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Abstract

:

Paddy fields emit considerable amounts of methane (CH4), which is a potent greenhouse gas (GHG) and, thereby, causes significant environmental impacts, even as they generate wealth and jobs directly in the agricultural sector, and indirectly in the food-processing sector. Application of biochar in rice production systems will not just help to truncate their carbon footprints, but also add to the bottom-line. In this work, the authors have reviewed the literature on climate change, human health, and economic impacts of using organic residues to make biochar for the addition to croplands especially to rice paddy fields. Biochar-bioenergy systems range in scale from small household cook-stoves to large industrial pyrolysis plants. Biochar can be purveyed in different forms—raw, mineral-enriched, or blended with compost. The review of published environmental life cycle assessment (E-LCA) studies showed biochar has the potential to mitigate the carbon footprint of farming systems through a range of mechanisms. The most important factors are the stabilization of the carbon in the biochar and the generation of recoverable energy from pyrolysis gases produced as co-products with biochar as well as decreased fertiliser requirement and enhanced crop productivity. The quantitative review of E-LCA studies concluded that the carbon footprint of rice produced in biochar-treated soil was estimated to range from −1.43 to 2.79 kg CO2-eq per kg rice grain, implying a significant reduction relative to rice produced without a biochar soil amendment. The suppression of soil-methane emission due to the biochar addition is the dominant process with a negative contribution of 40–70% in the climate change mitigation of rice production. The review of the life cycle cost studies on biochar use as an additive in farmlands demonstrated that biochar application can be an economically-feasible approach in some conditions. Strategies like the subsidization of the initial biochar capital cost and assignment of a non-trivial price for carbon abatement in future pricing mechanisms will enhance the economic benefits for the rice farmers.
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1. Introduction


Recent studies have provided important information on climate change mitigation. The current greenhouse gas (GHG) emissions trend suggests that the average global temperature will rise by over 4 °C by 2100 [1,2]. Since global warming may adversely affect biodiversity, ecosystems, and human survival [3], many scientists have shown a renewed interest in new approaches to geo-engineering and reforestation through which excess carbon dioxide (CO2) from the atmosphere can be removed [4,5]. Existing research recognizes the critical role played by biochar production (a solid product of thermal decomposition of biomass) and its application into soils in mitigating atmospheric CO2 concentrations [6].



Rice paddy fields have been identified as a major source of atmospheric GHG emissions, mainly in the form of methane (CH4). Climate change impact and its adaptation strategies can positively or negatively affect rice production [7] and net income of rice farmers [8,9]. Biochar use in rice systems has been advocated as a potential strategy to reduce GHG emissions from soils [10,11,12], enhance soil carbon (C) stocks and nitrogen (N) retention [13,14], and improve soil function and crop productivity [12,15]. In agricultural systems, crop residues could be a sustainable source of biomass for biochar production and bioenergy generation. Unused agricultural residues are currently decomposed in the soil or burned in the field, returning most of the C to the atmosphere. Converting all sustainably-harvested biomass into biochar could reduce the atmospheric loading of CO2 by 1.8 Gt C/yr [16]. Using residues for biochar production may also abate the emissions of atmospheric pollutants caused by open burning of biomass. Burning crop residues in the field is particularly dangerous to human health since most of the particulate matter with a diameter of less than 10 μm (PM10) is easily able to penetrate deep into the lungs, causing respiratory disorders and heart problems [17].



Biochar stability in soil alone is not sufficient to quantify the impact of biochar amendments on net GHG emissions [18]. It is also necessary to consider emissions associated with growing, harvesting, and transporting feedstock as well as with biochar production and its land application. Environmental life cycle assessment (E-LCA) integrates these varied sources of emissions associated with biochar addition to soil to quantify the system-level impacts on terrestrial carbon stocks and atmospheric GHG concentrations. E-LCA is an analytical tool that can be applied to calculate the life-cycle environmental impacts of products/product-systems. It adheres to global ISO standards and is comprised of four steps—defining the goal and scope of the analysis, inventory analysis (of the inputs into and outputs from the life-cycle), environmental impact assessment, and interpretation of the results and generation of advice for improvement [19]. The use of E-LCA enables researchers to evaluate biochar production throughout its life cycle, introduce the hotspots, and find solutions to mitigate the potential impacts [20]. Accordingly, numerous studies have employed this method to scrutinize the potential impacts of biochar production and application as an energy source or as a soil amendment [21]. Among other aspects of biochar production, a number of studies have employed E-LCA to evaluate the environmental impacts of biochar application in paddy fields. However, due to the varied characteristics of biochar, its versatile impacts on the rice fields as well as different methodological choices made the functional unit and the definition of the system boundaries such as the results achieved from these studies, which are considerably different.



Optimal use of new technologies is possible only when they are quickly adopted and widely diffused. While the increase in yield may be a plus for new agricultural technology, the high costs may be a deterrent [22,23]. Therefore, prior to widespread promotion of biochar systems, it is important to investigate the economic implications of biochar systems vis-à-vis conventional systems.



The aim of this review is to provide an overview of biochar production systems in terms of climate change, health, and economic impacts, and discuss the key factors affecting the final results, particularly with regard to rice-based farming systems.




2. Environmental Life Cycle Assessment (E-LCA)


E-LCA, as referred to earlier, can also be labelled as a ‘cradle-to-grave’ (or cradle-to-cradle more accurately, when there is recycling and reuse involved at the end of the linear life-cycle, thus circularizing it) environmental impact analysis, and is a sustainability tool that can be applied to asses any product, process, or activity in the anthroposphere. The entire life cycle here would encompass everything from raw material acquisition, manufacturing/production, use, and final disposal (which may take any form). The four standard steps in an E-LCA have been briefly described below.



2.1. Goal and Scope Definition


Goal and scope definition is the first phase of LCA, and is equivalent to defining the objective and the boundary of the study to be performed. The objective of the study is described in terms of the environmental impacts associated with a functional unit. The functional unit (FU) is the reference unit for which the inventory data are normalised [19].




2.2. Inventory Analysis


Inventory analysis involves the collection of data concerning resource use, energy consumption, emissions to the environment, and products resulting from each activity in the product system. The life cycle inventory (LCI) table presents information about all inputs and outputs in the form of elementary flows to and from the environment from all the unit processes involved in the study. LCI database can assist researchers in the selection of energy-efficient and environmentally friendly materials, products, and processes for their study systems based on the environmental impact of an object over its entire lifetime.




2.3. Impact Assessment


Life cycle impact assessment (LCIA) aims at quantifying the potential environmental impact of the elementary flows identified in the LCI phase. Therefore, this stage considers the contribution to impact categories such as climate change, particulate matter, and acidification. In the first step, impact potentials are computed according to the LCI results. Normalisation and weighting are two optional steps. Normalisation provides a basis for aggregating similar environmental impacts caused by different substances using characterisation factors. Weighting enables one to aggregate different impact categories to get a single index by assigning priorities to them. The impact assessment involves the application of characterization factors, based on mid-point or end-point indicators for each impact category. For instance, the characterisation factors of biogenic methane (CH4), and nitrous oxide (N2O) are 28 and 265, respectively, for the calculation of climate change over a 100-year time horizon, according to the IPCC Fifth Assessment Report [24].




2.4. Interpretation


The interpretation of the results from the previous stages of the study is the final stage in the life cycle assessment (LCA). All conclusions and recommendations related to the objectives of the study are formulated during this stage.





3. Life Cycle Cost Analysis (LCCA)


LCCA is much older than E-LCA, and had its roots in the USA much like E-LCA. It enables one to understand if decisions made, guarantee economic sustainability. LCCA enables one to chalk out different scenarios and have a long list of plans. When one considers a long business life-cycle, depending on the kind of business and its degree of reliance on material and energy resources, resource economics plays a key role in LCCA as a source of data. Simply put, LCCA advocates a long-term perspective [25].



The cheapest option on the shelf may very well have a shorter lifetime necessitating a fresh investment and new purchases again very soon. It may also mean that you end up spending more on maintaining whatever you purchased, as it may tend to breakdown very often. Here, we can define an acronym, which one would come across often in LCCA—the total cost of ownership of an asset. When there is ‘ownership,’ there is the necessity (and the responsibility) to spend on operation and maintenance. The total cost of ownership is nothing but the sum total of the initial cost and the operation-maintenance expenses incurred throughout the life cycle. LCCA has struck deep roots in both the developed and developing world countries in the previous century and has been applied in a different range of subjects [26,27,28]. Entrenching LCCA in decision-making will go a long way in promoting the conservation of natural resources, when inflation resulting from the impending scarcity of the non-renewable resources is factored into an LCCA, revealing a rise in operation expenses later in the life-cycle. This may mean that decisions will tend to be made in favour of resource-lighter alternatives. Being fully aware that scarcity of some of the resources you need, correlating directly to cost, is a ‘good weapon’ to have. If a decision is likely to save a lot of money (this would vary depending on the range of alternatives, the type of project/asset, and the sector in focus), then all the time and effort invested in performing an LCCA is fully worth it. The following factors make the adoption of LCCA unquestionable [25]:




	-

	
High energy-intensiveness of the projects during their respective lifetimes, in a clime in which it is a known fact that energy prices will increase,




	-

	
High project lifetimes, and, thereby, near certainty that the operation and maintenance expenses that must be managed, cannot be ignored,




	-

	
High initial capital cost, which needs to be justified by an optimisation of operation and maintenance expenses.










4. Biochar


4.1. Biochar in Farming Systems


Application of biochar to cropland has been recommended as a climate-change mitigation approach, which also improves soil properties. Biochar is produced through pyrolysis of uncontaminated and sustainable biomass source, e.g., wood, crop residues, livestock manure, or other organic wastes at a low temperature (300–600 °C) in oxygen-limited anoxic conditions. The resultant, which can be applied to the soil, has a high non-biodegradable carbon content that can remain in the soil for hundreds to thousands of years [29]. The stability of carbon in biochar varies depending on the feedstock and pyrolysis temperature. Singh et al. [30] found that the stable carbon content of biochar from slow pyrolysis ranged from 45% (poultry litter pyrolysed at 400 °C) to 92% (wood feedstock pyrolysed at 550 °C). The much greater long-term stability of carbon in biochar compared with conventional methods for disposal of biomass [31] is this approach’s USP when it comes to carbon sequestration methods.



The reviews of studies over biochar additions to soil indicate that biochar can increase crop yield [32], suppress GHG emissions from soil [33], reduce fertiliser requirements [34,35], and increase soil organic carbon stocks [36]. However, the agronomic and soil impacts of biochar use in farming systems vary widely, and differences are due to feedstock and pyrolysis conditions, biochar application rate, and crop and soil to which biochar is applied [37], resulting in large uncertainties in the effect of biochar on crop yields and soil GHG emissions.



For instance, the review of studies on the effects of biochar amendment on GHG emissions from paddy soils demonstrated that results vary broadly, fluctuating from a large increase to a large decrease in soil CH4 emissions. Many studies have reported that biochar application significantly decreases CH4 emissions [11,38,39,40], which has been attributed mainly to an increase in soil pH [40] and increased methanotrophic activity because of improved soil aeration [39,41]. In contrast, enhanced CH4 production or no significant effect of biochar addition have also been reported [13,42], and the increased CH4 emissions with biochar addition has been attributed to the labile carbon from biochar as a predominant source of substrate for methanogenesis [43].



Similarly, studies have reported inconsistent findings on the effects of biochar amendment on N2O (nitrous oxide) emissions. Zhang et al. [44] found that the application of wheat straw biochar reduced soil bulk density and improved soil aeration, resulting in decreased N2O emissions. Yanai et al. [45] suggested that the increase in soil pH resulting from biochar addition made from municipal biowaste enhanced the N2O-reducing activity of denitrifying communities. A meta-analysis carried out on biochar studies [33] calculated that biochar application reduced N2O emissions from soil by an average of 54%. However, an increase in N2O emissions after biochar use have also been reported. The increasing soil N2O emissions were mostly attributed to the high levels of nitrogen input from the biochar addition [40,46].



Biochar is also able to increase the growth and yield of rice [15,38] and other dryland crops [47,48] by improving the physical and biochemical properties of the soil, and nutrient availability [49,50]. Furthermore, the application of biochar in rice fields showed positive improvements on water use efficiency by 15.1–42.5%, which was followed by an increased rice yield by 9.35–36.3% [51].



Ammonia volatilization is another source of atmospheric pollution from rice fields. The incorporation of biochar into paddy fields have reportedly decreased ammonia volatilization by absorbing ammonia and ammonium nitrogen. Ammonia volatilization could decrease up to 39% under soil treatments with 10 t ha−1 biochar [52]. Biochar properties, application rate, irrigation regime, etc. affect the rate of ammonia volatilization from rice fields (Table 1). There are also reports on a higher volatilization rate from paddy fields amended with straw biochar [53].



A number of authors have confirmed enhanced fertiliser-use efficiency after biochar application into soils [15,65,66]. In fact, biochar can retain nutrients in soils and promote nutrient uptake by plants which can, consequently, improve crop yields and decrease the use of fertilizing agents [35,67], as well as decreasing emission of N2O from soils [65]. The effect of biochar application on nitrogen use efficiency can even continue for some years after its application due to its impact on mitigating ammonia volatilization [59].



Findings of the effects of biochar application on crop productivity vary widely in the literature, based on soil quality amongst other factors. Significant yield improvements were reported in some studies when biochar was applied to soils of low fertility [50,68], whereas soils of higher fertility showed no significant increase in biomass production and crop yields [69,70].




4.2. Biochar Production Technologies


Carbonisation technologies including slow pyrolysis, fast pyrolysis, and gasification can be used to produce biochar. This sub-section focuses on biochar produced through thermal pyrolysis (specifically slow pyrolysis). The highest char yields are obtained by this heating method, up to 58% of the total feedstock [71]. Different scales of pyrolysis technologies are available in the market, ranging from improved cook-stoves to large industrial plants [72] estimated to process 2000 oven dry tonnes of feedstock per year (odt/yr), 20,000 odt yr−1 and 100,000 odt yr−1 in small, medium, and large scales, respectively [73].



Small-scale (i.e., household) pyrolysis facilities can benefit from pyrolytic cook-stoves that facilitate the biochar production process while recovering heat energy for cooking [74,75]. Incorporating such cook-stoves into the kitchen enables the household to have a wider range of fuels to choose from such as, in this case, the use of crop residues to replace firewood [76]. Efficiency of biochar cook-stoves in villages in North Vietnam were fully assessed by Joseph et al. [77]. Not only did the fuel wood consumption drop by between 30% and 60% compared with the traditional open hearth, the cooking time was decreased by up to 25% depending on the expertise of the cook and the number/types of meals cooked.



Top-lit updraft drum ovens and brick kilns are slow pyrolysis technologies, which allow biochar production at the village level [78]. The combusted pyrolysis gases from these facilities are directly released to the atmosphere, whereas pyrolytic cook-stoves burn pyrolysis gases and use the heat for cooking. At the district scale, more advanced pyrolysis technology is adopted to convert biomass into biochar. These large-scale biochar facilities usually permit easy capture of produced gases, which can be used to generate energy products (heat and electricity), adding value to biochar production and decreasing environmental costs through the displacement of fossil fuels [79].



The GHG emissions abatement potentials of biochar production was compared in a range of different pyrolysis technologies by Hammond, Shackley, Sohi, and Brownsort [73]. They reported that small-scale pyrolysis systems recover less energy than the large-scale ones and, therefore, are less efficient in delivering carbon abatement. According to Bailis et al. [80], GHG emission decreased by 119% when biochar was produced with container kiln technology in which pyrolysis gases were used for heat and power production than with the hot-tail brick kilns in which combusted gases are emitted to the atmosphere. Recycling of the pyrolysis gas plays an important role in the sustainability of biochar production, as the methane in the pyrolysis gas will have a substantial global warming effect if released uncombusted into the air.




4.3. Enriched Biochar Systems


Most biochar studies in rice-cropping systems have used high rates of rice straw biochar (5–48 t ha−1) [10,81], and Mohammadi, Cowie, Anh Mai, Anaya de la Rosa, Kristiansen, Brandão, and Joseph [66] concluded from review of available studies that the maximum agronomic benefits occur at a rate of 18.4 t ha−1. Prior studies that have noted the benefits of lower rates of biochar in combination with minerals [82]. The high application rates of biochar, however, add to the farmers’ expenditures. Therefore, enriched biochar with a higher mineral content, surface functionality, exchangeable cations, and water-extractable organic compounds has been introduced [82,83,84]. Chia, Singh, Joseph, Graber, and Munroe [84] enriched a woody biochar with manures, minerals, and clays. Their resultant biochar was high in exchangeable cations, available phosphorus, and was characterized with high acid-neutralizing capacity. Enriched biochar with clay, minerals, and manure increased the concentration of dissolved organic carbon in the soil [85]. Joseph et al. [86] confirmed positive effects of enriched acacia wood-derived biochar, with clay, chicken litter, and minerals, on growth of wheat at a low application rate (100 kg ha−1). Moreover, enhanced soil carbon and nitrogen storage and lessened GHG emissions from the soil have been linked to enrichment of woody biochar effluent with dairy manure [83]. Furthermore, the simulations application of biochar and livestock manure in rice fields considerably decrease methane emissions associated with decomposition of organic matter under anaerobic conditions [58].




4.4. Biochar-Compost Systems


Biochar can boost the composting process through better aeration, retaining nutrients and enhancing the quality of the final product [87]. Ammonia volatilization is avoided and, thereby, a 52% reduction in N losses is achieved with the addition of pine chip biochar in a 1:4 ratio when composting poultry litter [88]. One may safely conclude here that biochar may well be a suitable amendment for composting N-rich waste materials. Mixing bamboo-derived biochar with pig manure, sawdust, and wood chips (at 3% wet weight basis (w/w)) prior to composting resulted in 31% less N2O emission [89]. Agegnehu, Bass, Nelson, and Bird [48] investigated the effect of wood-derived biochar, compost produced from green waste, bagasse, and chicken manure, and biochar–compost on soil fertility, maize yield, and GHG emissions. They found that the biochar and biochar-compost-based soil management techniques can improve soil organic carbon, soil nutrient status, and increase the yield of maize by 29%, and may help reduce soil GHG emissions in maize farming systems.




4.5. Climate Change Impact of Biochar Systems


Biochar production systems and the subsequent application of biochar in agricultural soil, as also mentioned earlier on different occasions in the text, can contribute to mitigation of GHG emissions and help combat climate change via a range of mechanisms. This is mainly through stabilisation of biomass carbon and its storage in the soil for a long period of time as well as recovering the energy from co-products of pyrolysis process [90]. Decrease in fertiliser requirement, suppression of CH4 (mainly in rice fields) and N2O emissions from soil, and increase in crop yield as well as avoided emissions from biomass disposal by traditional methods also contribute to climate change mitigation in biochar systems. Table 2 presents the E-LCA studies on biochar addition in paddy rice fields. The review of E-LCA studies on biochar application in rice fields showed that the carbon footprint of rice produced in biochar-treated soil was estimated to range from −1.43 to 2.79 kg CO2-eq per kg rice grain, indicating a significant reduction compared to the rice produced in the soil without biochar incorporation. The wide range of values is due to various assumptions and processes in the E-LCA studies, such as the type of feedstock, biochar stability in soils, the rate of biochar addition, soil GHG emissions, energy and fertiliser displacement impacts, and methodological factors.



A contribution analysis conducted in E-LCA studies shows that carbon storage in biochar [5,99] is the dominant process in the climate effect of biochar systems. In other words, biochar is composed of stable C compounds, which significantly contribute to the stable soil organic carbon pool, as shown in Figure 1 [100]. Soil carbon sequestration could vary from 0.5% to 76.29% depending on the span of biochar addition, feedstock characteristics, pyrolytic conditions, etc. [101]. Many E-LCA studies unanimously have reached the conclusion that the application of biochar on farmlands contributes most (>50%) to the GHG abatements while the contribution may vary depending on the stable carbon content of the biochar produced [102]. The fossil energy, displaced by the use of pyrolysis gases as co-products, also makes a significant contribution of 20% to 30% to the abatement of the life-cycle emissions from biochar systems [73,103] where biochar was applied to dryland crops and the FU was 1 t of dry biomass. The energy displaced plays a minor role, less than 10%, in the climate change impact of biochar systems where biochar is incorporated into paddy soil due to the substantial effect of biochar on the suppression of soil CH4 emissions and the selected FU was 1 kg of milled rice [66]. The suppression of CH4 emissions accounts for 40–70% reduction in the climate change impact of biochar systems where biochar was incorporated into paddy soils [66,94]. Thus, the results and the contribution of processes to GHG emissions abatement vary with crop and soil to which biochar is applied as well as with the FU of biochar systems.



Life cycle assessment of biochar systems has shown that these systems reduce the emissions up to 1.2 t CO2-eq t−1 (dry) feedstock [90]. Recent estimations shows that the potential of biochar for sequestering atmospheric GHG emissions is about 1–1.8 Pg (petagram) CO2-C equivalent per year [104]. Some studies, in which biochar was made from purpose-grown biomass and indirect land use change was included, presented results that were outliers [18]. The broad variation in the emissions abatement can be due to methodology choices such as the choice of FU, attributional vs. consequential LCA approach, system boundary that excludes or includes non-CO2 GHG emissions and indirect effects, or to differences in the systems studied (different biomass feedstock, different scale of pyrolysis, and biochar application rate). It should also be highlighted that, if the original materials for biochar production need any pre-treatment (such as animal manure, as shown in Reference [102]) or if considerable transportation is needed (shipping from one country to another, as shown in Reference [105]), these processes will add to the environmental load of the system and must not be neglected.



Although carbon sequestration and the avoidance of fossil-based energy have been introduced as the major pathways of GHG mitigations in biochar-based cropping systems, one should keep in mind that the reduction of CH4 and N2O emissions from paddy fields can also be looked upon as an important target [12]. The reduction of direct field emissions of N2O could only represent a minor contribution (<5%) to the GHG abatement if only biochar application is used as the mitigation strategy [106]. On the contrary, if biochar application is used synergistically with other farm management strategies such as a modified irrigation regime and a fertiliser with a relatively-lower environmental load, the contribution to the total emission reduction can be even higher.



Either one t of biomass residues or 1 kg of grain, mass of crop grown in biochar-amended soil, is commonly considered as FUs in E-LCA studies [66,91,107,108,109,110]. In studies in which the FU is based on crop residue management not on crop production, the total carbon footprint (CF) (including the emissions and avoided emissions) of biochar systems was estimated to be a negative value. In these studies, the avoided emissions are usually higher than the emissions released to the air due to the carbon sequestration by biochar and also taking out the GHG emissions from the crop farming from the boundaries of the system [18,99,108]. The rate of biochar application, by influencing on the soil emissions, fertiliser requirement, and crop yield, is also a key parameter in such studies ranging from 0.57 t ha−1 [111] to 60 t ha−1 [36] and resulting in carbon abatement of 0.51 kg CO2-eq. kg−1 corn stover and 0.30 CO2-eq. kg−1 sugarcane bagasse, respectively.



The review of LCA studies indicated that using biomass for biochar production can deliver significant GHG emissions abatement relative to the conventional use of biomass. However, having an energy-efficient pyrolysis technology is important in order to achieve a net reductive effect. This implies that biochar production from simple kilns without the capture and use of pyrolytic gases must be avoided [91,112].



Pyrolysis of biomass and biochar production does not always guarantee mitigation benefit. In some studies, utilising straw and energy crops for bioenergy generation offered greater emission reduction as compared to the use of biomass for biochar soil amendment [107,112]. However, biochar can be negative emissions technology since it can store atmospheric carbon into the soil, leading to return back GHG concentrations to a “safe” level in the atmosphere [90]. The optimal method for biomass management should be determined after evaluating each situation and considering the reference energy system and the cumulative benefits of the biochar.



In order to test the uncertainty related to the results of the climate change impact, sensitivity analyses are often undertaken on biochar systems. In the biomass pyrolysis phase, the parameters associated with biochar yield, the fraction of recalcitrant carbon in the biochar, energy displaced, and methane emissions are evaluated [66,72]. In the agricultural phase, the parameters quantifying effects of biochar application on emissions from soil and the decrease in mineral fertiliser requirements are assessed.



The climate effect of using biochar is relatively insensitive (less than 10% variability) to the pyrolysis methane emissions, the biochar transport distance, decrease in the fertiliser requirement, and the crop yield response to biochar additions [72,73]. Meanwhile, the GHG emissions abatement due to the biochar application is moderately sensitive to the biochar yield [111], the stable carbon content of biochar [108], and suppression of soil GHG emissions particularly when biochar is applied to paddy soils [93].



LCA studies have typically investigated the climate effect of biochar systems from the perspective of the feedstock and not crop production with ‘disposal of a mass of feedstock’ considered as the functional unit. Calculating the carbon footprint of crop produced in biochar-treated agro-ecosystems can be useful to examine biochar’s influence on different processes that contribute to climate change effects of cropping systems. E-LCA studies conducted on biochar are limited to the use of raw biochar and have not assessed applications of mineral-enriched variants. The climate impacts of compost in paddy rice systems [113] and vegetable production [114] have been investigated using the E-LCA methodology. However, life cycle assessment of applying the combination of biochar and compost to paddy soils has not been documented well.




4.6. Human Health (Particulate Matter and Human Toxicity) Impacts


The use of pyrolysis technology to convert crop residues into biochar may have health benefits in addition to environmental benefits. Most importantly, the use of straw for biochar may provide a solution for reducing air pollutant emissions such as particulate matter (PM10), polycyclic aromatic hydrocarbons (PAHs), and sulphur dioxide. These are usually released on open burning of the biomass [115,116]. Shackley et al. [117] advised considering environmental protection and health safety factors when designing the biochar production technologies. For this non-CO2 GHG and soot emissions that exacerbate climate change must be minimised, and emissions of dust and crystalline particles that affect human health must be curbed. Nevertheless, very few studies have considered human health effects of biochar production technologies. Sparrevik et al. [118] investigated the human toxicity and particulate matter emissions from biochar production in different pyrolysis technologies using E-LCA, applying the endpoint ReCiPe indicators. They showed that the health impacts of biochar production improved when biochar was produced in top-lit updraft stoves that allow the use of the pyrolysis gas for cooking purposes compared to the traditional earth-mound kilns without gas recovery. In an E-LCA study in Indonesia [119], the health impacts from particle emissions were greater where cocoa shells-derived biochar was applied to soil rather than used as fuel in improved briquette stoves. This is caused by using traditional wood stoves for cooking in the soil amendment scenario, emitting more particle matter emissions than the briquette stoves. In another E-LCA work in Vietnam [94], the greatest benefits in health impact was observed for the BigChar 2200 system, where biochar is made by a large-scale device and the pyrolysis gases emanating from there are captured and recovered as heat energy. The reduction of human toxicity impact of the BigChar 2200 system was mostly a result of displacing liquid petroleum gas (LPG) and fertiliser. The particulate matter and human toxicity effects of the biochar technology could also be interpreted with consideration of the pyrolysis facilities’ location and the resulting emissions (e.g., indoor or outdoor). For instance, cooking is mainly conducted indoors, especially during the winter. The direct health benefits for households in the biochar cook-stove system might be more important than other systems where the facilities are located alfresco.



According to Mohammadi, Cowie, Anh Mai, Brandão, Anaya de la Rosa, Kristiansen, and Joseph [94], human toxicity impact was markedly higher when biochar was produced in the brick kiln, where pyrolysis gases are not captured, but release into the air, than when it was produced in both the cook-stove and BigChar facility. This was mostly associated with toxic emissions attributed to the upstream production processes of construction materials for the kiln. This result highlights the significance of pyrolysis gas recycling from the pyrolysis process, which confers health benefits and, thereby, influences the diffusion and adoption of the biochar technology [120]. Maximum reduction in GHG emissions, by recovering energy and sequestering soil carbon, as well as improved human health effects should be taken into account in optimizing biochar systems. Therefore, to assess the sustainability of pyrolysis biochar systems, it is necessary to consider impacts beyond GHG emissions abatement, and to address location-specific household practices. One-size will not fit all.



The application of biochar as soil amendment has also shown positive impacts on human health. Ammonia is a precursor to PM2.5. Thus, any abatement strategy to reduce ammonia emissions would have positive impacts on human health [121]. The literature review showed that the application of biochar in rice-fields significantly reduces ammonia volatilization [14,54]. Better impact on human health can be also attained by substituting fossil-based energy with renewable alternatives. However, the benefit gained by the substitution of fossil fuels can be offset if biochar substrates need some special pre-treatment operations, as shown in Reference [102]. The optimized process as well as the final use of biochar can significantly affect the benefits achieved from biochar production and application [122]. As a summary, the human health impact of biochar application is a function of the technology used to produce biochar and the final application of biochar. The modern pyrolysis plants with high standard filtration technology have significantly lower human impact induced emissions than open burning methods or household ovens. On the other hand, the use of biochar has shown positive impacts on nitrogen use efficiency in rice fields. Such positive impacts, on the one hand, can reduce synthetic nitrogen demand, and, on the other hand, can reduce ammonia volatilization from rice fields. Under both circumstances, lower ammonia volatilization would indirectly decrease impacts on human health. Therefore, the impacts of biochar application on human health must not be over-estimated or underestimated and still need further research.




4.7. Economic Analysis of Biochar Systems


In the previous sub-sections, it was shown that biochar application in rice fields can create several environmental benefits, inter alia, the reduction of GHG emissions, contribution to soil carbon pool, improved plants’ nutrient uptake, and increased yield. However, the biochar production and application costs are the most important concerns since a high production cost can compensate the revenue caused by higher rice yield [123]. If a production system is environmentally-friendly but not economically feasible, it will not arouse farmers’ interest. Therefore, life cycle cost analysis can help to close the gap over the field application of biochar. Only a few studies have been conducted to scrutinize the production costs of biochar from different agro-wastes and the associated field application. Depending on the feedstock and the technology used, the production cost varies enormously. Harsono et al. [124] demonstrated that more than 75% of the production cost associated with biochar from palm oil empty fruit bunches rooted in diesel fuel demand needed heating up the oven at the beginning of each batch, more specifically during the first and the second hours of slow pyrolysis. It has been reportedly shown that pyrolysis plants are usually expensive to operate continuously, which can undermine the economy of biochar application in agricultural lands [125]. Of the studies that have investigated the economics of biochar as a soil amendment, a few have undertaken comprehensive cost-benefit analyses (CBA) [126,127]. The biochar application rate, the cost associated with biochar transportation to the field and field application, crop yield, and economic value of carbon sequestration can determine the overall biochar agricultural economy [128]. Bi et al. [129] demonstrated that the economy of biochar application in paddy fields highly depend on the grain yield and biochar cost. Blackwell, Krull, Butler, Herbert, and Solaiman [34] reported that woody biochar at an application rate of 1 t ha−1 is an economically-viable soil amendment in Australian dryland wheat farms. Their financial analysis using farm cash flow over 12 years estimates that a break-even total cost of initial biochar use can range from 40 to 190 AU$ t−1 if the benefits decrease linearly to nil over 12 years, assuming a yield increase of 10% or a P fertiliser saving of 50% or both. Galinato et al. [130] have estimated the economic value of wood-derived biochar produced by slow pyrolysis technology, and used as a soil additive in wheat cultivation for its potential carbon sequestration benefits. According to their results, biochar can be a money-making technology when the biochar market price is very low (12 US$ t−1) or when carbon price is high (31 US$ t CO2-eq−1). Dickinson et al. [131] assessed biochar, for long-term improvement of farming systems in two different scenarios from economic perspectives. They confirmed that, in the first scenario, wood-derived-biochar produced through labour-based charcoal-pit production methods yielded a positive net present value (NPV) when applied to African cereal croplands. Their results from the second scenario, in which an advanced pyrolysis technology is used for forestry residues combustion and application of biochar in North-Western European fields, which cost 155 to 259 US$ t−1, showed that biochar application in this part of the world never reaches a positive NPV in economic simulations regardless of how long the investment time period is extended into the future, making it a challenge to introduce it in this area on a large scale. Regional parameters would significantly affect the overall economic benefit of biochar production and application. In rice-cultivation regions, rice straw is the most abundant feedstock for biochar production. The use of rice straw than any other feedstocks would decrease the transportation cost and increase the revenue from biochar application. On the other hand, the level of technology (e.g., household oven vs. pyrolysis plants) is also a regional parameter, which determines the economic efficiency and the quality of produced biochar.



Very little attention has been paid to the economic analysis of using biochar on small-scale farms in developing countries where the farms are characterised by low crop productivity [22,72]. Joseph, Lan Anh, Shackley, and Clare [77] conducted a cost-benefit analysis (CBA) for biochar development at the rural level in Vietnam as part of a wider technological upgrade of cooking stoves and charcoal kilns. They demonstrated that production of biochar for conditioning the soil in rice and vegetable fields over five years is an economically feasible technology (with a payback period of 1.5 years) when considered from a waste management perspective. Sparrevik, Lindhjem, Andria, Fet, and Cornelissen [119] undertook a study of the socioeconomic impacts of biochar production and usage in Indonesia. They noted the particular importance of evaluating the economic importance of carbon storage effects and agricultural benefits. In a study in Vietnam [132], the NPV of producing rice with alternative uses of biomass, where rice residues were used for biochar and where residues were subjected to open burning in the fields, was calculated based on their expected streams of costs and benefits. The total cost found for biochar production in the research area was estimated at 118 US$ t−1 (29.5 US$ t−1 rice residue feedstock processed). Using crop residues rather than forestry residues for biochar production is a more likely approach to reduce biochar costs to low-enough levels for smallholder farmers to gain an overall benefit from the initial capital investment committed to the biochar system. The findings of the economic analysis indicate that biochar addition can improve the NPV of rice production relative to producing rice with traditional residue management after eight years of addition [132]. The labour cost and output price have been reported as key parameters influencing the NPV of crop products in biochar-treated farming systems [22]. It should be highlighted that open burning of rice straw is still a common method for straw management in many developing countries. Open burning causes a negative ecosystem and human health impacts, as discussed earlier. Taking the monetary cost of such effects into account in the LCC can compensate for the production and application cost of biochar.



The benefits from using biochar would be enhanced if a non-trivial price for carbon abatement emerges in future pricing mechanisms [90,125]. Valuing GHG emissions abatement due to the soil application of biochar would increase the profitability of rice growing in Vietnam between 322 US$ and 1715 US$ ha−1, depending on the carbon price assigned to the emission reductions [132].



Using pyrolytic cook-stoves allowed small-scale (i.e., household) pyrolysis of biomass to produce biochar as well as heat energy for cooking. The improved cook-stoves could reduce indoor air pollution by displacing traditional three-stone cook-stoves. Biochar cook-stoves could also decrease time spent on fuel gathering and increase fuel efficiency by widening the variety of feedstocks that can be used. This resulted in a drop in expenses incurred on liquefied petroleum gas (LPG) and a reduction in the undue stress on forest-ecosystems [72]. Furthermore, up to 25% of cooking time could be saved in comparison with the 3S-stoves [77], and, therefore, women (who are usually the ones who cook) find more time to spend with family members and be out in the community, or on educational or other income-generating activities. However, the implementation of small-scale biochar pyrolysis might be adversely affected by high workload required for biochar production using pyrolytic cook-stoves [118].



On the other hand, more advanced pyrolysis devices at a district level need large capital outlays and local coordination (e.g., feedstock supplies and management responsibilities). The large initial capital investment and uncertainty in the longevity of the agronomic effects of biochar can result in a negative NPV of biochar use [107,131]. Strategies to subsidize the initial capital cost or other incentives will help protect biochar producers from the risk of negative NPV scenarios.



As rational economic agents, smallholder farmers are risk-averse due to their sensitivity to short-term losses, and this risk aversion influences the adoption of new technologies adversely [133]. Nonetheless, they are more likely to be willing to consider low-cost technologies with the potential to augment yields [134,135]. The literature review showed that the social cost has not been factored in the LCA of biochar application in croplands. It can be recommended for future research—the investigation of how household and industrial scale biochar production plants can affect farmers’ economy and contribute to environmental and cost benefits of biochar application. Furthermore, the authors of this review would recommend further detailed investigations to determine the economic feasibility of different biochar production technologies as well as their suitability for small households.





5. Conclusions


Biochar-bioenergy production systems and subsequent land application of biochar can reduce GHG emissions by storing atmospheric carbon in the soil for a long period of time, and contributing to reduction in the use of fossil energy. A decrease in fertiliser requirement and an increase in crop yield are also processes by which biochar can deliver GHG mitigation. However, biochar can have inconsistent agronomic and soil effects, depending on their properties, soil types, crop species, and farmland management practices. In addition, biochar is still produced using inefficient simple kilns, which may risk high human health impacts. Appropriate technologies based on efficiently-engineered pyrolysis facilities ought to come onstream to mitigate these adverse impacts. Needless to say, these add uncertainty for estimating the climate change mitigation potential of biochar production and use. It is, therefore, imperative to analyse biochar implementation from a life-cycle perspective to uncover improvement possibilities. Furthermore, it is important to consider factors other than climate change and to determine the broader implications of adoption of biochar technologies such as human health impacts.



The review of published E-LCA studies indicates that biochar systems can deliver significant GHG emissions abatement relative to the conventional use of biomass. These E-LCA studies typically investigated the climate effect of biochar systems from the perspective of the feedstock (not the crop product) with ‘disposal of a mass of feedstock’ as the functional unit. Hence, there is abundant scope for further research in determining the carbon footprint of crops grown in soils amended with biochar in order to understand how biochar plays a role in mitigating climate change effects in food production systems.



The adoption of new technologies in the agricultural sector depends on the economic benefits that they can deliver. The review of published life cycle cost studies implies that the economy of biochar use in agriculture depend on the biochar application rate, the cost associated with biochar transportation to the field and field application, crop yield, and the benefit value of carbon sequestration. The climate change mitigation potential of biochar systems has been evaluated by some authors, while less attention has been paid to estimating its economic value, despite this being critical for widespread implementation.
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Figure 1. Contribution of biochar to the soil stable carbon pool and its role in greenhouse gas (GHG) abatement. 
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Table 1. A summary of recent publications (2016–2020) concerning the effects of biochar application on environmental pollutions from paddy rice fields (BC: biochar, CEC: cation exchange capacity, TC: total carbon, TN: total nitrogen).
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	Reference
	BC Substrate
	BC Properties
	Parameter
	Application Rate
	Effect





	[54]
	Rice straw
	pH = 10.58

CEC = 50.6 cmol/kg

TN = 1.08%

TC = 47.21%
	NH3 volatilization
	2.8 and 22.5 tonne (t)/ha
	- 20% reduction in NH3 volatilization

- Highest NH3-N/TN under higher BC rate

- Highest plant N aboveground under a low BC rate



	[52]
	Canola straws
	pH = 8.9

TC = 65%

TN = 0.23%
	NH3 volatilization

N2O emission
	10 t/ha
	- BC mixed with calcium superphosphate reduced NH3 losses by 39%

- N2O reduced by 19.5%

- BC alone decreased N2O by 24%



	[12]
	Rice straw
	pH = 10.1

TC = 42.6%

TN = 0.75%
	CH4 emission

N2O emission

Yield
	0, 20, 40 t/ha
	- Significantly increased CH4 emission and decreased N2O emission from paddy fields under flooding irrigation vis-à-vis controlled irrigation

- 16.7 to 24.3% increased yield with BC



	[55]
	Rice straw
	pH = 10.1

TC = 42.6%

TN = 0.75%
	Soil organic carbon

CO2 exchange
	0, 20, 40 t/ha
	- Rice yields with BC addition of 20 and 40 t/ha increased by 24% and 36%

- CO2 exchange increased by 2.4% and 31%

- BC addition increased SOC by 19.1%



	[56]
	Wheat straw
	pH = 9.8

TC = 418 g/kg

TN = 2.8 g/kg
	CH4 emission
	-
	- 33.8 to 43.1% decreased CH4 emissions due to improved soil aeration



	[51]
	Rice straw
	-
	CO2 emission

Rice yield
	20, 40 t/ha
	- Increased rice yield and water use efficiency by 9.35–36.30% and 15.1–42.5%

- CO2 emissions from paddy fields under water-saving irrigation decreased by 2.22% compared with flood irrigation



	[14]
	Straw biochar + wood vinegar
	pH = 9.8

TN = 8.11 g/kg
	NH3 volatilization
	7 t/ha
	- 40.5 kg N/ha NH3 volatilization loss compared with 45.7 kg N/ha from control



	[53]
	Wheat straw
	pH = 8.81—9.51

TN = 13.3—14.15 g/kg
	NH3 volatilization
	0.5 and 3 wt%
	- Higher NH3 volatilization (20.5–31.9 kg N/ha) after N fertilization compared with the control (18.6 kg N/ha)

- The increased NH3 volatilization at 3 wt% BC treatments is attributed to increased pH of surface floodwater and soil



	[57]
	Rice straw
	TC = 53.7 wt%

TN = 1.2 wt%
	N leaching
	0.95 t slow-released fertilizer a
	- Decreased N leaching and more N supply to the rice plant in later stages of the production cycle



	[58]
	Rice straw (RS) and rice husk (RH)
	pH = 7.6 (RH), 9.4 (RS)

TC = 47.5 (RH), 43.7 (RS)
	CH4 emission
	-
	- BC addition decreased CH4 emissions from manure incorporated soils by 28% to 680%



	[59]
	Wheat straw
	TC = 453.4 g/kg

TN = 5.5 g/kg

pH = 9.2
	NH3 volatilization

Yield

N use efficiency
	-
	- Fresh BC reapplication increased NH3 volatilization losses

- Aged BC (applied 3 years ago) decreased NH3 volatilization

- No significant difference between yields

- Nitrogen use efficiency was improved



	[60]
	Rice straw
	TC = 670.7 g/kg

TN = 8.1 g/kg

pH = 9.1
	CH4 emission

CO2 emission

Soil C
	0, 1.78, 14.8, 29.6 t/ha
	- Only 14.8 t/ha BC decreased CO2 emissions

- BC amendments significantly decreased CH4 emissions

- Soil C increased by 5.75 mg/g and 11.69 mg/g with 14.8 and 29.6 t/ha BC



	[61]
	Wheat straw
	TC = 467 g/kg

TN = 5.9 g/kg

pH = 10.42
	Soil properties, microbial biomass, and enzyme activity
	20 and 40 t/ha
	- BC changed soil properties in a rice paddy four years after incorporation

- BC induced a lower microbial metabolic quotient and enzyme activity.

- BC altered both bacterial and fungal community structures.

- Fungal rather than bacterial community composition was more affected by BC



	[62]
	Rice straw
	TC = 20%

TN = 0.26%

pH = 8.1
	CH4 emission

CO2 emission
	4.15 t/ha
	- The lowest CH4 emissions under BC treatment (4.8–59 mg C/m2/hr)

- The lowest N2O emissions under BC treatment (0.15–0.26 μg N/m2/hr)



	[63]
	Rice straw
	TC = 44.1–47.1%

TN = 0.78–1.14%

pH = 8.9–10.43
	CH4 emission

Soil redox potential
	1 g/100 g soil
	- Low temperature BC decreased soil redox potential

- The abundance of methanogenic archaea increased under low temperature BC

- High temperature BC had little effect on CH4 emissions



	[64]
	Rice husk
	TC = 427 g/kg

TN = 4.01 g/kg

pH = 8.4
	CH4 emission

Soil redox potential

Soil pH

Rice yield and biomass
	0, 0.4, 2, 4, 20, 40 g/pot
	- Significant increase in rice yield under a BC rate of 40 g/pot

- Rates of 20 and 40 absorbed greater amounts of silicon

- Not significantly increased CH4 emission

- Soil carbon increased in proportion to the BC application rate







a 25% BC, 4% bentonite, and 10% humid.
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Table 2. A summary of the environmental life cycle assessment (E-LCA) studies on biochar application in rice cropping systems (FU: functional unit, BC: biochar).
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	Reference
	FU
	Impact Categories a
	System Boundaries
	Reference System
	GWP Results





	[91]
	1 ha of rice field
	CF
	Rice operations + corn straw BC production and application (2.4 t/ha) + bio-oil consumption
	Rice cropping without BC
	BC reduced CF by 1508 kg CO2-eq/ha



	[92]
	1 ha and kg of rice grains
	CF
	Wheat straw BC production and application (20 t/ha) + farm operations + system expansion for pyrolysis gas recycling
	Rice cropping without BC
	BC reduced CF by 20.4–41.3 t CO2-eq/ha



	[66]
	1 kg of milled rice
	CF
	Rice straw BC production and application (18 t/ha) + farm operations + system expansion for pyrolysis gas recycling
	Rice cropping without BC
	BC reduced CF of spring and summer rice by 49% and 38%



	[93]
	1 t of dry rice straw
	GWP
	Rice straw BC and enriched BC production and application (18 and 0.5 t/ha) without gas recycling
	Open burning of rice straw
	0.27 and 0.61 t CO2-eq per t straw, for straw BC and enriched BC



	[94]
	1 kg of rice grain
	GWP, PM, HT
	BC-compost production (three pyrolysis systems) and application (5 t/ha) + system expansion for gas recycling
	Open burning of rice straw and rice husk
	Net GHG emissions ranging from −0.6 to −1.1 t CO2-eq/t rice husk



	[95]
	1 ha of rice field
	GWP
	Rice field management + Wheat straw BC application (10, 20, 40 t/ha)
	Rice cropping without BC
	10%–20% reduction in GWP impact of BC treatments



	[10]
	1 ha of rice field
	GWP
	Rice field management + Wheat straw BC application (24, 48 t/ha)
	Double rice cropping without BC
	31–36% decrease in GWP impact of BC systems



	[96]
	1 ha of rice field
	GWP
	Rice field management + Wheat straw BC application (20 t/ha)
	Rice cropping without BC
	60% reduction in net GWP impact of BC treatments



	[40]
	1 ha of rice field
	GWP
	Rice field management + Rice straw BC application (20 t/ha)
	Double rice cropping without BC
	No significant difference between control and BC



	[97]
	1 ha of rice field
	GWP
	Rice field operations + Wheat straw BC application (20, 40 t/ha)
	Rice system without BC
	BC reduced GWP by 1.2–2.1 CO2-eq/ha



	[98]
	1 ha of rice field
	GWP
	Rice field management + Wheat straw BC application (8, 16 t/ha)
	Rice cropping without BC
	65% reduction in net GWP of BC treatments







a CF, GWP, PM, and HT represent carbon footprint, global warming potential, particulate matter, and human toxicity, respectively.
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