both arrangements are effective for CaO reactivation. For the first arrangement, the improved sorbent reactivity was mainly attributed to an increased pore volume, enhancing the extent of carbonation in the kinetic regime; in the latter, the formation of cracks accelerated the rate of diffusion. Considering the in situ high-temperature steam arrangement, Wang et al. [100] considered that the steam has a more relevant role during the diffusion-controlled stage than during the kinetic regime. The authors believe that the existence of OH− and H+ derived from H2O dissociation promotes CO3 2− formation. Due to its small size, the H+ diffuses easily through the CaCO3 product layer to the CaO/CaCO3 interface and reacts with O2− to form OH−, that will diffuse outward to the CaCO3/gas interface and react with CO2 to form CO32−, modifying the reactant structure and the reaction activity, leading to an improved carbonation [29,100].



Another possibility for the Ca-based sorbent carbonation enhancement could be related with the Ca(OH)2 formation, since this compound presents a higher reactivity than the CaCO3 [101]. Although Ca(OH)2 would not be stable at typical carbonation temperatures (>650 °C) and steam partial pressure, it may react only as an intermediate to enhance carbonation reaction, especially when lower reaction temperatures are used, through the following reversible reaction:


  CaO   ( s ) +  H 2  O ( g )   ⇄   ∆ H > 0   ∆ H < 0   Ca   ( OH )  2    ( s )     ∆ H = + 109   kJ   mol  



(15)







The intermediate formation and decomposition of Ca(OH)2 may also promote the structural rearrangement of the sorbent, leading to the development of a higher pore volume.



The steam presence during the calcination, apart from changing the sorbents morphology, also impacts the Ca-based sorbents’ regeneration because it decreases the CO2 partial pressure, and consequently lower temperatures are required during calcination. In addition, the higher thermal conductivity of steam comparatively with air or CO2 atmosphere also allows one to reduce the used calcination temperature. In fact, an equilibrium between the ratio steam/temperature needs to be found to avoid the sorbents’ sintering. There is not an agreement about the optimum fraction of steam in the calcination atmosphere. Donat [102] observed that the steam enhances the sorbent reactivity at concentrations as low as 1% with no significant improvement at higher concentrations. On the other hand, Champagne et al. [103] assessed the CaO conversion of two limestones in a TGA apparatus, without steam and with 5%, 15% and 40% of steam and obtained better conversions in the presence of 15% of steam. Later, using a pilot plant Champagne et al. [104] assessed the calcination of a natural limestone without steam (75% CO2, 20% O2 and 5% N2), with 15% of steam (balanced with 20% O2, 60% CO2 and 5% N2) and 65% of steam (balanced with 14% CO2, 20% of O2, 1% of N2). The authors have taken four samples from the carbonator during steady state operation and observed a higher and stable CaO conversion for samples tested with 65% of steam.



Donat et al. [98] schematized the relationship between sorbent morphology and conversion without steam, steam on carbonation, steam on calcination or both steps, which is presented in Table 4.



The steam also impacts on the fuel conversion during the reforming processes, which can affect the Ca-based sorbents’ performance. Usually, increasing S/C ratio, the H2 concentration is increased due to the enhancement of steam reforming and WGS reactions [42]. In addition, H2/CO ratio can be adjusted to some extent by variation of the S/C ratio, which can affect the sorbents’ performance. If during the reforming/gasification process a higher volume of CO2 is present in syngas, a faster regeneration or replacement of the Ca-based sorbent will be required.



For gasification systems, the steam is considered the most promising gasifying agent for H2 and syngas production. Shahbaz et al. [90] investigated the steam gasification of palm kernel shell in a fluidized bed reactor, in the presence of CaO sorbent and coal bottom ash as catalyst (692 °C), with a steam/biomass ratio between 0.5 and 1.5 (w/w), and obtained an increase from 35.8 to 79.8% of H2, respectively. This was explained by the degree of activeness of methane reforming, the water–gas shift and the char gasification reactions. However, depending on the catalyst/sorbent ratio, different types of feedstock and operating conditions can be found in the literature [91,105]. Tan et al. [105] obtained an enhanced H2 production using a Ni-Dolomite-La as catalyst/sorbent at 750 °C with a S/C molar ratio of 1. The authors observed by X-ray diffraction that for the steam reforming process at S/C ratio > 1, the Ni metal was oxidized. This decreased the production of H2, which can contribute to a higher deposition of coke in the catalyst/sorbent, reducing the CaO active sites’ availability and decreasing the CO2 sorption.




2.3.3. Effect of Reforming/Gasification High-Pressure on Ca-Sorbents


Thermodynamically, it would be preferable to conduct the reforming/gasification reaction under a high temperature and low/moderate pressures. However, high pressures are usually used because the streams coming out from the reactors need to be purified through successive processes, all of them requiring high operating pressures [106,107]. In addition, the high pressures speed up the reaction [34,107], and lead to a lower reactor’s volume, and subsequently lower costs [107].



The CaL process is usually performed at atmospheric pressure, as the high pressure adds further complexity to the process. As shown above, in Figure 6, the high pressures will be more favorable to carbonation, than to calcination. At the same temperature, the carbonation will be enhanced when the pressure increases; however, it has a negative effect in the calcination, since it will need higher temperatures, which contributes for the sorbent sintering. Butler et al. [107] summarized the advantages of CaL under high pressure: the carbonation reaction rates are improved, the operation of fluidized beds is more ‘smoothly’ with smaller bubbles and enhanced gas–solid contact, with enhanced heat and mass transfer. Hence, small reactor vessels can be used since greater molar gas flow rates occur at the same superficial gas velocity. On the other hand, the sorbent feeding becomes more challenging, and the entrainment of particles tends to be greater, more complex, expensive, and requires additional safety features.



Yu et al. [108] evaluated the high-pressure carbonation (700 °C) using three Ca-based sorbents, namely, CaCO3, Ca(OH)2, and PCC. The authors observed that the rate of the carbonation reaction initially increased with increasing total pressures up to 5.3 bar, beyond which the total pressure did not further enhance the reaction rate for all the Ca-based sorbents that were investigated. The carbonation reaction was found to be of 1st order at lower total pressures but changed to 0th order at higher total pressures. Furthermore, the carbonation reaction rate under pressurized conditions was found to decay more slowly than that under atmospheric conditions in multiple-cycle tests.



Shahid et al. [109] performed modelling studies on the sorption-enhanced steam methane reforming in an adiabatic packed bed reactor under low to medium pressure conditions (3–11 bar). The authors stated that the pressure increase had a negative effect on the CH4 conversion and the H2 yield, whereas the CO2 capture efficiency by the Ca-based sorbent increased, because the carbonation kinetics is favored by relatively high pressures. Using the Ca-based sorbent, the CH4 conversion was 82% and 72% at 3 and 10 bar, respectively. The H2 purity decreased from 85% to 84% as pressure increased from 3 to 4 bar. The decrease in H2 purity was justified by the decrease in the CH4 conversion from 82% to 77%, as pressure increased from 3 to 4 bar. Above 4 bar, H2 purity almost remained steady due to a slight increase in CO2 capture efficiency, which is in agreement with Yu et al. [108] observations. Ma et al. [38] reported that the negative effect of pressure rise on SMR was more pronounced than the positive effect of Ca-based sorbents in the carbonation. In addition, higher pressures sharply shortened pre-breakthrough duration and further lowered H2 purity.





2.4. Enhancement of the H2 Production with Alkali-Based Sorbents


In addition to Ca-based sorbents, the lithium silicate (Li4SiO4) [28,110,111], the lithium zirconate (Li2ZrO3) [110,111,112], and sodium zirconate (Na2ZrO3) [11,111] alkali sorbents are the most promising sorbents for CO2 capture at high temperatures. However, these sorbents are much less investigated in literature than the Ca-based sorbents, which can be partially justified by their kinetic limitations and lower theoretical CO2 uptake capacity. The alkali sorbents’ carbonation reactions, theoretical CO2 uptake capacity and operating carbonation temperature range are summarized in Table 5.



Among the alkali-based sorbents, the most studied is Li4SiO4. Figure 10 illustrates the carbonation–regeneration cycle.



The carbonation and regeneration reactions are both dependent on temperature, and it is noted that temperature is related to the CO2 vapor pressure, as described by Equation (19) [114] and illustrated in Figure 11:


    lnP     CO  2      atm   = − 18727.45 / T  K  + 18.52  



(19)







However, the application of carbonation–regeneration reactions for sorption-enhanced processes is limited by the lithium high cost and by its slow kinetics during CO2 capture and regeneration, harming the H2 production and purity, especially for low CO2 partial pressures. In 2004, Abanades et al. [115] already argued that the performance of Li-based sorbents must be proven for up to ∼10,000 reaction cycles to be economically competitive with sorbents derived from those naturally occurring, such as limestone. The kinetic limitations are explained by the formation of a core-shell which delays considerably the carbonation/regeneration reaction. During the carbonation, the Li4SiO4 reacts with CO2 at the particle surface and forms an external shell that consists of Li2CO3 and Li2SiO3 (Figure 12). Then, the CO2 must diffuse through the external shell to react with Li4SiO4. At the beginning of the reaction, CO2 sorption reaction rate is controlled by the CO2 capture rate of Li4SiO4. However, once the carbonate-oxide external shell has been formed, the CO2 sorption reaction rate will depend on the diffusion processes of CO2, Li+ and O2− [113,116].



During the regeneration, it occurs the inverse process through the following reactions:


2Li2CO3 (s) → CO2 (g) + 2Li+(s) + O2− (s)



(20)






Li2SiO3 (s) + 2Li+ (s) + O2− (s) → Li4SiO4



(21)







First, the external layer of Li2CO3 releases the CO2, and the Li+ and O2− starts to diffuse through the intermediate Li2SiO3 product layer to form the Li4SiO4, but this diffusion process is slow, especially under a CO2-rich atmosphere. In order to improve the sorption performance of Li4SiO4, research interests had been focused on preparing the sorbent by different synthetic methods [117], or precursors [118], or doping the sorbent with molten salts [119], or doping with inert compounds [120]. However, the regeneration atmosphere is also a concern. Li et al. [121] investigated the effect of sorbent regeneration under 20%, 50% and 80% CO2 desorption atmospheres, and the results indicated that severe sintering occurs with the increase in CO2 atmosphere. For a large-scale implementation, these sorbents capture-regeneration properties need to be improved considerably [122].



The Li2ZrO3 sorbents exhibit CO2 sorption-regeneration properties similar to the Li4SiO4, since both sorption processes follow the double shell model. Moreover, these two sorbents have bad sorption capacity at a low temperature and low CO2 concentrations. For low values of CO2 partial pressure (~10%), the sorption capacity is almost zero, due to the constraint related with CO2 diffusion on the particle surface [123]. To minimize this problem, doping with molten salts or the formation of solid solutions by elemental substitution seems to be the most promising approach. The melting point of Li2CO3 is ca. 723 °C, but in the case of Li2CO3 (42.7%)/K2CO3 (57.3%) and Li2CO3 (52%)/Na2CO3 (48%) mixtures it is around 498 and 500 °C. This means that the formation of eutectics occurs in the carbonation range temperature. The formation of a molten carbonate phase will reduce the resistance of CO2 diffusion. The diffusivity of CO2 in the molten carbonate is ca. 10−5 cm2 s −1 at 500–600 °C [122], which is much faster than that in a solid carbonate. Thus, the CO2 sorption enhancement by Li2CO3–K2CO3 or Li2CO3-Na2CO3 doping can be attributed to the faster CO2 diffusion through the molten carbonate (Figure 13).



The replacement of Li by Na in the mixed zirconate oxides for CO2 capture at a high temperature appears to be an interesting option, since Na2ZrO3 sorbent is cheaper, and despite the formation of an external shell structure [124], it has shown faster absorption kinetics than the similar lithium-based oxides. However, the regeneration performance of Na-based oxides was worse than that for the Li-based oxides, and a high regeneration temperature is required [125]. The slow kinetics of regeneration was attributed to a slow diffusion of CO2 through a product layer of Na2CO3. Ochoa-Fernandez et al. [126] summarized the properties of the above-mentioned sorbents under SESMR process (Table 6).



For SEP with alkali-based sorbents, as happens with Ca-based sorbents (Figure 9), three stages for H2 and CO2 yields are observed: the pre-breakthrough stage, the breakthrough stage and the post-breakthrough stage. Among other factors, the duration of each stage will depend on the sorbent’s properties identified in Table 6. It is expected that the high pressure used in the reforming or gasification processes enhances the low kinetics of Li4SiO4, Li2Zr2O3, and KliZrO3 sorbents, but the studies performed at a high pressure are scarce. The research performed with higher CO2 partial pressures (>50%) also show improved CO2 uptakes [119,127], but these conditions are not adequate for reforming or gasification processes.



2.4.1. Effect of Reforming/Gasification Temperature on Alkali-Based Sorbents


In the case of alkali-based sorbents, the temperature effect on the sorption rate depends on both thermodynamic and kinetic factors. Kwon et al. [128] synthesizes sodium-based lithium silicate sorbents, a solid solution with Li3NaSiO4 and Li4SiO4, and observed an increase in CO2 uptake from 0.1 to 0.23 g CO2/g sorbent when the carbonation temperature increases from 450 to 550 °C, but the CO2 uptake decreased for higher temperatures. This is in agreement with the research performed by Essaki et al. [129], about the temperature effect on H2 concentration during the SESMR process, using Li4SiO4 sorbents. The authors analyzed the sorbent performance at 500, 550 and 600 °C, and observed that at 550 °C the H2 concentration was 93.6% and the CO2 was only 0.01%. This showed a good CO2 uptake from the sorbent at this temperature. At 600 °C, the CO2 uptake increased to 0.84%.



Sanna et al. [130] simulated the syngas composition of biomass steam gasification (50% H2O, 30% H2, 20% CO2) and assessed the CO2 uptake, at 380 and 500 °C, using a high-pressure thermogravimetric system (15 bar) and a lithium silicate material derived from a fly ash. The tests confirmed an improvement of CO2 uptake with the temperature increase, i.e., the sorbent capture was 0.05 and 0.12 g CO2/g sorbent, at 380 and 500 °C, respectively. The use of a fly ash as precursor can justify the low carrying capacity of this lithium silicate-based sorbent.



Xiong et al. [131] assessed the temperature effect in a TGA apparatus with Li2ZrO3 sorbent at 500, 575 and 650 °C, and confirmed that the kinetic stage has a duration of about 20–25 min, reaching CO2 uptakes of 0.11 g CO2/g sorbent for the first temperature and ~0.14 g CO2/g for 575 and 650 °C. Yi et al. [132] evaluated the temperature effect on CO2 uptake by Li2ZrO3 in a pilot-scale reactor and found higher CO2 uptakes than Xiong et al. [131]. Tests were carried out in a pure CO2 atmosphere at temperatures ranging from 450 to 600 °C. The sorbents showed a similar carrying capacity at 550 and 600 °C (~0.25 g CO2/g sorbent), but lower values at 500 and 450 °C, ~0.23 and 0.21 g CO2/g sorbent, respectively. The authors stated that with pure CO2, the reaction driving force, which is characterized by the difference between experimental and equilibrium CO2 pressure, does not change significantly. This is due to the fact that the experimental partial pressure of CO2 is much higher than the equilibrium CO2 partial pressure. This partial pressure driving force will be more dependent on temperature when lower experimental concentrations of CO2 are used. Lower temperatures should contribute to a higher CO2 uptake; however, this positive effect of lower temperature on the equilibrium CO2 partial pressure will be canceled by slow kinetics.



Xiao et al. [127] compared the uptake profiles of CO2 in K0.2 Li1.6 ZrO2.9 at a CO2 partial pressure of 0.25 bar and different temperatures (500, 550 and 575 °C) that are often operated, when the SE concept is applied in SMR-WGS reactions for H2 production. The CO2 uptake rate was slightly improved with increasing temperature, and the absorbed CO2 at the three different temperatures are almost the same (~0.23 g CO2/g sorbent), demonstrating its capability with different operating temperatures, when applied in SER.



Depending on experimental conditions and the type of the alkali-sorbent, enhanced CO2 uptakes can be achieved for temperatures between 500 and 650 °C. These sorbents will require a lower operating temperature during reforming and gasification processes than the Ca-based sorbents (600–750 °C), which can reduce the processes efficiency that are thermodynamically favored at high temperatures.




2.4.2. Effect of Reforming/Gasification Steam on Alkali-Based Sorbents


The steam effect on the CO2 capture is a relevant parameter for enhanced sorption processes for H2 production, since the most profitable processes include steam, i.e., steam reforming and steam gasification.



In the majority of the studies, the addition of a moderate amount of steam (∼10%) to the gas stream increased the rate of CO2 uptake at a high temperature, particularly during the diffusion-controlled stage, and improved the rate of regeneration of the sorbent [29]. Yi et al. [132] analyzed the steam effect on CO2 uptake by Li2ZrO3, using the following steam concentrations: 0%, 10%, 20% and 30%. The CO2 uptake increased with the amount of steam added, a higher improvement being observed between 10 and 20% of steam. After 120 min, the CO2 uptake was ca. 0.8, 0.13, 0.22 and 0.23 g CO2/g sorbent for 0, 10, 20 and 30% of steam, respectively. The authors believe that the steam media increase the Li+ mobility in the LiCO3 layer, improving the carbonation. The results suggest that Li2ZrO3 sorbent is more suitable for SMR or steam gasification than for post combustion capture, due to the high performance in the presence of high steam content.



Zhang et al. [133] compared the sorption capacity of K2CO3-doped Li4SiO4 sorbents, in a fixed-bed reactor, in the absence and presence of steam (dry atmosphere: 10% CO2, 90% N2; and moisture atmosphere: 10% CO2, 45% steam, 45% N2). The authors also observed an increase on CO2 uptake in the presence of steam, from 0.23 to 0.27 g CO2/g sorbent.



Ochoa-Fernández et al. [134] analyzed the effects of steam addition on the stability, CO2 capture and regeneration properties of Li2ZrO3, K-doped Li2ZrO3, Na2ZrO3, and Li4SiO4 sorbents. The authors confirmed that the increased steam addition initially improved the CO2 capture, except for the Na2ZrO3 sorbent. In this case, an improvement was observed when using 10% of steam, but the sorbent performance lowered with the increase in steam to 20 and 40%. Despite the improved CO2 uptake of sorbents in a steam atmosphere during the first carbonation, a large decay in the capacity was observed when compared to the performance of the sorbents under dry conditions, except for Na2ZrO3. After eight cycles, the CO2 uptake decreased from 0.23, 0.19 and 0.18 g CO2/g sorbent (0% steam) to 0.17, 0.02 and 0.07 g CO2/g sorbent (20% steam), for Li2ZrO3, K0.2Li2ZrO3.1 and Li2SiO4, respectively. In the case of Na2ZrO3, the performance of sorbents was almost constant after the 2nd cycle. The losses in capacity could be due to sintering under high steam pressure, to the vaporization of alkali metals, and/or phase segregation. The XRD analysis of the cycled sorbents showed that the alkali metal content was lower than before the cycling experiment for ZrO2-containing sorbents, whereas this was not observed for Li4SiO4 and K-doped Li4SiO4, reinforcing the occurrence possibility of the vaporization of alkali metals. Dunstan et al. [29] agree with the authors’ comments that the presence of steam can result in the hydrolysis of alkali carbonates forming molten alkali hydroxides at high vapor pressures (KOH > LiOH > NaOH), which are then evaporated gradually from the sorbent. The melting point of LiOH is ∼460 °C.



Further studies need to be conducted to understand the steam effect on the sorbent cyclability, to be able to evaluate the steam benefit for the alkali-based sorbents to increase hydrogen production yields.





2.5. High-Temperature Catalyst–Sorbent: Hybrid/Mixed Materials and Sequential Arrangement


The sorption-enhanced reforming and gasification processes usually use both catalyst and sorbents materials (exceptionally the same material can act simultaneously as a sorbent and a catalyst). Their performance is affected by the type of preparation, i.e., hybrid, or mixed materials. In the hybrid materials there is an enhanced contact between the catalyst and the sorbent; in this case, the sorbent can act as catalyst support, or the sorbent and catalyst can share a support material. The hybrid materials are also named dual or bi-functional materials. In the mixed sorbent/catalyst, both are physically dispersed with, or without, a sequential arrangement, and the contact between them is more superficial.



Many factors could affect the CO2 sorption performance and catalytic activity of hybrid materials, such as preparation methods, active metal components, the ratio of catalytic and sorption components, operating conditions of reforming reactions, etc. [4]. The hybrid material should present a good dispersion between the two active solid phases and the inert supporting material if it is present. Hybrid materials can face some limitations. For example, during the CaO carbonation, the sorbent is gradually transformed to CaCO3, and the porosity of the material will decrease due to particle densification. Thus, the availability of catalyst active sites will significantly reduce as a result of the outer shell of CaCO3 increasing volume, leading to a decrease in conversion into products and a complete deactivation [29,135,136]. Hence, the preparation methods should potentiate the active sites dispersion. Several synthesis methods were reported in the literature: co-precipitation [137], impregnation [111,135,136,138], mechanical mixing [139], wet–mixing techniques [135,136], and sol–gel methods [137]. The sol-gel methods, namely, those that the sorbent and catalyst are co-synthesized are usually promising, because the formation of homogeneous mixed oxides is favored [137], the dispersion of active sites is enhanced and the surface area is increased.



On the other hand, the proximity between sorbent-catalyst active sites can be an advantage because it improves the transfer efficiency of CO2 between the sorbent and the catalyst, since CO2 generated in the reforming reaction can be quickly captured by surrounding sorbents. Soltani et al. [140] considers that the hybrid materials have advantages, but more work is needed regarding life cycle, physical strength, attrition resistance, and sulphur tolerance. Another relevant point that was referred by the authors is the lack of information about their performance under high-pressure conditions as well as pilot-scale applications.



The optimization of sorbent/catalyst weight fraction is decisive to the performance of the SESR process. Giuliano et al. [138] synthesized CaO-Ca12Al14O33, Ni-Ca12Al14O33 and Ni-CaO-Ca12Al14O33 hybrid materials and tested them on a SESMR microreactor scale. The authors stated that with 30% and 54% of free CaO, the addition of 3% of Ni was not enough to maintain a stable CH4 conversion during the test, so neither a sorption-enhancing effect, nor a satisfactory reforming activity could be achieved. An increase up to 10% of Ni, on the same kind of sorbents, was necessary to improve the SESMR results. Later, Giuliano et al. [141] synthetized a CaO-Ca12Al14O33 hybrid material with 15% of free CaO on Ca12Al14O33, and 10% of Ni and tested the material in a SESMR microreactor scale during 3 h. The H2 production was constantly close to 90% in the pre-breakthrough period, while in the post-breakthrough stage it just had a nearly imperceptible decline from 77.0 to 76.5%, therefore very close to SMR thermodynamic equilibrium at the operating conditions. Correspondingly, CO2 in the output stream was constantly in the range 3.5–4.0% during the breakthrough, and between 10.5 and 12.0% in the post-breakthrough stage. The CH4 conversion was always higher than 95%. In fact, the chemical stability of hybrid materials is more challenging than for the case of mixed catalyst–sorbent systems, because of the coexistence of the active nickel, the calcium oxide and the support phases in the same particle.



The inert support plays an important role, stabilizing both catalyst and sorbent active functions, i.e., fuel steam reforming/gasification and CO2 capture. Therefore, simple and highly stable support formulations are essential [139]. The effect of sorbent support in the duration of the pre-breakthrough stage is also a relevant aspect.



Phromprasit et al. [142] synthetized Ni-CaO and Ni-Al-CaO materials by wet mixing; the outlet gas composition (H2, CH4, CO and CO2) indicated that the Ni-Al-CaO material exhibits a pre-breakthrough time longer than Ni-CaO. The stability of Ni-Al-CaO in the production of H2 over five cycles showed that CH4 conversion was >90% during the pre-breakthrough period for the five cycles. However, during the post-breakthrough period the CH4 conversion decreased slightly from 85% to 75% from the 1st to the 5th cycle, respectively. The authors justified this decrease by the reduction in active sites of Ni in the surface of the material. The XPS analysis showed a reduction in Ni concentration on the surface, from 1.93% to 1.02%, between the 1st and 5th cycle; this was caused by pore blockage due the CaCO3 formation.



The positive effect of inert support was also observed by Kim et al. [137]. The authors co-synthesized Ru/CaO and Ru/Ca3Al2O6–CaO materials by applying the sol–gel method and compared them with the following materials: impregnated Ru on limestone-derived CaO (Ru/lime) and a bifunctional Ni-based material (Ca–Ni-ex-HTlc). The Ru/Ca3Al2O6–CaO material showed an improved CO2 capture capacity (Figure 14a) and H2 production yield (Figure 14b), contributing to the enhancement of the SESMR performance, with an extended pre-breakthrough duration attained even after 10 cycles (Figure 14c). The Ru incorporation method was shown to be less relevant, since similar CO2 capture was observed for Ru/CaO and Ru/lime materials.



To overcome the CaO sintering problems during the SESMR process, Santos et al. [143] prepared Na2CO3-CaO sorbents and mixed them with 10% of Ni/Al2O3 catalyst. The hybrid material was tested for 10 cycles at 600 °C, showing 100% of CH4 conversion and a H2 molar fraction of 93.5%; however, the Na addition decreased the duration of the pre-breakthrough when compared with the non-doped material. This was explained by the increase in CaO crystallites in the presence of the alkali salt, which worsened the CO2 capture performance.



For SER processes, as illustrated in Figure 15, there are two typical configurations of catalyst/sorbent: alternated layers of catalyst and sorbent (Figure 15a,b), use of mixed (Figure 15c) or hybrid materials (Figure 15d) [144].



The packaging of alternated layers of catalyst and sorbent are considered a combination of several reforming reactors and CO2 adsorbers in series, where the catalyst/sorbent arrangement can affect the overall performance of H2 production. On the other hand, in the hybrid or pre-mixed materials, a well-mixed catalyst/sorbent can be produced, providing additional benefits related with the intensification of the heat and mass transfer processes compared to the conventional catalyst and sorbent arrangement [144]. Zhang et al. [133] reported that in the case of SMR, the uniform mixture of two materials has the ability of breaking chemical equilibrium since the in situ absorption packing is stronger than that obtained by the interval absorption packing of alternate layers, because the sorbent could not immediately remove CO2 in the last case.



Xie et al. [135] investigated the H2 production by SESMR in a fixed bed reactor using different patterns of catalyst (Ni0.5/Mg2.5Al) and sorbents (CaO–Ca9Al6O18). The comparison of small (0.16 mm) catalyst/sorbent pre-mixed particles and large (1.42 mm) pre-mixed particles showed a better conversion of CH4 with the small particles, which is explained by the strong mass transfer limitations of large particles. The authors also prepared large particles, with 1.42 mm, but integrating in the same particle the sorbent and catalyst (hybrid material) to evaluate if the integration of both into one particle could reduce the internal diffusion limitations. A similar CH4 conversion was observed to that in the pattern using the pre-mixed small particles during the pre-breakthrough period (~30 min). This is due to the CO2 that formed over the catalyst that could be directly captured by the sorbent in the same particle. However, after this period, the CH4 conversion decrease was more accentuated for the configuration with larger particles, even for hybrid material, due to the heavy internal diffusion limitations of reactants in the presence of a relatively large particle diameter.



Chimpae et al. [13] synthetized a NiO/Al2O3 catalyst, a CaO/Ca12Al14O35 sorbent and a NiO/CaO-Ca2Al4O35 hybrid material. These materials were used for biochar gasification. The H2/CO performance of gasification and SEG process show that the use of the hybrid material could provide the highest H2/CO, i.e., 0.18, 0.12–0.14 and 0.08, for hybrid material, opposite catalyst/sorbent configuration and without sorbent, respectively.



Wang et al. [145] analyzed the effect of internal diffusion resistances due the different configurations of sorbent–catalyst during the steam reforming of ethanol using Ni/Al2O3 and Li4SiO4 as catalyst and sorbent, respectively. In the first configuration, the catalyst and sorbent samples were uniformly premixed; in the second configuration, the catalyst particles were above the sorbent particles, and in the third configuration the sorbent and catalyst powders were placed at four-layer intervals with the catalyst on the upper layer. The last configuration shows that during the 10 cycles, the selectivity to H2 remains stable with hardly any fluctuations (>93%). Hence, there are a lot of factors that can affect the performance of sorbent/catalyst configurations, i.e., particle size, kind of sorbent or catalyst, sequential arrangement, sorbent and catalyst support.



For a better market penetration of sorbent–catalyst materials in reforming/gasification processes for H2 production, the performance of both, considering different configurations, needs to be further studied on a pilot scale. Foreseeing the sorbent–catalyst upscale potential, the cost-efficiency of the materials can be a crucial aspect. Thus, the use of wastes as precursors can be an alternative to reduce the costs. In the case of Ca-based sorbents, the CO2 carrying capacity of sludges from pulp and paper industry and some species of biomass ashes can be evaluated. The use of recovered lithium from ores, brine, sea water or recycled batteries [146] to synthesize Li4SiO4 or Li2ZrO3 sorbents precursors is an alternative that can be explored. The use of nickel recovered [147] from industrial wastes or spent batteries to produce catalysts is also suggested.



Table 7 compares the H2 production obtained using a conventional and sorption-enhanced processes. Different feedstocks, sorbent/catalyst composition and patterns, technologies and experimental conditions are considered. A sorption enhancement indicator      χ  S E       is proposed to compare the H2 production enhancement due the sorbents’ capture that measures the increase in H2 production,     S E P − C P   ⁄ C P × 100  , where SEP and CP are related to sorption-enhanced processes and conventional processes, respectively. An improvement in the H2 production is observed for both technologies, steam reforming and gasification when the sorption-enhanced processes replace the conventional processes, i.e., the H2 production has an increase between 6 and 55% and 31 and 148%, respectively. SESMR processes often achieve production values of H2 > 90%, which makes this technology very promising.



The SEP processes present several benefits that are summarized in Table 8, but some challenges need to be overcome for their application on a large scale.





3. Medium-Temperature CO2 Sorbents: Syngas Upgrade for Better H2 Yields


3.1. Sorption-Enhanced Water–Gas Shift Reaction


The water–gas shift reaction (Equation (1)) using syngas feedstock derived from coal gasification or steam methane reforming is a very common means of generating pure H2. The syngas composition depends on several factors, such as the selected reforming or gasification process, the fuel composition, the S/C ratio, temperature and pressure conditions of the shift reaction. Usually, syngas that originated from natural gas has a higher H2 and a lower CO2 and CO content than coal-derived syngas (Table 2). Besides, it has very low levels of sulphur compounds because most of it is removed before the reformer to prevent catalyst poisoning, while coal-derived syngas typically contains more sulphur. As mentioned in the above sections, the WGS reaction can contribute to the syngas upgrade by converting CO into CO2, which can be easily separated, and contributes to an additional production of H2.



At low temperatures, the WGS reaction is thermodynamically favored, since its equilibrium constant decreases as temperatures increases [158], but not kinetically, as it is an exothermic reaction (Equation (1)). Since the WGS reaction proceeds without change in the number of moles, pressure does not affect equilibrium, but up to the equilibrium moment total pressure can positively affect CO conversion since it increases the reaction rate [159,160]. To overcome thermodynamic and kinetic aspects, WGS reaction is carried out industrially in two steps: the first, high-temperature shift (HTS; 350–500 °C), using Fe-Cr catalysts, and the second, low-temperature shift (LTS; 200–250 °C), using Cu-Zn-Al2O3, that allows for achieving CO concentrations near 3% and 0.1%, respectively [161]. However, these two steps increase the complexity and the energy requirements of the process. Besides, if O2 is present it acts as a poison for the HTS catalysts, due the oxidation of Fe3O4 into the inactive Fe2O3 [37]. In addition, the LTS catalysts require high-volume reactors and can lose activity easily, due to being susceptible to poisoning by S, and Cu sintering. If H2S is present, a cobalt-molybdenum catalyst should be used [162]. On account of the limitations of commercialized shift catalysts, some improvements have been developed, such as replacing part of the metals with modified materials or doping with some alkalis [158]. Pal et al. [24] considered three more catalysts’ categories, ceria and noble metal-based catalysts, carbon-based catalysts and nanostructured catalysts [163]. The WGS reaction requires a step for the CO2 removal, usually the pressure swing adsorption technique is used.



In recent years, the sorption-enhanced reaction (SER) has been studied, aiming to improve the performance of the WGS reaction and leading to SEWGS reaction. The SEWGS reaction consists of a WGS reaction with in situ CO2 capture occurring simultaneously in a single reactor. According to Equation (1), the implementation of in situ CO2 removal shifts the WGS reaction to its right side by capturing the CO2 and, thus, increasing the H2 yield. That is to say that in situ CO2 capture overcomes the limitations related to the equilibrium, resulting in both higher CO conversion and enhanced H2 production. The result is the production of a very-high-purity H2 without the elevated costs associated to a separation process and a much more compact and simple process, associated with a higher energy system efficiency and lower capital costs. Hence, SEWGS is considered a promising pre-combustion CO2 capture technology [144,164,165,166]. Figure 16 schematizes the WGS and SEWGS systems’ equilibrium.



The success of the SEWGS is highly dependent on the sorbent selected for the in situ CO2 capture from the reaction medium. The adequate materials for this technology are medium-temperature solid sorbents. The hydrotalcite and modified hydrotalcite-based sorbents are largely studied [12,168,169,170], and exhibit low CO2 sorption capacity, i.e., less than 0.1 g CO2/g sorbent at medium temperatures, which in SEWGS will cause CO2 saturation and reduction in H2 production. Mg-based sorbents have also been applied in the enhanced CO2 removal from WGS reaction, having a high theoretical carrying capacity, which makes it very attractive. Moreover, the integration of Mg-based sorbents allows one to remove the CO2 at medium temperatures, that is, ranging from carbonation to calcination temperatures of 300 to 450 °C, respectively, without the need of low-temperature WGS reaction. The performance of SEWGS reaction in this range of temperatures can be greatly enhanced in the presence of suitable catalysts, i.e., with enhanced stability, applicability, and activity at medium temperatures [24]. The catalytic performance depends on the synthesis technique, the nature of the active site/phase, the type of support and the reaction environment [24,171,172,173]. At medium temperature, for single-stage WGS reaction, platinum-based catalysts and supports with oxygen storage capacity, such as CeO2, are particularly favorable, because they show very high activity [159,174]. In practical applications, Mg-based sorbents are promising; however, more studies need to be conducted to approach the theoretical carrying capacity. This type of sorbents show an abrupt decrease in the CO2 carrying capacity under long-term cyclical operation, sintering, attrition, and potential competing sulphation reactions [27,165,166,167]. In fact, there is no record of pilot-scale projects in this area [167], but promising results have been obtained using Mg-based sorbents modified with alkali molten salts [165,166].




3.2. Enhancement of the H2 Production with Mg-Based Sorbents


In recent years, there has been a significant growing interest among scientific researchers in using Mg-based sorbents for CO2 capture [175]. There are various benefits associated to Mg-based compounds. Mg-based sorbent is nontoxic, noncorrosive and is largely available on nature, where it is abundant at a relatively low cost. It also offers a wide temperature range to work with, from room-to-medium temperatures. Its regeneration can occur below 500 °C, which is a moderately low temperature, when compared to the one used with high-temperature CO2 basic metal oxide sorbents, such as Ca-based or alkali-based sorbents. Economic benefits unfold from using lower temperatures, since energy consumption is reduced, which in turn impacts positively in the system efficiency and the use of energy resources. In addition, Mg-based sorbents have a moderate basicity, which leads to a high theoretical CO2 capture capacity of 1.09 g CO2/g MgO. One mole of MgO can absorb one mole of CO2, according to the reversible reaction described in Equation (22) [175].


   MgO     s  +  CO 2     g      ⇄   ∆ H > 0   ∆ H < 0      MgCO 3     s      ∆  H  25 ° C   = ± 116.9   kJ   mol  



(22)







In practice, most of Mg-based sorbents do not exhibit the expected theoretical capture capacity. In fact, these materials are characterized with low CO2 capture capacity due to having slow kinetic reactivity [27,175]. As an example, commercial MgO powder presents a CO2 capture capacity of only 20 mg CO2/g MgO at 200 °C [176]. There are two main factors that are believed to explain both the poor capture capacity and the slow kinetics. Regarding the first one, this is related to the fact that MgO has a low surface area and, hence, does not expose its basic sites sufficiently well for CO2 sorption. Taking the same example of the commercially available MgO as above, its surface area is between 8 and 35 m2/g [27]. Moreover, MgO has a volume expansion of 2.49 times [27] caused by the formation of MgCO3. This product layer ends up covering with dense layers the adjacent basic active sites of the MgO sorbent, inhibiting the CO2 sorption to proceed. This evidence supports the fact that the poor sorption capacity is a surface phenomenon [175]. The other reason lies in MgO’s intrinsically high lattice enthalpy. Low porosity is also often related to low kinetics, since MgO’s strait pores obstruct the CO2 diffusion through them and, thus, delay the adsorption equilibrium [175]. In addition, MgO has a poor thermal and mechanical stability.



The circulation of the Mg-based sorbent between both the carbonation and the regeneration reactors is illustrated in Figure 17.



In order to understand the thermodynamic limitations that lead to constraints of the operational conditions associated to the equilibrium described in Equation (22), the CO2 partial pressure, PCO2, in function of the dissociation or equilibrium temperature, Teq, is plotted in Figure 18; this is calculated using Equation (23) [177].


   T  e q   = 13636 /   ln   bar   /  P  CO 2       + 20.01 ) − 273.15  



(23)







The thermodynamic equilibrium of MgCO3 decomposes itself in MgO and CO2, at 1 bar and above 300 °C; the CO2 pressure represents a limitation in what concerns increasing the working temperature [178]. Only if working at higher pressures would higher operating temperatures be possible to consider, but both kinetic and uptake could still be a concern and a limitation for practical applications [176,178]. The possibility of working at relatively low temperatures makes MgO compounds attractive to explore, especially for SEWGS reaction, but it is mandatory to overcome uncompetitive capacities and low sorption kinetics rates first. In this sense, researchers started to study different paths to enhance their performance, based on the sorbents’ dependence on intrinsic and extrinsic factors.



Most promising approaches aiming to improve the CO2 capture performance of Mg-based sorbents by upgrading their internal properties consist of the following: synthesizing mesoporous MgO, producing MgO from effective magnesium precursors, dispersing MgO on inert supports and doping MgO with alkali molten salts (AMS). The doping with alkali metal salts is the most widely recognized promising approach [175].



The aim of the most recent experimental works is to improve the CO2 uptake capacity of these materials up to 0.7–0.8 g CO2/g sorbent [179]. The alkali carbonates and the alkali nitrates/nitrites are the most commonly used [27]. In general, three categories of alkali doping are considered: alkali carbonate doping, alkali nitrate/nitrite doping and binary or ternary alkali doping.



Regarding alkali carbonate doping, the CO2 mechanism sorption is believed to happen in two steps. The first step consists in the quick generation of basic sites on the MgO surface, due to the established interactions between the sorbent and the alkali metal carbonate molecules. The nature of the AMS highly impacts the kinetics and the sorption capacity of the doped MgO sorbent at this stage because the basicity level of the produced active sites is influenced by the size of the ion salt. The second step is the slow formation of the double carbonate phase between the Mg and the AMS [27]. Concerning the alkali nitrate/nitrite, it was shown by Zhang et al. [180] that a MgO sorbent doped with NaNO3 exhibiting good CO2 sorption kinetics and a MgO conversion of 75% against of only 2% for an undoped MgO, both at 330 °C and ambient pressure. It was stated that molten NaNO3 provides an alternative reaction pathway to traditional gas–solid reactions, by acting as a phase transfer catalyst between bulk MgO and CO2 molecules which, in turn, facilitates the sorption reaction. It was described as the promoting effect of the molten nitrate. In addition, molten alkali metal nitrates are shown to prevent the formation of a rigid, CO2-impermeable, and monodentate carbonate layer on the surface of MgO as it occurs with bare MgO, but to promote the rapid generation of carbonate ions to allow a high rate of CO2 uptake. The binary doping with alkali nitrate/nitrite is also an interesting matter of study. Zhao et al. [181] compared the CO2 sorption capacities of the single NaNO3 and of the binary NaNO3/NaNO2 doped MgO sorbents. The latter showed higher CO2 sorption capacity than the former. This new evidence found explanation on the reduction in the melting temperature of the eutectic mixture. While single NaNO3 and NaNO2 present a theoretical melting point of 308 and 271 °C, respectively, the eutectic mixture of NaNO3/NaNO2 exhibits a melting temperature of 185 °C. Thus, the eutectic mixture facilitates the sorption process by providing a molten phase that works like a liquid channel. Ternary doping with NaNO3, lithium nitrate (LiNO3) and potassium nitrate (KNO3) registered an even more accentuated reduction in the eutectic mixture’s melting point and an enhanced CO2 sorption performance. In the case of the ternary doping with LiNO3, NaNO3 and Na2CO3, the former two form the molten phase in which Na2CO3 dissolves along with the bulk MgO to react with the CO2 molecules [27,181]. It is well accepted that the melting temperature of the eutectic mixture impacts greatly on the CO2 sorption performance.



The enhancement of Mg-based sorbents carrying capacity boosts its use for SEWGS processes, but the studies available in literature, considering the simultaneous WGS reaction and CO2 capture are scarce, but promising.



To the best of our knowledge, the first experimental work conducted with Mg-based sorbent in a SEWGS reaction was performed by Abbasi et al. [182]. The authors tested a partially calcined dolomite impregnated with K2CO3 as sorbent/catalyst, at 20 atm, in a simulated syngas atmosphere. The sorbent was shown to be capable of achieving 95% of CO2 capture and 40% of conversion in the WGS reaction, but both activities decreased with increasing temperature. The results indicated that the pre-breakthrough WGS conversion diminishes as the sorbent is carbonated and CO2 concentration approaches the inlet concentration, leading to the conclusion that the catalytic activity of MgO is significantly greater than that of MgCO3. During the SEWGS at 400 °C, the H2 (dry basis) change from ~60 to ~45%, and CO2 from ~9 to ~25%, in the pre- and post-breakthrough phases, respectively.



Hu et al. [165] synthetized AMS-promoted MgO-CaCO3 sorbents and obtained a high CO2 carrying capacity and stability after 30 cycles, i.e., 0.55 g CO2/g sorbent (carbonation at 350 °C, 30 min, 1 atm, 50% CO2; and regeneration at 420 °C, 10 min, 1 atm, N2). The enhancement of sorbent performance resulted in a high H2 purity during the SEWGS process. For the optimized conditions, i.e., 12 atm, 300 °C, an initial ratio H2O/CO molar ratio of 1.5 and a three catalyst/sorbent layered configuration, the H2 purity was 99.4% for the 1st cycle and 98.2% after 10 cycles. In a more recent work, Hu et al. [183] describes the preparation of K2CO3-promoted Cu/MgO-Al2O3 by sol-gel method to be used in a SEWGS reaction. Very much promising results were obtained for a sorbent with a K/(Mg + Al) ratio of 0.2 and a Mg/Al ratio of 9. A H2 yield of 99.9% was registered after 10 SEWGS/regeneration cycles at 300 and 380 °C for SEWGS and for regeneration, respectively.



In another work, Lee et al. [166] reported a Na-Mg double salt-based sorbent that was tested under SEWGS conditions using a commercial catalyst. A divided section packing concept of catalyst/sorbent was prepared and a high pure H2 was obtained (CO < 10 ppm). The carrying capacity of this Na-Mg double salt-based sorbent was ca. 0.15 g CO2/g sorbent, so the reactor column was divided into more sections (~10) and packed with increasing amounts of sorbent.



3.2.1. Effect of Temperature on Mg-Based Sorbents


As shown in Figure 18, the MgO carbonation is strongly dependent on temperature, but the sorbent synthesis and properties, such as the use and type of promotors, also had a relevant role on the CO2 uptake. Wang et al. [176] analyzed the effect of temperature on CO2 sorption by NaNO2 and NaNO3-promoted MgO. It was observed that at low temperatures (240–260 °C), the 0.2NaNO3/MgO sorbent exhibited relatively low CO2 uptake. On the other hand, the 0.2NaNO2/MgO demonstrated faster weight increases, which indicates that the formed MgCO3 product layer of 0.2NaNO2/MgO is thicker than that of 0.2NaNO3/MgO, which increases the CO2 diffusion resistance. Further increasing the temperature to 280–300 °C, the CO2 sorption of two sorbents was significantly enhanced since the diffusion process was activated, and values were attained near 0.55 g CO2/g sorbent after 60 and 120 min for 0.2NaNO2/MgO and 0.2NaNO3/MgO, respectively. With the temperature increasing to 320–340 °C, the sorption rates decreased during the initial period, whereas the final uptakes were slightly improved. It was justified by the increased CO2 equilibrium concentration in the molten salts and the enhanced diffusivity of CO2 in the product layer with increasing temperature. Hiremath et al. [184] synthetized KNO3-LiNO3/MgO-TiO2 sorbents and observed that the CO2 uptake initially increases with increasing temperature from 250 to 300 °C, and started to decrease for higher temperatures (325, 350 and 375 °C), which is in line with previous results. The kinetics of CO2 uptake showed an interesting behavior at a lower temperature (250 °C): the CO2 uptake was fast at the beginning (<10 min), but at 300 °C the initial 10 min showed a slight increase in CO2 uptake followed by a fast transition leading to a higher CO2 uptake, although the initial sorption kinetics was slower. Wang et al. [185] found similar behavior with the sorption temperature, i.e., during the initial stage of the CO2 absorption process, the lower the temperature (275 vs. 375 °C) the higher the rate, which was justified by the higher CO2 concentration in the molten salt at a lower temperature. With the progress of CO2 absorption, the disadvantage of slow kinetics at low temperatures is more prominent, and a low CO2 uptake after 120 min of absorption was observed. Pozzo et al. [179] analyzed the cyclic performance of MgO promoted by 10% of (Li,Na,K)NO3 for different carbonation temperatures, 250, 275 and 300 °C, with a partial pressure of CO2 of 0.2 atm. At 275 °C, the CO2 uptake was higher, which was explained by the higher thermodynamic driving force at lower carbonation temperatures. The authors state that the eutectic mixtures become particularly important, as the low melting point broadens the operating window of the material.



Then, the temperature affects the kinetics that is a relevant aspect of the in situ CO2 uptake. The Mg-based sorbent carbonation should be quick enough to produce high-purity H2 during the SEWGS process.




3.2.2. Effect of Steam on Mg-Based Sorbents


The SEWGS process requires the presence of high quantities of steam for the WGS reaction, which justifies the understanding of the steam effect on the Mg-based sorbents performance. Zarghami et al. [186] investigated the effect of the presence of H2O on the reactivity of Mg-based sorbents. The experimental results demonstrated that the existence of steam in the sorption step had a positive influence in the rate of the carbonation reaction. The authors carried out several tests using reactant gas mixtures containing 50% CO2 and increasing concentrations of steam (10, 20 and 30%), in a pressurized system (20 bar) at 430 °C. A positive relationship was observed between the steam increase and the CO2 uptake, attaining values near 100% of CO2 uptake with 30% of steam, after 15 min, as shown in Figure 19.



Water is believed to work as a co-sorbent that boosts CO2 chemical reactivity, by creating a new carbonation pathway consisting of two mechanisms [175]. The primary mechanism forms an alternative transient compound, Mg(OH)2, with a larger molar volume than that of MgO (Equation (24)). The secondary mechanism acts at the pore structural level, by expanding the inner pore volume and, thus, diminishing the resistance through diffusion in its inside (Equation (25)) [27,175]. The overall result is the higher reactivity of the Mg-based sorbent toward CO2, that is, higher CO2 uptake capacity.


   MgO     s  +  H 2   O     g      ⇄   ∆ H > 0   ∆ H < 0      Mg      OH    2     s    ∆ H = ± 81.02   kJ / mol  



(24)






  Mg     OH    2     g  +   CO  2   g      ⇄   ∆ H > 0   ∆ H < 0        MgCO   3   s  +  H 2  O   ∆ H = ± 19.7   kJ / mol  



(25)







The kinetics of the reaction between CO2 and Mg(OH)2 described in Equation (25) is faster than that of the reaction between CO2 and MgO described in Equation (22). The capture of CO2 with Mg(OH)2 is an exothermic reaction with a ∆H value much lower than that of the reaction of MgO with CO2, i.e., −19.7 vs. −100.9 kJ/mol. Moreover, the capture of CO2 with Mg(OH)2 at a high temperature is faster than with MgO. Researchers deduce that the presence of water provokes the rearrangement of surface oxide to hydroxide over MgO molecules, producing Mg(OH)2. This transient species have weaker lattice bonds when comparing to MgO, which smooths the transfer ability of OH− more than O2−.



At atmospheric pressure, the Mg(OH)2 registered an absorption capacity of 0.148 g CO2/g sorbent (1 bar), but its operation is limited to the temperature window of 200–315 °C and requires the rehydroxylation of MgO in the sorbent regeneration [176,178]. In addition, the existence of water decreases the operating temperature. Thus, the regeneration of MgCO3 into Mg(OH)2 can be achieved at lower temperatures [27,181,182].



Yang et al. [27] also found that the presence of H2O during the sorption step improved the kinetics of sorption rates. In addition, it is also reported that the introduction of H2O at the desorption step could have benefits in the improvement of both regeneration rate and efficiency of Mg-based sorbents. These results support the idea that the steam will be beneficial to the performance of SEWGS process when Mg-based sorbents are used for CO2 capture, especially at high pressures.




3.2.3. Effect of Pressure on Mg-Based Sorbents


Currently, SEWGS processes take place at high pressures [27]. Thus, a CO2 separation unit of a SEWGS process demands Mg-based sorbents to keep its cyclic CO2 uptake capacity stable at high pressures. Hwang et al. [164] investigated the effect of the operation pressure in the CO2 uptake capacity of a Mg-based sorbent impregnated with alkali metal nitrates under multiple cycles. The obtained experimental results showed a general upward profile of the CO2 uptake capacity with increasing operation pressure: the CO2 uptake capacity increased dramatically from 1 to 20 atm, while a more discreet increase was registered from 20 to 30 atm. This fact was attributed to gaseous diffusion being mainly controlled by Knudsen diffusion at higher pressures. A Mg-based sorbent impregnated with 5% of NaNO3 plus 5% of KNO3 was able to maintain its CO2 uptake capacity at 0.40 g CO2/g sorbent after five cycles at 300 °C and 20 atm. It was concluded it was an adequate sorbent to be used in a SEWGS process at high pressures.



Hu et al. [165] analyzed the pressure effect on the outlet gas composition at the pre-breakthrough stage of a SEWGS process, using an AMS-Mg95Ca5 sorbent and increasing the total pressure from ambient pressure to 12 atm. The authors observed that the outlet concentration of CO2 during the pre-breakthrough period decreases, whereas those of H2 and CO increase, which is reasonable because the driving force for CO2 sorption increases with total pressure (Figure 18). For 1, 4, 8 and 12 atm, the measured CO2 concentrations during pre-breakthrough were 13.6%, 3.3%, 1.9% and 0.8%, respectively, while the equilibrium values were 5.2%, 1.3%, 0.6% and 0.4%, respectively. Therefore, the higher the pressure, the nearer the concentration approaches the equilibrium value. At the post-breakthrough stage, where the sorbent is completely saturated, no CO2 sorption occurs and only WGS takes place. At this stage, the outlet concentrations of H2, CO2 and CO at different pressures tend to the equilibrium values (46.3%, 46.3% and 7.4%, respectively)



Ryu et al. [187] examined the CO2 absorption properties of MgO-based sorbents loaded with K2CO3 according to the pressure (1, 10 and 20 atm). The MgO-based sorbent loaded with K2CO3 showed improved CO2 capture capacity at higher pressures, which was attributed also to the reaction of MgO and K2CO3 in the presence of water vapor at 20 atm, namely, due the formation of structures, such as MgCO3∙H2O and K2Mg(CO3)2. Hence, a positive effect of the high pressure on the CO2 uptake during the SEWGS process is expected.



In agreement with the MgCO3 thermodynamic equilibrium relative to CO2 partial pressure, it was reported [27] that working at a higher desorption pressure results in a higher desorption temperature needed for the regeneration of the sorbent. Hwang et al. [164] investigated the regeneration capacity of an AMS-promoted Mg-based sorbent at a high pressure and 100% CO2 condition. The authors observed that the CO2 gas was desorbed at temperatures above 575 °C, with a peak at about 620 °C for CO2 desorption at 20 atm and 100% CO2. Based on this result, it was concluded that the optimum regeneration temperature was greatly shifted from 430 to 620 °C when regeneration conditions of 100% CO2 were used, compared to when N2 gas was used.





3.3. Medium-Temperature Catalyst–Sorbent: Hybrid/Mixed Materials and Sequential Arrangement


The application of WGS catalyst—Mg-based sorbents—during the SEWGS reaction is recent, and few experimental studies contemplate its use. Lee et al. [166] studied the influence of the catalyst packing method in the CO2 removal of a WGS reaction, using a Na-Mg double salt as sorbent and a commercial catalyst (Cu/ZnO/Al2O3). In a first attempt, it was successfully synthesized a one-body hybrid solid by ball-milling, consisting of both catalyst and sorbent. However, it exhibited low sorption capacity when compared to that of single materials. The XRD analysis shows that the characteristic peaks for NaNO3 in the one-body hybrid solid disappeared after the SEWGS reaction. Since the NaNO3 crystalline structure was not recovered after cooling, the formation of the molten phase was inhibited, resulting in poor CO2 sorption. It may be possible that the reduced Cu reacted with oxygen, converting NaNO3 to NaNO2. Subsequently, a multi-section concept was adopted for the reactor that minimized the contact between the catalyst and the sorbent. This attempt generated high-purity H2 by SEWGS. Moreover, higher production of high-purity H2 (>98%) was registered when using a higher ratio of sorbent-to-catalyst, as higher concentrations of CO2 were being captured. It was also observed that the SEWGS performance improved with the increasing number of the reactor sections. The effluent gas composition from the SEWGS reaction in a ten-section reactor and a total catalyst-to-sorbent ratio of 1 (1 g of catalyst or sorbent) were alternately loaded in each section. It showed that the pre-breakthrough of CO2 and CO was ∼25.5 min. Further investigations using a reactor packing method with different catalyst-to-sorbent ratios were proposed.



The SEWGS experiment performed in a fixed bed reactor using AMS-promoted MgO-CaCO3 as sorbent and Cu/Ce0.6Zr0.4O2 as catalyst is reported by Hu et al. [165]. Four catalyst/sorbent layered configurations were investigated: mode I with one layered configuration (2 g/2 g), mode II and III with two layered configurations (2 g/2 g–2g/2g and 2 g/2 g–0.5g/0.5g) and mode IV (2 g/2 g–0.5g/0.5g–0.125g/0.125g), catalyst/sorbent, respectively. The optimum condition was a reaction temperature of 300 °C, a total pressure of 12 atm and an initial H2O/CO molar ratio of 1.5 with a three catalyst/sorbent layered configuration. This optimum condition yielded a H2 purity as high as 99.4% (dry basis) at the first SEWGS cycle, which was stabilized at 98.2% after 10 consecutive cycles, demonstrating good cyclic stability. Recently, the same authors [183] prepared a hybrid material, K2CO3-promoted Cu/MgO–Al2O3 by a sol–gel method. It was observed that the K/(Mg + Al) and Mg/Al atomic ratios affect the physicochemical properties of hybrid materials, especially in the morphology and the basicity distribution, which in turn affected the CO2 adsorption performance. In addition, it was found that the regeneration temperature of hybrid materials influences the SEWGS performance, 380 °C being the most favorable temperature since at higher temperatures the CO conversion at the post-breakthrough stage decreases with the number of cycles, but it does not happen for the material regenerated at 350 or 380 °C. The best performance was obtained for the hybrid material composed by a K/(Mg + Al) ratio of 0.2 and a Mg/Al ratio of 9, since the CO was completely converted and a yield >99.9% of H2 was attained in 10 consecutive SEWGS cycles at 300 °C, and regeneration at 380 °C.



The performance of hybrid materials is not consensual, further studies are needed. In relation to the sequential arrangement, both studies show an enhanced performance of SEWGS process with the increase in catalyst–sorbent layers. As mentioned above, also for sorbents at medium temperature, the preparation of catalysts and sorbents using wastes as precursors should be evaluated. In case of Mg-based materials, the potential of Mg recovered from magnesite mines sludges or from desalination reject brine [188] is an interesting alternative.





4. Conclusions and Recommendations


The goal of making Europe climate neutral in 2050 brings new challenges for the energy sector. Indeed, the decarbonization of power and heat, transports and stationary applications must be accelerated, and the use of hydrogen as an energy vector is considered the most promising alternative as, when burned, no CO2 is emitted to the atmosphere. Hydrogen does not exist naturally, and the most common processes for hydrogen production, i.e., steam methane reforming and coal gasification, produce large amounts of CO2 (>9 kg CO2/kg H2).



Considering hydrogen production using renewable energy sources, there are various technological options available with different TRLs and costs. The use of hydrogen as a storage means is also relevant, namely, when electricity is produced to overpass the power intermittency when using renewables’ sources. In the transition period to low carbon technologies, carbon capture and storage has a crucial role in the decarbonization and may offer a path to carbon neutrality in the context of a circular economy. Herein, in this paper the research progress of sorption-enhanced processes by in situ CO2 capture using solid sorbents during hydrogen production by reforming or gasification processes was reviewed. Syngas production (mainly CO, H2 and CO2) by these processes is performed at high temperatures (>600 °C), so it requires high-temperature CO2 sorbents such as Ca-based or alkali-based materials. On the other hand, medium-temperature sorbents (200–400 °C) such as Mg-based materials are used during the syngas upgrade through the water–gas shift reaction. The hydrogen production yield and purity will depend on sorbents’ CO2 carrying capacity and stability, and these properties are a target of study in several publications. However, most of the research is focused only on the sorbent point of view. On the contrary, the objective of this work was to assess how the sorbent performance affects the hydrogen production. The water–gas shift reaction is particularly relevant in this process as it acts as a separation technique and leads to the production of additional hydrogen, increasing the calorific value of syngas.



Among the sorbents used at high temperature, Ca-based ones appear to be the most promising due to the fast carbonation kinetics and high theoretical CO2 carrying capacity. However, deactivation along the time mainly due to sintering and pores blockage is still a limitation. Some approaches have been applied to improve their performance (e.g., use of inert additives, synthesis of nanomaterials or mixed oxides), but these strategies increase the cost of the sorbents. Alkali-based sorbents are more expensive than Ca-based ones, their carbonation is kinetically limited and the CO2 carrying capacity is lower. The doping with alkali molten salts appears to be the most promising option to increase sorbents’ reactivity, but the performance of these sorbents must be considerably improved to become competitive, at least when comparing with Ca-based sorbents. The regeneration of high-temperature sorbents, especially in the case of Ca-based ones which require temperatures above 900 ⁰C, increases the energy consumption of the process. Then, further efforts are required to reduce this gap, for instance, by investing in the implementation of energetic integration processes, using renewable sources during the calcination (e.g., solar reactors) or integrating chemical looping processes.



At a medium temperature, Mg-based sorbents are very interesting due to the highest theoretical CO2 carrying capacity, and because their carbonation temperature matches with the optimal conditions of water–gas shift reaction (250–400 °C). However, this sorbent presents slow kinetics, which is delaying its implementation as a CO2 sorbent. In the last years, the use of alkali molten salts allowed for considerably improving their performance, and CO2 carrying capacity values close to 0.6 g CO2/g sorbent are described in the literature. Thus, the next step should be focused on the improvement of Mg-based sorbents’ stability along the cycles.



The in situ CO2 capture requires sorbents with adequate activity under the operating conditions of reforming and gasification processes, or water–gas shift reaction. So, considering the operating conditions of these processes, the effects of temperature, steam and high-pressure on the sorbent’s performance were evaluated. In addition, the catalyst-sorbent synergies, using hybrid/mixed materials or sequential arrangement, was reviewed. The advantages of hybrid materials, such as sorbent’s ability to rapidly capture the CO2 generated during the process, and their drawbacks, such as the reduction in catalysts or sorbents’ active sites availability, are described in the literature, but the conclusions are often contradictory, and must be better understood.



For all the sorbents mentioned above, the regeneration step is usually performed under N2 or air atmosphere, which is not interesting for practical applications. Future studies should evaluate the effects of using high CO2 concentrated streams during the regeneration on sorbents’ performance and stability. In addition, the influence of impurities (e.g., sulphur) on the sorbents’ performance must be investigated. The combination of Ca-based and Mg-based materials can contribute to the sorbents CO2 capture performance. On one hand, the addition of magnesium materials to the Ca-based sorbents stabilizes the sorbents’ pore structure due to the high Tammann temperature of MgO, and hinders the CaO aggregation during Ca-looping. On the other hand, the addition of calcium materials to the Mg-based sorbents allows for a faster nucleation and growth of Mg-carbonates at medium-temperature sorption. Thus, the synergies between both precursors and the optimization of Ca/Mg ratios for high and medium sorption processes should be explored. For large-scale implementation, especially if fluidized bed reactors are used, granulation is sometimes the most suitable way to reduce the elutriation processes. Then, granulation processes should be further developed, and the mechanical properties of the materials should be assessed.



Ongoing research studies in sorption-enhanced processes are quite vast and should be a target of further research in the next decade. The performance of CO2 sorbents at high and medium temperatures should dictate the hydrogen production yield when reforming and gasification processes are used. The use of biomass-derived feedstocks is desirable, but during the energy transition, where the fossil fuels are still used, the in situ CO2 capture can simultaneously contribute to the improvement of the hydrogen yield production and the reduction in CO2 emissions.



To accelerate the large-scale implementation of the sorption-enhanced reforming or gasification processes, or sorption-enhanced water–gas shift reaction for hydrogen production with in situ CO2 capture using solid sorbents at high and medium temperature, respectively, future research studies should focus on the:




	
Sorbents’ regeneration under realistic conditions, i.e., CO2 concentration higher than 70%.



	
Sorbents obtained or synthetized using waste resources (e.g., CaO from paper and pulp industry sludges or CaO-rich biomass ashes; lithium from ores, brine, sea water or recycled batteries; MgO recovered from magnesite mine sludges or from desalination reject brine).



	
Sorbents or sorbents–catalyst stability when a high number of carbonation–calcination cycles are performed (>50 carbonation–calcination cycles).



	
Effect of granulation methodologies on sorbents or sorbents–catalyst reactivity and mechanical properties. The act of pressing and binders used during the pellet’s preparation can affect the porosity and reduce the catalysts–sorbents specific surface area. Then, the use of materials that can improve the materials porosity should be evaluated (e.g., biomass templates, ethylene glycol).



	
Synergies between the hybrid, mixed or sequential arrangement of sorbents–catalyst. Since the carbonation of sorbents can block the access to the catalyst’s active sites, especially in the case of hybrid materials, the use of support materials or the increase in materials porosity that can reduce the occurrence of these problems should be evaluated.



	
Tecno-economic viability of reforming, gasification and water–gas shift processes, considering, for example, the cost of the raw material, operating costs, energy requirements, and retrofit of existent industrial plants.



	
Life cycle assessment of all the processes and the fulfilment of the circular economy concept. The use of different wastes as raw matter for the sorbents or catalyst synthesis should be compared.



	
Modelling and numerical simulation of reforming, gasification and water–gas shift reactors for different catalyst/sorbent formulations foreseeing the processes’ upscale potential.








Finally, performing experiments on a pilot scale is essential to reaching a conclusion about the sorption-enhanced processes’ viability during the hydrogen production.
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	High-temperature shift
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	Sorption-enhanced water–gas shift



	SMR
	Steam methane reforming
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Figure 1. Main routes for H2 production using commercial technologies: reforming, gasification and electrolysis. 
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Figure 2. Thermodynamic equilibrium composition as function of temperature for the WGS reaction (Reprinted with permission from [25]. 2007, Miller). 
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Figure 3. Syngas production and main applications. 






Figure 3. Syngas production and main applications.



[image: Energies 15 04039 g003]







[image: Energies 15 04039 g004 550] 





Figure 4. Flow diagram of (a) steam methane reforming and (b) sorption-enhanced steam methane reforming (CaCO3 as sorbent). 
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Figure 5. Calcium looping diagram. 
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Figure 6. Equilibrium partial pressure of CO2 from CaCO3 decomposition. 
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Figure 7. Scheme of CaO and CaCO3 particles along the carbonation–calcination cycles. 
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Figure 8. Scheme of (A) conventional process of the cyclic SESR, and (B) coupled process of SESR-CH4 reforming operation. (Reprinted with permission from [84]. 2021, Dang et al.). 
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Figure 9. Scheme of the three-stage of SERP with Ca-based sorbents: pre-breakthrough stage, breakthrough stage and pre-breakthrough stage. (Reprinted with permission from [38]. 2021, Ma et al.) 
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Figure 10. Carbonation–regeneration cycle of Li4SiO4 sorbent. 
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Figure 11. Equilibrium partial pressure of CO2 from Li4SiO4 decomposition. 
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Figure 12. Scheme of double shell structure for the CO2 sorption process in Li4SiO4. (Reprinted with permission from [113]. 2016, Yang et al.). 
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Figure 13. Double shell model of CO2 sorption by Li2ZrO3 (a) without modification and (b) with K2CO3 addition. (Reprinted with permission from [4]. 2021, Wang et al.). 
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Figure 14. Comparison of Ru/CaO, Ru/Ca3Al2O6–CaO, Ru/lime, Ca–Ni-ex-HTlc hybrid material performance: (a) CO2 capture, (b) H2 yield, (c) breakthrough curves of H2 and CH4 for Ru/CaO and Ru/Ca3Al2O6–CaO in the 1st, 5th and 10th cycles. (Reprinted with permission from [137]. 2011, Kim et al.). 
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Figure 15. Possible catalyst–sorbent configurations: (a) alternate layers of catalyst and sorbent, (b) alternate layers of sorbent and catalyst, (c) pre-mixed sorbent catalyst, (d) hybrid material. 
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Figure 16. Comparative scheme of WGS and SEWGS equilibrium shift. (Reprinted with permission from [167]. 2019, Gao et al.). 
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Figure 17. Carbonation–regeneration cycle of Mg-based sorbent. 
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Figure 18. MgCO3 equilibrium curve relating the temperature to the CO2 partial pressure. 
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Figure 19. Effect of steam on Mg-based sorbent reactivity and capacity. (Reprinted with permission from [186]. 2015, Zarghami et al.). 






Figure 19. Effect of steam on Mg-based sorbent reactivity and capacity. (Reprinted with permission from [186]. 2015, Zarghami et al.).



[image: Energies 15 04039 g019]







[image: Table] 





Table 1. H2 production technologies, costs, efficiency, CO2 emissions and level of maturity.
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	Technology
	Feedstock
	Production

Efficiency (%)
	Production Costs

(€/kg H2)
	CO2 Emissions

(kg CO2/kg H2)
	Maturity
	Ref





	SMR without CCS
	Hydrocarbons
	70–85
	0.9–2.9
	9.2–17.2
	TRL 9

(commercial)
	[2,16,17,21,23]



	SMR with CCS
	Hydrocarbons
	---
	1.7–4.1
	2.54–9.2
	TRL 7-8
	[2,16,23]



	Reforming with biogas
	Biogas
	---
	4–6.0
	2.93
	---
	[23]



	Partial Oxidation
	Hydrocarbons
	60–75
	---
	---
	Commercial
	[17]



	Autothermal reforming
	Hydrocarbons
	60–75
	---
	---
	Near Term
	[17]



	Plasma reforming
	Hydrocarbons
	8–85
	---
	---
	Long Term
	[17]



	Coal Gasification without CCS
	Coal
	
	0.9–1.7
	15–31
	TRL 9

(commercial)
	[2,21]



	Coal Gasification with CCS
	Coal
	--
	1.4–2.4
	1–10
	TRL 6-7
	[2,16,21]



	Biomass gasification
	Biomass
	35–52
	1.3–2.7
	0.3–9
	TRL 5-6
	[2,17,21]



	Biomass gasification with CCS
	Biomass
	--
	2.8–3.2
	−11.7 to −17.5
	TRL 3-5
	[2]



	Electrolysis
	H2O + electricity
	50–70
	4.4–8
	--
	TRL 9

Commercial
	[17,23]



	Wind Electrolysis
	H2O + wind
	--
	4.01–8.8
	0.5–1.1
	TRL 9
	[2,16,21]



	Solar Electrolysis
	H2O + sunlight
	--
	4.5–12.4
	1.3–2.5
	TRL 9
	[2,16,21]



	Photo Electrolysis
	H2O + sunlight
	0.2
	~ 9
	~2
	Long Term
	[16,17]



	Thermochemical water splitting
	H2O + heat
	NA
	--
	--
	Long Term
	[17]
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Table 2. Typical composition of syngas obtained by different processes and conditions.
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mol %

(Dry Basis)

	
SMR

[30]

	
Coal

Gasification [31]

	
Indian Coal

Gasification

[32]

	
Wood Pellets Gasification

[32,33]

	
Rice Husk

Gasification

[32]






	
H2

	
71

	
13–18

	
9

	
7–34

	
25




	
CO2

	
6

	
7–9

	
0.6

	
6–16

	
14




	
CO

	
16

	
55–62

	
42

	
16–31

	
20




	
O2

	
--

	
--

	
--

	
1–3

	
--




	
N2

	
--

	
~7

	
32

	
48–58

	
40




	
CH4

	
5

	
17

	
1–4

	
0.9




	
CxHy

	
--

	
--

	
0.1–0.3

	
--
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Table 3. Main hydrocarbon reforming chemical reactions.
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	Process Name
	Chemical Reaction
	
	    ∆  H       k J  /  m o l       





	Steam methane reforming
	     CH  4  +  H 2   O    → CO + 3  H 2    
	(2)
	   206   



	Hydrocarbon steam reforming
	    C n   H m  +   nH  2   O    → nCO +   n +  1 2  m    H 2    
	(3)
	   > 0   



	Organic matters steam reforming
	    H m   O k  +   n − k    H 2   O    → nCO +   n +  m 2  − k    H 2    
	(4)
	   > 0   
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Table 4. Schematic representation of the relationship between sorbent morphology and conversion without steam present, steam present during carbonation, steam during calcination and steam present for carbonation and calcination. (Reprinted with permission from [98]. 2012, Donat et al.)
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	No Steam
	Steam during Calcination
	Steam during Carbonation
	Steam during Carbonation and Calcination





	 [image: Energies 15 04039 i001]
	 [image: Energies 15 04039 i002]
	 [image: Energies 15 04039 i003]
	 [image: Energies 15 04039 i004]



	
	
Finer pores retained



	
Susceptible to pore blockage





	
	
Shift towards larger pores owing to steam enhanced sintering



	
Open pore structure less susceptible to pore blockage





	
	
Finer pores retained



	
Lower diffusion resistance with steam present



	
Greater pore volume evolved in subsequent calcination





	
	
Larger pores owing steam enhanced sintering



	
Fast carbonation owing to the lower diffusion resistance



	
Greater pore volume evolved in subsequent calcination
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Table 5. Carbonation reactions of alkali sorbents, theoretical CO2 uptake capacity and operating carbonation temperature range [4,29,113].
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Carbonation Reactions

	
ΔH⁰ 25 °C

(kJ/mol)

	
Theoretical CO2 Uptake Capacity (g CO2/g Sorbent)

	
Operating Carbonation Range (°C)






	
   Li 4   SiO 4    ( s ) +  CO 2    ( g )   →    Li2CO3 (s) + Li2SiO3 (s)

	
(16)

	
−143

	
0.367

	
450–600




	
   Li 2   ZrO 3    ( s ) +  CO 2    ( g )   →    Li2CO3 (s) + ZrO2 (s)

	
(17)

	
−160

	
0.288

	
450–600




	
   Na 2   ZrO 3    ( s ) +  CO 2    ( g )   →    Na2CO3 (s) + ZrO2 (s)

	
(18)

	
−149

	
0.234

	
400–800
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Table 6. Properties of CaO, Li4SiO4, Li2ZrO3, KLiZrO3 and Na2ZrO3 sorbents. (Reprinted with permission from [126]. 2007, Ochoa-Fernández et al.)
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	CaO
	Li4SiO4
	Li2ZrO3
	KliZrO3
	NaZrO3





	Capacity
	G
	F
	F
	F
	F



	Thermodynamic
	G
	F
	F
	F
	F



	Stability
	P
	G
	G
	F
	G



	Kinetics
	G
	F
	F/P
	F
	G







G—good, F—fair, P—poor.
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Table 7. Comparison of H2 production using conventional and sorption-enhanced processes.
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Feedstock

	
Catalyst

(CP)

	
Sorbent/Catalyst

(SEP)

	
Pattern 1

	
Technology 2

	
Reactor 3

	
Conditions

	
N Cycles

	
Maximum H2 (%)

	
χSE

 

(%)

	
Ref.




	
T (°C)

	
S/C

	
CP

	
SEP






	
CH4

	
Ni/Al2O3

	


Ni-CaO-Ca12Al14O33

	


H

	
SR

	
FxB

	
600

	
3

	
1

	
~70

	


93

	


33

	
[136]




	
CH4

	
Ni/Al2O3

	


Ni/Al2O3-CaO

	


M

	
SR

	
FxB

	
600

	


3

4

	

	
~72

	


95

98.4

	


32

37

	
[148]




	
CH4

	
Ni/Al2O3

	


Ni-CaO/Al2O3

Ni-CaO/Al2O3

	


H

H

	
SR

	
PB

	
500



600

	
9





	

	
~60





	


~88

~93

	


47

55

	
[149]




	
CH4

	
Ni/Al2O3



Ni/Al2O3



Ni/Al2O3

	


Ni/Al2O3-Li4SiO4



Ni/Al2O3-Li4SiO4



Ni/Al2O3-Li4SiO4

	


M



M



M

	
SR

	
FB

	
500



550



600

	
3.5

	
1

	
64.9



67.1



75.3

	


89.4



93.6



87.6

	


38



39



16

	
[129]




	
CH4

	
Ni/Al2O3

	


Ni/Al2O3/K-Li4SiO4

	


H

	
SR

	
FxB

	
600

	
4

	
10

	
~85

	


~98

	


13

	
[133]




	
CH4

	
Ni commercial

	


Ni-Dolomite

	


M

	
SR

	
FB

	
600

	
3

	
1

	
~73.4

	


~98

	


33

	
[150]




	
Glycerol

	
NiO/NiAl2O4



NiO/ZrO2

	


NiO/NiAl2O4 + (K-Li2ZrO3)



NiO/ZrO2 + (K-Li2ZrO3)

	


n.a.



n.a.

	
SR

(Chemical

looping)

	
PB

	
550

	
3

	
10

	
~86



~90

	


~90



~93

	


5



3

	
[112]




	
Ethanol

	
Ni/Al2O3

	


Ni/Al2O3-CaO

Ni/Al2O3-CaO-MgO

Ni/Al2O3-Na2ZrO3

	


M

	
SR

	
FxB

	
600

	
6

	
1

	
64.7

	


97.0

96.2

96.5

	


50

49

49

	
[11]




	
Ethanol

	
Ce-Ni/MCM-4

	


Ce-Ni/MCM-4/Na-Zr-CaO

Ce-Ni/MCM-4/Na-Zr-CaO

	


H

M

	
SR

	
FxB

	
600

	
3

	
1

	
~70

	


~94

~80

	


34

14

	
[151]




	
Ethanol

	
Ni/Al2O3

	


Ni/Al2O3-Li4SiO

4Ni/Al2O3-K-Li4SiO4

	


M

M

	
SR

	
FxB

	
575

	
9

	
10

	
~77



	


~98

>99

	


27

29

	
[152]




	
Biogas

	
Ni/Al2O3

	


Ni-Zr-Ca

Ni-Ce-Ca

Ni-La-Ca

	


H

H

H

	
SR

	
FB

	
600

	
3

	
5

	
67

	


~85

~85

~80

	


27

27

19

	
[153]




	
Bio-oil

	
Ce-Ni/Co-Al2O3

 

Ce-Ni/Co-Al2O3

 

Ce-Ni/Co-Al2O3

	


Ce-Ni/Co-Al2O3-CaO

 

Ce-Ni/Co-Al2O3-CaO

 

Ce-Ni/Co-Al2O3-CaO

	
n.a.

	
SR

	
PB

	
650

 

750

 

850

	
12

	
1

	
~65

 

~70

 

~75

	


~80

 

~92

 

~80

	


23

 

31

 

6

	
[154]




	
Biogas:

50CH4/50CO2

 

100CH4/0CO2

	


Pd/Ni-Co HT

 

Pd/Ni-Co HT

	


 

Pd/Ni-Co HT/Dolomite

 

Pd/Ni-Co HT/Dolomite

	
M

	
SR

	
FB

	


600

 

650

	
3

	
1

	


~62

 

~64

	




~98



~98

	




58



53

	
[35]




	
Biomass: corn stalk

	
NiO/γ-Al2O3

	


NiO/γ-Al2O3-Calc. olivine

NiO/γ-Al2O3-Calc. limestone

NiO/γ-Al2O3-Calc. CaCO3NiO/γ-Al2O3-Calc. Dolomite

	


M

	
G

	
FxB

	
650

	
2

	
1

	
~29

	


~47

~50

~67

~72

	


62

72

131

148

	
[155]




	
Coal

	
K2CO3

	


K2CO3-Limestone

	
MM

	
G

	
FB

	
675

	
--

	
1

	
~65



	


~87

	


34

	
[156]




	
Biomass: pine bark

	
No-catalyst

CaO

	
No-sorbent

CaO

	
n. a.

	
G

	
FB

	
600

	
--

	
1

	
~60

	


~83

	


38

	
[85]




	
Biomass

	
Pd/Ni–Co-HT

	


Dolomite

Pd/Ni–Co-Dolomite

	


 

M

	
G

	
FxB

	
650

	
--

	
1

	
69.7

	


91.1

99.0

	


31

42

	
[44]




	
Biomass

	
Olivine

	


CaO-CaAl/olivine

	
H

	
G

	
FB

	
700

	
--

	
1

	
34.2

	


47.4

	


39

	
[157]








1 Mixture (M) or Hybrid (H); 2 G—gasification or SR—steam reforming; 3 FxB—Fixed Bed, PB—Packed Bed or FB—Fluidized Bed; T—temperature, S/C—steam/carbon; CP—conventional process, SEP—sorption-enhanced process; n.a.—no applicable.
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Table 8. Summary of benefits and challenges of sorption-enhanced steam reforming and gasification processes for H2 production using solid sorbents for in situ CO2 capture [4,37,113].
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	Benefits
	Challenges





	
	
H2 production and CO2 separation in a single step



	
Milder reforming conditions, which reduces the catalyst sintering



	
Highly efficient H2 production with less by-products (CO and CO2)



	
Elimination of the individual reactor for WGS



	
Elimination of downstream H2 purification steps



	
High conversion of CH4 to H2 at significant lower temperature (450–600 °C) compared to traditional SMR (700–900 °C)



	
Replacement of high alloy steels by less expensive materials



	
20 to 25% energy reduction compared to traditional SMR



	
Minimization of carbon deposition in the reformer/gasifier



	
Reduction in CO2 release to the atmosphere; relatively pure CO2 can be captured and further sequestrated or used in several processes



	
Reduction in the excess steam used in conventional SMR.





	
	
High energy requirements for CaO-based sorbent regeneration



	
Ca-based sorbents deactivation along the multicycles



	
Ca-based sorbents fragmentation, namely, in the SEG, increasing the particles entrained, which can cause clogging in downstream equipment and decrease in sorbent availability for carbonation



	
Low kinetic and CO2 carrying capacity of alkali-based sorbents



	
Optimization of the catalyst/sorbent configurations



	
Development of stable hybrid materials, that keep the catalyst and sorbent active sites available along the cycles



	
Perform sorption-enhanced processes in pilot scales



	
Assess the techno-economic viability of sorption-enhanced processes
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