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Abstract 

This study explores the environmental and energy benefits of biomass residues, 

including crop residues and agricultural waste, for the production of renewable energy in 

the form of biochar as reported in representative literature. The biochar is typically 

produced using thermochemical conversion such as pyrolysis, which effectively intensifies 

the energy content of biochar to a range of 14-30 MJ kg-1, suggesting its favorable 

substitutions for fossil fuel. The highest environmental benefits for biochar-to-energy 

systems were observed in those integrated with combined heat and power technology, 

followed by those incorporating electricity offsets from biochar combustion and off-site 

biochar co-firing, but all of these practices come at the cost of hidden environmental 

burdens. Comprehensive analysis of the trade-offs between energy yields, carbon 

abatement and environmental impacts is therefore recommended for future studies. To 

integrate the complexity of socioeconomic dynamics, there is also a need to develop 

methodologies capable of quantifying the direct and indirect impacts to better reflect the 

changes in real-world trends for future decision making. 
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1. Introduction 

The global production of biofuels as a renewable supply of energy continues to rise 

and is in the transition towards sustainable bioenergy systems. The use of energy crops for 

the production of first-generation biofuels does not necessary favor net carbon abatement 

(i.e., reduction in greenhouse gas emissions) considering the land conversion impact 

(Roberts et al., 2010). However, the production of second-generation biofuels, known as 

biomass-residue-derived (BRD) bioenergy products, has the advantages of zero waste 

generation (Abraham et al., 2016; Shiu et al., 2017) and minimizing both land use changes 

and land competition for food (Nguyen et al., 2013a). The energy yield as fuel from 

biomass residue was estimated at 9.1×1018 J, equal to approximately 1 billion barrels of 

diesel (Lal, 2005). This subject field is, therefore, expected to foster the transition to energy 

sustainability and has quickly emerged as an area of growing research interest (Ekman et 

al., 2013; Weiser et al., 2014).  

Quantification of the energy potential and technical performance of BRD biofuels has 

been thoroughly discussed in the literature. Biochar, in particular, is widely perceived as a 

sustainable biofuel from the energy, economic and environmental perspectives (Clare et al., 

2015; Lee & Den, 2016). Thermochemical conversion such as pyrolysis effectively 

intensifies the energy content of biochar to a range of 14-30 MJ kg-1, indicating great 

potential for energy applications. The production of biochar typically generates excess 

energy as heat or syngas, rendering the system self-sufficient in energy requirements 

(Matovic, 2011). The system is expected to have an overall energy efficiency of greater 

than 90% if the energy content of the biochar is considered (Laird et al., 2009). In addition, 

greater energy yield and carbon abatement could be achieved for biochar-to-fuel systems 
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(Woolf et al., 2014).  

Recent studies showed increased interest in BRD biochar-to-fuel systems and have 

addressed their environmental benefits. It was reported that production of biochar from 

crop wastes contributed to a carbon emission of 91-120 kg CO2 eq MWh-1 as electricity, 

which was considerably below the emission from fossil fuel-based system (600-900 kg CO2 

eq MWh-1 as electricity), even without accounting for the carbon offset from the use of the 

biochar (Gaunt & Lehmann, 2008). A life cycle carbon abatement of 617 kg CO2 eq t-1 of 

dry waste corn stover was estimated for pyrolysis-based biochar production followed by 

combustion as fuel (Roberts et al., 2010). Hammond et al. (2011) reported carbon 

abatements of 160-230 kg CO2 eq t-1 and 760-930 kg CO2 eq t-1 for straw residues and 

wood residues, respectively, for pyrolysis biochar systems with co-generation of electricity 

and heat. The biochar-to-fuel systems appear to have greater carbon abatement potentials 

than other bioenergy systems, but there still lacks a comparative analysis of the 

environmental and energy benefits of the systems (Liu & Han, 2015). Up to this date, only 

a few studies have addressed the ecological and environmental impacts associated with the 

biochar-to-fuel systems (Gurwick et al., 2013; Singh et al., 2010; You et al., 2017; Wang 

and Wang, 2019). 

Life cycle assessment (LCA) is a structured approach to reflect the full extent of 

environmental impacts associated with the altered utilization of biomass to bioenergy (i.e., 

use of the BRD biochar as fuel). LCA is also a scientific method to support decision 

directions for practitioners and policymakers (Bergman et al., 2016). Attributional life cycle 

assessment (ALCA) is the most common model used in bioenergy studies, which aims to 

quantify the environmental impacts of all relevant material and resource inputs based on the 
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status quo (or average) supply data within a constrained boundary. Consequential life cycle 

assessment (CLCA) is a change-oriented model that focuses on the quantification of 

environmental impacts associated with discrete effects due to changes in demand or 

resulting from decisions. The choice of the LCA approach, therefore, results in wide 

variations in estimated impacts. For instance, the results from ALCA can be more precise 

but less uninformative for policy assessment, whereas CLCA provides results with less 

precision but more congruent with the facilitation of policy-making (Fig. 1) (Creutzig et al., 

2012). 

This study aims to briefly review recent advances in biochar systems produced from 

biomass residues and their applications as fossil fuel substitutes in energy generation. LCA 

studies on the environmental benefits and energy performances of the biochar-to-fuel 

systems, from either the ALCA or the CLCA approach, are summarized and compared 

where possible. Recommendations for the life cycle approach for environmental assessment 

of the bioenergy systems are discussed. This study also intends to elucidate the use of LCA 

for the comprehensive assessment of bioenergy systems in the context of support for 

policy-making direction.  

 

2. Methods  

Out of the numerous studies attempting to address the environmental and energy 

aspects of BRD biochar systems, more than 300 peer-reviewed research articles were 

identified and focused on from 2010 to 2019. These articles were chosen from among all 

the publications searched using the initial keywords of “biochar,” “biomass residue,” “crop 

residues,” “agricultural waste,” “environmental assessment,” and “life cycle assessment” 
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from Google Scholar, a bibliographic database indexing scholarly literature across a wide 

range of subject areas. The use of such a large search period span aims to include highly 

cited articles in addition to the most recent ones. This search generated a pool of biochar 

studies containing versatile applications of biochar, such as its uses as energy feedstock or a 

soil amendment agent.  

It is worth noting that most of the searched studies covered technical and economic 

aspects of the biochar and seldom paid attention to the influences of biochar systems on the 

environment. In addition, studies for BRD biochar beyond soil amendment are still limited. 

The selection of representative studies was then made for case studies that applied the LCA 

approach to investigate the production of biochar and its application as fuel. The purpose of 

this selection was to ensure that the parameters or scenario settings addressed in the studies 

were compared on the same basis. Table 1 presents a summary of the 17 representative 

articles selected in this study.  

 

3. Production of biochar using biomass residues 

3.1 Potential biomass residue sources 

The production efficiency and quality of biofuels are strongly dependent on the 

chemical composition of the biomass feedstock (Abraham et al., 2016; Binod et al., 2010). 

For example, the high ash content and high silica content in ash from rice straw lower its 

feedstock quality, but rice straw has a favorable relatively low total alkali content towards 

biomass decomposition and char-forming reactions (Liu et al., 2015). Also, the preferred 

use of feedstock is related to both quality and availability, as the source of the biomass has 

a significant impact on the energy and environmental outcomes (Cherubini et al., 2009). 
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Table A1 summarizes the physical and chemical characteristics as well as the energy 

content of the potential feedstock from the selected representative research.  

Biomass residue from agriculture activities is available in mass quantities and thus is 

expected to have great potential for the production of biofuels. Every kilogram of grain 

harvested is accompanied by the production of 1 to 1.5 kg of straw (Kadam et al., 2000; 

Shie et al., 2011), which is regarded as one of the most abundant agricultural residues 

worldwide (Binod et al., 2010; Ekman et al., 2013; Gadde et al., 2009). Straw (or 

sometimes is called stover for corn) is categorized as lignocellulosic biomass, which 

commonly contains cellulose (30-50%), hemicellulose (20-40%) and lignin (15-25%).  

High lignin content in biomass is generally favorable for production of biochar with high 

yields and high fixed carbon content (Demirbaş, 2001; Liu et al., 2015; Den et al., 2018).  

 

3.2 Processes for conversion of biomass residues to biochar 

Conversion of biomass residues to bioenergy products typically involves 

thermochemical processes such as pyrolysis, gasification, torrefaction, and carbonization. 

The choice of the conversion process for biomass to bioenergy is mainly determined by the 

chemical properties of the biomass feedstock (Huang et al., 2016). Pyrolysis is a leading 

and the most studied thermochemical process for treating biomass to generate biofuels in 

solid (biochar), liquid (alcohols, alkanes or bio-oil) and gas (methane or syngas) forms, 

owing to its advantages of relatively high flexibility in both the type and quality of the 

biomass feedstock (Laird et al., 2009). The yield and chemical properties of biochar from 

pyrolysis are strongly influenced by the heating rate, oxidant concentration, and maximum 

temperature during the process (Woolf et al., 2014).  
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The gasification process, on the other hand, is regarded as having a lower biochar 

yield (approximately 200 g kg-1) compared with pyrolysis (200-500 g kg-1). However, the 

presence of alkali and alkaline earth metallic species (e.g., K, Na, Ca and Mg) in the 

feedstock may possess a catalytic effect to promote the gasification process and lead to a 

biochar product with high heating value (You et al., 2017). Patel et al. (2016) reviewed 

various thermochemical biomass conversion technologies for a comparative techno-

economic and life cycle assessment. Their concluded that the economic viability of 

bioenergy systems was highly contingent of the types of end products generated, while 

capital cost, energy recovery expenses, and product yield also contributed to their techno-

economic performance. 

 

4. Current trends for sustainability assessment of biochar-to-fuel systems 

Current trends for sustainability assessment of bioenergy systems include energy 

performance (energy efficiency and net energy yield), economic values (life cycle cost or 

revenue) and environmental benefits (carbon abatement) (Lee & Den, 2016). However, 

there is a lack of standardized characterization methods or indicators for biochar systems 

(Gurwick et al., 2013). As the reported values from this literature review could be site-

specific and biomass-specific, it should be noted that the assessed value may not strictly be 

compared directly. Instead, this information could be useful for analogous comparisons 

between different biochar systems with similar settings.  

4.1 Energy performance analysis 

Several energy indicators such as the net energy production ratio (NER), total energy 

ratio (TER) and energy return on investment (EROI) were proposed for comparing the 
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energy performances between biofuel systems (Shie et al., 2011). In biochar studies, energy 

yields for the products are constantly cited for evaluation of their energy performances. The 

energy yield for biofuel (EYBiofuel, %) determines the amount of energy that is retained in 

the biofuel, which can be obtained from the energy produced from the biofuel per unit 

energy input in the feedstock (Weber and Quicker, 2018). Another typical energy 

performance indicator, the energy return on investment (EROI, unitless) is defined as the 

ratio between the amount of usable energy acquired from a particular resource to the energy 

expended to acquire that energy (Murphy and Hall, 2010).  

4.2 Life cycle assessment of environmental performance 

Life cycle assessment (LCA) is a common tool for the identification and quantification 

of types of environmental impacts involved throughout the life cycle of a product. LCA is 

particularly important for biofuel studies in understanding their actual contributions to 

climate change or other environmental issues (Odeh & Cockerill, 2008) and in the 

identification of opportunities for environmental improvement (Singh et al., 2010). Six key 

issues, including goal definition, functional unit, allocation of biorefinery outputs, 

allocation of biomass feedstock, land use and biogenic carbon and timing of emissions, 

were identified in a review study of methodological choices in LCA of biorefinery systems 

(Ahlgern et al., 2015).  

Table 1 provides an overview of key parameters (system boundary, functional unit, 

and impact assessment method) for the selected BRD biochar-to-fuel studies. The 

generalized system boundary for a biofuel system in LCA studies typically includes three 

major phases: biomass production (cultivation, collection, processing and transportation), 

biofuel production (pretreatment, treatment, and transportation) and demolition and 
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recycling of the plant (Patel et al., 2016) (Fig. 2). Construction and demolition of the 

processing plant were generally ignored, as most of the inventories were assumed at 

laboratory scales. It is suggested that the functional unit for biomass-residue-based biofuel 

studies be expressed as an output based on final energy associated with a reference system 

such as per kWh of electricity generated (Singh et al., 2010), whereas for energy-crop-

based studies it is suggested that the use on a per area basis be considered, as the available 

land for biomass production is the biggest limitation (Cherubini et al., 2009).  

The results of LCA are subjected to the differences in the goal and scope of the LCA 

approach, i.e., ALCA or CLCA (Gnansounou et al., 2009). ALCA is highly recommended 

and widely applied for comprehensive analyses of the potential life cycle impacts of 

biochar systems, aiming to avoid unintended consequences of a new technology or 

management strategy through hot-spot analysis (Gurwick et al., 2013; Roberts et al., 2010). 

In contrast, CLCA is not capable of locating these hotspots (Bergman et al., 2016). CLCA 

considers marginal effects from system modifications by expanding the research scope and 

is increasingly being applied to biofuel-related studies, particularly for decision-making 

support (Brandao et al., 2017; Styles et al., 2015; Tonini et al., 2012).  

While the choice of the LCA model for a study may differ from the study goal, 

Brander (2017) claimed that attributional inventories may not capture the full consequences 

of the decision scenarios and that these provide less information for a mitigation plan for 

bioenergy use. Vadenbo et al. (2018) evaluated three different energy-policy scenarios for 

the use of biomass for energy using a CLCA approach and identified environmentally 

optimal strategies with minimized impacts. Their approach was applied to identify the 

contribution of various biomass types and to support strategies with a favorable 
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environmental burden of supply. Vázquez-Rowe et al. (2014) applied CLCA to examine the 

land use change effects of bioenergy production and revealed that the production might 

contribute to a higher environmental burden compared with the current use of natural gas, 

in part from climate change and agricultural land occupation impacts. 

In the aspects of assessed environmental impacts, GHG emission or global warming 

potential (in units of kg CO2 eq) is the most influential impact category for biofuel studies, 

which is also the key indicator mandated by the Energy Independence and Security Act of 

2007 in the USA for biofuel production (Han et al., 2013). This measurement is used to 

determine the extent to which the corresponding biofuel pathway complies with the GHG 

emission standards (Kauffman et al., 2011). While conducting LCA, the GHG emission 

impact is calculated as emissions of CO2, CH4, CO and N2O, and sometimes CO emissions 

are assumed to be equivalent to CO2, as CO quickly oxidizes to CO2 once released to the 

atmosphere (Woolf et al., 2010). Other environmental impacts such as eutrophication, 

atmospheric acidification, abiotic depletion, ozone layer depletion, photochemical 

oxidation, human toxicity, and ecotoxicity were studied in straw-based (Gabrielle & 

Gagnaire, 2008) and corn-stover-based bioethanol (Luo et al., 2009) studies. In the different 

studies analyzed, the impact methods of IPCC, CML, and ReCiPe were mostly applied.  

 

5. Comparison of key results from representative biochar-to-fuel systems 

5.1 Energy performance: energy yields and energy return on investment (EROI) 

Table 2 summarizes the results of energy analysis for the BRD biochar-to-fuel systems 

from representative literature. The energy yield for biochar (EYBiochar) is strongly 

influenced by the biochar yield and its energy content (HHV) of the biochar, despite the 
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energy content of the biochars being inversely proportional to the ash content of biomass 

feedstock. One obvious advantage of the bioenergy systems is that the coproducts, 

byproducts and residues from the processing procedures can be used for enhancing the 

energy yield through substitution for conventional fossil fuel uses (and even for other 

applications). This is the main reason that the energy yield for a system (EYsystem) is higher 

when incorporating energy yields from other bioenergy coproducts.  

A slow-pyrolysis biochar system using corn stover as feedstock revealed an overall 

energy yield in heat of approximately 37%, without accounting for a significant portion of 

energy in the biochar (Roberts et al., 2010). The energy yield for a soybean straw-based 

biochar system was comparable at approximately 90%, when all energy products (steam, 

bio-oil, biochar, and noncondensable gas) were accounted for (Boateng et al., 2010). An 

optimized torrefaction system using corn stover for biochar produced excess heat at 

approximately 28.1 MW as off-gas volatiles, which could be used to meet 42.8% of the 

process steam needs of a U.S. based corn ethanol plant. Torrefaction of olive husk was 

assumed to retain 90% of its initial energy content and 70% of its initial mass (Christoforou 

and Fokaides, 2016).  

Understanding the relationship between energy yield and biochar yield helps 

maximize the total revenue from production of these two products (i.e., biochar and 

biofuels). An increase in the energy yield of BRD biochar systems seems to come at the 

cost of sacrificing biochar yield. The trade-off analysis for slow pyrolysis of biomass 

revealed that when biochar was used as a fuel substitute to provide process energy, higher 

energy yield could be attained. In other words, the amount of bioenergy sacrifices as 

biochar yield increases at a rate between 21.0 to 37.5 GJ t-1 of biochar C, depending on the 
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types of biofuel pathways (e.g., for bio-oil or syngas) (Woolf et al., 2014). The type of 

feedstock strongly influences the calorific value of syngas. For instance, the values for 

forestry waste and agricultural waste are 16,000 MJ kg-1 and 9,000 MJ kg-1, respectively 

(Muñoz et al., 2017).  

EROI for selected BRD biochars varies from 1.1 to 8.1, as summarized in Table 2. 

Hall et al. (2009) proposed a minimum EROI value of 3 for biomass-based biofuels to be 

considered sustainable to society and suggested that biofuels with an EROI less than three 

may not be suitable for substitution for fossil fuels. Hall et al., (2014) characterized the 

value of EROI for different fuels and reported a declining trend for conventional fuels. 

They concluded that most renewable energy sources have relatively lower EROI values 

compared to the conventional fossil fuels. 

Gaunt and Lehmann (2008) reported an EROI of approximately 6.9 for a slow 

pyrolysis-based biochar system from crop wastes when the system was optimized for 

energy production, which was greater than that of comparable biofuels such as bioethanol 

from corn. Roberts et al. (2010) estimated an EROI in the range of 4.0-6.5 for slow 

pyrolysis of corn stover, even though the syngas produced from their system had a higher 

heat energy output. It is also evident that the moisture content of the feedstock plays an 

important role in determining the energy consumption for feedstock processing, as drying 

requires the most energy input and thus decreases the EROI (Roberts et al., 2010). 

 

5.2 Environmental performance 

5.2.1 Carbon abatement 

Bioenergy is usually regarded as carbon neutral (zero emissions) (Creutzig et al., 
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2012). The carbon abatement (CA) potential for BRD biochars is strongly influenced by the 

system boundary and selection of a reference system. It is also highly sensitive to the 

method used to allocate the impacts between the coproducts, the choice of the functional 

unit and the type of biomass (Gnansounou et al., 2009). Life cycle carbon emissions for 

coal-fired power plants was estimated to be in the range of 957 to 990 g CO2 eq kWh-1 of 

electricity in the UK (Odeh & Cockerill, 2008), 1,042 g CO2 eq kWh-1 of electricity in the 

U.S. and 975 g CO2 eq kWh-1 of electricity in Japan (Hondo, 2005). As the CA can be site-

specific and affected by the several factors mentioned above, the results discussed in this 

section are provided as the means of wide ranges if no specific values are given (Table 3).  

The highest CA potential was observed for biochar systems integrated with combined 

heat and power (CHP) technology or including electricity offsets from biochar combustion. 

Hammond et al. (2011) assessed the life cycle carbon abatements for different scales of 

pyrolysis biochar systems considering co-generation of electricity and heat from the 

systems. Their study concluded a CA of 160-230 kg CO2 eq t-1 for straw residues and 760-

930 kg CO2 eq t-1 for wood residues. Moreover, approximately 10-25% of the CA was 

attributed to electricity production offsetting. Off-site co-firing or combustion of the BRD 

biochars for electricity generation seemed to have relatively lower CA than on-site 

electricity offsets. Life cycle CA was found to be in the range of 20-110 g CO2 eq kWh-1, 

with corresponding life cycle GHG emissions varying from 26-680 g CO2 eq kWh-1. One 

major reason for their lower CA was due to the concern of decreasing energy efficiency of 

the power plants. Biomass co-firing at coal-fired power plants is often limited to 20% as 

this decreases the energy generation efficiency at the plants (De & Assadi, 2009; Schakel et 

al., 2014); however, biochar co-firing may be at a higher mixing percentage as it shows 
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properties similar to those of coal (Kaliyan et al., 2014). 

Carbon emissions (or GHG emissions) from biochar production using crop residues 

revealed that the heating process, land use change, manufacturing of additional fertilizers 

(required to maintain crop yields) and supply of raw materials played the largest role in the 

carbon balance (Cherubini & Ulgiati, 2010). Energy recovery and integration, therefore, 

offer great opportunities to reduce carbon emissions and contribute to the net CA. One 

good example would be the case for producing biochar from corn stover reported by 

Kaliyan et al. (2014). Their study claimed an approximately 110.5 g CO2 eq kWh-1 CA for 

10% co-firing of biochar for electricity generation, although the GHG emissions for 

upstream biochar production were approximately 2.4 times greater than those for power 

plant operations (pulverizing, combustion and construction). Miller-Robbie et al. (2015) 

revealed that the addition of biochar production reduced significant GHG emissions even 

though its overall energy demand was slightly increased. The use of torrefied olive husk for 

generating thermal energy showed the lowest GHG emissions in a torrefaction system, 

compared with the use of nonrenewable energy sources for drying (Christoforou and 

Fokaides, 2016). These results were in line with previous studies showing that small 

investments in materials and energy in biochar production are effective at decreasing life 

cycle GHG emissions (Miller-Robbie et al., 2015). 

It is worth noting that agriculture residues such as corn stover are typically left on the 

field to avoid soil erosion and to maintain soil nutrient levels. Removal of the residues 

requires the addition of nutrients to compensate for the loss of nutrients, thereby resulting 

in emissions in the amount of 0.021 t CO2 eq t-1 for the harvested stover (Kauffman et al., 

2011). An increase in residue removal slightly decreases N2O emissions at a rate of 0.1-0.25 
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kg N t-1 dry straw, as the straw returned to the soil increases the denitrification potential of 

soil and its capacity to produce N2O that contributes to GHG balances (Cai et al., 2001). 

Inclusion of indirect land use change in impact assessment could reduce or reverse the CA 

potential of biochar systems (Roberts et al., 2010). Land use change could develop the loss 

of organic carbon in soil (Harsono et al., 2013) that consequently contributes to significant 

GHG emissions. On the other hand, as the raw material of biochar (the same as for other 

bioenergy products) is regarded as renewable carbon, it generates no GHG emission for 

using as fuel.  

 

5.2.2 Other environmental impacts 

LCA studies of biochar have examined mainly GHG emissions or CA, but to a lesser 

extent, other environmental impacts. For biofuel life-cycle-assessment studies, global 

warming potential is the most common quantified environmental impact followed by 

acidification and eutrophication (Patel et al., 2016). Table 4 provides a list of comparison of 

potential environmental impacts and benefits associated with biochar utilizing as fuel from 

representative literature.  

Use of biochar at coal-fired power plants for electricity generation is generally 

reported to reduce emissions of sulfur oxides (SOx), nitrogen oxides (NOx) and mercury 

(Hg) (Kaliyan et al., 2014). Biochar has a lower sulfur content than coal, which is regarded 

as an advantage for industrial combustion that generally does not require the removal of 

SOx (Laird et al., 2009). Co-firing of biochar decreases the impacts on toxicity, as the toxic 

processes associated with coal mining are partly avoided (Schakel et al., 2014). 

Coproduction of bioethanol and biochar also indicated a significantly lower environmental 
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impact on eutrophication, acidification and global warming potential through pyrolysis 

(Abraham et al., 2016). These findings were in line with the results from Luo et al. (2009) 

that replacing gasoline with bioethanol decreased global warming potentials while growing 

sugarcane contributed greatly to human ecotoxicity, acidification, and eutrophication. Chen 

et al. (2017) used statistical techniques to predict the performance indicators of sugarcane-

bagasse-based biochar from torrefaction treatment, in particular for the enhancement factor. 

Similar to the finding in CA, fertilizer application due to the removal of biomass 

residues also induced other environmental impacts such as terrestrial and freshwater 

ecotoxicity, acidification, and human toxicity (Cherubini & Ulgiati, 2010). These results 

demonstrate that even though a biochar-to-fuel system achieves CA and energy savings, it 

may still cause environmental impacts in addition to those of conventional fossil fuel-based 

systems. Therefore, those environmental impacts should never be disregarded (Cherubini & 

Ulgiati, 2010).  

 

6. Future development and recommendations 

6.1 Limitation and challenges for the BRD biochar 

The quantity and quality of biomass residues for energy purposes differ among regions 

due to technical, ecological, and socioeconomic factors (Ekman et al., 2013). The use of 

biomass residues for bioenergy production may be limited to regions where the residues are 

highly available and can be routinely produced at the economy of scale. Production of BRD 

biochar seems to be favorable and valuable in regions with poor soil quality or with low 

energy demand. Production of bioenergy from biomass residues contributed to the economy 

in the Middle East and North Africa regions, but it faces the challenges of minimizing the 
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use of freshwater and searching for available biomass residues (Bastidas-Oyanedel et al., 

2016).  

Proper management of crop residues is another important issue in this field, 

particularly from the life cycle perspective. Inappropriate removal of crop residues (e.g., 

straw) from croplands reduces organic matter and nutrients from the soil and causes 

adverse effects on the environment. Partial removal of crop residue from croplands may 

result in soil erosion hazard, depletion of soil organic carbon, emission of CO2, and other 

GHG from soil to the atmosphere (Lal, 2005). Therefore, there should be well-defined 

harvest limits (Zhao et al., 2015) and removal is permissible only under the circumstances 

where the environmental, economic and social benefits exceed the benefit of residue 

retention. Furthermore, the use for biofuels production needs to be carefully reviewed to 

prevent irreversible land disturbance (Gabrielle & Gagnaire, 2008; Patel et al., 2016).  

Currently, the production of biochar does not seem to be economically profitable. The 

market price for biochar is much less than that for gaseous or liquid pyrolysis biofuels, thus 

limiting the coproduction of biochar with biofuels. Improvement of production process 

efficiency and lower energy price are two major driving forces of ramping up biochar 

supply (McCarl et al., 2009; Woolf et al., 2014). This further implies that the production of 

biochar from biomass residues appears to be economically attractive by creating an 

additional income stream, as well as alleviating the environmental burdens associated with 

waste disposal such as landfilling.  

 

6.2 Recommendations for future studies 

Production of biofuels from biomass residues has yet to be demonstrated on a large 



20 
 

scale and faces many logistic and technological challenges. The remaining gaps in the 

literature show a general lack of studies comprehensively evaluating the impacts associated 

with the use of BRD biochar for power generation. It is suggested that future research on 

the utilization of biomass residues as energy sources should consider the integration of 

combined heat and power systems with existing bioenergy systems from an energy 

standpoint. Given that land is a scarce resource, consideration of the possibility of utilizing 

both crops and residues as feedstock is also encouraged (Kauffman et al., 2011). Production 

of biofuel and energy-rich coproducts is expected to offset the overall energy demand in the 

system and consequently increase the energy efficiency and improve energy synergies. This 

suggests the flexibility to adjust the biofuel-biochar ratio to optimize desired biochar 

properties, CA objectives, or energy yields. Comprehensive analysis of the trade-offs 

between energy yield, CA and other associated environmental impacts is also needed. 

Recent LCA studies on biochar as a fuel primarily focus on meeting climate change 

mitigation objectives; therefore, future studies in this field are advised to comprehensively 

explore the solution and risk of indirect land use change and other equally relevant trade-

offs (Creutzig et al., 2012; Melillo et al., 2009). Creutzig et al. (2012) further indicated that 

the evaluation of critical infrastructural requirements for the systems was pivotal for the 

policy-making process. It is also suggested that the study scope be expanded to long-term 

or large-scale research and to increase the level of detail in the analysis in order to 

understand the interaction of global markets and relevance of variability in local practice 

(Melillo et al., 2009). All of these abovementioned challenges could be addressed by a 

CLCA approach. Since some of the benefits of biochar production are indirect, the use of 

CLAC for studies relevant to biochar seems to be appropriate to quantify the benefits (i.e., 
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emission offsets) of such systems. 

Quantification of direct and indirect environmental impacts in CLCA due to the 

change or trade-offs in the system is a difficult task (Vázquez-Rowe et al., 2013). For most 

of the CLCA study of bioenergy systems, the inventory analysis can be completed by 

modeling such as market data or general equilibrium economic models for the estimations 

(Earles et al., 2012; Schmidt, 2008). Having said this, Suh and Yang (2014) claimed that 

use of either of the models alone does not sufficiently address the complexity of real-world 

dynamics, in part due to the inherent indeterminacy and complexity of socioeconomic 

dynamics. This actually corroborates the statements from Creutzig et al. (2012) and Melillo 

et al. (2009) that incorporation of dynamic elements in the scenario schemes is essential for 

assessment studies in supporting decision making. One clear example is the use of dynamic 

material flow analysis to observe the variability over time and determine possible changes 

in trends in the market, as depicted in Fig. 3. 

 

7. Conclusions 

The energetic use of biomass residues for biochar production can be a viable 

alternative to the waste management sector from an energy standpoint. Conversion of 

biomass residues to biochar generally does not contribute to carbon abatement and energy 

savings, and to a greater extent, causes additional environmental pressures. It is evident that 

the potential long-term benefits of utilizing BRD biochar as fuel come at the cost of short-

term energy demand pulses and near-term environmental concerns. It is suggested that 

future research on BRD biochar development carefully review the trade-offs between 

energy yield, carbon abatement and other associated environmental impacts. It is also 
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suggested that the direct and indirect impacts be quantified by understanding the 

complexity of socioeconomic dynamics to better reflect the trends in real-world changes for 

future decision making.  
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Figure Captions 

 

Figure 1. Precision and completeness of bioenergy evaluation (Adopted and modified from 

Creutzig et al., 2012) 

Figure 2. Generalized system boundary for environmental assessment of a biochar system 

Figure 3. Schematic diagram of dynamic material flow analysis for life cycle assessment studies 

(LC = Life cycle stage; i = indicator for life cycle stage; j = indicator for the studied years) 

(Adopted from Sevigné-Itoiz et al., 2015) 
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Figure 1. Precision and completeness of bioenergy evaluation. (Adopted and modified from 

Creutzig et al., 2012) 
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Figure 2. Generalized system boundary for environmental assessment of a biochar system 
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Figure 3. Schematic diagram of dynamic material flow analysis for life cycle assessment studies (LC = Life cycle stage; i = 

indicator for life cycle stage; j = indicator for the studied years) (Adopted from Sevigné-Itoiz et al., 2015) 
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Table Captions 

 

Table 1. Comparison of representative LCA studies for biomass-residue-based biochar 

systems 

Table 2. Energy analysis for biomass-residue-derived biochar systems 

Table 3. Life cycle greenhouse gas emissions and carbon abatement potential of biochar as 

fuel for electricity generation 

Table 4. Comparison of potential life cycle environmental impact and benefit of biochar as 

a fuel for electricity generation 
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Table 1. Comparison of representative LCA studies for biomass-residue-based biochar systems 

    System boundary 

Study 
Feedstock Functional 

Unit 

Impact 

method 
Cultivation Collection Processing Fertilizer a Treatment Storage Transportation Energy recovery b 

Christoforou 

and Fokaides, 

2016 

Olive husk 

1 ton of 

torrified 

biomass 

CML2001  V V  V  V C 

Clare et al., 

2015 
Straw 

1 oven dry 

tonne of straw 
C*  V V  V V  B 

Field et al., 

2013 

Pine wood 

residue 

1 dry Mg of 

biomass 
GREET   V  V  V N 

Hammond et 

al., 2011 
Residues 1 kWh C* V V V  V  V B 

Han et al., 2013 Corn stover 

1 MJ of fuel or 

a tonne of 

biomass 

feedstock 

GREET  V V V V  V A 

Hanandeh, 

2015 

Olive oil 

residue 

1 Mg of olive 

solid waste 
ReCiPe   V  V  V A 

Harsono et al., 

2013 

Palm oil 

residue 
1 kg of biochar C* V V V  V V V C 

Homagain et 

al., 2015 

Woody 

residue 

1 ton of 

biochar or 1 

MW of 

electricity 

Eco-

indicator 

99 

 V V  V V V B 

Huang et al., 

2013 
Rice straw 1 kWh 

IMPACT 

2002+ 
 V  V V V V A 

Kaliyan et al., 

2014 

Corn 

Stover 

1 ton of dry 

feedstock 
C*  V V  V  V N 

Ning et al., 

2013 

Wood 

waste 

1 m3 of 

biomass 

pyrolysis oil 

Eco-

indicator 

95 

 V V  V  V A 

Righi et al., 

2016 

Corn 

Stover 

1 ton of dry 

feedstock 
CML  V  V V  V A, B 

Robers et al., 

2010 

Corn 

Stover 

1 ton of dry 

feedstock 
C*  V V  V V V B 
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Schakel et al., 

2014 

Woody 

residue and 

straw 

1 kWh of 

electric power 

delivered to 

grid 

ReCiPe  V V  V  V A 

Sebastián et al., 

2011 

Raw wheat 

straw 

1 TJ of net 

electricity 
C*  V V V   V A 

Smebye et al., 

2017 

Woody 

shrub or 

agricultural 

residue 

preparation 

and 

sequestration 

of 1 kg biochar 

ReCiPe   V  V   B 

Wang et al., 

2013 

Wheat 

straw 

1 km in a 

flexible-fuel 

vihicle 

CML 

baseline 

2002 

V V V  V V V B 

a Addition of fertilizers to replenish soil fertility due to removal of crop residues. 
b A by co-firing for generation of electricity; B by use of syngas or bio-oil for generation of heat or electricity; C by use of part of the biomass to produce thermal energy at plant; N: none 
c The research did not use a specified impact method. Constant characterization factors were usually assumed.  
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Table 2. Energy analysis for biomass-residue-derived biochar systems 

Study Feedstock Bioconversion 
Biochar yield 

(wt %) 

Energy yield in 

biochar, EYBiochar
c 

(%) 

Energy yield in 

system, EYSystem
d 

(%)a 

Energy input 

(MJ/ton) 

Energy output 

(MJ/ton) a 

EROIe 

(unitless) 

Liu and Han, 2015 Coconut fiber 
low temperature 

pyrolysis 
50.2-83.1 53.5-87.5 - - - - 

Roberts et al., 2010 Corn stover slow pyrolysis 28.8-33.0 56.0 84.0 753.3-1010.6 
4,002.0-

4859.0 
4.0-6.5 

Kaliyan et al., 2014 Corn stover torrefaction 54.50 66.7 86.6 1,779.0 14,469.5 8.1 

Sensoz et al., 2006 Olive bagasse slow pyrolysis 30.6-35.3 37.9-43.8 82.1-98.5 - - - 

Boateng et al., 2010 Soybean straw fast pyrolysis 22.1 28.6-34.7 75.0-90.0 - - - 

Shah et al., 2012 Corn stover and cobs fast pyrolysis 25.5-36.1 28.1-39.2 81.4-91.2 - - - 

Clare et al., 2015 Maize and wheat straws pyrolysis 29.6 56.0b 84.0 2,910.0 11,979.0 4.1 

Nsaful et al., 2013 Sugarcane bagasse fast pyrolysis 9.5 6.6-9.2 85.9-87.7 - - - 

a Includes energy derived from biochar, bio-oil, syngas and excess heat. 

b Assumes 29.6% of feedstock to biochar, LHV of 14.26 MJ/kg for straw biomass. 
c The energy yield for biofuel (EYBiofuel, %) determines the amount of energy that is retained in the biofuel, which can be obtained from energy produced from the biofuel per unit energy input in the feedstock as 

expressed in the following (Weber and Quicker, 2018):  

EYBiofuel =
𝐿𝐻𝑉𝑓𝑢𝑒𝑙×𝑀𝑌𝑓𝑢𝑒𝑙

𝐿𝐻𝑉𝑏𝑖𝑜𝑚𝑎𝑠𝑠×𝑀𝑌𝑏𝑖𝑜𝑚𝑎𝑠𝑠
                              (1) 

where LHVfuel and LHVbiomass are the lower heating value of the product and the feedstock; and MY indicates mass yield.  
d The EYBiofuel is applicable for biochar as well as biofuel systems (including biochar, bio-oil, syngas and other coproducts).  
e The EROI for the energy product considers the energy used directly and indirectly in the process, which can be expressed as below (Huang et al., 2016; Shie et al., 2011): 

EROI =
𝐸𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑

𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡
=

𝐸𝑝

𝐸𝑥,𝑛𝑜𝑛−𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒
  (2) 

where 𝐸𝑝 represents the sum of the energy of a product and 𝐸𝑥,𝑛𝑜𝑛−𝑟𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 is the sum of external energy inputs of the product, but excluding the energy content of the feedstock.  
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Table 3. Life cycle greenhouse gas emissions and carbon abatement potential of biochar as fuel for electricity generation  

 

 

  

Study 
Huang et al. 

(2013) 

Ning et al. 

(2013) 

Kaliyan et al. 

(2014) 

Roberts et al. 

(2010) 

Harsono et al. 

(2013) 

Hammond et 

al. (2011) 

Sebastián et al. 

(2011) a 

Biochar Rice straw Wood waste Corn stover Corn stover 

Palm oil 

empty fruit 

bunches 

Biomass 

residues 

Raw wheat 

straw a 

Life cycle greenhouse gas emissions (g CO2 eq/kWh) 680 26.6 187.6 149.2-175.4 88.1b - - 

Study reference system or power substitution scenario 
Bituminous 

coal firing 

Bituminous 

coal firing 
GREET model Coal firing Electricity CHP d co-firing 

GHG emissions for reference system  1,080 230.1 1,292.2 e 554.5  482.7 - 1,146.4 

10% Co-firing 1,040 209.7 1,181.7 514.0-516.6 - - 1,065.9 

Net carbon abatement potential (g CO2 eq/kWh) f 40 (3.7) 20.4 (8.9) 110.5 (8.6) 
37.9-40.5  

(6.8-7.3) e 
394.6 (81.7) 54.7-626.5 80.5 (7.0%) 

a Reference system for comparison: raw wheat straw co-firing. 
b Assumes power generation efficiency at 33%. 
c Assumes substitution of nature gas (69.7%) and crude oil (30.3%). 
d Considers offsets from combined heat and power system from syngas and bio-oil during pyrolysis. 
e 617 kg CO2 eq/ton dry stover for replacing coal. 
f Numbers in parentheses are percent reduction compared to the reference system. 
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Table 4. Comparison of potential life cycle environmental impact and benefit of biochar as a fuel for electricity generation  

Study Huang et al. (2013) Ning et al. (2013) Wang et al. (2013) Righi et al. (2016) Schakel et al. (2014) 
Christoforou and 

Fokaides, 2016 

Impact assessment model IMPACT 2002+ Eco-indicator 95 CML CML ReCiPe CML2001 

Functional unita E E E E E F 

Feedstock Rice straw Wood waste Wheat straw Corn stover Straw Olive husk 

Biofuel products Biochar Bioethanol/Biochar Biochar/Bio-oil Biochar and Bioenergy Straw pellets Torgas/Torrefied husk 

Energy generation scenario Biochar 10% co-firing 
Biochar replaces 

bituminous coal 

Biochar replaces coal 

and bio-oil replaces 

diesel and gasoline 

Biochar replaces coal; 

Cogeneration of 

electricity and heat 

30% pellets co-firing 
Pellets/dried husk 

combustion 

Impact category a       

Acidification (kg SO2 eq) 4.37 E-03b 1.22 E-04b 8.37 E-04 7.68 E-04  1.85 E-03c 4.71 E-01e 

Aquatic eutrophication (kg PO4
3- eq) 2.82 E-05 1.43 E-05 6.41 E-05 2.13 E-04 3.01E-04d 4.34 E-02e 

Marine eutrophication (kg PO4
3- eq) - - - - 5.72E-04 - 

Global warming (kg CO2 eq) 1.04 E+00 (2.03 E-01) 4.45 E-01 (3.05 E-01) 6.85 E-01 - 

Ozone depletion potential (kg R11 eq) - - - - - 1.32 E-10e 

Human toxicity (kg 1.4-DB eq) - - - - 1.90 E-01 - 

Aquatic ecotoxicity  

(kg TEG water eqe or kg 1,4-DB eqf) 
4.21 E+01e - - -  4.34E-03d, f 

- 

Terrestrial ecotoxicity  

(kg TEG water eqe or kg 1,4-DB eqf) 
9.20 E+00e - 8.90 E-05f

 -  9.30E-06f 
- 

Abiotic depletion potential- elements (kg Sb 

eq) 
- - - - - 2.15 E-06e 

Abiotic depletion potential- fossil (MJ) - - - - - 7.32 E+02e 

a functional unit: E for 1 kWh of electricity and F for 1 ton of feedstock. 
a Numbers in parentheses indicate achieved benefits compared to the corresponding reference scenarios. 

b Aquatic acidification. 
c Terrestrial acidification. 
d For freshwater. 
e Used the average of 2 trials 
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Supplementary materials 

 

Table A1. Lignocellulose analysis, proximate composition, ultimate analysis and energy content of potential biomass residues for biochar production 

Table A2. Physiochemical characterization of biomass-residue-derived biochars  
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Table A1. Lignocellulose analysis, proximate composition, ultimate analysis and energy content of potential biomass residues for biochar production 

 
 Rice straw Wheat straw Soybean straw Sugarcane 

bagasse 

Olive bagasse Coconut fiber Corn stover Palm kernel 

shell 

Agricultural 

waste 

Moisture (wt%)a - 15.0-16.0 5.0-7.3 50.0 6.8 - 10.0-20.0 - 6.3 

Lignocellulose analysis 

(wt%) 

         

Hemicellulose 24.0 20-25 - 22.8-48.0 - - 35 14.2 - 

Cellulose 32.1 33-40 - 19.0-40.6 - - 28 27.5 - 

Lignin 18.0 15-20 - 23.0-32.0 - - 16-21 58.3 - 

Extractives - - - 7.5 - - - 7.5 - 

Proximate analysis (wt% 

dry feedstock or wt% 

feedstock) 

         

Moisture 8.3c - - - - - - 4.5 6.3 

Fixed carbon 13.2c 21 - - 21.6 11.1 - 24.9 39.3 

Volatile matter 66.2c 59 - - 67.2 80.9 - 63.0 25.2 

Ash 12.3c 4 - - 4.4 8.1 - 7.5 29.2 

Ultimate analysis (wt %)d          

C 45.4d 43.9-48.5 44.5-45.6 50.3 53.4 47.8 46.2-48.3 55.9 - 

H 6.3 d 5.3-5.5 5.2-5.6 6.3 7.5 5.6 5.5-6.8 - - 

O 47.1 d 38.7-39.0 38.9-39.4 43.1 37.4 45.5 38.4-42.6 41.1 - 

N 1.0 d 0.3-0.6 0.8-0.9 0.3 1.7 0.9 0.3-0.7 - - 

S 0.2 d 0.1-0.2 - 0.1 - 0.2 0.1 - - 

Ash - 4.0-10.2 3.3-3.8 3.6 - - 8.59 - - 
Energy content (MJ/kg)         - 

HHV 17.1 19.1-19.5f 19.7 18.7 20.0 19.2 19.1-19.9 19.7 - 

Reference 

 

Shie et al. 

(2011) 

Cherubini & 

Ulgiati, (2010); 

McKendry, 

(2002) 

Boateng et al. 

(2010) 

Nsaful et al. 

(2013) 

Şensöz et al. 

(2006) 

Liu and Han 

(2015) 

Cherubini & 

Ulgiati, (2010); 

Shah et al. 

(2012) 

Lee et al. 

(2017) 

Waqas et al. 

(2018) 

- Data are not available from the specific reference but may be available from other sources. 
a As received intrinsic moisture 
b After simple mechanical separation of screw press or other simple separators only 
c Including 8.25% moisture remaining after exposure for 10 days to sunshine 
d Ash-free basis, if no ash value is reported.  
e After biodrying for swine manure and anaerobic digestion for dairy manure.  
f
 Converted from LHV using HHV and ultimate analysis (LHV = HHV ─ 0.212 H ─ 0.0245 M ─ 0.008 O). 
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Table A2. Physiochemical characterization of biomass-residue-derived biochars  

 
Feedstock Rice 

straw 

Wheat 

straw 

Soybean 

straw 

Coconut 

fiber 

Corn 

Stover 

Olive 

bagasse 

Palm 

kernel 

shell 

Palm 

kernel 

shell 

Empty 

palm fruit 

bunch 

Agricultural 

waste 

Coal c 

Processing a C C FP LP SP SP SP G SP P - 

Proximate analysis (wt% dry 

fuel or wt% fuel b) 

           

Moisture 7.0-10.6 - - - - - 2.3  1.0 3.7-4.1 1.7-13.0 

Fixed carbon 15.9 17.7 41.7-49.3 15.0-28.4 34.7-48.0 - 59.9  53.8 14.1-22.1 - 

Volatile matter 65.5 75.3 21.0-28.8 60.6-78.3 38.3-60.3 - 30.3  27.5 7.6-13.5 - 

Ash 18.7 7.0 20.3-20.7 6.7-11.0 5.0-15.1 - 7.6  17.7 60.3-74.6 2.9-13.7 
 Elemental analysis (wt%) b            

C - - 54.3-61.9 50.4-65.4 52.3-61.5 73.1 73.1 81.4 54.5 58.2-77.8 60.4-91.6 

H - - 2.6-2.8 4.1-5.2 4.0-5.2 2.3 - 1.6 - - 3.5-6.5 

O - - 4.0-12.2 29.1-42.6 20.0-30.9 22.0 25.9 - 32.9 8.8-22.3 2.4-32.0 

N - - 1.1-1.3 1.0-1.4 0.5-0.6 2.6 - 1.8 - - 0.7-2.7 

S - - 0.0-0.2 0.3-0.5 - - - 0.16 - 0.6-3.3 0.2-4.3 

Ash - - 21.9-37.6 - - - - 3 - - - 

Si - - - - - - 0.6 - 12.1 1.4-4.6 - 

Energy content (MJ/kg)            

HHV - - 25.6-30.8 19.9-25.4 18.7-21.6 24.8 27.5 27.5-28.2 26.2 23.1-24.0 25.4-35.6 

Reference Jenkins et 

al. (1998) 

Jenkins et 

al. (1998) 

Boateng et 

al. (2010) 

Liu and 

Han 

(2015) 

Roberts et 

al. (2010); 

Shah et 
al., (2012) 

Şensöz et 

al. (2006) 

Lee et al. 

(2017);  

Bazargan 

et al. 

(2014) 

Lee et al. 

(2017) 

Waqas et al. 

(2018) 

ECN 

(2012) 

- Not available from the specific reference but may be available from other sources 
a
 C: combustion; P: Pyrolysis; FP: fast pyrolysis; SP: Slow pyrolysis; LP: low temperature pyrolysis; G: gasification 

b Ash-free basis, if no ash value is reported 
c General ranges of hard coal types used in Europe 
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