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Abstract

:

Life cycle assessment (LCA) is a fundamental tool for evaluating the environmental and energy load of a production cycle. Its application to renewable energy production systems offers the possibility of identifying the environmental benefits of such processes—especially those related to the by-products of production processes (i.e., digestion or biochar). Biochar has received worldwide interest because of its potential uses in bioenergy production, due to its coproducts (bio-oil and syngas), as well as in global warming mitigation, sustainable agriculture, pollutant removal, and other uses. Biochar production and use of soil is a strategy for carbon sequestration that could contribute to the reduction of emissions, providing simultaneous benefits to soil and opportunities for bioenergy generation. However, to confirm all of biochar’s benefits, it is necessary to characterize the environmental and energy loads of the production cycle. In this work, soil carbon sequestration, nitrous oxide emissions, use of fertilizers, and use of water for irrigation have been considered in the biochar’s LCA, where the latter is used as a soil conditioner. Primary data taken from experiments and prior studies, as well as open-source available databases, were combined to evaluate the environmental impacts of energy production from biomass, as well as the biochar life cycle, including pre- and post-conversion processes. From the found results, it can be deduced that the use of gasification production of energy and biochar is an attractive strategy for mitigating the environmental impacts analyzed here—especially climate change, with a net decrease of about −8.3 × 103 kg CO2 eq. Finally, this study highlighted strategic research developments that combine the specific characteristics of biochar and soil that need to be amended.
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1. Introduction


Over recent years, global warming has received attention all around the world. It is predominantly attributable to the increasing atmospheric concentrations of greenhouse gases (GHG), principally caused by human activities, such as energy production. Currently, the world’s major source of energy is still traditional fossil fuels, which cause a high level of carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) emissions, which contribute to more than 90% of anthropogenic climate warming [1,2].



In fact, in 2018, the Intergovernmental Panel on Climate Change (IPCC) emphasised the need for carbon dioxide removal technologies to meet the global target of limiting global warming to 1.5 °C [3]. Thus, the search for innovative, sustainable, efficient, and economically attractive solutions is imperitive [4]. Apart from promoting renewable energy and reducing overall energy consumption, the permanent sequestration of CO2 from the atmosphere is one option for addressing the climate change topic [5,6,7,8,9].



Strategies based on the pyrolysis of biomass and subsequent biochar application to soil have been defined as among the most efficient negative emission technologies (NET) in mitigating climate change’s effects. These strategies can subtract carbon from the short-term cycle of agricultural or forest ecosystems and insert it into a long-term cycle, increasing soil organic carbon stocks with a matrix lasting an estimated average residence time of between hundreds and thousands of years [10].



Biomass represents a promising renewable energy source because it is cheap, abundant, and can be replenished on its own over time [11,12]. Biomass is a biological material originally derived from reactions between available atmospheric CO2, water and sunlight via photosynthesis. Biomass can be converted into energy through thermochemical conversion, breaking down chemical bonds of organic matter and converting their intermediates into bio-oil, syngas, and biochar [13,14]. Bio-oil is a pyrolytic condensable liquid product that is mainly used to efficiently produce hydrogen and electricity [15,16]. Syngas is a gaseous fuel consisting, mainly, of H2, CH4 and CO, which can be used as fuel in gas turbines, leading to the production of thermal or/and electrical energy [17,18]. Biochar is a carbon-rich material derived from the thermochemical conversion of biomass in the absence of oxygen [19], which has come to the fore in recent years due to its potential for promoting C sequestration in soil [20,21]. Biochar possesses unique chemical, physical and biological properties, including a large specific surface area, a high pore volume, a high proportion of recalcitrant organic C, abundant oxygen (O)-containing functional groups, a high mineral content, and a high cation exchange capacity (CEC) [22,23,24,25,26].



Biochar is mainly used as a soil supplement to improve soil fertility and properties, increasing crop productivity [27,28,29,30,31,32]. Using biochar as a soil improver can reduce N losses and promote soil organic carbon accumulation [33]; in fact, the IPCC in its latest reports (in particular that of 2019 on Climate Change and Land) has indicated biochar as an effective means of removing carbon permanently [34]. Furthermore, according to the Iowa State University Bioeconomy Institute, a 250 ha. farm using biochar would be able to sequester 1900 tons of carbon per year [35]. Moreover, biochar can restore abandoned agriculture areas, compensating for acidity, low organic carbon, and water retention capacity [36].



Besides agriculture, biochar can be used in other fields. Biochar has been studied as an adsorbent for the removal of inorganic, organic and toxic compounds from soil and water [37,38,39,40,41]. Furthermore, biochar use is currently being expanded to embrace a variety of disciplines such as catalysis, medical uses, supercapacitors, flue gas adsorbent, animal husbandry, fuel cell systems, building materials, and energy/gas storage [36,42]. Although there are disagreements about biochar research, many studies have demonstrated the importance of biochar research from the standpoint of scientific advancement and practical utilizations.



However, to confirm all the benefits related to biochar’s uses and to characterize all positive and negative environmental externalities, it is necessary to conduct analyses on the lifecycle impacts of all the phases of production and uses of biochar. The appropriate tool for undertaking a comprehensive evaluation of emissions, resource consumption, and energy use of biochar systems is the Life Cycle Assessment (LCA).



This publication aims to assess the environmental impacts associated with the biochar life cycle produced by the gasification process as implemented by an Italian company, and to show if it produces a negative environmental impact via its downstream processes and from a cradle-to-grave life cycle perspective.



It is noteworthy that, as far as the authors are aware, this is the first LCA study of this commercial biochar, and one of the first analyses investigating the environmental impacts of downstream processes related to biochar using open-source software and databases.




2. Materials and Methods


2.1. Life Cycle Assessment


The objective of the LCA is to highlight the supply chains, life cycle stages, processes, and elements impacting the most significantly to bio-char’s potential environmental impacts. The results can be used as decision-making support, both at a corporate and political level, to evaluate alternative scenarios and to choose more sustainable solutions.



According to the ISO Standards 14040 and 14044, LCA is defined as an analytical comprehensive tool that evaluates environmental burdens, benefits, and performance in connection to the entire supply chain of a product, process, or service by quantifying energy, resources, and emissions [43,44]. The present study followed the guidelines of the LCA principles, based on the ISO Standards and the ILCD Handbook of the Joint Research Center [45]. The LCA methodology consists of four major iterative steps (Figure 1):




	
Goal and scope definition;



	
Life cycle inventory (LCI);



	
Life cycle impact assessment (LCIA);



	
Interpretation of the results.








The goal and scope definition provides the study framework and explains how and to whom the results should be communicated. This phase describes the questions underlying the case study, the system boundaries considered, and defines the so-called functional unit. The system boundaries for the product are selected by selecting which unit processes will be included in the analysis. The system boundary traces the environmental inputs and outputs that cross the boundary. The functional unit is defined for the product system to provide a way to allocate the consumption of raw materials, energy, emissions, and waste generated during the production of the product and to allow product comparisons [46].



In the LCI phase, the inputs of resources, materials, and energy, as well as the outputs of products and emissions, are examined and listed for each intermediate stage of the production chain. After all incoming and outgoing flows have been calculated, it is possible to identify the number of emissions related to the entire process chain.



LCIA is the part of the LCA where the results of the inventory analysis are associated with specific potential environmental impact categories (e.g., global warming potential, acidification, eutrophication), which are chosen depending on the goal of the study.



The last phase of the LCA is the interpretation phase, where the results from LCI and LCIA are combined and reported to provide a complete, transparent and unbiased account of the study. The object is to reach conclusions and recommendations in line with the defined objective and scope of the study.




2.2. Goal and Scope Definition


A substantial number of LCA studies on biochar systems have been published focusing specifically on biochar’s use as a soil amendment and the valorization of bio-oil and syngas for energy generation [5,9,20,47,48,49,50,51,52,53,54], but most do not refer to full-scale or currently operational plants.



The present study is specifically focused on the environmental assessment of the energy–biochar production process, with the evaluation of the full wood gasification chain of a real plant in Italy, managed by Record Immobiliare S.r.l.



This company has expressed interest in exploring biochar and its ability to reduce atmospheric carbon, so it is important to show that LCA can produce a net effect on global warming without being compared to anything else. Gasification was found to be both the most efficient process for producing energy using the same raw material in comparison to pyrolysis [49], and to be much more sustainable than the complete combustion of biomass [55]. The hypothesis is that this LCA analysis could prove that the gasification chain can contribute to the reduction of greenhouse gas emissions in both the energy and agricultural sectors. The production of energy from biomass can replace the energy produced from fossil sources [56], and thus, gasification can reduce the demand for electricity in the national energy mix [57]. Furthermore, the use of biochar in agriculture can positively contribute to traditional agricultural practices—for example, by reducing the use of fertilizers and water for irrigation and GHG emissions from the soil [58].



This LCA will assess energy and material inputs and outputs associated with the entire biochar and energy production process from a cradle-to-grave perspective. The analysis was carried out using primary and secondary data and with the assumption of conservative hypotheses.



Biochar has many different factors that determine the efficiency of its processes, such as type of feedstock, thermochemical reduction process parameters, utilization of secondary benefits, etc. These factors are explored in other papers; the purpose of this LCA is to show the absolute effects of an energy–biochar production system with subsequent soil application.



The analysis was performed with OpenLCA—open-source, free software for LCA and impact assessment developed by GreenDelta.



2.2.1. Functional Unit


Material flows, energy use and emission data were standardized to the functional unit of 1000 kg packed biochar, which was applied to fields.




2.2.2. Data Quality Requirements


For LCI, technical data from plant operations were used (primary data)—collected through interviews with the company’s service manager in the period between May 2020 and December 2020.



Whenever data was not available from the published literature, internet sources and the free OpenLCA database were used (secondary data). If the data were not available from Italian contexts, data relating to similar contexts were chosen. The LCI data (Supplementary S1: Data used in LCI) were processed using Microsoft Excel software




2.2.3. Case Description


The biochar analyzed was RE-CHAR®, produced by Record Immobiliare S.r.l. (a company belonging to the Moretti Compact group) in Lunano (Italy) from woody biomass (woodchips from deciduous and coniferous wood) through a gasification process conducted under the following operating conditions: ~1000 °C average gasification temperature, ~700 °C effluent gas temperature, and 300 °C inlet air temperature [59].



RE-CHAR® has already been investigated for other purposes by some of the authors [60,61]; currently, following Italian legislation, it is sold and used as a soil improver.



The gasification plant aims at energy production and generates biochar as a solid co-product. Currently, this biochar is used as a soil improver, for which it has received Italian certification (0019841/17, decree 75/2010 “Reorganization and revision of the rules on soil improvers”).



The woody biomass used as a feedstock was produced by forest management activities and was composed of woodchips with a particle size distribution predefined by mechanical treatment. The feedstock complied with the A1/A2 quality classes of the UNI EN ISO 17225-4: 2014 standard.



As far as the production process was concerned, the biomass was transported from the storage tank to the drying phase through mechanical systems using rakes and augers; here, the water content was reduced to about 10% through the insufflation of 8000 m3/h of hot air, using an air handling unit.



Then, the biomass suitable for gasification was selected through screening and automatically loaded to the plant, where it underwent thermochemical conversion in an oxygen-deficient environment. A fraction of the low-temperature steam produced by the turbine was used in the drying process; the remaining part was used in other production processes within the company. Hot biochar was mixed with water to cool it and make it more manageable. The biochar was then packaged and transported to farmers who could apply it to the soil.




2.2.4. System Boundaries


The system boundaries describe the processes included in the analysis. Normally, the system boundaries for any LCA include all processes in the lifecycle of the product under consideration: from raw material acquisition to processing, transportation, use, and disposal. The biochar system process studied was divided into three phases:




	
The upstream process, which includes the feedstock collection and pre-treatment processes;



	
The core process, which consists of the gasification phase of biochar production and energy generation;



	
The downstream process, which includes the transport of the biochar and its final application.








The inflow to the system was thus the use of resources and energy, while outflows were emissions, waste and resource use.



The system boundaries and flowchart, illustrated in Figure 2, show the RE-CHAR® supply chain as used in this analysis. Blocks in the diagram represent process units, while arrows represent flows of biomass, other types of material, or energy. Biochar has many different uses, but for this LCA, the only application considered was biochar as a soil improver [62].



Following the specific product requirements, the next exclusions have been made from the system boundaries and therefore not modeled in this analysis:




	
Human labor;



	
Sale and use of sawdust;



	
End-of-life treatment of the biochar packaging.








It is believed that the materials and flows in the plant would have had a negligible impact on the results of the LCA, considering an expected lifespan of the equipment of about 25 years.



The LCA included expansions of the system for accurate modelling of the benefits of the production process and the effects (positive or negative) of biochar application to soil. The benefits related to the production process were electricity and heat generation, and consequently, the avoidance of emissions associated with the substitution of fossil fuels by bioenergy.



Concerning biochar application to soil, the effects that biochar has on the following processes have been considered in the LCA:




	
Soil carbon sequestration (CO2);



	
Nitrous oxide (N2O) emissions from the soil;



	
Non-use of fertilizers;



	
Use of irrigation.








The effect of biochar application on biomass yield is highly uncertain and is therefore not considered in this study. The values reported in the literature vary by orders of magnitude, and the corresponding hypotheses are consequently associated with high uncertainty.



In the absence of field test data, benefits have been calculated by subtracting the environmental impacts of conventional processes and practices with the help of databases (Supplementary S2: List of OpenLCA free databases used) and literature data.





2.3. Life Cycle Inventory (LCI)


The LCI included all inputs, outputs, and flows relevant to the product system. The following sections describe the structure, content, and assumptions of the inventory, in the order of the supply chain life cycle stages.



2.3.1. Feedstock Production and Logistics


The feedstock that was used in the plant was composed of woodchips from deciduous (80%) and coniferous wood (20%) with a particle size distribution predefined by mechanical treatment (3.15 mm < p < 50 mm, min 80%; fine fraction <1 mm, max 5%; thick fraction >50 mm, max 1%). The feedstock entering the plant had an average moisture content of 20% by weight for deciduous wood and 35% by weight for coniferous wood. The material was produced by forest management activities and complied with the A1/A2 quality classes of the UNI EN ISO 17225-4: 2014 standard. The supplier of the coniferous woodchips was located at about 50 km from the production plant, while that of the deciduous woodchips was located at a distance of about 17 km from the production plant. The purchased biomass was transported by lorry and discharged to the plant, contained in an underground tank of 100 m3. Then, through mechanical systems with rakes and augers, woodchips were collected from the underground tank and transported to the screening stage.



Emission data for the transport processes were taken from the OpenLCA database [63]. A EURO5 16–32 t lorry was selected from the database and regular gasoline was used as the standard fuel type. The unit used for the evaluation of transport flows was ton-kilometer (t×km), which was defined as the transport of one tonne of goods by a defined transport service over one kilometer [64]. When calculating the distances traveled by the trucks during the transfers, both the outward and return journeys were taken into account; this represents a highly conservative approximation, as the fact that the vehicle would travel unloaded during the return journey was not considered. Assessing the distance traveled by the suppliers’ trucks, the total number of journeys in which the woodchips were unloaded at the plant was considered. It was assumed that no biomass losses occured during transport, so the total amounts transported were the same as those indicated for gasification pre-processing.



Starting from the functional unit of the LCA, the total amount of biomass necessary to produce 1 ton of biochar was reconstructed, considering all the inputs and outputs in the processes preceding gasification. The descriptive processes of biomass production were selected from the OpenLCA free databases, choosing those considered to be the best approximations.




2.3.2. Screening and Drying


The particle size of the feedstock, as well as the humidity, have a significant impact on the gasification process and the final product yields. The screening was performed with a vibrating screen (10 mm mesh opening) to separate the biomass suitable for gasification from sawdust and oversized pieces. These by-products have not been considered in the LCA and consequently were located outside the system boundaries.



It is known that sawdust, generated in large quantities, is sold to a riding stable near the plant. The data on the number of oversized pieces were not provided by the company because it was considered negligible. The more humid the feedstock that enters the gasifier, the more energy is needed to pyrolyze the feedstock.



Therefore, it was logical to dry the feedstock before the gasification step, using a lower temperature heat instead of the less cost-efficient high-temperature heat required for gasification.



The drying unit process has the task of reducing the percentage of water content in the biomass, bringing it to about 10% through the insufflation of heat from the gas engine with the aid of an air handling unit of 8000 m3/h; therefore, no fossil fuels were used to dry the feedstock. Before being used for drying, the steam was used for other production lines in the factory.




2.3.3. Gasification and Syngas Combustion


Woodchips were automatically loaded onto the gasification plant, which was composed of two fixed-bed downdraft gasifiers produced by ESPE (an Italian company involved in the renewable energy sector), with the technical parameters shown in Table 1.



Downdraft gasification technology, also called a co-current, was characterized by the feedstocks and gasification air flows having the same direction, descending from the top of the reactor. Gasification, as a biochar processing technology, is a good business proposal because of its high quantity of co-produced energy. In addition, the fixed bed downdraft technique features cleaner syngas (fewer TAR oils).



The ESPE gasifier requires only a very small amount of electrical energy to start the engine, because the system recycles part of the syngas generated to sustain the high-temperature environment needed to maintain the pyrolyzing process, so no additional external fuel source was required. The analysis undertaken here considers a continuous process capable of utilizing a range of woodchips at a rate of 49 kg of dry matter per hour and an operating time of 7500 h per year, for each gasifier.



The solid/gaseous mixture that was generated, after a cooling phase, passed through a cyclonic filter from which there were two outputs: syngas and biochar.



The assumed product yields for biochar and syngas were 5% and 95% of the weight of starting incoming material (on a dry matter basis), respectively. The amount of bio-oil was close to 0% and therefore was not considered in this analysis.



Syngas is a mixture of gases: hydrogen (H2), methane (CH4), carbon monoxide (CO), and carbon dioxide (CO2); it is burned on-site for electricity and heat generation. Electricity produced by gasification is fed into the national electricity grid. Heat is obtained by cooling the gas, which is then conveyed to the engine that produces electricity through the alternator, and further thermal energy is obtained by cooling the engine itself as well as the exhaust gases. Here the heat was used in part for woodchips drying, and in part within the Moretti Compact factories for production (i.e., in the drying booth for drying paints using a thermo-ventilating control unit).



Syngas powers 2 internal combustion engines with the characteristics reported in Table 2.



A detailed description of the physicochemical characteristics of biochar is shown in Table 3.



The net electricity and heat production from the plant were estimated to measure the fossil fuels offset by the energy generated by gasification. The net energy production was calculated by subtracting from the total production the internal consumption of the equipment and processes necessary for the operation of the entire system studied.



Unfortunately, the company did not have data on the electricity consumption of individual appliances, so a total value of internal consumption was entered into the LCI as the input of the gasification step. All the processes together required about 16% of the electric energy generated themselves.



From the elaboration of the data provided by the company, it was deduced that the net production of electricity was equal to 8456.17 kWh per tonne of biochar produced, while that of heat was equal to 12,750.89 kWh.



The LCA included a calculation of avoided emissions and energy consumption due to the energy production from gasification, using the most representative processes selected from the free databases available in OpenLCA.



The emission factors of the electricity replaced by gasification were calculated based on the Ecoinvent processes, available for free in OpenLCA, relating to the market for electricity in Italy.



Conversely, it has been assumed that the net thermal energy produced by gasification and used in its production processes will replace the same amount of thermal energy that would have been produced with natural gas, using the data relating to the European Union available in the Ecoinvent database, available for free in OpenLCA.




2.3.4. Quenching, Packaging and Sale of Biochar


The hot biochar coming from the gasification process was then quenched with water to reduce its temperature and to prevent it from burning when exposed to the air. Furthermore, the material was made more manageable and easier to ship. This process takes place through an atomizer with atomizing nozzles, which was connected to the water mains and started up every 30 min for about 10 s. The company that owns the plant did not supply data regarding the precise amount of water used, as it was not usually accounted for. Considering that the humidity of the final product was greater than 20% and that the raw biochar itself had a humidity of about 1%, a quantity of water equal to 250 kg per 750 kg of raw biochar was assumed. Biochar has an extraordinarily porous structure and can absorb water up to six times its own weight, keeping a constant volume and increasing in density [65].



Biochar was stored in large bags with the following characteristics: dustproof stitching, canvas coupled with internal lining, closed bottom, top opening, a volume of 1 m3, a weight of about 200 kg; it was assumed that the net weight of a largelarge bag was 1 kg.




2.3.5. Biochar Application to Soil


It was assumed that the transport of biochar to agricultural fields was carried out with the same type of truck used for transporting the woodchips. A transport distance of 10 km was considered to describe the average distance between gasification plants and agricultural fields. As with biomass transport, the lorry on the return journey was assumed to be full and it was assumed there were no losses during transport. Increasing the distance would also increase the environmental impacts associated with transport-related emissions, but it was considered that, in order to be sold to farmers at an economically sustainable price, the cost of transporting over high distances would have too much influence on the total selling price of the biochar.



The effects of biochar application to soil were the most uncertain elements in this study. Although effects have been observed in varying degrees, and sometimes not at all, reviews [66,67], a meta-analysis [68], an expert survey [7], and unpublished experiences were drawn upon to generate baseline assumptions.



Another uncertain element was the methodology of the application to soil. Plot-scale experimentation with biochar has relied on mainly quantitatively precise application methods (e.g., hand-spreading), which do not inform appropriate field-scale practice. In the few field-scale case studies, biochar application to soil has been tried out using limer, fertilizer, or manure spreaders, followed by mechanical soil mixing by mouldboard plow plus harrow, disc harrow, or rotary hoe. Surface spreading of biochar may require the least amount of energy and the lowest economic cost compared to all the other possible biochar application methods. The aim of mechanical incorporation and complete mixing of soil and biochar was to achieve maximal physical contact and chemical interactions between soils and biochar [69]. The experience of spreading biochar using conventional equipment has been documented in a practical demonstration in Canada using an agricultural spreader designed to apply lime to an approximately 10 m wide swath [70]. After application, the biochar was incorporated into the soil using a disk harrow. In a field experiment in central Italy, biochar was applied in the inter-row space of a vineyard using a fertilizer spreader and was incorporated into the soil using a chisel plow tiller [71]. Biochar can also be mixed with liquid manure or other soil amendments such as compost or lime before soil application and then applied as a slurry [72].



In this work, it was assumed that biochar soil addition took place using a spreader and that it was then incorporated into the soil using a rotary hoe. Emission data for biochar uses were taken from OpenLCA free databases. The application amount was 25 t/ha, following the average application scenario which can be seen from literature studies.



In the field experiment conducted by Husk and Major (2010) [70], the mass flow calculations related to the agricultural phase were characterized by a 25% loss of biochar due to potential wind, water, and/or soil erosion, while losses during handling were estimated at 2% and losses during transportation at 3%, for a total of 30% estimated losses. They attributed this loss to lateral transport of biochar that remained on the soil surface after application during heavy rain events that resulted in the accumulation of free water on the soil surface. As has been commented, one of the main causes of wind losses is dusting of the biochar, which is applied rough, without first being wet. In this study, since a fair volume of water has been added to the material, which has led it to have about 25% humidity, the loss due to potential wind, water, and/or soil erosion was considered to be lower, equal to 10%, for a total loss of 15%.



The characteristics of the machinery and the other assumptions made are described in Supplementary S1: Data used in LCI.



The effects of 25 t/ha biochar addition to a hypothetical agricultural soil in the Marche region (Italy), used for LCI processing, are summarized in Table 4.



The effects were selected based on meta-analyses when available, or from experimental studies or expected effects otherwise.



Assumptions and arguments, and references for the composition of Table 4 are illustrated in Supplementary S3: Biochar soil effects [9,71,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95].



Effects were assumed to occur every year to the same extent. For example, a 30% decrease in N2O emissions from soil occurs in the first year after the use of biochar and remains constant throughout the evaluation period, rather than there being a further 30% decrease each year compared to the last. A more comprehensive dynamic modeling approach was not appropriate, given the incomplete knowledge of these processes. Application to soil effects of biochar not considered were: increased biomass yields, biochar liming effect, and suppression of soil CH4 emissions.





2.4. Life Cycle Impact Assessment Method and Categories


The Life Cycle Impact Assessment (LCIA) phase establishes links between the results of the LCI and the potential environmental impacts [96,97]. The LCIA calculates impact indicators, which provide general, but quantifiable, indications of potential environmental impacts. Each impact indicator is a measure of one aspect of a potential impact. Furthermore, each impact indicator value is expressed in units that are not comparable to others, so indicators should not be combined or added.



The CML baseline (v4.4, January 2015) was used as the life cycle impact assessment method [98]. This method was created by the University of Leiden in the Netherlands in 2001 and today it is one of the most used methods for LCA evaluations. This method incorporates the following impact categories, with consideration of the damage done to health and ecosystems, as well as the depletion of resources.



2.4.1. Acidification Potential


Acidifying substances cause a wide range of impacts on soil, groundwater, surface water, organisms, ecosystems, and materials [99,100]. The acidification potential describes the fate and deposition of acidifying substances such as nitric acid, sulfuric acid, sulfur trioxide, hydrogen chloride, hydrogen fluoride, phosphoric acid, and hydrogen sulfide. These substances may cause acid rains that are harmful to terrestrial and aquatic species. Natural sources include volcanic eruptions and ocean emissions, such as volatile sulfur gases, while human sources are primarily fossil fuel combustion, vehicle exhausts, and agriculture. The acidification potential is expressed in kg SO2 eq.




2.4.2. Climate Change


The Intergovernmental Panel on Climate Change (IPCC) has developed a characterization model that is used to evaluate the effects of climate change. Factors are expressed as Global Warming Potential-100 (GWP100), which represents the potential contribution of a substance to the greenhouse effect for a time horizon of 100 years and is expressed in kg carbon dioxide equivalent emissions (kg CO2 eq.) [101,102]. Climate change is closely related to GHG emissions in the air. GHG can increase radiative forcing, affecting the earth’s energy balance, as they absorb solar radiation emitted by the earth’s surface and clouds, thus causing a net warming effect. Negative effects on ecosystem health, human health, and material welfare can result from climate change.




2.4.3. Depletion of Abiotic Resources


This impact category indicator is related to the extraction of minerals “Depletion of abiotic resources—elements, ultimate reserves” and fossil fuels “Depletion of abiotic resources—fossil fuels”, which are inputs into the system, leading to a reduced availability of these resources for future generations [103,104]. For a given resource, the depletion of abiotic resources is defined as the ratio between the quantity of resource extracted and the recoverable reserves of that source. Minerals are expressed in kg antimony equivalent (kg antimony eq.), while fossil fuels are expressed in MJ.




2.4.4. Eutrophication


Eutrophication includes all impacts due to excessive levels of macro-nutrients in the environment caused by emissions of nutrients into the air, water, and soil, which leads to abnormal productivity. This leads to a change in the natural equilibrium and to an overgrowth of plants such as algae in rivers, which causes reductions in water quality and animal populations. Eutrophication is strictly dependent on emissions of ammonia, nitrates, nitrogen oxides, and phosphorus [105,106,107]. A relevant anthropogenic source is the use of synthetic fertilizers. Eutrophication potential (EP) is expressed in kg phosphate equivalents (kg PO43− eq.).




2.4.5. Freshwater Aquatic Ecotoxicity


This impact category indicator considers the impact of emissions of toxic substances into the air, water, and soil on freshwater ecosystems. The freshwater aquatic ecotoxicity potential (FAETP) describes the fate, exposure, and effects of toxic substances [108,109,110]. Results are expressed as kg 1,4-dichlorobenzene equivalents (kg 1,4-dichlorobenzene eq.).




2.4.6. Human Toxicity


Human toxicity concerns the effects of toxic substances on the human environment (with the exclusion of work environments). Human toxicity potentials (HTP) describe fate, exposure, and the effects of toxic substances [111,112]. The impact of a compound is affected by the amount emitted, the mobility of the substance, its persistence, exposure patterns and bioavailability, as well as its intrinsic toxicity. Results for human toxicity are expressed as kg 1,4-dichlorobenzene equivalents (kg 1,4-dichlorobenzene eq.).




2.4.7. Marine Aquatic Ecotoxicity


This impact category indicator refers to the impacts of toxic substances on marine ecosystems. The impact pathway includes fate, exposure, effect, and severity factors [113]. Marine aquatic ecotoxicity potentials (MAETP) are expressed as kg 1,4-dichlorobenzene equivalents emission (kg 1,4-dichlorobenzene eq.).




2.4.8. Ozone Layer Depletion


The characterization factor for ozone layer depletion (O3) accounts for the destruction of the stratospheric ozone layer by anthropogenic emissions of ozone-depleting substances [114,115].



Chlorofluorocarbons (CFC), halons, and hydrochlorofluorocarbons (HCFC) are the main causes of ozone depletion. Damage to the ozone layer reduces its ability to prevent ultraviolet (UV) radiation from entering the atmosphere, increasing the amount of UV-B radiation reaching the earth’s surface. Long-term exposure to high levels of UV-B threatens human health and damages most animals and plants. Ozone depletion potentials (ODP) are expressed as kg trichlorofluoromethane (CCl3F) equivalent (kg CFC-11 eq.).




2.4.9. Photochemical Oxidation


Ozone is protective in the stratosphere, but on the ground level, it is toxic to humans in high concentrations. Photochemical ozone, also known as “Tropospheric ozone”, is formed by the reaction of volatile organic compounds and nitrogen oxides in the presence of both heat and sunlight [116,117,118]. This impact category depends largely on the amounts of carbon monoxide (CO), sulfur dioxide (SO2), nitrogen oxide (NO), ammonium (NH4+), and NMVOC (non-methane volatile organic compounds) involved. The photochemical ozone creation potential (POCP) for emission of substances into air is expressed using units of kg ethylene (C2H4) equivalent (kg ethylene eq.).




2.4.10. Terrestrial Ecotoxicity


Terrestrial ecotoxicity indicates the impact of toxic compounds such as heavy metals (zinc, lead, nickel, cadmium, and copper) emitted into terrestrial ecosystems (air, water, and soil), affecting humans, flora, and fauna [119,120,121]. The amount emitted, the mobility of the substance, its persistence, exposure patterns, and bioavailability, as well as its toxicity, all influence its impact. The terrestrial ecotoxicity potential (TETP) is expressed as kg of 1,4-dichlorobenzene (C6H4Cl2) equivalents (kg 1,4-dichlorobenzene eq.).






3. Results


To gain a specific view of the emissions released throughout the life cycle (from the cradle to the grave) and from the biochar application to soil alone (a downstream process), the results of the LCIA from a cradle-to-grave and a downstream process perspective are reported in Table 5 in terms of CML baseline categories [98].



Concerning the cradle-to-grave results, the negative values mean that environmental savings were generated by avoiding the use of products during biochar production and its application in soil and thanks to its carbon sequestration and emission mitigation capabilities, while positive values represented a load for the environment. In this evaluation, there were no positive values indicating any benefits related to the biochar studied supply chain.



In general, the largest contribution was mainly attributable to the production of renewable energy (heat and electricity) by gasification and therefore to the replacement of fossil fuels, which was also the main purpose of the plant analyzed in this study. The data on the Italian energy mix for the production of electricity, provided by the Italian energy services manager “GSE”, are reported in Table S9 (Supplementary S1: Data used in LCI) [122].



In the downstream process, only three categories had net negative impacts (Climate change-GWP100, Freshwater, and marine aquatic ecotoxicity), even though the categories with positive impacts had very low values.



The results of the impacts for each category are described and discussed below.



3.1. Acidification Potential


As shown in Figure 3a, the main positive impact in this category was given by the transport (0.50 kg SO2 eq.), which includes that of the biomass, large-bags, and biochar to agricultural fields. The electricity produced by the plant, which replaced that generated with the Italian energy mix, was the main avoided product that ensured the process as well as a negative acidification potential (−27.081 kg SO2 eq.). The electricity mix still contained a significant share of coal electricity (12.34%), associated with high emissions of acidifying substances—mainly sulfur dioxide and nitrous oxides from coal combustion.



Compared with the generated electricity, the avoided natural gas had a much lower relevance for acidification, since the combustion of natural gas is generally associated with low impacts in this category.



As can be seen from the results of the downstream process, shown in Figure 3b, the acidification potential was closely correlated with emissions due to the transport of biochar to agricultural fields as well as the tractors and machinery used for the application (spreader and rotary hoe) of biochar to the soil. The only relevant negative impact was due to a reduction in the practice of field irrigation, thanks to the water-holding capacity of the biochar (0.020 kg SO2 eq.).




3.2. Climate Change–GWP 100


Under global warming aspects, negative GHG emissions were obtained with the energy-biochar system. This indicates that the supply chain currently adopted by the company had a favorable environmental impact. This cradle-to-grave result, shown in Figure 4a, was due to the production of renewable energy through the woodchip gasification process, which replaced in part energy produced with the use of fossil fuels, with a higher environmental impact. A positive value indicates emissions associated with transport operations, direct emissions from the gasification process itself, and other processes, such as feedstock production.



The largest contribution to climate change was from the avoided emissions from energy production, with values of −3844.940 kg CO2 eq. and −3141.180 kg CO2 eq. for electricity and heat, respectively. The next largest contribution was from the carbon sequestration capacity of biochar (−1513.070 kg CO2 eq.). The net fraction of carbon that may be effectively sequestered depends on the residence time of biochar in the soil, which is known to be very variable depending on the feedstock and the production process. Contributions from the indirect impacts of biochar application to soil, such as lower crop fertilizer requirements, lower soil N2O emissions, and a reduced need for irrigation are irrelevant, due to the low yield of biochar from the gasification process (5%).



On the contrary, as expected in the downstream process, GWP 100 was found to have a negative net value, due to the long-term carbon sequestration by biochar (−1505.741 kg CO2 eq.). Positive impacts were predominantly linked to emissions from transport and agricultural machinery.




3.3. Depletion of Abiotic Resources—Elements, Ultimate Reserves


The abiotic resource balance of the cradle-to-grave perspective, shown in Figure 5a, could be considered equal to zero (−2.8 × 10−4 kg antinomy eq.), i.e., the resources that are consumed are approximately equal to the resources that are avoided. As in the other categories, the production of heat and energy had a negative impact, while the woodchip production and transport had a positive impact.



The abiotic resource balance in the downstream process, shown in Figure 5b, could be considered equal to zero (8.191 × 10−6 kg antinomy eq.), i.e., the resources that were consumed are approximately equal to the resources that are avoided. The reduction in irrigation almost totally compensated for the impacts resulting from the other processes (copper, lead, and brass production for the machinery manufacturing).




3.4. Depletion of Abiotic Resources—Fossil Fuels


From a cradle-to-grave perspective, shown in Figure 6a, the dominating factor for the depletion of fossil fuels wasthe negative contribution due to the displacement of fossil fuels from biochar co-products (electricity and heat), resulting in a high net reduction of abiotic depletion. The high net result for this category (−90,758.060 MJ) was the most predictable, as the process replaced the use of natural gas, petroleum products, and coal with the gasification of woody biomass. The principal positive contributors, although they had only low-impacting values, were transport, lubricating oil consumption, and polypropylene production for the large bags.



In the downstream process, shown in Figure 6b, depletion of fossil fuels, of course, was the impact category most closely related to emissions from burning fossil fuels. Consequently, the net value was positive and was equal to 177.783 MJ.




3.5. Eutrophication


In the cradle-to-grave results, shown in Figure 7a, the characterized index of eutrophication was found to be −7.140 kg PO43− eq. per 1-ton biochar produced and applied to the soil. Additionally, in this case, the electricity production from the gasification process in place of that produced with the Italian energy mix was the process that had the largest effect (−6.925 kg PO43− eq.), mainly due to the emissions of ammonia, nitrogen oxides, and phosphate.



In the downstream process of eutrophication impact, shown in Figure 7b, the main positive contribution was given by the direct combustion of fuel by agricultural machinery (0.017 kg PO43− eq.) and by transport (0.003 kg PO43− eq.). A modest negative contribution related to the impacts avoided by reducing the use of irrigation (−0.007 kg PO43− eq.). The “other” category also included the impacts avoided following the reduction of chemical fertilizers due to biochar properties (i.e., the reductions of ammonium nitrate, phosphoric acid, and potassium chloride fertilizers had a negative impact equal to −7 × 10−4, −4.7 × 10−4 and −3 × 10−5 kg PO43- eq., respectively).




3.6. Freshwater Aquatic Ecotoxicity


The results in the cradle-to-grave analysis for this impact category, shown in Figure 8a, were very similar to those of the eutrophication. The great negative impact, arising from electricity production (−824.690 kg 1,4-dichlorobenzene eq.), was because products with a high impact factor such as nickel, copper, and zinc were generated using the national energy mix sources.



In the downstream process, shown in Figure 8b, the greatest negative impact derived from a decrease in irrigation volumes (−1.703 kg 1,4-dichlorobenzene eq.). In this case, the reductions of ammonium nitrate, phosphoric acid, and potassium chloride fertilizers had a negative impact equal to −0.049, −0.033, and −0.033 kg 1,4-dichlorobenzene eq., respectively.




3.7. Human Toxicity


The production and use of biochar from the cradle-to-grave perspective of this analyzed process, shown in Figure 9a, had a negative and therefore beneficial balance from the point of view of human toxicity (−1109.860 kg 1,4-dichlorobenzene eq.). Electricity, heat, and irrigation had a negative impact, unlike the transport and production of lubricating oil, which, although relatively low, had a positive impact on this category.



In the downstream process, shown in Figure 9b, the most impactful element in this category was the production of steel and copper for the manufacture of agricultural machinery, the processes related to transport, and diesel production. Regarding negative impacts, the reduction of irrigation played a fundamental role (−3.273 kg 1,4-dichlorobenzene eq.).




3.8. Marine Aquatic Ecotoxicity


The results of the cradle-to-grave analysis for this category, shown in Figure 10a, were, at the level of prevailing processes, very similar to those for human toxicity. In absolute terms, however, the net impact was very high (−3.3 × 106 kg 1,4-dichlorobenzene eq.). The emitted compounds which had the greatest impact on the processes were hydrogen fluoride, beryllium, barite, and nickel.



Compared to human toxicity, in the downstream process, shown in Figure 10b, the production of steel and copper for the manufacture of agricultural machinery had less impact than the production of diesel and transport-related processes. The negative impact still derived essentially from a decrease in irrigation volumes (−4340.530 kg 1,4-dichlorobenzene eq.). In this case, the reductions of ammonium nitrate, phosphoric acid, and potassium chloride fertilizers had a negative impact equal to −143.380, −100.070, and −24.310 kg 1,4-dichlorobenzene eq., respectively.




3.9. Ozone Layer Depletion


The electricity and heat production, in the Cradle-to-grave analysis, shown in Figure 11a, also contributed negatively to this category. The emission factors that had the greatest impact on ozone layer depletion were the chlorofluorocarbon emissions into the air, which, fortunately, were minimal in the analyzed process (net balance of −7.8 × 10−4 kg CFC-11 eq.).



On the contrary, the main impact of the biochar application to soil alone on the ozone layer depletion category was the emissions of bromotrifluoromethane (CBrF3; Halon 1301), connected to the production of diesel and transport-related processes, as it shown in Figure 11b. Even though to a lesser extent, the production of electricity and heat for the manufacture of agricultural machinery also had a negative impact. There was also a modest negative contribution related to the impacts avoided by reducing the use of irrigation (−4340.530 kg 1,4-dichlorobenzene eq.).




3.10. Photochemical Oxidation


In the cradle-to-grave results, the net balance of photochemical oxidation, shown in Figure 12a, was negative but very close to zero (−0.510 kg ethylene eq.). In this case, the main positive impact was linked to the emissions generated by the gasification processes—the combustion of syngas, mainly to carbon monoxide (CO), which is then emitted. The negative impacts related to the production of electricity (−0.748 kg ethylene eq.) and heat (−0.181 kg ethylene eq.) through the analyzed process depended strictly on the emissions of sulfur dioxide (SO2) avoided.



Photochemical oxidation in the downstream process, shown in Figure 12b, was strictly dependent on the emissions of sulfur dioxide, carbon monoxide, and hydrocarbons. These compounds are emitted with the combustion of diesel (both for agricultural and transport processes) and with the production of the same. Steel production also had a positive impact on this category. The amount of irrigation water saved thanks to the properties of the biochar made a relatively large negative contribution.




3.11. Terrestrial Ecotoxicity


Regarding the cradle-to-grave results concerning terrestrial ecotoxicity, shown in Figure 13a, the net balance of emissions was still negative (−13.990 kg 1,4-dichlorobenzene eq.). As for the previous ones, the main contribution was due to the avoided emissions linked to the production of electricity through the gasification process (−13.179 kg 1,4-dichlorobenzene eq.). Heavy metals were the main class of contaminants that impacted terrestrial ecotoxicity, due to their toxicity and persistence in the environment. The electricity production according to the national energy mix sources was characterized by high emissions of chromium and mercury into the air and soil; the same applied to the heat production by natural gas boilers.



For this last impact category, in the downstream process, shown in Figure 13b, the net balance of emissions was positive (0.015 kg 1,4-dichlorobenzene eq.). As for the previous processes, the key negative contribution was due to the avoided emissions linked to the reduced use of water for irrigation. Steel production was characterized by high emissions of chromium and was the process with the highest positive impact (0.052 kg 1,4-dichlorobenzene eq.). Other positive contributions derived from the processes related to transport, diesel, and steel production. In this case, the reductions of ammonium nitrate, phosphoric acid, and potassium chloride fertilizers had a negative impact equal to −1.6 × 10−3, −1.2 × 10−3, and −2.9 × 10−4 kg 1,4-dichlorobenzene eq., respectively.





4. Discussion


The LCA data presented in this study clearly outline the net positive effects of such a process in terms of its mitigation potential.



The system, when analyzed from cradle to grave, generates environmental benefits across all evaluated impact categories, indicating the net virtuous effects of co-producing biochar, electricity, and heat by gasification in terms of mitigation potentials.



Relevant results were found for the categories of “Climate change-GWP100”, with −8267.320 kg CO2 eq.; “Depletion of abiotic resources—fossil fuels”, with −90,758.060 MJ; and “Marine aquatic ecotoxicity”, with −3.3 × 106 kg 1,4-dichlorobenzene. Electricity and heat production represented the main environmental hotspots of the biochar life cycle, together contributing almost 100% of the system-avoided environmental impacts. Transportation was the main hotspot that contributed to the deleterious environmental impacts of the life cycle of biochar. The emissions due to the gasification and syngas combustion processes had a significant impact on the “Photochemical oxidation” category, due to the quantity of carbon monoxide emitted into the air (0.430 kg ethylene eq.).



Nevertheless, analyzing the impacts related to the downstream process (the application of biochar as a soil improver), not all indicators assumed a favorable result; for example, “Depletion of abiotic resources—fossil fuels” and “Human toxicity” were equal to 177.780 MJ and 2.0 kg 1,4-dichlorobenzene eq., respectively.



Concerning the GWP100, biochar application to soil demonstrated a large potential for climate change mitigation, with a net of −1505.740 kg CO2 eq., even when not considering its yield stimulation potentials.



Overall, the proposed gasification supply chain makes it possible to support European climate policies. The European Commission has set targets for energy production from renewable sources for 2030 and 2050 to reach the more general goal of “zero emissions” for the European Union by 2050, and the recent European Green Deal outlines a strategy for achieving these goals through economic growth based on less exploitation of natural resources and a lower impact on health [123].



A good contribution to the mitigation of impacts was also given by the reduction of water volumes for irrigation, thanks to the biochar soil water retention capacity.



In this analysis, the characteristic of biochar to reduce the number of chemical fertilizers was of secondary importance. In fact, according to the assumptions made, the number of fertilizers avoided, if compared with the emissions due to the phase of biochar application to the soil through agricultural machinery, was not enough to produce a beneficial net balance of emissions. Biochar produced from woody biomass, in this case, deciduous and coniferous woodchip, has a too-limited quantity of nutrients compared to conventional fertilizers. For example, analyzing the results of “Eutrophication” for the downstream process, it can be highlighted that the reduction of the use of fertilizers gave a negligible contribution.



If the quantity of avoided fertilizers had been higher, the contribution to this impact category should have been much relevant, considering that eutrophication occurs due to the presence in the aquatic ecosystem of too-high doses of nutrients such as nitrogen, phosphorus, or potassium, and that the main anthropic source that causes eutrophication is the use of agricultural fertilizers.



Despite all the differences that have emerged from various LCA studies [124], a clear trend is still apparent and biochar application to soil provides significant benefits during the life cycle of the system.



To conclude, the application of biochar in agricultural soils would bring an additional environmental benefit, mainly due to the storage of carbon in soils. However, the impact of the agricultural component of the supply chain is certainly less significant than the impact of the energy production process.




5. Conclusions


This paper focused on the environmental impact assessment of the entire life cycle of a biochar-gasification system located in Italy. Primary and secondary data were combined to explore the environmental impacts and biochar life cycle, including the pre- and post-conversion processes.



After a deep LCA study of RE-CHAR®, manufactured by Record Immobiliare S.r.l, it can be concluded that this biochar presented a global positive externality concerning its possible impacts on the environment, in relation to the categories analyzed. Nevertheless, some negative effects were generated, principally due to transportation and gasification, which were compensated for by other indicators. On the other hand, water for irrigation can be reduced due to an increased water retention capacity.



Moreover, it should be noted that the analysis was carried out using both free software tools and databases (Supplementary S2: List of OpenLCA free databases used). Free databases have large qualitative and quantitative limits, especially when compared with large paid databases, such as Ecoinvent. Consequently, an analysis with more adequate tools is necessary to obtain more accurate and reliable impact data.



This study not only gives a valuable academic contribution to biochar LCA studies but can also act as a reference for biochar production companies, motivating biochar certification and studies of LCA. Furthermore, thanks to the results of this work, it is clear that developing biochar-to-soil projects could be another step towards a carbon-neutral society.




6. Further Perspectives


This study demonstrated the positive impact of developing biochar-to-soil projects; however, it did not consider some aspects of biochar production and uses.



Firstly, accepting the use of waste as input material for biochar production, by setting limits on the presence of toxic elements, would allow even greater environmental benefits and would fit perfectly into the context of the circular economy. In short-term experiments, biochar generally increases plant growth, soil nutrient status and reduces fertilizer and irrigation requirements. However, the mechanisms which lead to these benefits are not fully described. Furthermore, a lack of data from long-term studies generates a problem in establishing a link between biochar use and increased crop production.



Secondly, more specific data concerning the production process of wood biomass used as feedstock for gasification would also be needed for a more accurate life cycle assessment, using primary rather than secondary data (in this study the OpenLCA databases were used for the production phase of the woodchips).



Finally, this study did not explore all the consequences of the biochar’s effects on agricultural soils (such as its liming capacity and increases in crop yield); the considered effects are the result of hypotheses based on literature studies.



Long-term field experiments of biochar on a specific type of soil are essential for evaluating the real direct and indirect effects of its application to soil, reducing its environmental impacts and minimizing mineral substance losses.



It is important to remember that the European Green Deal aims to favor shallow and less intrusive soil processing practices on cultivated land as well as sustainable agricultural management practices such as biochar use.



For a more sustainable society, it is also our responsibility to explore the future of biochar by strengthening biochar research and development.
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Figure 1. Phases and applications of an LCA (based on ISO 14040 and ISO 14044, 2006 [43,44]). 
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Figure 2. System boundaries and flowchart of the process investigated. The green box represents what is included in the cradle-to-gate boundaries; the blue box represents the system boundaries for the cradle-to-grave analysis; the red box represents what is not included in this analysis. 
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Figure 3. Acidification potential: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 4. Climate change–GWP 100: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 5. Depletion of abiotic resources—elements, ultimate reserves: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 6. Depletion of abiotic resources—fossil fuels: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 7. Eutrophication: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 8. Freshwater Aquatic ecotoxicity: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 9. Human Toxicity: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 10. Marine aquatic ecotoxicity: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 11. Ozone layer depletion: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 12. Photochemical oxidation: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Figure 13. Terrestrial ecotoxicity: top 5 contributions impacting category results: (a) Cradle-to-grave analysis; (b) Downstream process. 
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Table 1. Technical parameters of the gasification plant.






Table 1. Technical parameters of the gasification plant.





	Parameter
	Unit
	Amount





	Model
	-
	ESPE CHIP50



	Fuel
	-
	Woodchips (moisture = 10 %W/W *)



	Gasifier type
	-
	Fixed bed downdraft



	Woodchips to gasification
	kg/h
	49 (for each gasifier)



	Average syngas flow generated
	m3/h
	140 (for each gasifier)



	Syngas lower calorific value
	kJ/Nm3
	5500–6000



	Energy efficiency
	%
	>75



	Average gasification temperature
	°C
	~1000



	Gas temperature leaving the gasifier
	°C
	~700



	Gasifier inlet air temperature
	°C
	~300



	Residence time
	s
	~255



	Electric power
	Kwh
	98 (for both gasifiers)



	Thermal power
	Kwh
	220 (for both gasifiers)



	Production of biochar
	%W/W (on dry matter basis)
	~5







* W/W: weight per weight.
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Table 2. Combustion engine characteristics.






Table 2. Combustion engine characteristics.





	Parameter
	Unit
	Amount





	Motor type
	-
	TEDOM TB 90 G5V NX86



	Displacement
	dm3
	11,946



	Nominal speed
	rpm
	1500



	Nominal mechanical power
	kw
	53 (for each engine)



	Nominal electric power
	kw
	49 (for each engine)
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Table 3. RE-CHAR® Physico-chemical characteristics 1.






Table 3. RE-CHAR® Physico-chemical characteristics 1.










	Parameter
	Unit
	Amount (±SE 2)





	Cation exchange capacity (CEC)
	cmol(+)/kgDW
	12.5 ± 0.8



	Conductance (1 g/L)
	S
	132.3 ± 1.7 × 10−6



	pH (1%)
	-
	11.71 ± 0.1



	Specific surface (BET)
	m2/g
	280.25 ± 7.12



	Medium porosity
	cm3/g
	0.28 ± 0.012



	Average pore size
	A
	69 ± 1.1



	Density (estimate)
	kg/m3
	528.0



	Specific weight (estimate)
	N/m3
	5177.57



	Particle Size Distribution
	
	



	>850 × 10−6 m
	%
	17.230



	>600 × 10−6 m
	%
	33.017



	>500 × 10−6 m
	%
	7.134



	>355 × 10−6 m
	%
	4.307



	>300 × 10−6 m
	%
	2.492



	>212 × 10−6 m
	%
	9.014



	>180 × 10−6 m
	%
	3.173



	>90 × 10−6 m
	%
	8.984



	>75 × 10−6 m
	%
	13.704



	>53 × 10−6 m
	%
	0.750



	>45 × 10−6 m
	%
	0.180



	>38 × 10−6 m
	%
	0.007



	<38 × 10−6 m
	%
	0.002



	Composition
	
	



	Humidity (105 °C)
	%
	0.98 ± 0.1



	Water content (180 °C)
	%
	1.22 ± 0.1



	Fixed carbon
	%
	80.84 ± 0.1



	Ashes
	%
	11.55 ± 0.44



	Volatile substance
	%
	6.63 ± 0.04



	Elemental composition
	
	



	C
	%
	84.5 ± 0.1



	H
	%
	0.85 ± 0.04



	N
	%
	0.15 ± 0.02



	O
	%
	9.99 ± 1.05



	P
	%
	1.79 ± 0.59



	K
	%
	1.4 ± 0.11



	S
	%
	0.32 ± 0.02



	Ca
	%
	<LOD 3 (0.50)



	Mg
	%
	<LOD 3 (0.50)



	O/C
	-
	0.118



	H/C
	-
	0.01



	Functional groups
	
	



	OH-
	mmol/g
	0.44 ± 0.05



	Acids
	mmol/g
	1.31 ± 0.09



	Lactone
	mmol/g
	<0.001



	Carboxyle
	mmol/g
	0.29 ± 0.02



	Indexes
	
	



	Iodine index
	g/kgDW
	202 ± 12.4



	Methylene blue index
	g/kgDW
	25.56 ± 3.4







1 The data in this table were provided by the authors. 2 SE: standard error. 3 LOD: Limit of detection.













[image: Table] 





Table 4. Effects and parameters used to explore potential biochar soil effects and biochar stability.






Table 4. Effects and parameters used to explore potential biochar soil effects and biochar stability.





	
Process or Practice

	
Unit

	
Amount






	
Residence time of biochar in the soil

	
Years

	
100




	
Biochar carbon recalcitrance

	
%C

	
80%




	
N2O emissions from soil

	
%N2O

	
−30%




	
Mineral fertilizer application

	
N

	
−8.33%




	
P

	
−4.17%




	
K

	
−4.17%




	
Use of irrigation

	
%water

	
−20%
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Table 5. CML baseline results (per ton of packed biochar).






Table 5. CML baseline results (per ton of packed biochar).





	Impact Category
	Unit
	Cradle-to-Grave Results
	Downstream Process Results





	Acidification potential
	kg SO2 eq.
	−28.370
	0.079



	Climate change-GWP100
	kg CO2 eq.
	−8267.320
	−1505.741



	Depletion of abiotic resources-elements, ultimate reserves
	kg antimony eq.
	−2.8 × 10−4
	8.191 × 10−6



	Depletion of abiotic resources-fossil fuels
	MJ
	−90,758.060
	177.783



	Eutrophication
	kg PO43− eq.
	−7.140
	0.017



	Freshwater aquatic ecotoxicity
	kg 1,4-dichlorobenzene eq.
	−851.880
	−0.372



	Human toxicity
	kg 1,4-dichlorobenzene eq.
	−1109.860
	2.003



	Marine aquatic ecotoxicity
	kg 1,4-dichlorobenzene eq.
	−3.3 × 106
	−611.397



	Ozone layer depletion
	kg CFC-11 eq.
	−7.8 × 10−4
	2.599 × 10−6



	Photochemical oxidation
	kg ethylene eq.
	−0.510
	0.001



	Terrestrial ecotoxicity
	kg 1,4-dichlorobenzene eq.
	−13.990
	0.015
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