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Abstract

:

Biochar produced during the thermochemical decomposition of biomass is an environmentally friendly replacement for different carbon materials and can be used for carbon sequestration to mitigate climate change. In this paper, current biochar production processes and top market applications are reviewed, as well as emerging biochar uses gaining momentum in the market. Various application fields of biochar, including agricultural applications (e.g., soil conditioning), adsorption (for soil and water pollutants), carbon sequestration, catalysis, or incorporation into composites or construction materials, are also presented and discussed. According to this literature overview, slow pyrolysis is the preferred process for biochar production, whereas agricultural applications (for soil conditioning and fertilization) are the most studied and market-ready solutions for biochar use. The Alentejo region (Portugal) shows tremendous potential to be a major player in the developing biochar market considering feedstock availability and large areas for biochar agricultural application. Biochar’s production potential and possible benefits were also estimated for this Portuguese region, proving that agricultural application can effectively lead to many environmental, economic, and social gains.
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1. Introduction


Biochar is a carbon-rich amorphous and aromatic material that may present various interesting properties such as high hydrophobicity, alkaline nature, relevant concentrations of nutrients (N, P, and K), good water and nutrient retention capacities, low thermal conductivity, high energy content, and high superficial porosity that enable interaction with external organic and inorganic compounds [1,2,3]. These properties are largely dependent on feedstock type and biochar production conditions. Although biochar is mostly recognized as a valuable resource for soil fertilization and conditioning, this material also has significant potential to be used for water filtration and remediation processes, as an animal feed supplement, for greenhouse gas (GHG) emission control (carbon sink feature), for insulation materials for the building sector, as an electrode material (for energy production and storage), cosmetic products, biogas production and improvement, and in catalytic processes. The costs involved in its production and the unsuitability of some samples for soil incorporation have encouraged the use of biochar in domains other than agricultural activities and the investigation of new alternatives with more favorable economic returns [2,3,4].



Although biochar shows widespread application prospects in terms of mitigating environmental issues, the actual impact of biochar on the environment is still unclear, in particular the possible release of polycyclic aromatic hydrocarbons (PAH) and metal ions, which needs to be further investigated during its application [5]. Moreover, legislation regarding biochar is still under development, and existing policies are mostly related to its widespread use in the agricultural sector, particularly as a fertilizing product [6].



In order to fully harness biochar’s promising properties, research and development on different carbonization technologies are still required, particularly to improve process efficiency and environmental sustainability (e.g., energy integration, proper use of byproducts in a circular perspective), and ensure that biochar has enough quality for the intended end-use. As such, standardized systems for biochar production and use (which currently are mostly voluntary certification schemes) need to be further established to allow biochar markets to develop in the coming years [5,7].



This paper intends to briefly describe current biochar production technologies as well as biochar’s top market and emergent applications. An overview of biochar’s European legislative framework is also performed, which is of relevance not only to assessing biochar’s legal definition and quality parameters but also to assessing current and future market prospects.




2. Biochar Production Technologies


Amongst the well-known carbonization processes, pyrolysis, gasification, hydrothermal carbonization (HTC), and torrefaction are generally employed to obtain biochar from several raw materials and for various types of applications.



Slow pyrolysis is a thermal conversion technology conducted at temperatures between 300–800 °C, aiming to maximize biochar yield. The process is performed at atmospheric pressure, and it is characterized by a relatively long residence time and low heating rates [8]. Different types of reactors have been used for biochar production via slow pyrolysis, such as agitated drum sand rotating kilns, wagon reactors, and paddle pyrolysis kilns. Moreover, in this process, high biochar yields are favored when using feedstocks with high lignin and ash content, along with large particle sizes. These characteristics improve biochar yield by increasing cracking reactions that reduce the amount of bio-oil (liquid products). On the other hand, fast pyrolysis offers particularly promising advantages in maximizing bio-oil yield (up to 75 wt.%), basically due to the very significant heating rates (over 200 °C/min) and shorter residence times [9].



Unlike pyrolysis, the gasification process is carried out in the presence of an oxidizing agent, and it is primarily used for syngas production (i.e., H2, CO, CO2, CH4). As a result, biochar is considered a byproduct, and yields are low (<25%), resulting in limited research on the feasibility of biochar production [3,10].



Besides pyrolysis and gasification, torrefaction is an emerging approach for biochar production. In this process, moisture, CO2, and O2 contained in biomass are removed under inert conditions at 200–300 °C and long polysaccharide chains are depolymerized to produce a hydrophobic solid product with a low O/C ratio [11]. This process is generally operated with a slow heating rate; hence, it is also known as mild pyrolysis. Nonetheless, torrefaction is not considered a promising technique for biochar production, regardless of the higher product yields (70–80 wt.%), because torrefied biomass still contains a significant fraction of volatile components from raw biomass and the physical-chemical properties do not meet biochar requirements (e.g., O/C > 0.4). As a result, torrefaction is often used as a biomass pre-treatment process for moisture removal, feedstock densification, and increased brittleness [12].



Opposite to pyrolysis and torrefaction, which are carried out under a dry atmosphere, HTC proceeds in wet conditions and can also be referred to as wet pyrolysis or wet torrefaction. This process is performed in a biomass-water solution at temperatures of 180–300 °C and autogenous pressure (subcritical conditions) for several hours. Similar to pyrolysis, HTC presents significant biochar yields (50–80 wt.%), but also a liquid fraction composed of a bio-oil and water mixture (5–20 wt.%), and a gas phase that mainly includes CO2 (2–5 wt.%) [13]. The great interest in HTC for biochar production is that the process can avoid the energy-intensive drying step that is usually required for conventional pyrolysis, and thus minimize operational costs. Also, HTC can convert feedstocks having >75 wt.% moisture content (diversifying feedstock options for biochar production) and decrease the leaching of salts and minerals, yielding biochars (or hydrochars) with reduced ash content [14].



Overall, slow pyrolysis is the preferred process for biochar production. The technology can be applied to almost all types of biomass feedstocks and the slow heating rates, coupled with low temperatures and long residence times, are appropriate for the formation of stable carbonaceous solid materials [15]. Moreover, it should be highlighted that for the above-mentioned processes, particularly pyrolysis, torrefaction, and HTC, there are other products of interest, such as bio-oil, which can be further processed into drop-in liquid biofuels; wood vinegar, which can be applied as a biopesticide; or HTC process water, which shows potential to be used in hydrothermal gasification for producing renewable gases or synthetic liquid biofuels. Addressing the application of these by-products is of extreme relevance to achieving circularity and, consequently, increased sustainability in biochar production.



Table 1 summarizes and compares the typical operating conditions and biochar yields of the described biochar production processes.



In line with the chosen production process, the physical-chemical properties of biochar are very important to define its final application. Biochar characteristics and yields are highly dependent on feedstock and operation parameters, particularly temperature. Ippolito et al. (2020) studied the influence of feedstock choice and process parameters on main biochar properties through a meta-analysis. The authors assessed that process type plays a minor role in biochar’s physical-chemical properties, whereas temperature is the dominating parameter. Higher process temperatures can be responsible for increased carbon content and specific surface area (SSA) properties that promote soil improvement when using biochar. The authors also stated that feedstock choice has the largest influence on biochar properties, with wood-based feedstocks presenting higher SSA and crop- and grass-based biochars showing increased cation exchange capacities (CEC). The overall results of the study, including temperature and feedstock variations, are represented in Table 2 [18].



As seen in Table 2, different feedstocks show different properties that affect biochar mass and energy yields and their designated applications [8,19]. Feedstocks rich in nutrients, such as manures and biosolids, produce biochar with high nutrient content, which is reflected in their values of CEC, AEC, CCE, and ash content. Moreover, wood-based biochar presents increased values of SSA and PV, meaning that these biochars have very significant potential for the removal of organic pollutants, carbon sequestration, and amending soil pH [20]. The pore size may vary between 2–18 nm (mesopore range) when the biochar is obtained from the pyrolysis of rice straw and tends to decrease with the process temperature [21]. Regarding biochar yields and feedstock variability and composition, in general, higher biochar yields can be obtained from feedstocks with higher ash contents, but the effect is less pronounced for ash contents >5% [22]. According to different studies, cellulose and hemicelluloses are the most promising components in producing volatile products via thermochemical conversion (e.g., pyrolysis) because these two compounds have a lower molecular weight than lignin and are easily released as pyrolytic gas. On the other hand, lignin is the main component responsible for biochar production due to its resistance to thermal degradation; as such, feedstocks with higher lignin contents generally lead to higher biochar yields [19,20].



Temperature is considered the most important parameter in controlling carbonization reaction mechanisms. This property influences the characteristics and yield of biochar to a greater extent when compared with residence time, heating rate, or feedstock particle size [8]. In general, process temperature affects SSA, pH, carbon content, stability, volatile fraction, and other biochar physical-chemical properties. Biochar produced at low temperatures can present high acidity, polarity, and low aromatic content, as well as low hydrophobicity. When process temperature is increased, acid functional groups (e.g., hydroxyl or carboxyl) and mass yields are reduced, meaning that alkaline functional groups increase along with pH and ash content. In addition, as a consequence of higher process temperature, volatile compounds are further released, resulting in larger SSA values and a more developed pore structure (increased PV) [9]. These features of high-temperature biochars indicate that their most suitable applications are related to the sorption or retention of nutrients and contaminants (organic and inorganic), while PV is assumed to affect water availability and soil aeration. Some authors have been emphasizing that biochar particle size can affect plant nutrient content, nutrient availability in growing media or soils, and PAH content [23,24,25]. The addition of biochar particles of different sizes can directly affect biochar-soil interactions, causing changes in the soil’s physical properties. The smaller the biochar particles, the better the mixing and interaction with soil particles [26]. Given that biochar’s characteristics are influenced by several parameters, the corresponding biochar properties also vary widely. This fact relates to arguably the most prominent aspect of biochar as a marketable product: the ability to be “tailor-made”. Since biochar is becoming increasingly used in several areas, standardization before its final use is extremely important to generalize and predict its performance in different applications.




3. Biochar Applications


In the following subchapters, a description of potential biochar applications and related studies is presented to provide an idea regarding market diversity for these materials.



3.1. Agricultural Applications


Several studies have reported that the use of biochar for soil amendment improves soil physical properties, hydrological characteristics, water content, and water use efficiency, as well as soil fertility and crop yields [27]. Mixing biochar with decomposed manures, composts, and crop residues also improves nutrient use efficiency.



Soil application methods are heavily influenced by farming system type, labor availability, and power machinery available [28]. In Portugal, soils have very little carbon content. Thus, “tailor-made” biochars can be developed for particular soils and crops to achieve specific outcomes [29]. Despite these benefits, the feasibility of using biomass wastes to produce biochar for subsequent use in agriculture depends on its environmental and economic performance. Limitations exist since farmers are often risk-averse and have less investment capacity than other potential users, and there is still an enormous variability in the predictability of biochar impacts [30,31]. Agricultural biochar markets are also very seasonal, requiring producers to store large quantities of biochar or find alternative markets. The European biochar market has been mostly focused on livestock, with 90% of the biochar produced being used in livestock farming, whether mixed with feed, added to litter, or used in the treatment of slurries. This situation may be mainly due to the lack of regulation regarding the application of biochar as a soil amendment [32]. Therefore, in terms of marketability, it is important to understand which benefits matter the most to each farmer and which specific product biochar can potentially replace. Furthermore, the cost of biochar is critical for determining livestock pricing [33]. Some published cases of biochar use in agriculture are summarized in Table 3.




3.2. Control of GHG Emissions


Currently, 60% of the global warming effect is caused by CO2 emissions, meaning that new strategies must be implemented to control carbon dioxide levels in the atmosphere. Biochar has an interesting ability to retain significant amounts of carbon for longer periods that may range from decades to thousands of years. In particular, biochar can be used for carbon sequestration by retaining CO2 captured by the vegetable feedstock used for its production. When applied as a soil amendment, biochar contributes to climate change mitigation by fixing carbon in stable aromatic bonds that are resistant to microbial degradation. This stability reduces immediate labile carbon release into the atmosphere. Moreover, other GHG emissions such as N2O and CH4 are significantly minimized, depending on soil type, with reductions that may achieve more than 50%, considering the introduction of biochar amounts equivalent to 10% of soil mass and 20 t ha−1. Conversion of animal or vegetable feedstocks into biochars also minimizes GHG emissions through the natural decomposition of such feedstocks [3,4,49].



A different carbon sequestration method involves the use of biochars to adsorb the CO2 contained in industrial flue gases as a replacement for other high-cost materials (e.g., zeolites, porous polymers, and metal oxides). This process takes advantage of the good properties of biochar in terms of porosity and surface area (0.4–0.9 cm3 g−1 and 1000–2000 m2 g−1, respectively), but requires a chemical activation post-treatment using KOH or sodium amide. Activated biochars produced from biomass feedstocks like hazelnuts, garlic peels, and olive oil wastes have shown adequate properties to adsorb CO2, with retention efficiencies between 3.5–6.2 mmol g−1. As an alternative, flue gases may be conducted through a bed of biochar heated at high temperatures and in the absence of oxygen to convert CO2 into CO that may be employed for subsequent energy applications [3,50]. Table 4 presents studies focused on possible biochar uses for GHG mitigation.



Although the use of biochar has demonstrated promising results for CO2 capture contained in flue gases and GHG mitigation when applied to agricultural soils, results are strongly dependent on operational or application conditions. According to these studies, parameters like temperature and pressure significantly influenced CO2-capture processes, while crop type and cultivation period affected GHG production during crop cultivation. Therefore, optimal conditions must be defined through field tests before establishing the best biochar for market purposes and intended applications.




3.3. Wastewater Treatment


Biochars can be considered a new low-cost alternative to commercial activated carbon applied in water disinfection and wastewater remediation processes. Batch adsorption studies have shown that biochars have significant adsorption capacities for contaminants present in real wastewaters, which is justified by their macroporous surface structure. These materials are therefore capable of remediating complex wastewaters while avoiding premature pore-clogging. The lower cost and history of land application combined with the need to remove new pollutants (e.g., antibiotics) has led to an increased interest in exploring biochars for new remediation solutions [55].



Conventional remediation strategies include, for instance, reverse osmosis, chemical oxidation or reduction, and precipitation. The use of biochars to adsorb aqueous contaminants presents important advantages over the aforementioned treatments, namely lower costs and the minimization of secondary by-products (e.g., sludges) [3]. Furthermore, biochar’s surface characteristics may be enhanced through activation methods to reach a higher degree of porosity and density of functional groups, enabling their application in the removal of aqueous organic and inorganic pollutants. These activation processes can be categorized into physical or chemical activation, including ball milling, acid-base modification, clay mineral modification, or metal oxide modification [56]. Activation treatments can further develop biochar’s pore structure and allow the development of functional groups (e.g., -COOH, -OH, and -CHO) that promote the capture of cationic and anionic inorganic contaminants, as well as organic pollutants (e.g., phenolic compounds and pesticides). Table 5 shows studies focused on biochar applications for wastewater treatment and general pollutant removal.



This literature survey demonstrated the large spectrum of contaminants that may be removed with biochars, as well as the diversity of effluents that may be remediated considering different adsorption techniques. In fact, the adsorption performances obtained in most studies were considered sufficiently good even without any biochar activation of physical or chemical nature, which represents a significant advantage in terms of lower energy demands, investment, and by-product generation during biochar preparation. Other benefits include plant biomass development when biochars are applied in constructed wetlands while performing wastewater remediation. These applications suggest that environmental remediation may be a promising strategy for biochar valorization in the near future with the emergence of new pollutants generated by households, rural activities, and industry.




3.4. Other Emerging Applications


Due to their inherent and versatile characteristics, biochars can also be used for alternative applications other than energy, agriculture, and wastewater treatment. The use of carbonaceous materials, for example, is one of the most well-established practices in material science. Over the years, the utilization of high-cost carbon materials in the field has struggled to reach beyond niche applications, despite their promising expectations in terms of final applications. Thus, research and development of innovative applications for biochars to replace carbon materials derived from non-renewable sources is a field that is becoming increasingly popular [67]. A brief summary of the recent literature regarding novel biochar applications is presented in Table 6.



Regarding the possible alternative uses for biochar mentioned in the previous table, applications in civil engineering and construction have already reached large-scale demonstrations or even limited commercial success. Therefore, there is enormous potential in the coming years for the development of novel products viable for commercialization. Other biochar uses in paper manufacturing or synthesis of composite materials are still at an early stage of development but also present promising results that can open a completely new approach for multiple markets.





4. Policy & Legislative Framework


Biochar applications (described throughout Section 3) are relatively new, justifying the existing gap in national and EU legislation regarding biochar production and use. Nowadays, the use of biochar as a fertilizing agent is regulated on a national level in some European Union Member-States (EU-MS). Most EU countries do not have specific regulations for biochar, although all countries have regulatory procedures to use these materials for soil fertilization, meaning that one can apply for registration to use biochar as a fertilizer product. Different definitions and regulatory procedures regarding fertilizing products and corresponding requirements exist in the EU-MS. Furthermore, there is still no specific EU regulation for biochar. Table 7 summarizes the state of biochar regulation in the EU [73,74].



However, a new regulation on a range of fertilizing products (revision of EC Regulation 2003/2003) has been launched in 2016 by the European Commission (EC) as part of a package to stimulate the circular economy within the EU27. The proposal has been amended by the European Parliament (EP) and by the Council. In October of the same year, the EP agreed to a series of amendments (282), and in December 2017, the Council agreed with a proposal. Due to this new legislative framework, biochar is expected to be included in the REACH regulation (EC Regulation 1907/2006). This regulation is a system set up for the Registration, Evaluation, Authorization, and Restriction of Chemicals. A REACH registration is required if a fertilizing product is sold in quantities of one tonne or more per year [75,76].



Furthermore, the EC also proposed that wastes that meet the requirements of the new regulation on fertilizing products will get an “end-of-waste” status, which means that the regulatory requirements for waste do not apply. This classification may solve the question of whether biochar is a waste, a by-product, or has another status, providing a definite legal definition for biochar. As such, the EC has entrusted the Joint Research Centre (JRC) to propose “end-of-waste” criteria for biochar (and for struvite and incineration ash), through a working group called STRUBIAS. This working group has proposed that the inclusion of pyrolysis materials as Component Material Categories (CMC) in the forthcoming revised fertilizing regulation can enable potential biochar applications, namely, as a fertilizer, soil improver, growing medium, and non-microbial plant biostimulant. In their draft report, STRUBIAS concluded that no limitations were needed for the core process of pyrolysis. Nevertheless, product quality is seen as of extreme importance, and thus quality standards are still needed. This recommendation means that biochar regulations will be of an “output” nature, instead of the “input or throughput” kind [75].



The lack of proper biochar-related policies has resulted in the design of the voluntary biochar quality standards shown in Table 7. These certification schemes aim to provide quality and safety indicators for the use of biochar in agricultural applications only, leaving other potential applications out of their scope. Nonetheless, certification has the potential to promote industrial and commercial interest in biochar and further influence novel laws and regulations [73,74]. The main parameters covered by these three standardization procedures are described in Table 8.



The development of the EBC has led to the first steps being taken in controlling the quality and sustainability of biochar and its production. Depending on the development of the biochar sector, these voluntary certification schemes will need to be updated and revised over the next few years. The sustainability of biochar implementation in farming and industrial practice does not seem to be a major obstacle if certification standards such as the ones described in Table 8 are met. Nevertheless, meticulous quality control to prevent exceeding maximum allowed limits for toxic compounds (e.g., PAH, B(a)P, PCDD/F, heavy metals), strict process-based controls, and demanding requirements to demonstrate feedstock sustainability, can increase production costs in the EU. If those requirements become too excessive, the industry might be forced to look for other uses outside of agriculture, specifically high-added value applications (described in Section 3) [7].




5. Overview of Current Biochar Markets


Market information is key to assessing business opportunities for new products resulting from applied research. Biochar is currently emerging as a key carbon commodity in several applications and is traded globally in increasing amounts. The market can be segmented by process, feedstock, and application. From a technological point of view, slow pyrolysis currently dominates biochar production with a market share of over 70% and is anticipated to display significant growth opportunities in the upcoming years. In the last decade, new biochar applications have driven the growth of the biochar industry sector, especially in China, but also in the USA and Europe (Table 9).



At the European level, a recent report by the European Biochar Industry Consortium provides a valuable snapshot of the current state of the market (Figure 1A,B). Until 2015, the industry was very small with about 20 biochar production plants in operation, but market dynamics increased significantly from 2016 onwards with more than 50 new plants installed [77].



In 2021 alone, 25 new systems were commissioned, bringing the total number of plants to more than 100 and suggesting a rapid consolidation of the biochar industry in Europe. In terms of production capacity, the biochar market size achieved 35,000 tonnes in 2021 (actual production of 20,000 tonnes) based on substantial growth in the last decade. Indeed, growth rates for cumulative production capacity are expected to continue accelerating in 2022, with a projected three year compound annual growth rate (CAGR) of 67% between 2019 and 2022 [77]. With a global average biochar price of 800 euros per tonne [78], the current value of the European biochar market is estimated at almost 16 million euros, with good perspectives for continued growth into two digits. In the same period, Germany, Austria, Switzerland, and Scandinavian countries (mostly Sweden) dominated European biochar production, accounting for more than 75% of the market. Other countries, such as Spain, are also emerging, and opportunities abound [77]. Portugal, for example, has a significant potential to be an important player in the European biochar industry based on abundant feedstocks, technological know-how, and potential applications. Nevertheless, elementary market data is scarce and difficult to gather. As a result, the current state of the Portuguese market is largely unknown, with the industry dominated by a limited number of players. Ibero Massa Florestal and Biogreenwoods are the major biochar producers in Portugal for domestic and/or agricultural applications. Their products are widely available in retail and their activities are expected to expand in the next few years as biochar captures market share in traditional markets. However, demand is still limited by high prices due to reduced market competition and a lack of awareness among consumers.




6. Biochar Potential in Alentejo


Forest and agriculture management produce biomass wastes that may be used for biochar production. In Alentejo, both sectors generate more than 1.9 million tonnes of waste annually, with feedstocks such as corn stalks, vine prunings, olive prunings, eucalyptus, cork oak, and shrubs aggregating most production (Table 10). This biomass availability can be used to estimate the technical biochar potential in the region using slow pyrolysis as the technology of choice. To provide an estimate of biochar’s potential in Alentejo, a 100% biomass utilization factor was considered, and the slow pyrolysis process conditions considered were the ones detailed in each reference for biochar yield (Table 10). However, the percentage of biomass used in biochar production would be considerably lower considering biomass competition for other uses and market constraints. Also, process conditions, particularly temperature, will have a significant impact on biochar mass yield and overall properties (important to define end-use).



Overall, the almost 2,000,000 tonnes of biomass waste harvested annually in the region can potentially produce 491,000 tonnes of biochar every year, a significant amount with an estimated economic value of more than 850 million euros. This theoretical market potential alone presents attractive investment opportunities, in particular when considering the future growth perspectives for the European biochar market.



In addition, biochar use in the region can provide several economic, environmental, and social benefits. Table 11 shows that Alentejo has a high potential for carbon drawdown provided by biochar production via slow pyrolysis.



The results in Table 11 should be interpreted as a theoretical approximation of biochar’s potential benefits. Agricultural land application, which accounts for over 2,000,000 hectares in Alentejo, can be considered to effectively promote soil restoration, and improve water conservation and soil management. A biochar application rate of 5 tonnes per hectare would help improve SOM with a capacity of improving almost 100,000 hectares every year. Covering the whole agricultural land in the region would take 22 years, demonstrating that there is plenty of soil to receive the produced biochar, even at 100% utilization of biomass wastes.



On the other hand, Portugal plans to achieve carbon neutrality in 2050 in line with EU climate targets. Biochar can contribute to achieving this goal by promoting carbon drawdown either by direct sequestration or by emissions reduction via ancillary benefits. Specifically, carbon sequestration potential derived from biochar application was estimated to achieve 1,500,000 tonnes-CO2-eq, a value equivalent to roughly 8% of Alentejo’s total GHG emissions in 2017. In terms of ancillary emission reduction, a recent meta-analysis study found that biochar can reduce soil N2O emissions by an average of 38% [90]. Using these numbers, the potential GHG emissions reduction of applying biochar in agricultural soils at 5 tonnes per hectare was estimated at 11,000 tonnes-CO2-eq. [90]. This number represents a reduction in one year only, which means that the continuous application of biochar would reduce soil emissions even more. Besides, animal manure management and enteric fermentation related to animal feeding are also significant contributors to GHG emissions. Considering only the emissions from the dairy industry, biochar has been reported to provide a 20% reduction in GHG emissions from manure management for a total of 38,000 tonnes-CO2-eq in Alentejo [86]. Concerning enteric fermentation, biochar feed supplementation at 0.6 wt.% has been linked with emissions reductions in the order of 22%, resulting in savings of 349,000 tonnes-CO2-eq [91]. Nevertheless, these benefits come at a cost. Considering the average price of one tonne of biochar at 800 euros, the combined GHG emission reduction can only be accomplished at 204 euros per tonne-CO2-eq.



Finally, biochar soil amendment also leads to water conservation and prevents nitrogen leaching. Biochar’s ability to improve soil WHC is estimated at roughly 250 cubic meters in each hectare of soil for a 1% increase in SOM [92]. Based on these figures, the potential annual increase in the WHC of Alentejo’s soils was calculated at about 6 million cubic meters, which is equivalent to 46 days of residential water use in the region. In terms of preventing N-leaching, Hestrin et al. (2019) recently explored the mechanisms involved in nitrogen retention on biochar and reported a total N-retention capacity of 0.18 g-nitrogen/g-biochar. This capacity would translate to an additional 88,000 tonnes of nitrogen (0.9 tonnes per hectare) retained in the soil across the region, a very interesting theoretical goal [94]. Moreover, the Portuguese Environmental Agency estimated in 2012 that nitrogen leaching in the regions’ groundwaters reached 10.8 tonnes. Related to N-leaching, Borchard et al. (2019) found that biochar’s impact on soil nitrogen dynamics can reduce nitrogen leaching by 25%, meaning that more than 120 tonnes of N could be prevented from entering Alentejo’s groundwaters [90]. Overall, these results indicate that biochar has an enormous potential to effectively mitigate several environmental concerns related to agricultural lands in the region. However, several barriers are likely to hinder biochar market development in Portugal. Educational awareness of biochar’s attributes for agriculture is still lacking, and costs may also be too high for farmers to consider using biochar to increase crop productivity. Indeed, increased crop income is unlikely to bring sufficient economic profitability, and additional measures to reward biochar’s ecosystem services should be put forward. Incentives associated with the direct carbon sequestration benefits of biochar would play a decisive role in developing commercial markets but require policy development at the national and European levels. New methodologies and legislative frameworks need to be established to support farmers and increase biochar application in agriculture.




7. Conclusions


Biochar has the potential to be used in different markets as a new, inexpensive, and environmentally friendly carbon material. Research on biochar production and application pathways is well underway, although a few knowledge gaps exist, particularly regarding increasing process sustainability and biochar’s long-term effects in its final end-use (e.g., carbon sequestration). According to the reviewed literature, biochar properties depend on different factors, such as feedstock type, production process, and process conditions. This variability is also the reason why it is possible to design appropriate biochars with the right properties for a given application, which is one of the major strengths of biochar as a product. Considering the current industry status, a SWOT analysis with the major positive effects (strengths and opportunities) and major negative effects (weaknesses and threats) of biochar production and application can provide a more strategic vision of biochar use in a regional context (Table 12). From the analysis, there are several market opportunities for industry development but also some important market barriers. For example, the lack of legislation and policy regarding biochar production and use are both widely considered to limit market demand. Nevertheless, the existence of certain policy initiatives (albeit mostly at the regional level in the EC) and voluntary certification schemes shows the potential to drive biochar production faster and increase biochar acceptance in several markets. Major legislation is being formulated, but with a particular focus on biochar’s agricultural applications, particularly as a fertilizing agent.



Slow pyrolysis is the most implemented process for biochar production. This technology is expected to show significant growth opportunities in the next few years in parallel with the development of the biochar market throughout Europe. Although the Portuguese market is still limited and largely unknown, the country shows potential to be an important player in the European market, mostly due to its abundant feedstocks, technological know-how and diversity in potential biochar applications. Nevertheless, elementary market data is currently scarce and difficult to gather.



Alentejo is a good example of Portugal’s potential for biochar production and application. An estimate of the regional market potential can be obtained by gathering the various biomass feedstocks from which biochar can be sustainably produced. Considering a theoretical biomass waste utilization rate of 100% (for the main agricultural and forestry wastes), under given slow pyrolysis conditions, estimates indicate a maximum biochar potential of almost 500,000 dry tonnes per year. This biochar has an estimated economic value of more than 850 million euros and can potentially be traded in several market segments. However, a better picture of potential markets should be provided by a thorough analysis of the current value of the market segments in which biochar can realistically gain market share (e.g., wastewater remediation, or addition in composite materials for the construction sector). Agricultural applications probably hold the greatest near-term potential in Alentejo showing relevant estimated benefits as a carbon reductive soil amendment. These benefits include emissions reduction by combined direct and ancillary effects of almost 2,000,000 tonnes-CO2-e which is equivalent to 10% of total Alentejo GHG emissions. Furthermore, biochar was also estimated to potentially retain an additional 6,000,000 cubic meters of water in regional soils and possibly reduce nitrogen leaching by 127 tonnes/year to the region’s groundwaters. Finally, soil nitrogen retention would also be increased by 88,000 tons thus helping agricultural soil restoration.



Biochar shows the potential to be an effective strategy to reduce important environmental concerns related to agricultural lands in Alentejo. However, more should be done to encourage farmers to use biochar for crop improvement and enable society to gain from its positive externalities. In particular, the biochar industry can have a positive influence on climate change, local food and energy security, rural employment and regional growth whilst promoting the development of a new range of marketable products and services. Specific measures should be put forward to effectively accelerate biochar market development at the regional level and beyond.







Author Contributions


Conceptualization, C.N., G.L., O.A. and B.G.; methodology, G.L., O.A. and B.G.; validation, B.R.; formal analysis, C.N., G.L., O.A. and B.G.; investigation, C.N., G.L., O.A. and B.G.; writing—original draft preparation, B.G.; writing—review and editing, B.R.; visualization, B.R., C.N. and G.L.; supervision, C.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação para a Ciência e a Tecnologia, I.P. (Portuguese Foundation for Science and Technology) under the project UIDB/05064/2020 (VALORIZA—Research Centre for Endogenous Resource Valorization). CoLAB BIOREF (Collaborative Laboratory for Biorefineries) also thanks the support of Fundação para a Ciência e a Tecnologia, I.P. and the Regional Operational Program of Alentejo (Alentejo2020) under Portugal 2020 (Operational Program for Competitiveness and Internationalization) for the grant ALT20–05–3559–FSE–000035.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Verheijen, F.; Jeffery, S.; Bastos, A.C.; Van Der Velde, M.; Diafas, I. Biochar Application to Soils: A Critical Scientific Review of Effects on Soil Properties, Processes and Functions; European Commission: Brussels, Belgium, 2010; Volume 8. [Google Scholar]

	



Schmidt, H.P.; Wilson, K. The 55 Uses of Biochar. Available online: https://www.biochar-journal.org/en/ct/2 (accessed on 7 July 2022).

	



Jeyasubramanian, K.; Thangagiri, B.; Sakthivel, A.; Dhaveethu Raja, J.; Seenivasan, S.; Vallinayagam, P.; Madhavan, D.; Malathi Devi, S.; Rathika, B. A Complete Review on Biochar: Production, Property, Multifaceted Applications, Interaction Mechanism and Computational Approach. Fuel 2021, 292, 120243. [Google Scholar] [CrossRef]

	



United States Biochar Initiative. U.S.-Focused Biochar Report–Assessment of Biochar’s Benefits for the United States of America; Center for Energy and Environmental Security; United States Biochar Initiative: Morgantown, WV, USA, 2010. [Google Scholar]

	



Wang, J.; Wang, S. Preparation, Modification and Environmental Application of Biochar: A Review. J. Clean. Prod. 2019, 227, 1002–1022. [Google Scholar] [CrossRef]

	



van Laer, T.; de Smedt, P.; Ronsse, F.; Ruysschaert, G.; Boeckx, P.; Verstraete, W.; Buysse, J.; Lavrysen, L.J. Legal Constraints and Opportunities for Biochar: A Case Analysis of EU Law. GCB Bioenergy 2015, 7, 14–24. [Google Scholar] [CrossRef]

	



Shackley, S.; Ruysschaert, G.; Zwart, K.; Glaser, B. Biochar Horizon 2025. In Biochar in European Soils and Agriculture: Science and Practice; Routledge: London, UK, 2016; pp. 281–289. ISBN 9781134654871. [Google Scholar]

	



Zhang, Z.; Zhu, Z.; Shen, B.; Liu, L. Insights into Biochar and Hydrochar Production and Applications: A Review. Energy 2019, 171, 581–598. [Google Scholar] [CrossRef]

	



Li, Y.; Xing, B.; Ding, Y.; Han, X.; Wang, S. A Critical Review of the Production and Advanced Utilization of Biochar via Selective Pyrolysis of Lignocellulosic Biomass. Bioresour. Technol. 2020, 312, 123614. [Google Scholar] [CrossRef] [PubMed]

	



Arora, S.; Jung, J.; Liu, M.; Li, X.; Goel, A.; Chen, J.; Song, S.; Anderson, C.; Chen, D.; Leong, K.; et al. Gasification Biochar from Horticultural Waste: An Exemplar of the Circular Economy in Singapore. Sci. Total Environ. 2021, 781, 146573. [Google Scholar] [CrossRef] [PubMed]

	



Simonic, M.; Goricanec, D.; Urbancl, D. Impact of Torrefaction on Biomass Properties Depending on Temperature and Operation Time. Sci. Total Environ. 2020, 740, 140086. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.H.; Lin, B.J.; Lin, Y.Y.; Chu, Y.S.; Ubando, A.T.; Show, P.L.; Ong, H.C.; Chang, J.S.; Ho, S.H.; Culaba, A.B.; et al. Progress in Biomass Torrefaction: Principles, Applications and Challenges. Prog. Energy Combust. Sci. 2021, 82, 100887. [Google Scholar] [CrossRef]

	



Bevan, E.; Fu, J.; Zheng, Y. Challenges and Opportunities of Hydrothermal Carbonisation in the UK; Case Study in Chirnside. RSC Adv. 2020, 10, 31586–31610. [Google Scholar] [CrossRef] [PubMed]

	



Babinszki, B.; Jakab, E.; Sebestyén, Z.; Blazsó, M.; Berényi, B.; Kumar, J.; Krishna, B.B.; Bhaskar, T.; Czégény, Z. Comparison of Hydrothermal Carbonization and Torrefaction of Azolla Biomass: Analysis of the Solid Products. J. Anal. Appl. Pyrolysis 2020, 149, 104844. [Google Scholar] [CrossRef]

	



Cha, J.S.; Park, S.H.; Jung, S.-C.; Ryu, C.; Jeon, J.-K.; Shin, M.-C.; Park, Y.-K. Production and Utilization of Biochar: A Review. J. Ind. Eng. Chem. 2016, 40, 1–15. [Google Scholar] [CrossRef]

	



Ghodake, G.S.; Shinde, S.K.; Kadam, A.A.; Saratale, R.G.; Saratale, G.D.; Kumar, M.; Palem, R.R.; AL-Shwaiman, H.A.; Elgorban, A.M.; Syed, A.; et al. Review on Biomass Feedstocks, Pyrolysis Mechanism and Physicochemical Properties of Biochar: State-of-the-Art Framework to Speed up Vision of Circular Bioeconomy. J. Clean. Prod. 2021, 297, 126645. [Google Scholar] [CrossRef]

	



Yaashikaa, P.R.; Kumar, P.S.; Varjani, S.; Saravanan, A. A Critical Review on the Biochar Production Techniques, Characterization, Stability and Applications for Circular Bioeconomy. Biotechnol. Rep. 2020, 28, e00570. [Google Scholar] [CrossRef]

	



Ippolito, J.A.; Cui, L.; Kammann, C.; Wrage-Mönnig, N.; Estavillo, J.M.; Fuertes-Mendizabal, T.; Cayuela, M.L.; Sigua, G.; Novak, J.; Spokas, K.; et al. Feedstock Choice, Pyrolysis Temperature and Type Influence Biochar Characteristics: A Comprehensive Meta-Data Analysis Review. Biochar 2020, 2, 421–438. [Google Scholar] [CrossRef]

	



Weber, K.; Quicker, P. Properties of Biochar. Fuel 2018, 217, 240–261. [Google Scholar] [CrossRef]

	



Tomczyk, A.; Sokołowska, Z.; Boguta, P. Biochar Physicochemical Properties: Pyrolysis Temperature and Feedstock Kind Effects. Rev. Environ. Sci. Biotechnol. 2020, 19, 191–215. [Google Scholar] [CrossRef]

	



Tan, Z.; Zou, J.; Zhang, L.; Huang, Q. Morphology, Pore Size Distribution, and Nutrient Characteristics in Biochars under Different Pyrolysis Temperatures and Atmospheres. J. Mater. Cycles Waste Manag. 2018, 20, 1036–1049. [Google Scholar] [CrossRef]

	



Antal, M.J.; Grønli, M. The Art, Science, and Technology of Charcoal Production. Ind. Eng. Chem. Res. 2003, 42, 1619–1640. [Google Scholar] [CrossRef]

	



Prasad, M.; Chrysargyris, A.; McDaniel, N.; Kavanagh, A.; Gruda, N.S.; Tzortzakis, N. Plant Nutrient Availability and PH of Biochars and Their Fractions, with the Possible Use as a Component in a Growing Media. Agronomy 2019, 10, 10. [Google Scholar] [CrossRef]

	



Angst, T.E.; Sohi, S.P. Establishing Release Dynamics for Plant Nutrients from Biochar. GCB Bioenergy 2013, 5, 221–226. [Google Scholar] [CrossRef]

	



Li, Y.; Liao, Y.; He, Y.; Xia, K.; Qiao, S.; Zhang, Q. Polycyclic Aromatic Hydrocarbons Concentration in Straw Biochar with Different Particle Size. Procedia Environ. Sci. 2016, 31, 91–97. [Google Scholar] [CrossRef]

	



Blanco-Canqui, H. Biochar and Soil Physical Properties. Soil Sci. Soc. Am. J. 2017, 81, 687–711. [Google Scholar] [CrossRef]

	



Wang, D.; Jiang, P.; Zhang, H.; Yuan, W. Biochar Production and Applications in Agro and Forestry Systems: A Review. Sci. Total Environ. 2020, 723, 137775. [Google Scholar] [CrossRef] [PubMed]

	



Graves, D.; Mycorrhizas, N.B. Designing Specific Biochars to Address Soil Constraints: A Developing Industry. In Biochar and Soil Biota; CRC Press: Boca Raton, FL, USA, 2013; ISBN 9781466576513. [Google Scholar]

	



Ramos, T.B.; Horta, A.; Gonçalves, M.C.; Pires, F.P.; Duffy, D.; Martins, J.C. The INFOSOLO Database as a First Step towards the Development of a Soil Information System in Portugal. Catena 2017, 158, 390–412. [Google Scholar] [CrossRef]

	



Chavas, J.P.; Nauges, C. Uncertainty, Learning, and Technology Adoption in Agriculture. Appl. Econ. Perspect. Policy 2020, 42, 42–53. [Google Scholar] [CrossRef]

	



He, R.; Jin, J.; Kuang, F.; Zhang, C.; Guan, T. Farmers’ Risk Cognition, Risk Preferences and Climate Change Adaptive Behavior: A Structural Equation Modeling Approach. Int. J. Environ. Res. Public Health 2020, 17, 85. [Google Scholar] [CrossRef] [PubMed]

	



Man, K.Y.; Chow, K.L.; Man, Y.B.; Mo, W.Y.; Wong, M.H. Use of Biochar as Feed Supplements for Animal Farming. Crit. Rev. Environ. Sci. Technol. 2021, 51, 187–217. [Google Scholar] [CrossRef]

	



Khan, N.; Chowdhary, P.; Gnansounou, E.; Chaturvedi, P. Biochar and Environmental Sustainability: Emerging Trends and Techno-Economic Perspectives. Bioresour. Technol. 2021, 332, 125102. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, J.; Muhlack, R.; Morton, B.J.; Dunnigan, L.; Chittleborough, D.; Kwong, C.W. Pyrolysis Temperature Effects on Biochar–Water Interactions and Application for Improved Water Holding Capacity in Vineyard Soils. Soil Syst. 2019, 3, 27. [Google Scholar] [CrossRef]

	



Hussien Ibrahim, M.E.; Adam Ali, A.Y.; Zhou, G.; Ibrahim Elsiddig, A.M.; Zhu, G.; Ahmed Nimir, N.E.; Ahmad, I. Biochar Application Affects Forage Sorghum under Salinity Stress. Chil. J. Agric. Res. 2020, 80, 317–325. [Google Scholar] [CrossRef]

	



Mia, S.; Dijkstra, F.A.; Singh, B. Enhanced Biological Nitrogen Fixation and Competitive Advantage of Legumes in Mixed Pastures Diminish with Biochar Aging. Plant Soil 2018, 424, 639–651. [Google Scholar] [CrossRef]

	



Jeffery, S.; Verheijen, F.G.A.; van der Velde, M.; Bastos, A.C. A Quantitative Review of the Effects of Biochar Application to Soils on Crop Productivity Using Meta-Analysis. Agric. Ecosyst. Environ. 2011, 144, 175–187. [Google Scholar] [CrossRef]

	



Huang, L.; Gu, M. Effects of Biochar on Container Substrate Properties and Growth of Plants—A Review. Horticulturae 2019, 5, 14. [Google Scholar] [CrossRef]

	



Sanchez-Monedero, M.A.; Cayuela, M.L.; Roig, A.; Jindo, K.; Mondini, C.; Bolan, N. Role of Biochar as an Additive in Organic Waste Composting. Bioresour. Technol. 2018, 247, 1155–1164. [Google Scholar] [CrossRef] [PubMed]

	



Febrisiantosa, A.; Ravindran, B.; Choi, H. The Effect of Co-Additives (Biochar and FGD Gypsum) on Ammonia Volatilization during the Composting of Livestock Waste. Sustainability 2018, 10, 795. [Google Scholar] [CrossRef]

	



Margenot, A.J.; Griffin, D.E.; Alves, B.S.Q.; Rippner, D.A.; Li, C.; Parikh, S.J. Substitution of Peat Moss with Softwood Biochar for Soil-Free Marigold Growth. Ind. Crops Prod. 2018, 112, 160–169. [Google Scholar] [CrossRef]

	



Méndez, A.; Paz-Ferreiro, J.; Gil, E.; Gascó, G. The Effect of Paper Sludge and Biochar Addition on Brown Peat and Coir Based Growing Media Properties. Sci. Hortic. 2015, 193, 225–230. [Google Scholar] [CrossRef]

	



Zhang, L.; Sun, X.; Tian, Y.; Gong, X. Biochar and Humic Acid Amendments Improve the Quality of Composted Green Waste as a Growth Medium for the Ornamental Plant Calathea Insignis. Sci. Hortic. 2014, 176, 70–78. [Google Scholar] [CrossRef]

	



Huang, L.; Niu, G.; Feagley, S.E.; Gu, M. Evaluation of a Hardwood Biochar and Two Composts Mixes as Replacements for a Peat-Based Commercial Substrate. Ind. Crops Prod. 2019, 129, 549–560. [Google Scholar] [CrossRef]

	



Awad, Y.M.; Lee, S.E.; Ahmed, M.B.M.; Vu, N.T.; Farooq, M.; Kim, I.S.; Kim, H.S.; Vithanage, M.; Usman, A.R.A.; Al-Wabel, M.; et al. Biochar, a Potential Hydroponic Growth Substrate, Enhances the Nutritional Status and Growth of Leafy Vegetables. J. Clean. Prod. 2017, 156, 581–588. [Google Scholar] [CrossRef]

	



Linhoss, J.E.; Purswell, J.L.; Street, J.T.; Rowland, M.R. Evaluation of Biochar as a Litter Amendment for Commercial Broiler Production. J. Appl. Poult. Res. 2019, 28, 1089–1098. [Google Scholar] [CrossRef]

	



Kim, H.S.; Kim, K.R.; Kim, H.J.; Yoon, J.H.; Yang, J.E.; Ok, Y.S.; Owens, G.; Kim, K.H. Effect of Biochar on Heavy Metal Immobilization and Uptake by Lettuce (Lactuca Sativa L.) in Agricultural Soil. Environ. Earth Sci. 2015, 74, 1249–1259. [Google Scholar] [CrossRef]

	



Bednik, M.; Medyńska-Juraszek, A.; Dudek, M.; Kloc, S.; Kręt, A.; Łabaz, B.; Waroszewski, J. Wheat Straw Biochar and NPK Fertilization Efficiency in Sandy Soil Reclamation. Agronomy 2020, 10, 496. [Google Scholar] [CrossRef]

	



Western Development Commision. Biochar & Activated Carbon Market Study for the Island of Ireland; Western Development Commision: Roscommon, Ireland, 2019. [Google Scholar]

	



Jung, S.; Park, Y.-K.; Kwon, E.E. Strategic Use of Biochar for CO2 Capture and Sequestration. J. CO2 Util. 2019, 32, 128–139. [Google Scholar] [CrossRef]

	



González, A.S.; Plaza, M.G.; Rubiera, F.; Pevida, C. Sustainable Biomass-Based Carbon Adsorbents for Post-Combustion CO2 Capture. Chem. Eng. J. 2013, 230, 456–465. [Google Scholar] [CrossRef]

	



Coromina, H.M.; Walsh, D.A.; Mokaya, R. Biomass-Derived Activated Carbon with Simultaneously Enhanced CO2 Uptake for Both Pre and Post Combustion Capture Applications. J. Mater. Chem. A 2015, 4, 280–289. [Google Scholar] [CrossRef]

	



Case, S.D.C.; Mcnamara, N.P.; Reay, D.S.; Whitaker, J. Can Biochar Reduce Soil Greenhouse Gas Emissions from a Miscanthus Bioenergy Crop? GCB Bioenergy 2014, 6, 76–89. [Google Scholar] [CrossRef]

	



Fidel, R.; Laird, D.; Parkin, T. Effect of Biochar on Soil Greenhouse Gas Emissions at the Laboratory and Field Scales. Soil Syst. 2019, 3, 8. [Google Scholar] [CrossRef]

	



Huggins, T.M.; Haeger, A.; Biffinger, J.C.; Ren, Z.J. Granular Biochar Compared with Activated Carbon for Wastewater Treatment and Resource Recovery. Water Res. 2016, 94, 225–232. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, N.; Wang, B.; Wu, P.; Lee, X.; Xing, Y.; Chen, M.; Gao, B. Adsorption of Emerging Contaminants from Water and Wastewater by Modified Biochar: A Review. Environ. Pollut. 2021, 273, 116448. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Yan, X.; Xu, Y.; Yoza, B.A.; Wang, X.; Kou, Y.; Ye, H.; Wang, Q.; Li, Q.X. Activated Petroleum Waste Sludge Biochar for Efficient Catalytic Ozonation of Refinery Wastewater. Sci. Total Environ. 2019, 651, 2631–2640. [Google Scholar] [CrossRef] [PubMed]

	



Poonam; Bharti, S.K.; Kumar, N. Kinetic Study of Lead (Pb2+) Removal from Battery Manufacturing Wastewater Using Bagasse Biochar as Biosorbent. Appl. Water Sci. 2018, 8, 119. [Google Scholar] [CrossRef]

	



Hefny, R.; Ibrahim, M.M.; Morad, D. Study of Adsorption Performance of Biochar for Heavy Metals Removal. J. Eng. Res. Rep. 2020, 19, 27–40. [Google Scholar] [CrossRef]

	



Ghezzehei, T.A.; Sarkhot, D.V.; Berhe, A.A. Biochar Can Be Used to Capture Essential Nutrients from Dairy Wastewater and Improve Soil Physico-Chemical Properties. Solid Earth 2014, 5, 953–962. [Google Scholar] [CrossRef]

	



Zheng, Y.; Wang, B.; Wester, A.E.; Chen, J.; He, F.; Chen, H.; Gao, B. Reclaiming Phosphorus from Secondary Treated Municipal Wastewater with Engineered Biochar. Chem. Eng. J. 2019, 362, 460–468. [Google Scholar] [CrossRef]

	



Yao, Y.; Zhang, Y.; Gao, B.; Chen, R.; Wu, F. Removal of Sulfamethoxazole (SMX) and Sulfapyridine (SPY) from Aqueous Solutions by Biochars Derived from Anaerobically Digested Bagasse. Environ. Sci. Pollut. Res. 2018, 25, 25659–25667. [Google Scholar] [CrossRef]

	



Wathukarage, A.; Herath, I.; Iqbal, M.C.M.; Vithanage, M. Mechanistic Understanding of Crystal Violet Dye Sorption by Woody Biochar: Implications for Wastewater Treatment. Environ. Geochem. Health 2019, 41, 1647–1661. [Google Scholar] [CrossRef] [PubMed]

	



Mohanty, S.K.; Valenca, R.; Berger, A.W.; Yu, I.K.M.; Xiong, X.; Saunders, T.M.; Tsang, D.C.W. Plenty of Room for Carbon on the Ground: Potential Applications of Biochar for Stormwater Treatment. Sci. Total Environ. 2018, 625, 1644–1658. [Google Scholar] [CrossRef]

	



Guo, X.; Cui, X.; Li, H. Effects of Fillers Combined with Biosorbents on Nutrient and Heavy Metal Removal from Biogas Slurry in Constructed Wetlands. Sci. Total Environ. 2020, 703, 134788. [Google Scholar] [CrossRef]

	



Kasak, K.; Truu, J.; Ostonen, I.; Sarjas, J.; Oopkaup, K.; Paiste, P.; Kõiv-Vainik, M.; Mander, Ü.; Truu, M. Biochar Enhances Plant Growth and Nutrient Removal in Horizontal Subsurface Flow Constructed Wetlands. Sci. Total Environ. 2018, 639, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Bartoli, M.; Giorcelli, M.; Jagdale, P.; Rovere, M.; Tagliaferro, A. A Review of Non-Soil Biochar Applications. Materials 2020, 13, 261. [Google Scholar] [CrossRef]

	



Draper, K.; Schmidt, H. Biochar Paper-Elevating Biochar from Novelty to Ubiquity. Available online: https://www.biochar-journal.org/en/ct/15 (accessed on 7 July 2022).

	



Hulse, V. Biochar as A Substitute for Carbon Black in Lithographic Ink Production, M.Sc Dissertation; Rochester Institute of Technology: Rochester, NY, USA, 2019; Available online: https://scholarworks.rit.edu/theses/10130/ (accessed on 5 March 2021).

	



Edberg, J.; Brooke, R.; Hosseinaei, O.; Fall, A.; Wijeratne, K.; Sandberg, M. Laser-Induced Graphitization of a Forest-Based Ink for Use in Flexible and Printed Electronics. npj Flex. Electron. 2020, 4, 17. [Google Scholar] [CrossRef]

	



Gupta, S.; Kua, H.W. Factors Determining the Potential of Biochar As a Carbon Capturing and Sequestering Construction Material: Critical Review. J. Mater. Civ. Eng. 2017, 29, 04017086. [Google Scholar] [CrossRef]

	



Dahal, R.K.; Acharya, B.; Saha, G.; Bissessur, R.; Dutta, A.; Farooque, A. Biochar as a Filler in Glassfiber Reinforced Composites: Experimental Study of Thermal and Mechanical Properties. Compos. Part B Eng. 2019, 175, 107169. [Google Scholar] [CrossRef]

	



Adilla Rashidi, N.; Yusup, S. A Mini Review of Biochar Synthesis, Characterization, and Related Standardization and Legislation. In Applications of Biochar for Environmental Safety; IntechOpen: London, UK, 2020; Volume 32, pp. 1–16. ISBN 9781626239777. [Google Scholar]

	



Meyer, S.; Genesio, L.; Vogel, I.; Schmidt, H.-P.; Soja, G.; Someus, E.; Shackley, S.; Verheijen, F.G.A.; Glaser, B. Biochar Standardization and Legislation Harmonization. J. Environ. Eng. Landsc. Manag. 2017, 25, 175–191. [Google Scholar] [CrossRef]

	



Gollenbeek, L.; Ehlert, P.; Buisonjé, F. Perspectives of Ecochar in Europe: Uses and Regulatory Requirements; Wageningen Livestock Research: Wageningen, The Netherlands, 2018. [Google Scholar]

	



Parlamento Europeu e o Conselho da União Europeia. Regulamento (CE) No 1907/2006 de 18 de Dezembro de 2006 (REACH); European Union: Maastricht, The Netherlands, 2006; pp. 3–275. [Google Scholar]

	



European Biochar Industry European Biochar Market Report 2021/2022. Available online: https://www.biochar-industry.com/2022/european-biochar-market-report-2021-2022-available-now/ (accessed on 6 July 2022).

	



González-Pernas, F.M.; Grajera-Antolín, C.; García-Cámara, O.; González-Lucas, M.; Martín, M.T.; González-Egido, S.; Aguirre, J.L. Effects of Biochar on Biointensive Horticultural Crops and Its Economic Viability in the Mediterranean Climate. Energies 2022, 15, 3407. [Google Scholar] [CrossRef]

	



Governo de Portugal. Resolução Do Conselho de Ministros No 163/2017–Plano Nacional Para a Promoção Das Biorrefinarias; Governo de Portugal: Lisboa, Portugal, 2017. [Google Scholar]

	



Soka, O.; Oyekola, O. A Feasibility Assessment of the Production of Char Using the Slow Pyrolysis Process. Heliyon 2020, 6, e04346. [Google Scholar] [CrossRef]

	



Askeland, M.; Clarke, B.; Paz-Ferreiro, J. Comparative Characterization of Biochars Produced at Three Selected Pyrolysis Temperatures from Common Woody and Herbaceous Waste Streams. PeerJ 2019, 7, e6784. [Google Scholar] [CrossRef] [PubMed]

	



Ibero Massa Florestal Estudo Do Poder Calorífico de Biomassa Agrícola e Florestal Carbonizado Pelo Processo de Pirólise. Available online: https://www.imflorestal.com/docs/5.1.-Estudo-do-poder-calorífico-de-biomassa-agrícola-e-florestal-carbonizado-pelo-processo-de-pirólise.pdf (accessed on 8 July 2022).

	



Zabaniotou, A.; Ioannidou, O.; Antonakou, E.; Lappas, A. Experimental Study of Pyrolysis for Potential Energy, Hydrogen and Carbon Material Production from Lignocellulosic Biomass. Int. J. Hydrogen Energy 2008, 33, 2433–2444. [Google Scholar] [CrossRef]

	



Park, J.H.; Ok, Y.S.; Kim, S.H.; Kang, S.W.; Cho, J.S.; Heo, J.S.; Delaune, R.D.; Seo, D.C. Characteristics of Biochars Derived from Fruit Tree Pruning Wastes and Their Effects on Lead Adsorption. J. Korean Soc. Appl. Biol. Chem. 2015, 58, 751–760. [Google Scholar] [CrossRef]

	



Ronsse, F.; van Hecke, S.; Dickinson, D.; Prins, W. Production and Characterization of Slow Pyrolysis Biochar: Influence of Feedstock Type and Pyrolysis Conditions. GCB Bioenergy 2013, 5, 104–115. [Google Scholar] [CrossRef]

	



Hunt, J.; McIntosh, C. The Big California Biochar Model: Forest Biomass Management, Carbon Drawdown, Drought Resiliency, and Nitrogen Conservation on a Statewide Scale. Available online: https://pacificbiochar.com/resources/the-big-california-biochar-model/ (accessed on 10 July 2022).

	



Chiaramonti, D.; Panoutsou, C. Policy Measures for Sustainable Sunflower Cropping in EU-MED Marginal Lands Amended by Biochar: Case Study in Tuscany, Italy. Biomass Bioenergy 2019, 126, 199–210. [Google Scholar] [CrossRef]

	



Instituto Nacional De Estatística Recenseamento Agrícola–Análise Dos Principais Resultados. Available online: https://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_publicacoes&PUBLICACOESpub_boui=437178558&PUBLICACOEStema=55505&PUBLICACOESmodo=2 (accessed on 6 July 2022).

	



Lehmann, J.; Abiven, S.; Kleber, M.; Pan, G.; Singh, B.P.; Sohi, S. Persistence of Biochar in Soil Johannes. In Biochar for Environmental Management: Science, Technology and Implementation, 2nd ed.; Routledge: London, UK, 2015; pp. 212–260. ISBN 9780203762264. [Google Scholar]

	



Borchard, N.; Schirrmann, M.; Cayuela, M.L.; Kammann, C.; Wrage-Mönnig, N.; Estavillo, J.M.; Fuertes-Mendizábal, T.; Sigua, G.; Spokas, K.; Ippolito, J.A.; et al. Biochar, Soil and Land-Use Interactions That Reduce Nitrate Leaching and N2O Emissions: A Meta-Analysis. Sci. Total Environ. 2019, 651, 2354–2364. [Google Scholar] [CrossRef] [PubMed]

	



Leng, R.A.; Preston, T.R.; Inthapanya, S. Biochar Reduces Enteric Methane and Improves Growth and Feed Conversion in Local “Yellow” Cattle Fed Cassava Root Chips and Fresh Cassava Foliage. Livest. Res. Rural Dev. 2012, 24, 1–7. [Google Scholar]

	



United States Department of Agriculture. Unlock the Secrets in the Soil: Soil Health Key Points; United States Department of Agriculture: Washington, DC, USA, 2015.

	



ERSAR Entidade Reguladora Dos Serviços de Água e Resíduos. Available online: https://www.ersar.pt/pt (accessed on 6 July 2022).

	



Hestrin, R.; Torres-Rojas, D.; Dynes, J.J.; Hook, J.M.; Regier, T.Z.; Gillespie, A.W.; Smernik, R.J.; Lehmann, J. Fire-Derived Organic Matter Retains Ammonia through Covalent Bond Formation. Nat. Commun. 2019, 10, 664. [Google Scholar] [CrossRef]

	



Agência Portuguesa do Ambiente. Plano de Gestão Das Bacias Hidrográficas Integradas Na Região Hidrográfica Do Sado e Mira (RH6)–Parte 2; Agência Portuguesa do Ambiente: Bairro do Zambujal, Alfragide, 2012. [Google Scholar]

	



Agência Portuguesa do Ambiente. Plano de Gestão Das Bacias Hidrográficas Integradas Na Região Hidrográfica Do Guadiana (RH7)–Parte 2; Agência Portuguesa do Ambiente: Bairro do Zambujal, Alfragide, 2012. [Google Scholar]








[image: Environments 09 00095 g001 550] 





Figure 1. Current state of the European biochar market. (A) number of biochar production plants installed per year; (B) cumulative biochar production capacity (bars, expressed in t, left y axis) and growth rate (red line, expressed in %, right y axis) [77]. 
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Table 1. Comparison of thermochemical processes for biochar production [9,12,13,15,16,17].
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	Process
	Temperature (°C)
	Residence Time (min)
	Pressure (atm)
	Other Conditions
	Biochar Yield

(%)





	Slow pyrolysis
	300–800
	>60
	1
	No oxygen;

Moisture content < 15–20%; Heating rate < 10 °C/min
	30–55



	Fast

pyrolysis
	450–600
	~0.02
	1
	No oxygen;

Moisture content < 15–20%; Heating rate ≥ 200 °C/min
	10–25



	Gasification
	750–1000
	0.2–0.4
	1–3
	Limited oxygen supply

Moisture content 10–20%; Heating rate ~1000 °C/min
	14–25



	Torrefaction
	200–300
	15–60
	1
	No oxygen;

Moisture content < 10%; Heating rate < 50 °C/min
	70–80



	HTC
	180–300
	5–240
	1–200
	Moisture content 75–90%
	50–80
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Table 2. Basic biochar physicochemical and morphological properties (expressed on a dry basis) [18].
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Property

	
SSA

(m2g−1)

	
CEC

(cmol kg−1)

	
AEC

(cmol kg−1)

	
CCE (%)

	
PV

(m3 t−1)

	
APS (nm)

	
Ash (%)

	
pH

	
EC

(dS m−1)






	
Pyrolysis type




	
Slow

	
183

	
44.9

	
4.90

	
6.10

	
2.04

	
52.3

	
19.2

	
8.7

	
4.45




	
Fast

	
98.6

	
48.1

	
5.33

	
11.2

	
3.66

	
1190

	
22.0

	
8.7

	
5.85




	
Feedstock




	
Wood-based

	
184

	
23.9

	
5.65

	
9.04

	
7.01

	
74.6

	
10.2

	
8.3

	
6.20




	
Crop wastes

	
98.2

	
56.3

	
4.51

	
6.12

	
2.05

	
2320

	
21.1

	
8.9

	
5.72




	
Other grasses

	
63.4

	
63.3

	
5.05

	
n.d.

	
3.36

	
268

	
18.0

	
8.9

	
5.20




	
Manures/biosolids

	
52.2

	
66.1

	
7.77

	
14.2

	
0.82

	
27.3

	
44.6

	
8.9

	
3.98




	
Process temperature (°C)




	
<300

	
27.1

	
44.4

	
n.d.

	
7.16

	
0.06

	
8.16

	
12.3

	
6.0

	
3.60




	
300–399

	
57.2

	
52.8

	
3.65

	
9.17

	
3.45

	
2340

	
17.8

	
7.8

	
5.72




	
400–499

	
108

	
35.0

	
n.d.

	
9.08

	
1.18

	
78.0

	
19.0

	
8.5

	
2.77




	
500–599

	
97.2

	
56.4

	
3.38

	
10.1

	
4.68

	
1140

	
23.2

	
9.0

	
8.05




	
600–699

	
178

	
33.7

	
n.d.

	
9.50

	
1.77

	
2000

	
23.5

	
9.5

	
4.85




	
700–799

	
204

	
53.0

	
5.27

	
12.9

	
8.87

	
9.19

	
26.6

	
10.0

	
4.29




	
>800

	
208

	
85.3

	
8.83

	
19.6

	
0.09

	
8.45

	
28.5

	
9.9

	
6.44








Note: Biochar properties considered for pyrolysis type and process temperature correspond to average values of all biochars analyzed in the study. SSA—Specific Surface Area; CEC—Cation Exchange Capacity; AEC—Anion Exchange Capacity; CCE—Calcium Carbonate Equivalent; PV—Pore Volume; APS—Average particle Size; EC—Electrical Conductivity.
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Table 3. Summary of studies about biochar applications in agriculture and livestock farming.
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Biochar Use

	
Application Conditions

	
Obtained Results

	
References






	
Soil amendment

	
Grapevine pruning biochar was applied to vineyard clay soils

	

	
▪ Available water content increased by 23%






	
Marshall et al. (2019) [34]




	
Biochar was applied to sandy loam soils at 5% (w/w) and 12.6 dS m−1 salinity rate

	

	
▪ Sorghum dry matter yield increased by 27.71%



	
▪ Biochar alleviated the harmful impact of salinity






	
Ibrahim et al. (2020) [35]




	
Eucalyptus wood waste biochar (550 °C) applied to different soils of mixture grassland (10 t ha−1)

	

	
▪ Improved legume production and competitiveness over grasses in mixed pastures



	
▪ Increase in the amount of N fixed






	
Mia et al. (2018) [36]




	
The addition of biochar to soils promoted an increase in crop yields

	

	
▪ Liming effect



	
▪ Improved water holding capacity of the soil



	
▪ Improved nutrient availability of crops



	
▪ Around 77% of the studies found that < 50% (by vol.) of biochar addition in container substrates promoted plant growth, in particular, herbaceous plants






	
Jeffery et al.

(2011) [37]

Huang and Gu (2019) [38]




	
Composting

additive

	
Biochar was applied at a 10% rate (wt.%)

	

	
▪ Biochar at 10–30% rates succeeded in mitigating NH3, N2O, and CH4 emissions



	
▪ Biochar decreased the bioavailability of Cu and Zn in compost






	
Sanchez-Monedero et al. (2017) [39]




	
Woody biochar (550 °C) was applied at a 10% rate (wt.%) to a mixture of slaughter waste, swine slurry, and sawdust compost

	

	
▪ Reduction of ammonia volatilization by 26–59%



	
▪ Increase in nitrate (NO−3) accumulation by 6.7–7.9 fold



	
▪ Enhanced macro- and micro-nutrient content






	
Febrisiantosa et al. (2018) [40]




	
Peat substitute &

Growing medium

	
Biochar as a peat substitute

	

	
▪ Biochar can replace peat (≤ 70 vol.%) in soil-free substrates (no pH adjustment) without negative impacts on marigold biomass or flowering.






	
A.J. Margenot (2018) [41]




	

	
▪ Incorporation of 50% (by vol.) biochar with peat increased container capacity, due to increased micropores, compared to those with 100% peat substrate.






	
Méndez et al. (2015) [42]




	

	
▪ Incorporation of 20% or 35% (w/w) biochar with compost made from green waste increased container capacity.






	
Zhang et al. (2014) [43]




	

	
▪ Incorporation of 60% and 70%, by vol. of the mixed hardwood biochar could substitute peat-based substrate in containers to grow plants.






	
Huang et al. (2019) [44]




	
Mixtures of Biochar (at 0, 20, and 35%), humic acid (at 0, 0.5, and 0.7%), and composted green waste

	

	
▪ The highest quality medium and best growth were achieved with 20% biochar and 0.7% humic acid.



	
▪ Improved the particle-size distribution.



	
▪ Adjusted the bulk density (BD), porosity, and water-holding capacity (WHC) into ideal ranges.



	
▪ Decreased pH and electrical conductivity (EC).



	
▪ Increased macro- and micro-nutrient contents and microbial biomass C and N of the growth media.






	
Zhang et al. (2014) [43]




	
Rice husk biochar mixed with perlite (1:1) as hydroponics growing medium

	

	
▪ 2 fold increase in shoot length, number of leaves, and fresh/dry masses of leafy vegetable plants



	
▪ Increase of 1.2 to 3.5 fold in leaf K, Mg, Mn, and Zn contents in most vegetable plants



	
▪ Decreased algal growth in the nutrient solution






	
Awad et al. (2017) [45]




	
Bedding litter

	
Addition of biochar at 10 to 20 wt.% to pine shavings for poultry bedding

	

	
▪ Increased water holding capacity by 21.6 and 32.2%






	
Linhoss et al. (2019) [46]




	
Feed Additive

	
<1% of daily rice husk biochar diet to ruminants, goats, and pigs; 2–6% of daily woody biochar feed to ducks and poultry

	

	
▪ Increased weight gain, digestibility, N retention; increased egg weight



	
▪ Lowered feed conversion ratio and enteric CH4 emissions; decreased pathogens






	
Man et al. (2021) [32]




	
Heavy metal immobilization

	
Biochar was applied (up to 10% rate) to heavy metal-contaminated soils.

	

	
▪ Effective heavy metal (Cd, Pb, and Zn) immobilization



	
▪ Decreased metal uptake in lettuce






	
Kim et al. (2015) [47]




	
Soil reclamation

	
Wheat straw biochar and NPK added for sandy soil reclamation

	

	
▪ Improved soil physical and chemical properties.



	
▪ Increased total organic carbon content



	
▪ Increased volumetric water content



	
▪ Increased sandy substrate fertility



	
▪ Achieved conditions for revegetation






	
Bednick et al. (2020) [48]
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Table 4. Summary of studies about biochar applications for GHG emissions abatement.
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Biochar Use

	
Application Conditions

	
Relevant Results

	
Reference






	
CO2-capture

	

	
▪ Biochar was obtained from pyrolysis of olive stones and almond shells, followed by CO2 activation.



	
▪ The capture experiment consisted of the gas passage (with N2 + CO2) through a fixed-bed adsorption unit with biochar (25 °C and 100 °C, 1 atm).






	
CO2 adsorption performance was better for biochar from olive stones at 25 °C (3 mmol g−1). Good regeneration capabilities were found for both biochars.

	
González et al. (2013) [51]




	
CO2-capture

	

	
▪ Biochar was prepared from hydrothermal carbonization of Jujun grass and Camellia japonica, and KOH/N2 activation.



	
▪ Tests were conducted in a gravimetric analyser (25 °C, 0.15–20 bar).






	
Adsorption results were similar for both feedstocks and ranged between 3–21 mmol g−1, with the highest results achieved when the pressure increased.

	
Coromina et al. (2015) [52]




	
GHG

mitigation

	

	
▪ Biochar preparation: pyrolysis of hardwood trees.



	
▪ Introduction of 49 t ha−1 of biochar for cultivation tests using Miscanthus crops, for 2 years.






	
Soils amended with biochar presented a reduction of CO2 emissions of 33% and a global reduction of GHGs (CO2, N2O, and CH4) of 37%.

	
Case et al. (2014) [53]




	

	
▪ Biochar preparation: gasification of hardwood and softwood chips.



	
▪ Biochar was applied at a rate of 9.3 t ha−1 in field tests for the cultivation of corn and different types of grasses, during 148 days.






	
No significant variations in CO2 emissions were observed for all crop types, but N2O emissions were suppressed by 27% with corn crops.

	
Fidel et al. (2019) [54]
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Table 5. List of studies focused on biochar applications for wastewater treatment.
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Biochar Use

	
Application Conditions

	
Obtained Results

	
References






	
Wastewater treatment

	
Catalytic ozonation of refinery wastewater with activated biochar from petroleum waste sludge.

	
Removal efficiencies for the following contaminants: total organic carbon (53.5%), Ox (33.4%), NOx (58.2%), and OxS contaminants (12.5%).

	
Chen et al. (2019) [57]




	
Removal of heavy metals

	
Pb2+ removal from battery manufacturing wastewater using bagasse biochar.

	
Maximum removal efficiency of 12.7 mg g−1 (75.4%) of Pb2+ was reached.

	
Poonam and Kumar (2018) [58]




	
Jazaurin, ficus, orange, and mango biochars were used as filter media to retain several heavy metals.

	
Biochars were more effective with particle sizes <0.1 cm and initial concentrations between 50–150 mg L−1, generating 99% of removal efficiencies for Cu2+, Cd2+, Pb2+, and Zn2+.

	
Hefny et al. (2020) [59]




	
Removal of nitrogen and phosphorus

	
Dairy manure runoff batch sorption using biochars produced from biomass

	
Adsorption results of 20–43% of ammonium and 19–65% of phosphate were achieved within 24 h

	
Ghezzehei et al. (2014) [60]




	
Phosphorous removal from treated municipal wastewater

	
Phosphorous was removed effectively with relatively fast kinetics (<8 h) and a good adsorption capacity (8.34 g kg−1)

	
Zheng et al. (2019) [61]




	
Removal of organic contaminants

	
Biochar was produced by thermal activation (600 °C) from anaerobically digested bagasse

	
Sulfamethoxazole and sulfapyridin were removed from aqueous solutions with maximum adsorption capacities of 54.38 mg g−1 and 8.60 mg g−1, respectively

	
Yao et al. (2018) [62]




	
Gliricidia sepium biochar was used in batch sorption studies to remove aqueous dyes

	
Biochars produced at higher temperatures presented better adsorption efficiencies

	
Wathukarage et al. (2017) [63]




	
Stormwater management

	
Use of sand and biochar filters

	

	
▪ Primarily removal of metals/metalloids and total suspended solids



	
▪ Minimal land requirement



	
▪ Limited nutrient removal



	
▪ High operation costs to prevent clogging






	
Mohanty et al. (2018) [64]




	
Use of biochar in enhanced bio infiltration/bioretention system

	

	
▪ Removal of a wide variety of pollutants



	
▪ Demand for larger areas



	
▪ High installation and maintenance costs









	
Constructed wetlands

	
Biochar was prepared from cattail and introduced into constructed wetlands

	
Results showed an improvement in removal efficiencies of chemical oxygen demand, NH4+ and total nitrogen, and a reduction of N2O emissions. Heavy metals such as As2+, Zn2+,, and Cu2+ were retained with rates of 35.4–83.9%, 8.2–23.7%, and 0.3–0.9%, respectively

	
Guo et al. (2020) [65]




	
Biochar derived from wood was placed in a horizontal subsurface flow constructed wetland

	
Nutrient uptake by plant roots, plant biomass growth, and nutrient removal from wastewater were all enhanced with the biochar system. A pH reduction induced by plants in filter media was observed

	
Kasak et al. (2018) [66]
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Table 6. List of studies focused on emerging biochar applications.
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Biochar Use

	
Application Conditions

	
Obtained Results

	
References






	
Biochar paper and cardboard

	
Biochar (up to 30%) and paper pulp were blended

	

	
▪ Extended shelf life



	
▪ Anti-static agent



	
▪ Promotes moisture absorption






	
Draper and Schmidt (2014) [68]




	
Biochar ink

	
Biochar was used as a substitute for carbon black in ink production

	
Similar visual density results were obtained as the standard carbon black ink

	
Hulse (2019) [69]




	
Production of a biochar-based conductive ink

	
The product is compatible with printed electronics

	
Edberg et al. (2020) [70]




	
Biochar as construction material

	
Biochar was added to pavement bitumen (5–15%)

	
This application resulted in improved moisture and cracking resistance, as well as in an increased viscosity of the product

	
Gupta and Kua (2017) [71]




	
Biochar applied at 5% cement replacement in mortar

	

	
▪ Compressive strength is slightly higher



	
▪ Water absorbed contributes to internal curing in mortar









	
A composite of biochar–clay plaster (30–50 wt.%) was mixed with clay and sand

	

	
▪ Promotes humidity control (45–70%)



	
▪ Retains toxic gases through absorption/adsorption



	
▪ Has low thermal conductivity









	
Biochar composites

	
Biochar (10 wt.%) was added as a filler to glass fibre reinforced composite

	
Compared to glass fiber reinforced polymer, the new composite material presented:

	
▪ greater damping impact properties



	
▪ a storage modulus that was 28% higher



	
▪ a better thermal stability



	
▪ better flame retardancy properties






	
Dahal et al. (2019) [72]
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Table 7. Current regulations on biochar [75].
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European Regulation

	
National Regulation

	
Voluntary Regulation






	
Not in force yet. Proposals are being developed and are expected to be implemented soon. It is anticipated that carbon and nutrient-rich biochars will be regulated by “end-of-waste criteria”.

	
In force in Germany, Austria, Switzerland, and Italy. Biochar of vegetable origin only.

	
In other EU countries, free trade is only possible after obtaining registration or a permit.

	
Serves certification but does not have a legal basis. There are three main organizations: European Biochar Certificate (EBC); Biochar Quality Mandate (BQM); and International Biochar Initiative (IBI-BS).
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Table 8. Overview of biochar certification schemes [73,74].
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Parameter

	
Units

	
IBI-BS

	
EBC

	
BQM




	
Basic

	
Premium

	
Standard

	
High Grade






	
Organic C

	
%

	
≥10

	
≥50

	
≥10




	
H/C

	
---

	
≤0.7

	
≤0.7

	
≤0.7




	
O/C

	
---

	
≤0.4

	
---




	
Moisture

	
%

	
---

	
≥30

	
≥20




	
Ash

	
√

	
√

	
√




	
EC

	
mS m−1

	
√

	
√

	
Optional




	
Liming

	
---

	
√

	
---

	
---




	
pH

	
√

	
√

	
√




	
PSD

	
mm

	
√

	
---

	
√




	
SSA

	
m2g−1

	
---

	
√

	
Optional




	
AWC

	
%

	
---

	
√

	
Optional




	
VM

	
Optional

	
√

	
---




	
Germination

	
-

	
Pass/Fail

	
Optional

	
---




	
Total N

	
%

	
√

	
√

	
√




	
P, K, Mg, Ca

	
Optional

	
√

	
Total P&K




	
PAH

	
mg kg−1, db

	
≤300

	
<12

	
<4

	
<20




	
B(a)P

	
≤3

	
---

	
---




	
PCB

	
≤1

	
<0.2

	
<0.5




	
PCDD/F

	
≤17

	
<20

	
<20




	
As

	
mg kg−1, db (max.)

	
12–100

	
---

	
100

	
10




	
Cd

	
1.4–39

	
1.5

	
1

	
39

	
3




	
Cr

	
64–1200

	
90

	
80

	
100

	
15




	
Co

	
40–150

	
---

	
--




	
Cu

	
65–1500

	
100

	
1500

	
40




	
Pb

	
70–500

	
150

	
120

	
500

	
60




	
Hg

	
1–17

	
1

	
17

	
1




	
Mn

	
---

	
---

	
---

	
3500




	
Mo

	
5–20

	
---

	
75

	
10




	
Ni

	
47–600

	
50

	
30

	
600

	
10




	
Se

	
2–36

	
---

	
100

	
5




	
Zn

	
200–7000

	
400

	
2800

	
150




	
B

	
√

	
---

	
---




	
Cl




	
Na








Note: PSD—Particle Size Distribution; AWC—Available Water Holding Capacity; VM—Volatile Matter. The symbol √ refers to the required analysis for biochar (declaration).
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Table 9. Current biochar production in the top global markets.
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	Market
	Current Biochar Production





	China
	>300,000 (up to 500,000) t/y and rapidly growing



	USA
	~50,000 t/y and growing



	Europe
	>20,000 t/y and growing



	Australia
	~5000 t/y and growing
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Table 10. Technical biochar potential produced from the slow pyrolysis of the main wastes available in Alentejo.
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Feedstock Type

	
Amount (kt/y) [79]

	
Biochar

Yield (wt.%)

	
Biochar

Production (kt/y)






	
Agricultural wastes

	




	
Corn stalks

	
768.8

	
28.0 [80]

	
215.3




	
Rice straw

	
129.0

	
25.0 [81]

	
32.3




	
Vine prunings

	
296.1

	
30.0 [82]

	
88.8




	
Olive prunings

	
188.1

	
10.0 [83]

	
18.8




	
Fruit tree prunings

	
32.7

	
23.6 [84]

	
7.71




	
Forestry wastes

	




	
Pine

	
84.5

	
21.0 [81]

	
17.7




	
Eucalyptus

	
124.4

	
22.0 [82]

	
27.4




	
Cork oak

	
130.4

	
24.5 [82]

	
32.0




	
Green herbaceous wastes

	
89.0

	
27.8 [85]

	
24.7




	
Shrubs

	
129.6

	
20.0 [82]

	
25.9




	
Total

	
1 972.6

	
-

	
490.9
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Table 11. Estimated benefits of the potential application of biochar in Alentejo agricultural lands considering 100% of the technical biomass potential. Methodology from Pacific Biochar [86].
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Parameter

	
Value

	
Remarks




	
Biochar application in agricultural land

	




	
Biochar application rate (t/ha)

	
5

	
Biochar application rate from Chiaramonti and Panoutsou (2019) [87]




	
Land covered (ha/y)

	
98,104




	
Time until 100% coverage (y)

	
22

	
Total agricultural land in Alentejo: 2.14 Mha [88].




	
Direct carbon sequestration

	




	
Carbon sequestration potential, C (kt-C)

	
441.8

	
Direct carbon sequestration of 3.12 t-CO2/t-biochar. Calculated from Lehmann et al. (2015) [89]




	
Carbon sequestration potential, CO2 (kt-CO2-eq)

	
1529




	
GHG emissions reduction (ER)—ancillary

	




	
GHG ER, Enteric fermentation (kt-CO2-eq)

	
348.9

	
GHG emission reductions of 22%, 20%, and 36% for enteric fermentation, manure management, and soil, respectively

[90,91].




	
GHG ER, Manure management (kt-CO2-eq)

	
37.60




	
GHG ER, Soil (annual) (kt-CO2-eq)

	
11.20




	
GHG ER, Combined ancillary benefits (kt-CO2-eq)

	
397.7




	
GHG ER + Direct sequestration (kt-CO2-eq)

	
1927




	
Cost per t of CO2drawdown

	




	
Direct sequestration (€/t-CO2-eq)

	
257

	
Considering an average biochar price of 800 €/t [78].




	
GHG ER, Ancillary (€/t-CO2-eq)

	
987




	
Total of direct and ancillary (€/t-CO2-eq)

	
204




	
Water conservation

	




	
Increased WHC (million m3)

	
6.20

	
Considering that soil WHC improves by 62 m3/ha (+ 0.25–1% SOM, top 15 cm) [92]. Soil bulk density is taken from INFOSOLO database [29].




	
Days of water use in Alentejo (d)

	
46

	
Residential water consumption is taken from ERSAR [93].




	
Nitrogen management

	




	
Maximum nitrogen retention capacity (kt-N)

	
88.36

	
N retention capacity of 0.18 g-N/g-biochar from Hestrin et al. (2019) [94].




	
N Leaching reduction, agricultural land (t-N/y)

	
127.0

	
N-leaching from agriculture in Alentejo: 10 830 t-N/y [95,96].








Note: SOM—Soil Organic Matter; WHC—Water Retention Capacity.
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Table 12. SWOT analysis for developing the biochar industry in Alentejo.
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	Strengths
	Weaknesses
	Opportunities
	Threats





	
	
Feedstock availability



	
Several potential applications



	
Established production technologies



	
Valuable byproducts



	
Integration in biomass heating systems



	
Upscaling



	
Tailor-made biochar



	
Biochar provides synergistic solutions to problems that concern policymakers: food and energy security, climate and sustainability, and land remediation





	
	
Low market awareness and limited demand



	
Lack of specific policies and legislation



	
High selling prices



	
Knowledge gaps: long-term carbon sequestration, contaminants release, and impact of biochar on ecological systems.





	
	
Potential to attract capital investment due to synergies with renewable energy or waste mitigation



	
Potential for mobile biochar production



	
Biochar can benefit from restricting regulations regarding air, water, and soil pollution, GHG emissions, or reducing organics sent to landfill



	
Versatile material



	
Rural and regional development





	
	
Large array of physicochemical characteristics



	
Quality control



	
Improper communication regarding biochar production, characteristics, and applications



	
Lack of awareness regarding the benefits of biochar



	
Potential competition with other biofuels for biomass resources
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