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Abstract

:

In recent times, there has been a growing demand for the use of biomass as an alternative energy due to its sustainable nature. At present, anaerobic digestion and gasification has been proven as a promising technology for exploiting this energy from biomass. This review aims to provide a comprehensive and detailed analysis of the combination of anaerobic and gasification technology as a hybrid system for sustainable waste-to-energy generation. This review reveals that both anaerobic digestion and biomass gasification have been successfully demonstrated as technologies for energy recovery. However, to improve the conversion efficiency in both technologies, the utilization of an intensifier, additive, and enhancer will be required. Moreover, temperature has been identified as a major factor affecting the technologies and should be considered. The bibliometric study conducted revealed that China is the leading country and has set the pace for other countries to follow suit. Subsequently, waste-to-energy research could be easily implemented on a global scale. This study recommends an experimental study of anaerobic digestion and gasification as a hybrid system.
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1. Introduction


According to the statistical review of world energy (2021), the COVID-19 pandemic was reported to have had a dramatic effect on the energy market. This contributed to the fastest rate of decline in primary energy and carbon emissions since the Second World War. Despite this report, the good news is that renewable energy continued to grow. For recording purposes, the current rate of primary energy consumption and carbon emission fell by 4.5% and 6.3%, respectively. This decline was the largest for primary oil since 1945 and the lowest level since 2011 for carbon emissions [1]. Renewable energy sources, such as wind, solar, and hydroelectricity, all grew despite the decline in overall energy demand. Statistically, renewable energy sources with the inclusion of biofuel and the exclusion of hydro rose by 9.7%, lower than the 10-year average of 13.4% per annum but with an increase to 2.9 Exajoules (EJ) in terms of energy. Solar and wind energy rose by 1.3 EJ and 1.5 EJ, respectively, thereby contributing to the largest renewable energy growth. Similarly, hydroelectricity in China improved by 0.4 EJ [1]. From the authors’ point of view, it is worrisome that biomass energy was not mentioned specifically, as it accounts for more than one-third of primary energy.



To this effect, biomass energy is regarded as renewable and sustainable energy. It is interesting that approximately 32% of the country’s overall energy supply comes from biomass, and 70% of the national population is said to depend on it. In addition to natural biomass, the use of conventional waste biomass as a source of energy is another promising option [2]. One major way and option for achieving waste-to-energy focusing on biogas and syngas is through anaerobic digestion and gasification technology [3]. These technologies are regarded as mature biochemical and thermochemical processes and are currently receiving research interest. Its efficiency in the substrate and product separation as well as the microbes’ ecology of anaerobes test contribute to its recent attention. Without a doubt, this review will promote and contribute to the development of the practical application of both technologies as a hybrid system.




2. Methodology


Amongst the existing types of literature reviews, which include systematic review, narrative review, traditional review, critical review, and state-of-the-art review, a conceptual review was employed [4]. The choice was based on the objective of the study, which aims to synthesize the area of conceptual knowledge, thereby contributing to a better understanding of a particular topic. Regarding the study, a conceptual review is most applicable, as it provides sensitive areas of the review based on recent advances in anaerobic digestion and biomass gasification. Furthermore, as a detailed and broad review containing a vast amount of information, the conceptual type of review was deemed to be the most suitable type to use. Findings were obtained from reputable databases, such as Springer, ScienceDirect, SCOPUS, Web of Science, and Google Scholar. In addition, substantial information from conference proceedings and industry reports was employed. The authors employed recent studies and literature in the review.




3. Anaerobic Digestion Technology


The term “anaerobic digestion” (AD) refers to the degradation of biomass under anoxic conditions in both natural and engineered systems [5]. Akhiar et al. [6] defined anaerobic digestion as a process wherein microorganisms degrade organic matter in the absence of oxygen to produce biogas. This technology is regarded as the earliest approach toward achieving a circular bioeconomy. Moreover, due to increasing industrial interest, studies on anaerobic microbial processes have greatly improved in identifying the important process parameter and factors that can promote methane production from all types of organic matter, such as manure and slurry [5]. Methane is said to substitute natural gas, especially as it tends to build up opportunities with regard to traditional petrochemistry [7]. Furthermore, anaerobic digestion has proven to be an ideal end-of-pipe technology for the treatment of waste. It serves as a process in the recovery of various biotechnological applications because of the wide substrate spectrum [5]. Such a biotechnological application, which includes the microbial electrochemical process and production of medium-chain fatty acid by anaerobic fermentation, can be coupled with anaerobic digestion. Anaerobic digestion has received immense interest in recent times because it addresses the major challenges faced by developing countries regarding environmental pollution resulting from the use of fossil fuels [8].




4. Recent Studies on Anaerobic Digestion Focusing on Biogas Production


Globally, approximately 50 million small-scale domestic digesters, 132,000 commercial digesters, and 700 upgrading biogas digesters have been installed. These digesters are fully functional and operate using anaerobic digestion technology. For instance, in Europe, to be specific, 15,000 commercial biogas digesters are in full operation [9]. In terms of biogas production, up to 31.24 billion cubic meters (bcm) were reported in 2015 from Europe. This number is predicted to increase by 70 bcm by 2030 because of the readily available resources [10]. On another note, the total global energy production resulting from biogas was approximately 2.8 × 105 TJ in 2000; fourteen years later, it increased to 1.3 × 106 TJ [NBD 2016]. According to the world biogas association report released in 2019, 10.5 GW of electricity generation came from the 17,783 biogas digesters in Europe. Although the specific time was not disclosed, it was indicated that Germany is leading with 10, 971 biogas digesters, followed by Italy (1655), France (742), Switzerland (632), and the United Kingdom 613 [11].



Pramanik et al. [12] provided a comprehensive review of anaerobic digestion as an effective technology for biogas. The review finds that anaerobic digestion achieves a higher energy production, especially the co-digestion process, whereas the two-stage anaerobic digestion process helps in increasing methane production. Hence, the authors recommended the use of food waste as a suitable substrate for biogas digester because of its excellent biodegradability and high-water content. In another study, Connor et al. [13] emphasized that the European agricultural sector is known for small-scale anaerobic digesters. This is because of the small-scale individual farm sizes and land productivity, which are insufficient to meet the feedstock requirement of large and medium-scale plants. The study reveals that there is a need for national support which will aid in adopting small-scale anaerobic digesters within the European countries. Nevertheless, there is still an overriding obstacle hindering the full commercialization of small-scale digesters, and this has to do with upfront investment costs. In addition to this, substrate type as well as a mode of utilization is another factor of consideration for efficient biogas production. Mono-digestion is characterized by imbalanced nutrients, lack of microbial communities, and fluctuation in operational parameters. In a bid to address these challenges, Ngan et al. [14] conducted a study focusing on the anaerobic digestion of rice straw with livestock manure. Rice straw is high in cellulose and, hence, requires pre-treatment before being fed into the biogas digester. Evidently from the study, it was revealed that rice straw when co-digested with biological waste (livestock manure) for anaerobic digestion showed a better degradability potential. Therefore, the condition for optimum pre-treatment, operational parameters, and mixture proportion with the substrate improves methane production, according to a study by Ngan et al. [14].



Various factors, such as anticipated toxicity, lower pH (6.6), and low carbon C:N ratio (12:2), are said to be responsible for the challenges faced in using only textile waste (sludge) for energy and nutrient recovery. To this effect, Kumar et al. [15] conducted a study on the anaerobic co-digestion of textile aerobic sludge with food waste and cow dung. This was assessed through a biochemical methane test under a mesophilic temperature of 35 °C. From the result, cow dung mixed with textile sludge in a ratio of 1:1 generated 524.4 mL/g of biogas, whereas using textile sludge only did not produce any biogas. In addition, the mixture of food waste and textile sludge resulted in biogas production of 288.3 mL/g, which is lower compared with that of cow dung with textile sludge. The findings from the study provided an efficient method for textile sludge utilization in biogas production.



The potential of using chicken manure as the sole feedstock for biogas production under anaerobic digestion was studied by Jurgutis et al. [16]. The choice of chicken manure in the study was because of its high biogas potential yield using a biochemical methane test. A methane yield of 508 mL CH4 g−1 VS was recorded throughout the 217 days of monitoring. The novelty of the study is associated with the adaptation of the same operational conditions (organic loading rate and retention time) during the fermentation process. To this end, approximately 93% of chicken manure was digested, with an organic loading rate of 3.14 kg VSL−1d−1 and total ammonium nitrogen of 5.5 g L−1. This proves that it is possible to digest chicken manure as a stand-alone feedstock as long as the ammonium concentration is carefully controlled, which is achieved via the freshwater dilution process.



In terms of the design parameters, Obileke et al. [17] mentioned that the biogas digester dimension and material of construction are important factors of consideration. The authors developed a design equation that considered the volume of the digester, inlet, and outlet chamber dimensions, as well as the shape of the digestion chamber. In terms of construction, the understudied biogas digester was fabricated using high-density polyethylene (HDPE) plastic, whereas the inlet and outlet chamber was constructed using bricks/cement. The developed plastic biogas digester and the appropriate dimension were found to be suitable for anaerobic digestion for biogas production (methane and carbon dioxide reported to be 60% and 30%, respectively) using cow dung as the substrate.



To stabilize organic waste while generating biogas, the anaerobic digestion of poultry litter was carried out by Chaump et al. [18]. The study originated as a result of technical challenges faced, which included seasonality of litter production, low carbon/nitrogen ratios, and limited digestibility of bedding. From the study, biomethane potential of 0.24–0.30 L/gVS and 0.15–0.16 L/gVS was obtained for litter leachate and whole litter, respectively, whereas the insoluble bedding material left after leaching was reported to be 0.08–0.13 L/gVS. The information from the results indicates that poultry litter leachate can be amended for digestion despite having a low carbon/nitrogen ratio. Hence, litter can be stored before digestion, although this leads to biomethane losses. The authors opined that the loss is because of the decomposition of organics during storage.




5. Intensification of the Anaerobic Digestion Process


As stated by Sathyan et al. [8], the need to improve anaerobic digestion has been of great interest in recent years. The use of different types of additives or accelerants has been explored in several synergies, thereby enhancing the methane yield and quality of digestate, which are products of anaerobic digestion. It is important to know that the use of the additive in enhancing the performance of anaerobic digestion reduces the challenges associated with slow start-up, substrate-induced inhibition, and low energy output [8]. Some of these additives include microbes, enzymes, microelements, biological metabolites, adsorbents, deforming agents, and chelating agents. Therefore, Table 1 presents these additives, their substances, and the effects from various studies.



Some of these additives are cost-effective and have been widely studied to test their efficacy. In this case, their findings and results were successful in enhancing gas production, favourable digestion condition, and superior organic degradation [21,33].



Carbon-based materials intensify the process of anaerobic digestion by promoting the growth of microorganisms, providing required nutrients to microorganisms and improving the activities of enzymes. These results in quick methane production and content as well as improved quality digestate [31]. Previous studies conducted by Capson et al. [29], Lin et al. [30], Mostafa et al. [31], and Yang et al. [32] revealed that carbon material is necessary for anaerobic digestion because it enhances its efficiency and stability, thereby increasing the methane yield.



The properties of graphene in relation to anaerobic digestion include electric conductivity, high mechanical strength, and large surface area. To improve the stability and efficiency of biogas digester through anaerobic digestion, graphene is required and recommended. The introduction of graphene during anaerobic digestion improves the methanogens, which is the microorganism responsible for methane production in the low-temperature range of 10–20 °C [27,34]. Furthermore, graphene results in the change in syntrophic microbes between methane production archaea and acidogenic microbes, which increases the rate of methane production by 28% to be specified through 71.1% Methanobacterium and Methanosarcina (11.3%). Graphene indeed intensifies and influences microbial community dynamics during anaerobic digestion.




6. Feedstock for Anaerobic Digestion


The nutritional composition is regarded as a major factor that determines the suitability of any feedstock or substrate for biogas production. This nutritional composition affects the biogas yield, methane content, biodegradability, and degradation of the biomass kinetic involved [35]. These nutrients include carbohydrates, protein, and fats, as shown in Table 2. Interestingly, any feedstock for the anaerobic digestion process should be readily biodegradable and should not contain any toxic components that would impair the activities of microbes [36]. Table 2 shows the nutrient compositions of feedstocks with their methane yields and methane compositions.



From Table 2, it is seen that lipids produced the highest methane yield of 1.01 m3/kgVS as well as a methane percentage composition of 70% compared with protein and carbohydrates. This implies that substrates that are rich in lipids hold great potential for methane production. Nevertheless, the use of such substrate should be closely monitored, as a drop in pH can be toxic to the microbial community because of degradation that releases long-chain fatty acids. Considering the feedstocks that are protein-rich, Nwokolo et al. [39] mentioned that these feedstocks have a high potential for methane yield. However, they increase the alkalinity of anaerobic digestion because of the degradation process that releases ammonium. This process enhances the digestate and inhibits the activities of the methanogens. Further, Nwokolo et al. [39] stated that this inhibition occurs because of the shift in equilibrium from ammonium to ammonia, usually in a concentration value of 53–1450 mg/L. On a broader scale, substrates or biogas production are classified into agricultural waste, industrial organic waste, and municipal waste.



6.1. Agricultural Waste (AW)


Agricultural wastes are widely used due to their availability, and they include animal waste and lignocellulosic biomass in the form of residue from crops and forest and energy crops. However, the authors chose to focus on animal waste as a major feedstock for biogas production. This is driven by its availability, biodegradability, and global usage as compared with others [39]. These animal wastes are characterized by high nutrient content and organic matter concentration, neutral pH, different microbes, etc. Hence, they produce a lower rate of biogas production because of their pre-digestibility by the animal intestine. The conversion of animal waste using anaerobic digestion provides benefits such as effective waste management techniques and sustainable biogas energy generation. Mostly, animal wastes, such those from pigs, goats, sheep, cattle, and poultry, are widely studied as viable substrates to produce biogas. Regarding characteristics of the animal wastes, parameters such as total solids (TS), volatile solids (VS), pH, and carbon-to-nitrogen ratio (C/N) play a vital role in the enhancement of biogas yield using animal waste. To this effect, the recommended ranges of these parameters for the different types of animal waste are summarised in Table 3.



From Table 3, it can be observed that different animal wastes have different parameter conditions (TS, VS, pH, and C/N ratio). The discrepancies in the physiochemical characteristics of these animal wastes can be attributed to their origin, the difference in their diet, variation in digestion, and intestinal micro-organism [48]. Depending on the pH, the buffering capacity protects the process of digestion against acidification linked with high total solids. Furthermore, animal waste with the required pH provides a suitable environment for the optimum functioning of the microorganism during anaerobic digestion. Total solids are responsible for the contribution of water towards the growth of microorganisms, thereby facilitating the dissolution and transport of nutrients. As the amount of water decreases or increases, it reduces the activities of microorganisms because of the total solids [49].




6.2. Industrial Waste (IW)


Industrial organic waste for anaerobic digestion consists of by-products, residues, and waste from numerous activities in the industries. Some of these industries include the food and beverages industry, pulp and paper industry, petrochemical industry, and textile industry. Selected wastes from industries include food and beverage waste, sugar, starch, and fruit processing wastes produced in large quantities. According to Lup et al. [50], industrial organic wastes are characterized by a high content of hydrocarbons, fats, and protein. Industrial wastes are usually not used as feedstock for anaerobic digestion, especially for biogas production, because of their low degradability (30–50%) and recalcitrant chemical properties [39]. This particular property does not affect food waste, which is an example of industrial waste. Hence, they are the most widely used substrate among industrial waste for anaerobic digestion. The pulp and paper industry generates waste of high biological oxygen demand (BOD), high dye content of 300–2800 m/g, and 1200–6500 colour units [20]. To improve the biodegradability of industrial waste for anaerobic digestion, it is recommended that they are co-digested with other substrates because of their low total solid content of <1%. However, industrial waste for anaerobic digestion employed various technologies which are specific for biogas production via anaerobic digestion. Some of these technologies are shown in Table 4.




6.3. Municipal Solid Waste (MSW)


Municipal solid waste is waste generated from household waste, commercial waste, and waste from cleaning. Precisely, it consists of a fraction of household and garden waste. The composition of MSW includes paper waste, plastic waste, glass waste, metal waste, organic waste, and textile waste. For efficient digestion of these solid wastes, impurities, such as plastics, glass, and metals, need to be removed, as they affect the operation of the process, especially for biogas production [51,52,53,54]. To lower greenhouse gas emissions and lessen the dependency on the use of external energy, the utilization of source-separated municipal organic waste is needed [55]. In considering the anaerobic digestion of MSW, particle size is one factor that must be considered. The particle size impacts the surface area, which increases and influences the hydrolysis rate during anaerobic digestion and lag phases. These are known as the limiting stage of adaptation of microorganisms to the substrate. [56]. Towards this, Parra-Orobio et al. [56] mentioned that a particle size of <2 mm is recommended and effective for methane production, having an electrical energy of 2960.4 kWh per week. The recommended particle size of <2 mm is 19% higher than in reactors with larger particles. Thus, the <2 mm particle size indicates lower design cost and maintenance. This is because the smallest particle enables a shorter retention time. Despite the recommended value of the particle size, an optimal range for the particle size still has not been defined. Notwithstanding, the size variability (from the crushing process) is another parameter capable of affecting the kinetics of the anaerobic digestion of MSW. Approximately1.3 tonnes of MSW are generated globally every year. This MSW consists of 46% organic waste, 17% paper waste, 10% plastic waste, 5% glass waste, 4% metal waste, 3% textile waste, 13% inert waste, and 2% miscellaneous waste [57].



At the continental level, Africa generates the highest organic composition of municipal waste at 66%, followed by Europe (54%), South America (53%), and then Asia (47%). North America and Australia are regarded as the countries with the least composition of municipal waste generation, producing 26% and 25%, respectively. The variation in the organic composition of this waste by continent might be attributed to the rates of the organic portion of waste from low-income countries (50–70%) versus high-income countries (20–40%) [58]. Interestingly, anaerobic digestion of municipal waste provides many benefits, such as the separation of organic biodegradable fractions from total municipal waste, generation of renewable energy, reduction of landfilling, and mitigation of pollution.



A grouping of the waste category of the feedstock required for anaerobic digestion was discussed earlier, and this is presented in Table 5.





7. Gasification Technology


The thermochemical conversion of biomass materials to produce syngas, coal, tar, and some low-molecular-weight hydrocarbons in the presence of the oxidizing agent is known as gasification [59]. Similar to anaerobic digestion (biogas), the major end-product of gasification is syngas, which consists of carbon monoxide, hydrogen, methane, carbon dioxide, and traces of other gases (flammable gases). Although the end application of gasification products is mainly for electricity and heat generation, it can be used as transportation fuel [60]. The biomass gasification system consists of the following individual units: a feeding system, gasifier, cyclone, and gas scrubber. These units are said to contribute to the overall efficiency of the gasification process [61]. During gasification, the oxidizing agent, consisting of oxygen, air, steam, or mixtures thereof, is usually provided in stoichiometric amounts to maintain partial oxidation of the biomass material. The choice of any of the oxidizing agents is guided by the expected quality of the syngas in terms of the heating value and cost [62]. To lower the cost, the air is usually used as an oxidizing agent; however, it results in syngas with low heating values (4–6 MJ/Nm3) [63]. This is said to be attributed to the higher concentration of nitrogen present in syngas. Using oxygen and steam as oxidizing agents increases the heating value of syngas. It was reported that the heating value of 9–10 MJ/Nm3 and 17–18 MJ/Nm3 was obtained for oxygen and steam, respectively. To maintain the partial oxidation of biomass material during gasification, there is usually the provision of sub-stoichiometric quantities [59].




8. Recent Studies on Gasification Focusing on Syngas Production


This section presents the selected recent studies conducted by various scholars and researchers on biomass gasification. This is necessary to have an overview and track the trend of research in this regard. On the positive side, the development of the biomass gasification process has contributed to high potential energy efficiency that is environmentally friendly and inexpensive, mostly as a waste-to-energy technology. Therefore, its contributions cannot be neglected, especially for the production of syngas. Currently, on the gradual progress made so far on biomass gasification, it is interesting to mention that some high-profile gasifier units have been installed and are operating in a different part of the world. Table 6 shows a few of the gasification plants installed in selected parts of the world.



Reviewing the recent studies on biomass gasification from the literature, the gasification of eucalyptus wood chips in a downdraft gasifier to produce syngas in South Africa was conducted by Nwokolo et al. [59]. The authors sourced the eucalyptus wood chip from the sawmill industry. The eucalyptus wood was gasified using air as the oxidizing agent, and the produced syngas were measured. With the aid of a non-dispersive infra-red sensor and palladium/nickel (Pd/Ni) gas sensor., the volumetric composition of the syngas produced was as follows; hydrogen (22.3–22.5%), carbon monoxide (22.3–24.3%), methane (1.9–2.1%), carbon dioxide (9.8–10.7%), and nitrogen (41.5–42.9%). These syngas produced a higher heating value (HHV) of 6.08 MJ/Nm3, obtained from hydrogen, carbon monoxide, and methane composition. The study provided evidence that gasification is an alternative for the waste-to-energy conversion.



To predict and optimise the rate of syngas production, Dang et al. [65] developed a robust biomass gasification process model. This was possible by incorporating updated biomass reaction kinetics and dense bed hydrodynamics into the Aspen Plus platform. The model was developed using 864 datasets of four input parameters and demonstrated good agreement and best line of fit under a range of operating conditions. This was achieved when comparing the model prediction with the experimental result. An optimal syngas yield from 61.4% to 78.5% by volume was obtained on a dry N2-free basis. According to the optimization model result, a maximum syngas production of 78.6 vol% occurred at a temperature of 900 °C, equivalent ratio (ER) of 0.23, steam-to-biomass (S/B) ratio of 0.21, and moisture content (MC) at 30 wt%.



Li et al. [26] carried out an experimental study on the gasification of cotton stalks to enhance the Boudouard reaction and carbon monoxide production. The parameters studied included carbon dioxide flow rate (50–400 mL/min), carbon dioxide concentration (0–100%), temperature (750–950 °C), and feedstock particle size of 0.1–8 mm. From the study, it was revealed that high temperature had a positive effect on gas yield and gasification efficiency (GE) due to the Boudouard reaction. As the particle sizes increased, GE first increased and then decreased due to the different heating conditions of the particle, with the highest GE of 88% at 0.8–1 mm obtained. The yield of CO and GE improved with an increase in the flow rate of CO2 and CO2 concentration. However, the conversion rate of CO2 decreased at a large CO2 flow rate, and the growth rate of GE decreased for CO2 concentrations greater than 50%. Therefore, the maximum gasification efficiency (GE) reached up to 125% at the recommended optimum temperature, particle size, and CO2 concentration of 850–900 °C, 50–100%, and 1mm, respectively. Gasification efficiency (GE) is defined as the ratio of the low heating value (LHV) of gases to that of biomass feedstock.



Synthesis gas composition was obtained from the gasification of biomass involving a mixture of carbon black, resulting from waste tires and sewage sludge. Varank et al. [66] modelled the process via the response surface method, while optimization involved the use of Box–Behnken design. For the syngas composition, the determination coefficient obtained for H2, CO, CH4, and heating values was 92.86%, 95.40%, 96.15%, and 96.80%, respectively. These were the indicators used for the modelling using a second-degree polynomial equation. The high determination coefficient reported was an indication that the polynomial equation conformed to a sufficient level with the experimental data. Based on the validation result, the percentages of the H2, CH4, and CO were 12.75%, 8.07%, and 7.87%, respectively, whereas the heating value was 1420.3 kcal/m3. The findings from the study confirmed that the gasification process was suitable for the production of high-quality syngas from waste material and recommended the use of the Box–Behnkan design for the optimization of the process.



To produce syngas, Peng et al. [67] employed the use of a catalyst during the gasification of wood residue in a fluidized bed gasifier while using a combination of air and steam as an oxidizing agent. During the study, the following parameters were considered; catalyst loadings (20%, 30%, and 40%) at residence time (20, 40, and 60 min) and temperature (750, 825, and 900 °C). The authors revealed that a high temperature of 900 °C, catalyst loading of 40%, and residence time of 60 min was found most suitable to produce syngas of high quality.



To facilitate the optimization of energy efficiency and economic viability of biomass gasification, Yao et al. [68] developed a gasification model. The model aimed to predict the rate of production and quality of syngas. It was mentioned that the three regions of the velocity profiles (natural convection region, mixed convection region, and forced convection region) were used for the development and building of the model. From the study, it was observed that the developed model provided accurate predictions against experimental data; nonetheless, there was a deviation of approximately 10%. Moreover, an equivalence ratio of 0.25 was found suitable for maximizing the economic benefits of biomass gasification.



Air steam gasification of pine sawdust with calcined cement as a catalyst was investigated for the production of syngas. The study was motivated by the operational problems relating to the formation of tar during gasification. As a result, tar was minimized in the producer gas due to catalyst cracking. According to Sui et al. [69], the employment of cement as a catalyst enhanced the hydrogen concentration and lowered the tar yield.




9. Intensification of Gasification Process


As mentioned earlier, in anaerobic digestion, intensification focuses on ways to enhance and improve biomass gasification. To optimize the process of gasification, Paulauskas et al. [70] investigated the efficacy of residual char gasification in a gasifier. The study used char made from wood and sewage sludge under different operating conditions in the gasification set-up. The findings showed that the intensifier and additive caused an increase in air flux from 0.11 kg/m2s to 0.32 kg/m2s as well as in the gasification rate from 0.8 to 2.61 g/min. Consequently, a 72% decrease in the duration of wood char gasification was recorded. This implies that wood char and sewage sludge char are suitable for the intensification of biomass gasification.



A continuous fly ash circulation was used as an intensifier or enhancer in industrial dual-fluidized gasification systems. This was evidenced in the study conducted on the effect of ash circulation on the performance of a dual fluidized bed gasification system. In the study, Pissot et al. [71] mentioned that ash-forming elements are released from fuel during the gasification of biomass. Hence, these elements are known to have a positive impact on the quality of the gas produced. To assess the impact on the gas quality, the coarse ash was intensified by an injection of untreated olivine in fine particle size and then recirculated. This resulted in a decrease in the tar concentration. From the study, it was revealed that the effect of ash circulation increased with time at a higher rate than in the control experiment.



In another study, Chen et al. [72] explored the use of calcium oxide in the steam gasification of sewage sludge to enhance the quality of syngas and hydrogen yield. The calcium oxide (CaO) was in situ to capture CO2 released directly from the biomass matrix, thereby causing a steam reformation reaction. This process drives the conversion of biomass process in the production of more hydrogen. Thus, the quality of hydrogen in the gas stream was enhanced as high as 70–80% due to CO2 sorption.



Similarly, Yang et al. [73] developed a two-stage sorption that relies on the integration of a CaO-based CO2-carrying cycle in the gasification of sewage sludge, thereby intensifying the sludge carbon. During this process, the CO2 was first captured and stored in the form of CaCO3 at a higher temperature to gasify the sludge char for carbon monoxide (CO) production. The proposed intensification process resulted in 284.7 NmL of syngas per gram of dry sludge, gross CO/H2 molar ratio of 2.3, and hydrogen and carbon-rich gas steam at a temperature of 550 °C and 750 °C, respectively. The study recommends CaO-based CO2 as an efficient option for improving carbon during the gasification of sewage sludge. On a similar note, the use of calcium oxide improved the mole ratio of hydrogen from 0.0 to 0.70 and the yield of syngas from 10.70 vol% to 49.40 vol% [74].



As observed, the catalyst enhanced syngas yield because of its effect on the activation energy [21]. To improve the formation of hydrogen, the study used dolomite (MgCO3·CaCO3) as a catalyst, which was calcinated for 4 h at a temperature of 900 °C. Dolomite, being a natural mineral-based catalyst, enhanced the formation of hydrogen. One advantage of dolomite is that it is inexpensive, abundantly available, and can aid in the removal of tar from producer gas [75]. Findings from a study by Guan et al. [76] revealed that the application of dolomite in MSW gasification reduced the content of tar from 9.71 weight% to 0.0 weight% and increased the syngas production from 0.620 to 1.470 m3/kg feedstock. Regarding the content of hydrogen in the syngas, this also increased from 30.6 to 50.2%. In a similar development, transition-metal-based catalysts (copper, iron, and cobalt) are said to be efficient and effective in the steam reformation of tar. For high tar content in syngas, these transition-based catalysts are easily deactivated during carbon deposition [74]. Nickel is another suitable catalyst that aids in deactivation and sintering during gasification reactions and reducing fouling. For instance, Wang et al. [77], mentioned that the addition of nickel oxide (NiO) in MSW gasification caused an increase in the rate of syngas production from 0.78 to 1 m3/kg MSW and in hydrogen production from 21.9 to 80.7 g H2/kg MSW.




10. Feedstock for Gasification Technology


Biomass gasification entails the use of various types of feedstocks, which include but are not limited to, woody biomass (chips, wood pellet, sawdust, and tree bunches); agricultural and food biomass (rapeseed, jatropha, miscanthus, sugar cane bagasse, nutshell, rice husk, wheat straw, and oil production waste); and industrial and animal biomass [64]. Before gasification, feedstocks are characterized to determine their suitability; Table 7 presents the characterization of some selected feedstocks for gasification.



For a successful study of the gasification process, the feedstock and its properties are necessary for syngas production [90]. These properties (moisture content, heating value, content of ash, alkali metals, and lignin ratio) are briefly discussed, as they affect the composition and yield of the syngas [91,92]. A study conducted by Tian et al. [34] revealed that feedstock with a high composition of cellulose and hemicellulose resulted in the production of syngas with a higher concentration of carbon monoxide and methane, whereas feedstock with a high composition of lignin generated syngas with a higher concentration of hydrogen.



Having provided the summary of the properties of some selected feedstock for gasification in Table 7, it is important to state the optimum ranges for these feedstocks according to their classifications. Hence, Table 8 presents the summary of the recommended operating parameter of biomass waste from the literature.




11. Bibliometric Analysis of the Study


In this section, the data employed were obtained from the Web of Science (WoS) core collection. In total, 207 and 801 results from the WoS the core collection were obtained for anaerobic digestion and biomass gasification, respectively. The choice of WoS was to maintain consistency in the study and avoid any overlap in the data collection. The period considered for the search was set to be 10 years from 2011 to 2021, focusing on journal types, publishers, and countries. Original articles, review papers, and proceeding papers were the document types considered; these are presented in Table 9a,b. This search was carried out to investigate the trend in research on anaerobic digestion and biomass gasification. For the successful analysis of the bibliometric, the keywords criteria used were “anaerobic digestion”, “biogas digester”, and “biogas” for anaerobic digestion, while for biomass gasification, the keywords used were “biomass gasification”, “gasifier”, and “syngas”.



Although the entire period set for bibliometric analysis was 2011 to 2021, the authors also considered the recent years from 2017 to 2021. It was observed that there is a fluctuation in the total number of publications in the two research fields, implying that the research in the two fields has not been consistent. Hence, future study is recommended. Regarding the journals, Energy and Fuel are the most active journals in terms of the number of publications in anaerobic digestion and biomass gasification, with 83 and 587, respectively. The Energy and Fuel journals are published by Elsevier. For the anaerobic digestion and biomass gasification research, Elsevier published a total number of 80 and 498 publications (original article, review paper, and proceeding papers). Moreover, it can be deduced that Energy, Fuel and Green Sustainable Science Technology are present and common in research or study. In addition, in terms of publishers, Elsevier, Springer Nature, and Taylor and Francis are known as the popular publishers present in both journals. For countries researching anaerobic digestion and biomass gasification, China is regarded as the leading country (See Table 9a,b). This might be because of the country’s interest in funding renewable energy and alternative energy research, especially as it relates to anaerobic digestion for biogas production and biomass gasification for syngas production.




12. Challenges Facing Anaerobic Digestion and Biomass Gasification


The recent challenges and future concerning anaerobic digestion and biomass gasification are discussed. For anaerobic digestion, though additives play an essential role during the intensification and enhancement of the anaerobic digestion process as earlier seen, not all of them (microbes) can stimulate complex organics, such as municipal sludges. Therefore, the need for favourable conditions capable of enhancing healthy growth over competing microorganisms should be developed. To achieve this, a biogas digester with two stages of anaerobic digestion has the tendency and capability to enrich the bacteria. To meet the energy demands with fewer carbon emissions than conventional energy systems, new technologies for generating this must be flexible. In this regard, carbon material as an enhancer or additive plays a critical role in this area. However, continued research in this direction is necessary in enhancing methane production in the future. Therefore, on the basis of the experimental studies, it can be seen that more attention and interest should be given to additives and their effect on continuous biogas digesters. [93,94,95]. Furthermore, regarding feedstock variability, Uddin and Wright [36] mentioned that the wide variability in the properties (physical and chemical) is a problem in choosing the proper technology. That is, the physical properties (feedstock size and moisture content) need to be compatible with the gasification technology. In the Akinbomi et al. [96] study, the challenges relating to anaerobic digestion focus on environmental and operational factors. The study revealed anaerobic digestion was inhibited by fluctuations in temperature, pH, and ammonia concentration. Nonetheless, the composition of the feedstock, position, handling, pumping, and mixing of the high-solids waste also play a role. According to Akinbomi et al. [96], anaerobic digestion is affected by temperature, pH, and feedstock composition (with regard to C/N). These are referred to as environmental factors. The authors recommended that the condition of the parameter of these environmental factors must be met for a stable, optimal, and efficient anaerobic digestion system. Accumulating intermediate products, such as ammonia, volatile fatty acid, and long-chain fatty acid, during anaerobic digestion is usually detrimental for the microbes, thereby causing process inhibition. For instance, NH3 consumes VFA, which is responsible for the lowering of methane production via methanogens. As a result of this, the accumulation of VFA reduces the pH of the biomass digester. The higher organic loading rate is caused as a result of an accumulation of volatile fatty acids [37].



For biomass gasification, the thermodynamics of its operation is not well understood. The limitation affecting biomass gasification can simply be understood on the basis of a technical issue that the gasification technology is facing with poor mixing and heat transfer within the gasifier [97]. According to the authors, this makes it a bit challenging to achieve an even distribution of fuel as well as temperature across the geometry of the gasifier. Therefore, it is reported that the scaling-up of the gasifier is difficult. This is attributed to the characteristic of the design (gasifier geometry and air inlet velocity) [97]. Furthermore, the operation of the gasification process is said to be complex. This is a result of the need to simultaneously control air supply, bed material, and feedstock during the operation of the gasifier [98]. This factor prompts the high particulate observed, which circulates and causes equipment erosion during the gasification of syngas. Therefore, the gasifier requires high-pressure conditions for successful operation. Hence, this leads to low volumetric gas flow rate, condensation during compression, and other complications (defluidization). Although the process of biomass gasification has been in existence all this time, the fundamental principles underpinning its operation are still vague. This is especially true concerning the type of material suitable as feedstock. Due to the high temperature and pressure of the gasification process, there is deposited liquid ash in the gasifier wall because of the turning of fuel oxygen mixtures into the turbulent flame of the dust. This development brings about a technical issue when analysing the ash melting behaviours of the material used as feedstock in the gasification technology. As a result of its operating conditions, a specific type of material is used as a feedstock because of its complexity [97].




13. Conclusions and Recommendation


Among the various sources of renewable energy, biomass energy is regarded as the most widespread and readily available renewable energy source globally. Anaerobic digestion and biomass gasification have been identified as suiting technologies for their conversion to valuable products. Therefore, this research study reviewed recent advances in these technologies (2017–2021): intensification, feedstock, bibliometric analysis of anaerobic digestion, and biomass gasification. The review concluded by providing the challenges affecting both technologies. Having successfully established these headings under the present review, the following key findings in the field of anaerobic digestion and biomass gasification have been highlighted.



The system design for the biogas digester and gasifier depends on the dimension and material used for construction and fabrication. In terms of the performance of both technology, temperature affects both anaerobic digestion and biomass gasification. Therefore, the employment of intensifiers, additives, and enhancers is a promising approach to use and is required for improving the process of anaerobic digestion and biomass gasification, although co-digestion is recommended for anaerobic digestion due to its contribution to enhancing methane production. From the review, despite the various feedstock or substrates used in both technologies (agricultural and food waste and industrial waste), it was observed that animal waste and woody biomass are used mostly as feedstock or substrate for anaerobic digestion and biomass gasification, respectively. Considering the academic trend of the study, China is seen as the leader in anaerobic digestion and biomass gasification research. Based on this, the country will see a growth of biogas and syngas production in the coming years. Energy, Fuel, and Green Sustainable Science Technology are the most active journals on anaerobic digestion and biomass gasification. The review recommends the necessity to conduct a comprehensive and detailed bibliometric analysis of the status and trend of research in anaerobic digestion and biomass gasification technologies. To widen the scope of the technologies, more experimental studies are needed, focusing on intensification to enhance and improve both anaerobic digestion and biomass gasification. Future works are required, focusing on the development of a hybrid system in combining anaerobic digestion and gasification for the recovery of energy from animal waste and woody biomass.
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Table 1. Additives used in anaerobic digestion enhancement.






Table 1. Additives used in anaerobic digestion enhancement.





	Types of Additives
	Functions
	References





	Enzymes (Cellulose, Amylase, Lipase, etc.)
	Facilitate the activities of hydrolysis of the particulate compounds
	[19]



	Nutrients (Nitrogen, Phosphorus, Potassium, etc.)
	Essential for the growth of biogas fermentation microorganisms
	[20]



	Microelements (Iron, Cobalt, Nickel, etc.)
	Essential for methanogens activities
	[21]



	Inhibitors (Heavy-metal ions)
	Promote the biological activity of the system at a low concentration
	[22]



	Forming agent (Polyester deformer)
	Help to eliminate formation during anaerobic digestion
	[23]



	Absorbent (Aluminium powder)
	Help to increase biogas content and methane content to a different degree; decrease BOD and COD content
	[24]



	Chelating agent
	Increase the growth rate of methanogens and gas production of anaerobic digestion
	[25]



	Accelerants
	Increase biogas yield or production, COD, and buffer capacity as well as degradation rate
	[20,21,26,27]



	Carbon-based materials (Carbon nanotube, Graphene, and Carbon cloth)
	Promote microbial growth and microbial immobilization; provide nutrients to microbes, resulting in faster methane production; stimulate the mechanism of methanogens as well as improve the efficiency and stability of the anaerobic process, thereby increasing methane yield
	[28,29,30,31,32]
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Table 2. Reported studies on nutritional composition for AD with methane yield and composition [37,38].






Table 2. Reported studies on nutritional composition for AD with methane yield and composition [37,38].





	Composition of Nutrient
	Methane Yield (m3/kgVS)
	Methane Composition (%)





	Carbohydrate
	0.42
	50



	Protein
	0.50
	50



	Lipids
	1.01
	70
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Table 3. Optimum ranges of substrate parameters for enhanced biogas production.
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	Animal Waste
	Total Solids (TS)
	Volatile Solids (VS)
	pH
	Carbon/Nitrogen Ratio
	References





	Pig manure
	6.4–7.5
	6.2–82.8
	6.4–7.5
	5.7–13.5
	[40,41,42,43]



	Goat manure
	33.7–55.5
	27.7–89.4
	7.9
	18.0
	[44,45]



	Sheep manure
	22.3–40.0
	18.7–72.7
	7.16–8.1
	11.3–14.7
	[26,44]



	Cattle manure
	14.5–22.7
	11.9–72.0
	7.1–8.6
	14.59–18.9
	[26,40,44]



	Poultry manure
	20.0–92.6
	18.3–84.1
	6.9–7.4
	7.5–9.75
	[22,40,46,47]
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Table 4. Various technologies employed in industrial waste for anaerobic digestion [36].
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	Technologies for Industrial Waste
	Description





	Up-flow anaerobic sludge blanket (UASB)
	This involves the pumping of waste into the sludge bed, consisting of granular bacteria and a sludge blanket. The UASB essentially separates gas and prevents bacteria sludge from flowing into the waste.



	Anaerobic fixed-film (AFF) system
	The AFF employs the use of a fermentation tank to provide a biological firm as an intermediary on which to fix bacteria, thereby reducing bacteria losses from the system.



	Continuous stirred tank reactor (CSTR) system
	This technology uses a stirring machine characterized by high efficiency of digestion to reduce the hold-up time within the anaerobic digester.



	Modified covered lagoon (MCL) system
	The MCL system is covered by high-density polyethylene (HDPE) plastic sheet as a container for biogas production. This system increases the contact area of bacteria sludge with the waste.
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Table 5. Feedstock of anaerobic digestion by waste classification.
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	Feedstock for Anaerobic Digestion
	Source of Waste





	Animal waste
	Energy crop, livestock manure, remains from harvest and farm mortality, etc.



	Industrial waste
	Dairy product waste, processing of food/beverage, pharmaceutical industries, waste from a slaughterhouse, residues from agro-processing, etc.



	Municipal waste
	Sewage sludge, yard trimmings, food waste from restaurants, and organic fraction of MSW.
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Table 6. The recent operating gasifier units with their capacity and locations [64].
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	Gasifier Unit
	Location
	Capacity





	TCG global steam reforming
	USA
	136,000 t/year



	Two-stage thermal process
	Norway
	78,000 t/year



	Fixed-bed dry bottom
	USA
	16,000 t/day



	General Electric
	China
	1500 t/day
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Table 7. Characteristics of feedstock for gasification.
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Woody Biomass




	
Types of Feedstocks

	
Moisture Content (wt%)

	
Volatile Matter Content (wt%)

	
Ash Content

(wt%)

	
Heat of Combustion (MJ/kg)

	
References






	
Wood pellet

	
6.7

	
84.3

	
0.8

	
20.8

	
[78]




	
Saw dust

	
7.4

	
-

	
0.6

	
-

	
[79]




	
Chips (pine wood)

	
4.5

	
78.4

	
2.6

	
16.1

	
[80]




	
Root of mango tree (tree bunches)

	
5.73

	
67.87

	
3.91

	
18.52

	
[81]




	
Eucalyptus prophyll

	
11.37

	
75.34

	
0.27

	
17.16

	
[82]




	
Agricultural and Food Biomass




	
Miscanthus

	
10.67

	
65.65

	
5.34

	
17.00

	
[81]




	
Oil production waste

	
5.9

	
80.1

	
7.6

	
20.1

	
[78]




	
Sugar cane bagasse

	
-

	
87.4

	
2.9

	
-

	
[83]




	
Wheat straw

	
2.50–7.00

	
60.0–75.0

	
5.64–15.0

	
16.12 ± 0.19

	
[78,84,85]




	
Rice husk

	
8.02

	
61.43

	
18.02

	
-

	
[84]




	
Pea nutshell

	
-

	
84.1

	
1.4

	
-

	
[83]




	
Cocoa nutshell

	
7.16

	
68.58

	
2.26

	
-

	
[84]




	
Jatropha seed cake

	
-

	
73.5

	
7.3

	
-

	
[83]




	
Animal and Industrial Biomass




	
Microalgae

	
3.0–10.0

	
70–81

	
5.0–10.0

	
20.0–25.0

	
[86,87]




	
Brewer’s spent grain

	
3.97

	
83.3

	
3.22

	
21.6

	
[88]




	
Spent coffee grounds

	
2.66

	
80.44

	
1.25

	
-

	
[85]




	
Natural rubber

	
1.71

	
89.98

	
3.60

	
45

	
[89]
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Table 8. Summary of recommended operating parameters of biomass waste for gasification technology [64].
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	Classification of Biomass
	Moisture Content (wt%)
	Volatile Matter (wt%)
	Ash Content (wt%)
	Heat of Combustion (MJ/kg)





	Woody biomass
	4.0–12.0
	60.0–85.0
	0–5
	16.0–20.0



	Agricultural and food biomass
	2.0–12.0
	64.0–85.0
	0–18
	15–17



	Animal and industrial biomass
	3.0–10.0
	70–81
	5–10
	24–25
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Table 9. (a) Bibliometric analysis of anaerobic digestion research. (b) Bibliometric analysis of biomass gasification research.






Table 9. (a) Bibliometric analysis of anaerobic digestion research. (b) Bibliometric analysis of biomass gasification research.





	
(a)




	
Anaerobic digestion

	
Publication year considered

	
Document type considered

	
Journals

	
Publishers

	
Countries




	
2017 (18)

	
Original articles (169)

 

 

 

Review papers (21)

 

 

 

Proceedings papers (18)

	
Energy and Fuel (83)

	
Elsevier (80)

	
India (30)




	
2018 (21)

	
Environmental Science (56)

	
Springer Nature (34)

	
China (28)




	
2019 (17)

	
Biotechnology Applied Microbiology (48)

	
Wiley (11)

	
Germany (24)




	
2020 (15)

	
Green Sustainable Science Technology (30)

	
Taylor and Francis (10)

	
Denmark (20)




	
2021 (23)

	
Agriculture Engineering (28)

	
MDPI (8)

	
South Africa (16)




	
(b)




	
Biomass gasification

	
Number of publications per year

	
Document Type

	
Journals

	
Publishers

	
Countries




	
2017 (18)

	
Original articles (764)

 

 

 

Proceedings papers (47)

 

 

 

Review papers (37)

	
Energy and Fuel (587)

	
Elsevier (498)

	
China (147)




	
2018 (21)

	
Engineering Chemical (293)

	
American Chemical Society (58)

	
USA (100)




	
2019 (17)

	
Thermodynamic (150)

	
Springer Nature (50)

	
Italy (93)




	
2020 (15)

	
Green Sustainable Science Technology (83)

	
MDPI (47)

	
Malaysia (43)




	
2021 (23)

	
Environmental Science (77)

	
Taylor and Francis (29)

	
Sweden (43)








(a) Source: https://www.webofscience.com/wos/woscc/summary/211f5dbe-3eb0-4982-b0eb-72df5c6c1513-569f8899/relevance/1 (accessed on 30 June 2022); (b) Source: https://www.webofscience.com/wos/woscc/summary/df29a3ed-2d94-4f12-9c07-ae972f7233b5-3d84b141/relevance/1 (accessed on 30 June 2022).
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