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Abstract 

 

Biochar is known as an efficient tool for carbon dioxide sequestration from the 

atmosphere as well as for increasing the soil fertility. Slow pyrolysis of  biomass, 

characterized by its moderated process conditions has been proven as being the method 

with which the best results are obtained in terms of biochar production. To regulate its 

utilization for soil amendment, entities like the International Biochar Initiative (IBI) and 

the European Biochar Foundation (EBF) have defined some guidelines for its properties, 

from which the atomic H/C ratio stands out and should not be higher than 0 .7 in order 

to guarantee its stability in soils. To elucidate the effect that the feedstock type and the 

process conditions have on the produced biochar properties, two feedstock types (straw 

and fil rouge) and three pyrolysis temperatures (370, 410 and 450°C), heating rates (5, 

20 and 50°C/min) and residence times (5, 15 and 45 minutes) were selected with which 

were made the maximum number of combination of experiments, after which the 

resulting chars were characterized through elemental and proximate analysis.  

As expected, increasing the severity of the pyrolysis conditions resulted in a consecutive 

decreasing biochar yield and in increasing carbon and ash contents, due to an increase 

of the released volatile matter. The results have also shown that the feedstock type also 

influences the final characteristics.  

It was concluded that biochar produced at a target temperature of 410°C would be the 

best in terms of stability without compromising the yield for both feedstocks.  

 

Keywords:  Biochar, slow pyrolysis, biomass, soil fertility, carbon sequestration.  
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Resumo 

 

Biochar é conhecido como uma ferramenta eficiente para a sequestraç ão de dióxido de 

carbono da atmosfera e também para aumentar a fertilidade dos solos. A pirólise lenta 

de biomassa, caracterizada pelas suas condições de processo moderadas, tem sido 

provada como sendo o método com o qual se obtém os melhores resultados em termos 

de  produção de biochar . Para regulamentar a sua utilização nos solos, entidades como 

a International Biochar Initiative (IBI) e a European Biochar Foundation (EBF) definiram 

diretrizes para as suas propriedades, das quais se destaca o rácio H/C que não deverá 

ser superior a 0.7 de modo a garantir a sua estabilidade nos solos.  

Para elucidar o efeito que o tipo de biomassa e os parâmetros de processo escolhidos 

exercem nas propriedades do biochar  produzido, foram selecionados dois tipos de 

matérias-primas (palha e fil rouge) e três temperaturas (370, 410 e 450°C), velocidades 

de aquecimento (5, 20 e 50°C/min) e tempos de residência (5, 15 e  45 minutos), com os 

quais se fizeram o número máximo de combinações de experiências, sendo 

posteriormente caracterizados através de análises elementares e aproximadas.  

Como esperado, o aumento da severidade das condições da pirólise resultou em 

consecutivas diminuições no rendimento do biochar e em aumentos nos conteúdos em 

carbono e cinza, devido a aumentos  da matéria volátil l ibertada. Os resultados 

mostraram que o tipo de matéria-prima também influencia as características finais.  

Foi concluído que biochar  produzido a 410°C será o melhor em termos de estabilidade 

sem comprometer o rendimento para ambas as matérias -primas. 

 

Palavras-chave: Biochar , pirólise lenta, biomassa, fertilidade dos solos, sequestração de 

carbono. 
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1. Introduction 

 
1.1 Biochar: what it is and its benefits  
 
The decreasing fossil fuel reserves and negative environmental impact  from their use 

made renewable and clean energy to become an increasingly important alternative . 

Biomass is widely recognized as an important renewable, inexpensive and abundant 

source of energy that can also be converted into biofuels and other value -added 

renewable products. Compared to the use of fossil  fuels, the use of biomass based 

alternatives, such as charcoal, reduces not only the emission of CO 2 but also the 

emission of other air pollutants such as those (i.e. NOx and SOx) responsible for the acid 

rain and photochemical smog problem. 

The solid product of the thermal decomposition of the organic matter present in biomass 

under controlled and oxygen-free or oxygen-limited conditions (usually pyrolysis) is 

called char, which can be further processed and utilized as an industrial adsorbent  or, 

as stated previously, used as a fuel (charcoal). Another fate that solid char can have is 

to be applied in soils for its amendment, modifying and improving the soil’s properties 

and consequently improving crop yields. In those applications, the char is being called 

as ‘biochar ’ (IBI, 2012). 

The benefits of the use of biochar had already been seen in the past: approximately 500 

km2 of soils in the Brazilian Amazon Basin received large amounts of charred materials, 

the so called Terra Preta de Índio  (the Portuguese for Indian’s Black Earth), as a result 

of both habitation activities and intentional soil application by native Ameri ndian 

populations before the arrival of Europeans in the 15 th century, which enhanced soil 

fertility and crop yields in comparison with the surrounding infertile tropical soils  

(Smith, 1980).  

As a soil amender, biochar acts as a habitat to microbes and fungi, adjusts soil pH and 

improves water-holding capacity and nutrients retention and supplying. A combined 

application of biochar with fertilizer improves plant growth even more than a fertiliz er 

or biochar application alone (Chan et al.,  2008; Alburquerque et al., 2013) . Biochar 

combined with fertilizer addition provides a longer retention of nutrients in soil and, as 

a result, allowing minimization of fertilization costs.  

The modification that biomass undergoes during the thermal decomposition process 

allows the formation of polyaromatic structures of carbon and this is what makes 

biochar much more resistant to degradation in soils in comparison with the initial 

feedstock (Figure 1.1) (E. W. Bruun, 2011). 
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Due to this stability, it has the capacity to act as a large and long -term (from hundreds 

to thousands years) carbon sink for atmospheric CO 2,  which has been extracted from 

atmosphere during photosynthesis, storing it in soils while preventing its release to the 

terrestrial atmosphere, and consequently helping to face one of the most important 

modern world challenges - the climate change (Nachenius, 2013;  Schimmelpfennig & 

Glaser, 2012; Lehmann et al., 2006).  More precisely, the results of  Lehmann et al. (2006) 

showed that greenhouse gases can be reduced, per year, by aroun d 12% of current 

anthropogenic emissions.  

However, it does not mean that all types of biochar remain the same after their 

application in soils: they do not behave in the same way in terms of stability, 

interactions with the soil and climatic conditions . These differences in char behavior 

mainly depend on the feedstock characteristics and pyrolysis conditions  that were 

selected for its production. Besides that, mass balances to C stocks suggest that char 

may also be degraded in the environment (S. Bruun et al., 2008) - some of it is lost due 

to erosion but its main degradation is abiotically (chemical and photo -oxidation) and 

biotically (microbial degradation or oxidative respiration of carbon)  because its 

structure is a mixture of heat-altered biopolymers with domains of small size 

polyaromatic clusters which leave sites where microbial attack and faster degradation 

can take place (S. Bruun et al., 2008). 

 

Figure 1.1 -  Range of  biomass C remaining after decomposition of crop residues (Lehmann et al. ,  
2006).  
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1.2 Biochar production methods 
 

There are several types of processes for the thermochemical conversion of biomass tha t 

play a vital role in biomass conversion with the aim to produce biochar,  including 

torrefaction and pyrolysis  (see Table 1.1). Pyrolysis is a thermal decomposition of 

biomass in an anoxic environment where biomass is decomposed to produce valuable 

products namely bio-oil, syngas and solid char on different proportions depending on 

the pyrolysis conditions used. All the three pyrolysis products can be used as renewable 

energy source for the production of heat and electricity because they have high calorific 

values. However, an emerging use of char is to implement it in soils to enhance their 

fertility (Apaydin-Varol et al. , 2007;E. W. Bruun et al., 2012) 

Regarding pyrolysis, there are two subtypes: fast and slow pyrolysis . Each one of these 

processes is distinguished mainly by the temperatures, heating rates and biomass 

residence times used. Fast  pyrolysis is characterized by fast heating rates that lead to a 

rapid removal of the condensable vapors, with temperatures between 450 and 550°C. 

These process conditions maximize the bio -oil production. Contrarily to fast pyrolysis, 

slow pyrolysis is used to maximize char yields (generally up to 35 wt% on dry feedstock 

weight basis) which is favored due to its less -aggressive process conditions: heating 

rates lower than 80°C/min and a range of working temperatures of 350 -750°C. At least, 

torrefaction is a particular variant of slow pyrolysis which is seen as an incomplete slow 

pyrolysis reaction because only partial thermochemical conversion and devolatilization 

takes place due to the lower temperatures employed  (200°C < T < 300 °C). This process 

prioritizes the production of a so-called torrified biomass that can be used as a 

substitute for coal in stationary combustion units or as  a feedstock pretreatment for 

fast pyrolysis (van der Stelt et al. , 2011; Nachenius, 2013). Gasification is a process 

carried out at higher temperatures than those of fast pyrolysis, with the particularity 

that a limited quantity of oxygen is supplied . The aim of gasification is the production 

of syngas (Sohi et al., 2010). 
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Table 1.1 –  Typical operation conditions and product y ield s (van der Stelt et al. ,  2011 ; Nachenius, 

2013).  

 Operation Conditions  Product Yields 

Operation 

mode 

Temperature 

(°C)  

Heating Rate 

(°C/min) 

Residence 

time 

Liquid 

(%) 

Gas 

(%) 

Solid 

(char) (%) 

Fast Pyrolysis  450-550 > 100 
Few 

seconds 
75 13 12 

Slow Pyrolysis  350-750 < 80 
Hours - 

days 
30 35 35 

Torrefaction 200-300 - <2h 5 15 80 

Gasification 600-1800 - -  5 85 10 

 

A study made by Bruun et al. (2012) proved that independent of the pyrolysis method, 

soil application of biochar had the capacity to sequester carbon. Although, fast pyrolysis 

at low temperatures or with large particle size feedstock can result in an incomplete 

pyrolysed biomass with lower potential for carbon sequestrati on in soils while others 

(Zailani et al., 2013) found that stable biochars are favorably formed at lower pyrolysis 

temperatures, lower sweeping gas rate and longer residence time to allow second ary 

coking and repolymerization reactions.  

So, in order to produce high-quality biochar, while having high biochar yields, and which 

can be used as soil amendment, slow pyrolysis is considered the preferred method 

(Windeatt et al., 2014). 

 

1.3 Pyrolysis systems and reactors  

 

1.3.1 Batch Systems 

The most simple and traditional systems to produce char are pit and mound kilns that 

exclusively operate in a batch mode. The heat required for pyrolysis is internally 

generated by the combustion of part of the biomass so the system has to have air inlets 

to allow the entrance of sufficient amounts of oxygen for this partial combustion. A 

mound kiln is essentially made of wood, stacked in a proper way to allow  air infiltration 

and heat transfer with an interior flue gas shaft for gases removal and covered with an 

earth layer while some holes are provided in the base of the mound for air infiltration  

(Figure 1.2). A pit kiln is the underground version of the mound kiln with the exception 

that the air is provided from holes made on the top layer of soil that covers the system.  
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However, both kilns have some problems in homogeneous quality of the char produced 

resulting from heterogeneous air and heat distribution and also from significant heat 

losses to the exterior. So, in order to overcome these problems steel and refractory 

bricks kilns have been developed and thereby a more consistent charcoal can be 

obtained (Ronsse et al., 2015).  

 

 

 

 

 

 

 

 

 

A retort can also be used as a batch system for the production of charcoal and its major 

difference from a kiln is that, in this case, the heat comes from an external source by 

means of a direct ( i.e., the heat source is put in contact with the biomass) or an indirect 

heating ( i .e., heat is transferred through the reactor walls). Wit h this system, the 

feedstock is completely carbonized and results in higher char yields due to an absence 

of internal biomass combustion (Ronsse et al., 2015).  

 

1.3.2 Continuous Systems 

 

Modern slow pyrolysis processes usually take place in continuous reactors which are 

energetically more efficient than traditional  (batch) kilns. Retorts are usually used in 

batch or semi-continuous processes but an example of a continuous retort is the 

“Lambiotte” process that takes advantage of gravity to transfer wooden l ogs through 

the reactor while gases move in counter-current to carbonize, cool and dry the charcoal. 

Besides the higher thermal efficiency in comparison with other processes, it requires a 

high degree of process control which consequently increases the cap ital cost. 

As a response to an increasing interest in a biochar industry, modern and high capacity 

units are required. Preferably, they should be continuous and take advantage of the 

Figure 1.2 -  Typical construction of  a mound kiln (Ronsse et  al. ,  2015) .  



 

6 
 

produced pyrolysis gases to self -heating and, at the same time, the process control 

should allow fine-tuning of the process conditions to achieve the desired biochar 

properties. New machineries like pyrolysis reactors based on screw and rotary retorts 

fulfill these criteria with the main advantages of the possibility of process ing small 

particles without the risk of pressure drop and avoiding blockages in the process (Ronsse 

et al., 2015). 

 

1.4 The pyrolysis process 

 

1.4.1 The chemistry of the process  

During pyrolysis reactions, heat is necessary for the carbonization process. Initially, 

latent heat is required to dry and remove water from the biomass. Then, sensitive heat 

is required to rise the temperature to the desired pyrolysis treatment temperature 

where decomposition and devolatilization take place. The carbonization process of 

biomass is not homogeneous and is divided in two parts: primary and secondary 

reactions. The first one comprises highly endothermic decomposition reactions that 

transform the initial feedstock into primary char and primary vapors whereas the 

secondary reactions are highly exothermic and where cracking and repolymerization of 

the primary volatiles occur, producing secondary char and non-condensable gases. The 

global rate of biomass conversion depends on the chosen heating rate and, as slow 

pyrolysis uses low heating rates, the whole process results in heat transfer rate limited 

biomass conversion. Although, low heat transfer rates are not so critical for the process 

considering the long residence times used in slow pyrolysis (Ronsse et al., 2015). 

 

1.4.2 Feedstock types and composition  
 

Feedstock is the term usually used for the type of biomass that is pyrolysed and turned 

into biochar. Due to the robustness of the pyrolysis process, almost any organic material 

can be used, which adds a lot of variability (such as seasonal and specimens variation). 

Independently of the chosen feedstock, it is necessary to ensure that the conversion 

process is at least environmental-friendly. 

The different feedstocks can be grouped into forestry residues agricultural residues, 

municipal/industrial wastes, manures and micro/macro algae (E. W. Bruun, 2011). The 

wide range of feedstocks that can be used is beneficial as pyrolysis can be associated 

with locally available waste biomass, which restricts transportation costs and the overall 

carbon footprint of biochar production (Mukome et al., 2013). Although a lot of 
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feedstocks can be used, biochars with the highest C conte nts are obtained when hard-

wood feedstocks are pyrolysed at high temperatures while manure  biochars have lower 

C content (E. W. Bruun, 2011). Moreover, and according to IBI, it is estimated that by 

the year 2050 around 80% of all crop and forestry residues may be converted to biochar 

and fuels and an increase in net primary production accrues from the use of biochar in 

soils.  

Additionally, to use a material as a suitable feedstock it is necessary that it does  not 

contain more than 2% by dry weight of contaminants and should be free of hazardous 

materials because, whatever the temperature used in the process, they will remain in 

the final product (IBI, 2012). 

Biomass has a lot of compounds in its composition but its main compounds are cellulose, 

hemicellulose and lignin. Some studies (Raveendran et al., 1996; Yang et al., 2006) 

showed that biomass pyrolysis can be subdivided into four stages: moisture release,  

hemicellulose decomposition, cellulose decomposition and lignin decomposition. So, 

the decomposition of the biomass main components is important to understand the 

biomass thermochemical conversion.  

Moisture and hydration water are lost below 250°C; the main weight loss of 

hemicellulose, which is the easiest component to be degraded due to a lower thermal 

and chemical stability caused by an amorphous structure, occurs betw een 220 and 

350°C; cellulose, the one with the highest decomposition rate and lower char yield 

(Raveendran et al., 1996), is theoretically composed of 44% of carbon (Mackay & 

Roberts, 1982) in a structure made of repeating units of glucose which depolymerizes 

between 315 and 400°C.  

Lignin, with a 60-63% carbon content (Mackay & Roberts, 1982) and the highest char 

yield (Raveendran et al., 1996), has a high amorphous structure and its units can be 

linked in many different ways which make it the most difficult component to decompose: 

its weight loss can occur in a temperature range from 160 to 900°C (Yang et al., 2007; 

E. W. Bruun, 2011). 
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Biomass with a high lignin content produces some of the highest biochar yields, given 

the stability of lignin to thermal degradation, once  it is preferentially converted to solid 

char instead of liquids or vapors (Demirbas, 2004). The presence of moisture in the 

feedstock can also increase the biochar yield in a certain range of temperatures, acting 

as a catalyst (Demirbas, 2004). 

Besides the C composition of biochar, other factors can also be important when it is 

added to the soil: the ash content affects soil mineral content and pH affects th e 

mobility of ions in the soil (Mukome et al., 2013).  

Biomass feedstocks can be very heterogeneous in ash and chemical composition and 

may limit biochar yield and its effect when added to soil (Zhang, Liu, & Liu, 2015). 

Feedstocks with relatively high ash contents produce low f ixed carbon containing 

biochar due to the inhibition of the formation of aromatic carbon forms (Windeatt et 

al., 2014). In relation to the ash effect on soils, whose composition is essentially alkaline  

metals like Ca+,  K+, Mg2 + and others , biochar  usually has a neutral to alkaline pH value 

so its soil application can have a liming effect and was considered one of the reasons 

for increased crop yields in acidic soils (E. W. Bruun, 2011).  

 

 

 

 

Figure 1.3 -  Thermogravimetric analysis (ful l  l ines),  to assess mass losses, and derivative 
thermogravimetry (dashed l ines),  to asse ss mass loss rates, curves for cellulose, hemicellulose and 

lignin recorded at a heating rate of 10°C/min (Ronsse et al. ,  2015).  



 

9 
 

1.5 Process Variables 
 

The properties of biochar depend not only on the intrinsic feedstock organic 

characteristics but also on the process conditions so the resultant biochar and its 

physicochemical and structural characteristics can be highly variable as well as their 

capacity for soil amendment (Singh et al., 2010; Schimmelpfennig & Glaser, 2012; 

Alburquerque et al., 2014) . The biomass feedstock type and final temperatures are the 

factors that contribute the most for the biochar properties. Particle size, heating rate 

and residence time can also influence chemical composition and final biochar  structure 

(H. Sun et al., 2012). For a biochar short-term stability in soil (1-2 years), pyrolysis 

conditions seem to be the most important factor as shown by Zimmerman (2010).  

These conditions are subjected to some variations and is improbable that any set of 

pyrolysis conditions can be considered as typical. Hence, it is necessary to consider a 

variety of reference materials and operational conditions that can be used to establish 

methods and allow the modulation of all these parameters for a biochar customization 

according to its final use. 

Another important point to consider is that no external oxygen or moisture are available 

during the reaction (Brown et. all, 2006). 

 

1.5.1 Pyrolysis Temperature  
 

The pyrolysis temperature, also known as h ighest treatment temperature (HTT), is the 

highest temperature reached during the reaction and, along with the feedstock, is the 

most important factor controlling the properties of the resulting biochar (Antal & Grønli,  

2003). There are plenty of studies that confirmed that the yield of the product decreases 

as the pyrolysis temperature increases as a result of a greater thermal decomposition 

of the organic material (Hossain et al., 2011;  Y. Sun et al.,  2014 ; Mimmo et al., 2014) 

while the high yields obtained with low temperatures are due to partially pyrolysed 

materials (Angın et al., 2013) . This happens due to more severe pyrolysis conditions 

which lead to an impact on energy distribution between the three products of pyrolysis 

(gas, solid and liquids): with an increasing temperature, there is a tendency for the 

chemical energy to stay in liquids and gases rather than in solids. However, the char’s 

carbon content has an opposite tendency due to an increased release of O, H and N in 

the gas and liquid fractions at higher temperatures. In general, biochar becomes richer 

in ordered and condensed aromatic C structures while the original structures disappear 

with increasing pyrolysis temperatures (Lu et al., 2000; E. W. Bruun, 2011). The decrease 
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of biochar yield, according to Novak et al. (2009), with an increasing temperature is due 

to a dehydration of hydroxyl groups and thermal degradation of c ellulose and lignin 

structures with a great yield reduction occurring above 400°C (Shinogi & Kanri, 2003). 

Biochars derived from low temperatures are characterized by higher volatile matter 

contents with easy decomposable materials (Jindo et al., 2014) and, therefore, the 

amount of volatile matter in biochar is supposed to be the highest with the lowest 

temperature used. In contrast,  ash content increases with increasing temperat ures 

(Zhang et al., 2015; Uçar & Karagöz, 2009) - pH increases at the same time due to the 

enrichment in ash (Windeatt et al., 2014).  

 

1.5.2 Heating Rate 
 

A high biochar yield can also be obtained not only with low pyrolysis temperatures but 

also with low heating rates. Although, biochars produced with these conditions tend to 

have higher oxygen and hydrogen contents and then may decompos e quickly in the soil 

(H. Sun et al., 2012). A high heating rate results in a greater quantity of volatile matter 

that is released during the reaction which consequently decreases char yield (Lua et al.,  

2004; Antal & Grønli, 2003). A decreasing trend in yield is expected at higher heating 

rates while maintaining the same pyrolys is temperature (Hmid et al., 2014). However, 

heating rate seems to be more important at low temperatures while at higher 

temperatures its effect has a similar trend (Angin, 2013). Concerning the effect of 

heating rate on elemental composition and overall yield, it seems to be less significant 

than pyrolysis temperature (Angin, 2013; Zhang et al., 2015).  

 

1.5.3 Residence Time  
 

Adequate time is necessary for the reactions to proceed to the desired extent so the 

residence time is defined as the time that a feedstock is held within a temperature range 

in a given thermochemical process (IBI, 2012). The shorter the residence time, the lower 

the degradation of the feedstock components and , because of that, a decrease in char 

yield is noticeable with an increasing residence time. However, it seems that the main 

yield loss happens within the first hour and for residence times longer than 2h the yield 

is maintained constant (Lua et al., 2004). As well as the heating rate, the residence time 

has also more effect on biochar yield for lower temperatures. This happens because at 

a higher temperature the volatiles are mainly released during the first half -hour of 
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residence time while at a lower temperature there is not enough heat energy available 

to release all the volat iles in the same period of time (Lua & Guo, 1998). 

 

1.5.4 Particle size 
 

Pellets and particles of various sizes may interfere in the heat and mass transfer rates 

and, consequently, the conversion time. Particle size also has its effects on biochar yield 

- with an increasing particle size of the sample, biochar yield increases (Demirbas, 2004). 

Larger feedstock particles will carbonize in a slower heating rate maki ng them 

experience a lower extent of pyrolysis than smaller particles. However, these  slower 

heating rate effects that arise in larger particles can be compensated with longer 

pyrolysis residence times (Bennadji et al., 2014). 

 

1.5.5 Sweep gas flow rate 
  

The sweep gas removes the volatiles produced during the reaction from the biochar, 

preventing secondary reactions such as repo lymerization and recondensation. 

Generally, an increasing flow rate results in a slightly decreased biochar yield (Özçimen 

et. al, 2008). However, if the volatile (and bio-oil) products are recycled, they can 

undergo cracking, polymerization and condensation onto the biochar surface which 

consequently increases the yield but with the disadvantage of decreasing  the porosity 

of the resulting biochar  (Gilbert et al.,  2009; Veksha et al.,  2014). The gas flow rate can 

also have unfavorable effects on biochar structure: when a low flow rate is used, 

micropore surface areas tend to be relatively small and with a higher one the gas 

removes much heat from the biochar surface and reduces its temperature (Lua & Guo, 

1998). 

 

1.6 Biochar physicochemical properties  
 
Biochar addition to soils modify their structure, porosity, density and texture so, its 

physicochemical properties are essential to understand its behavior in soils and 

potential to sequester carbon.  

Biochar has a great heterogeneous composition but it is mainly constituted by organic 

carbon that is mostly linked in six C atoms rings and is this condensed aromatic structure 

what makes biochar so stable in soils. Moreover, pore size volume and their total surface 

area affect soil parameters like water and nutrient retention.   
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While pyrolysis occurs, volatile matter is lost creating an extensive pore network which 

is important for the capacity of biochar to absorb minerals, water and organic matter 

(E. W. Bruun, 2011). Surface area is one of the most important biochar properties as a 

greater surface area means a greater adsorption capacity improving soil quality 

(Alburquerque et al., 2014) . 

Generally, biochar surface areas are related with the micropore structure (< 2 nm) which, 

in turn, is highly influenced by the chosen feedstock (and their capillaries) and process 

conditions (Oasmaa et al., 2009) – when higher temperatures are used, biochar with 

larger surface areas are produced (Jindo et al., 2014). However, if the temperature is 

too high (higher than 850°C) a shrinkage effect can occur, leading to a rearrangement 

of the carbon structure and a consecutive reduction in pore volume and surface area 

(Lua & Guo, 1998). Feedstock ash content can also influence the biochar surface area  - 

the lower it is, the higher the pore volume and consequently, the higher the surface 

area. Ash constituents tend to  melt and fil l the micropores at elevated pyrolysis 

temperatures (E. W. Bruun, 2011). 

Nutrient retention in soils is possible due to a great surface area which provides 

adsorption sites for inorganic nutrients by ionic and covalent bindings (E. W. Bruun, 

2011). 

Besides that, biochar amendments were seen as beneficial (Steiner et al., 2008)  for the 

microbial community due to the presence of small labile organic compounds (which 

make part of the volatile matter) that can be metabolized by fungi and bacteria 

populations while providing them protection against predators and desiccation.  

Regarding their atomic composition, a high nitrogen percentage in biochar is important 

for nutrient provision in soils, consequently improving their productivity, and if sulphur 

is not detected in elemental analysis, it can also be used for fuel applications and 

activated carbon production (Angin, 2013). 

The atomic ratios O/C and H/C are usually used to characteri ze the stability of solid char. 

Usually, both are plotted against each other in a Van Krevelen diagram where they have 

a strongly positive relation. The Van Krevelen diagram is used to interpret the chemical 

structure of solid fuels (chars and coal) and determine its maturity, decomposition rate 

and combustion behavior (Schimmelpfennig & Glaser, 2012) . 

In Figure 1.4, the typical composition of fuels such coal, lignite, peat and biomas s can 

be seen in a typical Van Krevelen diagram. While the carbonization process occurs, 

biomass thermochemical conversion leads to an increasing formation of a romatic C 

structures so, as the pyrolysis temperature increases, both O/C and H/C ratios have a 
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tendency to decrease and biochar becomes increasingly more aromatic and 

carbonaceous (Fu et al., 2011). 

This ratio-reduction is associated with increasing hydrogen and oxygen mass losses and 

increasing carbon contents which are related to the volatilization of CH 3 (demethylation) 

and CO2 (decarboxylation), respectively, that occurs almost completely when the 

feedstock is pyrolysed at 450°C  (H. Sun et al., 2012;  Brown et al., 2006; Wiedner et al., 

2013). They are also not separate according to feedstock which means tha t H/C and O/C 

are more related with the temperature used than with the feedstock (Mukome et al., 

2013). 

 

 

 

 

 

 

 

 

 

 

 

 

Another way to evaluate the stability of biochar is through fixed-C content. The fixed-

carbon fraction of biochar is seen as the stable carbon fraction of the sample so, as long 

as severity of the reaction increases, more volatiles are released resulting in an 

increasing percentage of fixed-carbon which consequently increases the s tability of 

biochar (Crombie et al., 2013;  Ronsse et al., 2013). 

With so many variables and possible resultant biochars, it became important to provide 

detailed information about the chars characteristics to the involved stakeholders such 

as producers and end-users. So, in order to do that, some standardized protocols and 

guidelines were introduced by entities like EBF and IBI. Both of them are focused on 

essential criteria regarding feedstock, production process control, energy efficiency and 

its quality for soil amendment as well in their elemental composition ( Table 1.2).  

Figure 1.4 -  Van Krevelen Diagram (van der Stelt et  al. ,  2011).  
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Besides those, other parameters such as pH, water content, macro nutrients, 

electroconductivity, liming equivalence, bulk density, particle size distribution and ash 

content also require a declaration for the p roduct commercialization.  

 

Table 1.2 -  E lemental composit ion criteria for biochar production according to IBI  guidel ines and EBC.  
 

  IBI   EBC 

C content  

 Class 1: Minimum 60%  

Class 2: Minimum 30% and 

up to 60% 

Class 3: Minimum 10% and 

up to 30% 

(%total mass, dry base)  

 

Minimum 50% 

(%total mass, dry base)  

Molar H/C 

ratio  

 
Maximum 0.7 

Molar O/C 

ratio  

 
Maximum 0.4 

 

 

1.7 Objectives 
 

The aim of this work is to determine what are the main effects on biochar properties 

(biochar yield, carbon content, H/C and O/C atomic ratios, ash and fixed -carbon 

contents) when some of the most important parameters of slow pyrolysis (feedstock, 

peak pyrolysis temperature, residence time, heating rate) are altered. An analysis of the 

reproducibility of these experiments will be also made by repeating a central 

experiment. 

Then, taking into consideration the guidelines proposed by EBC and IBI for a commercial 

utilization of biochar, and that the yield of the product should not be compromised, an 

analysis of the slow pyrolysis parameters will be made to determine what are the most 

optimal for the production of biochar of each one of the feedstock types used.  

Finally, a construction of a model for biochar yield and H/C ratio will be made in SPSS 

23 Software, with the purpose of determining, for  each feedstock, what are the most 

important parameters and hereafter allow a customization of the final product by 

selecting determined production parameters.  
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2. Materials and Methods  
 

2.1 Reactor Setup 

 

The slow pyrolysis experiments were performed at the Thermochemical Conversion of 

Biomass Laboratory in Ghent University (Belgium). They were carried in a small bench -

scale batch retort with indirect heating as shown in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The components of this system are: (a) nitrogen gas suppl y line; (b) variable flow meter 

with needle valve; (c) bench-top closed-end vertical tube furnace; (d) condenser and 

permanent gas separator; (e) cold water bath; (f) cotton wool filter; (g ) gas vent and (h) 

data logger.  

During the process, three thermocouples were used to control, with a manual 

manipulation of the furnace set point in order to reach the desired heating rate, and 

record the temperatures at each 15 seconds with a data logger (Agilent 34970A). One 

of the thermocouples recorded the temperature  inside of the electrical furnace (T OV EN), 

other recorded the temperature of the internal wall of the reactor (TR E ACT OR) and the last 

one was placed in the middle of the packed-bed reactor (TB ED) as schematically 

represented in Figure 2.2. 

 

 

 

Figure 2.1 -  Ful ly assembled mini -reactor.  
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2.2 Feedstock and parameters selection 

 

In this study, feedstock properties and process conditions of slow pyrolysis were tested. 

In this case, the feedstocks used were straw and lignin-rich residue from 2nd generation 

bio-ethanol production, in this dissertation called “fil  rouge”.  Straw was commercially 

acquired from Aveve (Belgium), that was dried overnight in an oven at 105⁰C , while the 

“fil rouge” material is the solid waste product of a second generation pilot-scale 

bioethanol production. The waste product is derived from short rotatio n poplar wood, 

which has sequently undergone bisulfite pretreatment and simultaneous enzymatic 

saccharification and fermentation. After distilling, the solid residue or stillage (mainly 

containing lignin and some unconverted cellulose) was subjected to anae robic digestion. 

The resulting digestate was dried to form the “fil rouge” material.  After this, straw and 

fil rouge were sieved in order to obtain smaller particles.  

The pyrolysis reaction was carried in a small bench-scale batch pyrolysis retort with ca. 

15 cm3 volume that was completely filled with the feedstock. Because of the differences 

in the densities of each biomass feedstock, the initial mas s input varied: ca. 2.5g and 5g 

was used for straw and fil rouge, respectively. The small reactor was then p laced inside 

the electrically-heated furnace, the inlet inert nitrogen started to flow with a  constant 

flow rate of 0.5 L/min and the three temperatures were logged during all  of the process 

as shown in the example in Figure 2.3. During the pyrolysis process, the temperature 

kept rising at a certain manually controlled heating rate (HR) until the desired pyrolysis 

temperature was reached (Tpy) which was held for a determined residence time (RT).  

For the thermal parametrization, the following definitions were used: 

Figure 2.2 - Schematic representation of the electrical furnace and the reactor. 
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 Tpk = Maximum value of  TBED (°C) 1 

 
 Tpy  =  Average of TBED for all data when Tpk −  TBED  ≤  10 (°C) 2 

 

 

 
HR =  

(Tpy − 5) − 210

⌈tTpy−5⌉ − ⌈t210°C⌉
 (°C/min) 3 

 

After this, the reaction was stopped by cooling down the reactor by putting it inside a 

cold bath of water and maintaining the nitrogen flow rate until it reached room 

temperature.  

 

During each experiment, the condensable matter (bio -oil and water) was collected in a 

glass flask while the volatile mater was released to the atmosphere after being filtered 

and purified with a cotton filter. The biochar was then recovered from the reactor and 

weighed for yield determination and kept in airtight plastic containers for further 

elemental (CHNS composition) and proximate (moisture, ash and volatile matter 

composition) analysis with the aim of getting its chemical composition. Biochar yield 

was calculated in a dry basis as follows:  

 

Figure 2.3-  Temperature prof ile of an experiment using f i l  rouge as feedstock (Red - TO VE N ;  Green - 
TR EA C TO R ;  Blue - TB ED).  Tpk= 377.1 °C; Tpy= 372.3 °C; HR= 5.2 °C/min;  RT= 46.8 min) .  
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 Ybiochar(% d. b. ) =  
mbiochar

mfeedstock (dried)
× 100 4 

 

  

Three HR were tested as well as three Tpy and three RT. A combination of these three 

process conditions was made with each one of the feedstocks referred previously, 

amounting a total of 74 experiments (taking into account repetitions of ex periments for 

statistical analysis).  

A summary of the target values of each variable is shown in Table 2.1. 

 
 

Table 2.1 -  Summary of the target values of  each variable tested in the process  
 

Variable  Target values  

Tpy (⁰C)   370, 410, 450  

RT (min)  5, 15, 45  

HR (⁰C/min)  5, 20, 50  

 

For the following analysis, each biochar produced was ground using a ball mill at 300 

rpm for 3 min. 

 

2.3 Proximate Analysis  

  

The proximate analysis of biochars and raw feedstocks was made according to the ASTM 

Standard Test Method for Chemical Analysis of Wood Charcoal, D 1762 -84 (ASTM, 2011).  

Briefly, the sample is placed in a porcelain crucible (covered) and kept in a drying oven 

at 105 °C for 2h and then the moisture content , in a wet basis (w.b.),  is calculated by 

the following equation 

 

 Moisture (wt % w. b. ) =  
minitial − mdried(105℃)

minitial
× 100 5 

 

For the volatile matter (VM), loss of matter is measured after cooling the sample-

containing (covered) crucible in a desiccator that was previously heated in a muffle 

furnace at 950 °C (covered) for 9 minutes. 
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 VM (wt % d. b. ) =  
mdried (105℃) − m(950°C)

mdried (105°C)
 6 

 

 

The crucible (uncovered) used for the volatile matter determination was then 

maintained at 750°C for 8-10h in the muffle furnace and, after cooling it, the ash content 

(on dry basis) is calculated (equation 7): 

 

 Ash (wt % d. b. ) =  
mresidue

mdried (105°C)
× 100 7 

 

 

The fixed carbon (FC) is the rest of the mass that was not measured during the proximate 

analysis so, it is calculated by subtracting all the previous parameters from 100% as 

follows: 

  

 FC (wt % d. b. ) = 100 −  Moisture (wt % w. b. ) −  VM (wt % d. b. ) −  Ash (wt % d. b. ) 8 

 

2.4 Elemental Analysis  

 

The elemental analysis was performed in duplicate using a Flash 2000 Organic Elemental 

Analyzer (Thermo Scientific) with ground samples of approximately 1.5 mg each. In this 

step, only a CHNS (Carbon, Nitrogen, Hydrogen and Sulphur) analysis was made where as 

oxygen composition was deducted by difference through equation 9. 

 

 

 O (wt % d. b. ) = 100 − C(wt % d. b. ) − N(wt % d. b. ) −  H (wt % d. b. ) − S (wt % d. b. )

− Moisture (wt % w. b. ) − Ash (wt % d. b. ) 
9 

 

 

2.5 Statistical Analysis  

To assess the reproducibility of these experiments, an experiment with the central 

studied parameters (Tpy=410⁰C;  HR=20 ⁰C/min; RT=15 minutes) was performed ten 

times for each feedstock and the obtained results were statistically analyzed by mean, 

standard deviation (SD) and relative standard error (RSE).   
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3. Results and discussion 

 
3.1 Composition of straw and fil rouge  
 
Proximate and elemental analyses were made for both feedstocks. The results for straw 

and fil rouge are shown in Tables 3.1 and 3.2 and in Tables 3.3 and 3.4, respectively. 

  

 
 

Table 3.1 -  Proximate analysis of straw (wt %).  

Moisturea  7.1 
Volatile Matter b  83.1 

Ashb  2.4 
Fixed Carbon b ,c  7.3 

   a As received basis  
   b Moisture free basis  
   c By difference 

 
 
 

Table 3.2 -  E lemental analysis of straw (wt %)  

C 45.1 

H 5.4 

N 0.4 
S 0.0 

Oa  46.7 
   a By difference 

 

 
Table 3.3 -  Proximate analysis of f i l  rouge (wt %)  

Moisturea  7.3 
Volatile Matter b  58.2 

Ashb  8.9 
Fixed Carbon b ,c  25.6 

   a As received basis  
   b Moisture free basis  
   c By difference 

 
 

 
Table 3.4 -  E lemental analysis of f i l  rouge (wt %).  

C 49.5 
H 5.4 
N 2.3 
S 0.3 

Oa  33.5 
       a By difference 
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Making a comparison between fil rouge and straw, it can be seen that the last one has 

a great higher volatile matter composition. The ash content, which is important for 

catalytic activity in the process, is higher for fil rouge material. Regarding fixed carbon 

content, it is considerably higher for fil  rouge, which was already expected since it is 

made of lignocellulosic biomass and of which hemicellulose and celluse fractions have 

been removed (through  pretreatment, saccharification and fermentation). Lignin is 

known to have a higher fixed carbon content than cellulose and hemicellulose, hence 

the fixed carbon content is higher in the fil rouge material comp ared to the straw. 

Concerning the elemental analysis, the carbon and oxygen content of fil rouge are 

slightly higher and lower, respectively, than straw.  Again, this is attributed to the 

relative enrichment of lignin in the fil rouge material, and lignin containing more carbon 

and less oxygen compared to hemicellulose and cellulose. The nitrogen content of fil 

rouge is notably higher which can be explained  by the presence of bacteria, and 

consequently the presence of proteins, that remained from the anaerobic digestion 

treatment of the material. A vestigial sulphur per centage was also detectable in fil rouge 

material which probably remained from the bisulfi te pretreatment that the biomass was 

subjected to. 

 

3.2 Reproducibility analysis  

 

The reproducibility of the experiments was assessed through the repetition of the 

central experiment, with the target parameters of Tpy=410°C; HR= 20°C/min and 

RT=15min, for ten times (SS=10). After collecting all the data, the standard deviation 

(SD) and relative standard error (RSE) for the quantified chemical properties  of the 

produced biochars were calculated. Due to the manual control of the furnace, the 

desired temperature and heating rate were not always achieved, which can affect the 

properties of the resultant biochar. Because of that, the same error calculation was 

made for the production parameters in order to infer if these variations can also be a 

source of error in the quantified biochar chemical properties . The results of these 

analyses are shown in tables 3.5 and 3.6 for experiments made with str aw and fil rouge, 

respectively.  
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Table 3.5 -  Descriptive statistics of pyrolysis parameters and consequent biochar characterist ics in the 
reproducibil ity of  experiments using straw as feedstock (SS=10 ;  Tpy=410°C; HR=20°C/min and 

RT=15min).  

 Production Parameters  Yield and Chemical Biochar Properties  

 
Tpy 

(°C)  

HR 

(°C/min)  

RT 

(min)  

Yb 

(% d.b. )  

C 

(wt% d.b.)  
H/C 

Ash 

(wt% d.b.)  

VM 

(wt% d.b.)  

FC 

(wt% d.b.)  

Mean 412.4 19.1 14.9 32.0 69.5 0.68 8.1 26.9 62.7 

SD 1.6 2.4 0.9 1.0 1.1 0.01 1.0 2.4 1.8 

RSE 

(%)  
0.4 12.7 6.1 3.0 1.6 1.84 12.5 9.1 2.9 

 
 

Table 3.6 -  Descriptive statist ics of pyrolysis parameters and consequent biochar characterist ics in the 
reproducibil ity of  experiments using f i l  rouge as feedstock (SS=10; Tpy=410°C; HR=20°C/min and 

RT=15min).  

 Production Parameters  Yield and Chemical Biochar Properties  

 
Tpy 

(°C)  

HR 

(°C/min)  

RT 

(min)  

Yb 

(% d.b. )  

C 

(wt% d.b.)  
H/C 

Ash 

(wt% d.b.)  

VM 

(wt% d.b.)  

FC 

(wt% d.b.)  

Mean 413.5 19.6 15.1 47.0 62.6 0.63 17.5 25.7 55.8 

SD 4.4 2.0 1.0 0.7 1.3 0.03 0.2 2.1 2.2 

RSE 

(%)  
1.1 10.1 6.5 1.5 2.1 4.45 1.4 8.0 3.9 

 

 
 
Regarding the descriptive statistics for both feedstocks, it can be seen that the target 

parameters were not exactly achieved but are generally in the interval obtained from  

the mean value plus/minus the SD. Particular highlight for HR, which had the highest SD 

and RSE. This was already expected since it is the most difficult parameter to control as 

it was manually adjusted. The biochar characteristics obtained from the elemental 

analysis (C (wt% d.b.) and H/C) have also little SD and RSE. Since the elemental analysis 

is an accurate method, this is one important point to demonstrate that the experiments 

are effectively reproducible. At last, the biochar characteristics obtained from the 

proximate analysis (Ash (wt% d.b.), VM (wt% d.b.) and FC (wt% d.b.)) were expected to 

be more dispersed due to the roughness of this quantification method. Although, the 

results were also pretty satisfactory.  

According to the European Biochar Certificate, an uniform batch is considered valid if 

the pyrolysis temperature (in °C) does not fluctuate more than 20% and if the 

composition of the pyrolysed biomass does not fluctuate more than 15% (EBC, 2013). 

With this, and taking into account that the production parameters of biochar had some 

variance, which consequently can have a small effect on biochar characteristics that 

were acceptable, it can be concluded that the experiments are pretty rep roducible.  
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Because only the reproducibility of the central experiment was tested, it was assumed 

that the SD found for the biochar characteristics is the same for the other sets of results 

obtained. Therefore, a propagation of the error was assumed and  the SD calculated for 

this central experiment was also used in the representation of other experiments in 

chapter 3.3.  
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3.3 Effect of feedstock and process conditions on biochar  

  
3.3.1 Biochar Yield 

 

Figure 3.1 and Figure 3.2 show the effect of pyrolysis temperature on biochar yield using 

straw and fil rouge as feedstock, respectively. As many reported previously, the yield of 

the biochar decreases with an increasing pyrolysis temperature for both feedstocks as 

a result of greater thermal decomposition of the feedstock. From both, straw is the one 

with the lowest range of biochar yields, which was expected once it is the feedstock 

with the highest volatile matter content (83 .1 wt %) that volatilized in the progression 

of the reaction. Fil rouge is a feedstock rich in lignin which was already reported in the 

literature as a property that leads to biochar with high yields (Demirbas, 2004). The 

yields obtained for straw are in the accordance with the ones found in the literature 

(Kim et al. 2012; Windeatt et al., 2014) taking into account the range of the 

temperatures used in this work. Previous studies using fil rouge as feedstock were made 

for temperatures of 400°C whose chars with yields between 45.9 and 48.5 wt % were 

obtained (Coma et al., 2015). One of the target temperatures in this work was 410°C , 

which is not far from the referred temperature tested in those studies, and the yields 

obtained with this temperature (from around 45 to 50 wt %, depending on heating rate 

and residence time tested) are in the same values range.  

The effect that the heating rate has on biochar yield can be seen making a compa rison 

between the three graphs (maintaining a constant temperature and residence t ime). It 

can be concluded that with an increasing heating rate  the yield decreases. Still regarding 

heating rate, another observation that can be made is that, for both feedstocks, this 

parameter seems to influence more the yield at lower temperatures since the yield is 

characterized by a larger variation at lower temperatures in comparison with the 

experiments that were made with higher temperatures . For example, taking in 

consideration the fil rouge feedstock  and when increasing the heating rate from 5 to 

50°C/min, the biochar yield suffered a decrease from around 5 5 to 50 wt% d.b.at a 

temperature of 370°C while at 450°C the decrease was only  from around 46  wt% d.b. to 

44 wt% d.b. - the same observation is also valid for the straw feedstock at these 

temperatures. This observation corroborates the work of Angin (2013) that found that 

the heating rate could be more important for affecting the biochar yield at lower 

pyrolysis temperatures. Making a comparison between the residence time s used (for a 

constant temperature and heating rate), it can be seen that as the residence time 
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increases, the biochar yield decreases. This effect was also alread y expected since with 

increasing residence times, the reaction is longer and more volatiles are released.  

Figure 3.1 -  Effect  of pyrolysis temperature and residence time on biochar y ield (Yb) using  straw 
as feedstock for three residence t imes (5, 15 and 45 min) and three different heating rates (5, 20 

and 50 °C/min, from the left to the r ight ).  

Figure 3.2 -  Effect  of pyrolysis temperature and residence time on biochar y ield (Yb) using f i l  
rouge as feedstock for three residence times (5, 15 and 45 min) and  three different heating rates 

(5, 20 and 50 °C/min, from the left  to the r ight).  
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3.3.2 Proximate Analyses 

 

3.3.2.1 Volatile Matter (VM) 

 

Although proximate analysis entails some error, the appropriate conclusions can still  be 

made for the volatile matter of biochar produced from straw (Figure 3.3) and from fil 

rouge (Figure 3.4).   

Concerning the effect of the temperature on the volatile matter content of the resultant 

biochars from both feedstocks, it can be concluded that VM content decreases as the 

pyrolysis temperature increases. For biochar produced from straw, this reduction was 

greater which was predictable since straw feedstock had approximately 25% more of VM 

than fil rouge feedstock (see chapter 2.1). Besides the great difference seen in the 

volatile matter content of the initial feedstocks, the resultant biochars have volatile 

contents around the same value. This can be linked to the temperatures that the 

compounds evaporate rather than with the feedstock type used.  

Making an evaluation of the residence time effect, and taking into account the error 

bars, a higher residence time generally led to a biochar with a lower VM content.  

The influence of HR on biochar VM is not clearly evident because only a slightly (or 

sometimes no) decrease on the volatile matter content is seen while maintaining the 

same temperature and residence time when the HR increased.  

Figure 3.1 -  Effect  of pyrolysis temperature and residence time on volati le matter (VM wt % d.b.)  
using straw as feedstock for three residence t imes (5, 15 and 45 min)  and  three different heating 

rates (5, 20 and 50 °C/min,  from the left to the right).  
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3.3.2.2 Ash Content 
 
As pyrolysis temperature and residence time increase, the ash content of the produced 

biochars, although with some exceptions, also increases  (Figure 3.7 and Figure 3.8) . This 

observation is predictable since ash remains in the solid fraction while the organic 

matter volatilizes in a larger quantity as temperature and residence time increase. As 

has happened to volatile matter in the previous subchapter, no great differences are 

seen when the heating rate varies .  

The calculated ash yields – the weight of ash in the biochars to the weight of ash in the 

feedstock – were greater than 95.5% for straw and around 93-94% for fil rouge. These 

small ash losses can be due to the partly evaporation of some ash constituents  that 

volatilize in the range of pyrolysis temperatures used (Ronsse et al., 2013).  

Biochars made from fil rouge have bigger ash conten ts (16-19 wt %) than biochars made 

from straw (6-10 wt %). This was already predicted taking into account the values of the 

ash content of both initial feedstocks. This higher ash content of fil rouge -biochars make 

them good nutrient suppliers and a larger liming effect in soils due to the alkaline nature 

of ash. 

 

 

Figure 3.2 - Effect of pyrolysis temperature and residence time on volati le matter (VM wt % d.b.)  using 
fi l  rouge as feedstock for  three residence times (5, 15 and 45 min) and  three dif ferent heating rates 

(5, 20 and 50 °C/min, from the left  to the r ight).  
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Figure 3.3 - Effect  of pyrolysis temperature and residence time on ash content ( wt % d.b.)  using 
straw as feedstock for three residence times (5, 15 and 45 min) and  three different heating rates 

(5, 20 and 50 °C/min, from the left  to the r ight).  

Figure 3.4 -  Effect  of pyrolysis temperature and residence time on ash content ( wt % d.b.)  using fi l  

rouge as feedstock for  three residence times (5, 15 and 45 min) and  three different heating rates 

(5, 20 and 50 °C/min, from the left  to the r ight).  
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3.3.2.3 Fixed Carbon (FC) 

 

Due to the reason that fixed carbon comes from a rough analysis followed by a 

calculation, the obtained results probably have some mistakes . However, and generally, 

as the severity of pyrolysis conditions increased, the FC also increased due to increasing 

percentages of volatile matter being released. Initially, straw feedstock had a lower 

content in fixed-carbon in comparison with the fil rouge material. However, the 

resultant produced biochars reveal a different behavior: fil rouge -biochars have a lower 

fixed-carbon content. This can be explained by the  ash content of each feedstock: fil  

rouge have a considerably higher ash content (8 .9 wt% d.b.for fil rouge and 2.4 % d.b. 

for straw) that theoretically inhibit the formation of C aromatic structures, resulting in 

a biochar with a lower content in fixed carbon (Windeatt et al., 2014). 

In this work, the fixed carbon content was  calculated on an ash-containing dry weight 

basis (through equation 8). This could have also been calculated on an ash -free basis - 

i.e. FC = 100 – VM , where only the organic part of the char is taken into consideration 

and where the VM content can be directly deduced from the FC value and vice versa. 

Thus, through the latter method a higher  value for fixed carbon content would 

be obtained for biochars produced from fil rouge, which is masked when a dry basis 

(which includes ash) is used.  For instance, a char having a 20 wt% FC on dry basis could 

(in the most extreme cases) have up to 80 wt% volatile matter (and be free from ash, if 

an ash-free feedstock was used) or could have up to 80 wt% of ash (and have zero 

volatiles left, and made from an ash-rich feedstock). In the former case, the char would 

be deemed very unstable considering the high content of volatile matter, whereas in 

the latter case, the char would be deemed to have been carbonized to its maximum 

degree possible and considered to be stable - regardless of the fact that both chars had 

the same content of fixed carbon on d ry basis. Therefore, measuring stability of 

biochars based on fixed carbon content on a dry basis can lead to  wrong conclusions.  
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Figure 3.5  -  Effect  of pyrolysis temperature and residence time on fixed carbon content ( wt % d.b.)  
using straw as feedstock for three residence t imes (5, 15 and 45 min)  and three different heating 

rates (5, 20 and 50 °C/min,  from the left to the right).  

Figure 3.6 -  Effect  of pyrolysis temperature and residence time on fixed carbon content ( wt % d.b.)  
using f i l  rouge as feedstock for three residence times (5, 15 and 45 min) and  three dif ferent 

heating rates (5, 20 and 50 °C/min,  from the left to the right).  
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3.3.3 Elemental Analyses  

 

3.3.3.1 Carbon Content  

 

As long as the severity of the pyrolysis parameters increase, the initial feedstock will 

give rise to a biochar with an increasing carbon and a decreasing hydrogen and oxygen 

content. Besides the large error bars, higher pyrolysis temperature generated, in  

general, biochars with greater C (wt %) contents. Residence time and heating rate also 

seem to have some effect on the results since higher residence times led to a general 

small increase in the C content while heating rate effect is mainly observed betwe en the 

lowest heating rate (5°C/min) used and the others two (i.e. 20 and 50°C/min), with 

practically no differences between these last ones.  

As seen by others (Windeatt et al., 2014), feedstocks with relatively high ash contents 

have the tendency to produce biochars with lower carbon contents. This effect can also 

be seen in this work when comparing the results obtained with the two different 

feedstocks: Initially,  fi l rouge feedstock had a high er ash content  (8.9 wt% d.b.) than 

straw (2.4 wt% d.b.) which produced biochars with carbon contents from around 58  wt% 

to 66 wt % and with carbon content from 68 wt% to 74 wt%, respectively. This greater 

C% in biochars produced from straw can also be due to the greater initial organic matter 

present in straw which was partially volatilized during the reaction,  partially leading to 

a biochar with a higher percentage in carbon.  

Comparing these data with the obtained data in the previous subchapter (for FC), it can 

be seen that almost all the C in the biochars produced (for both feedstocks) is in the 

form of fixed carbon since they had almost the same percentage  (the FC percentage is 

a little lower) for a biochar produced in the same conditions of temperature, residence 

time and heating rate.  
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Figure 3.7 -  Effect  of pyrolysis temperature and residence time on carbon content ( wt % d.b.)  using 
straw as feedstock for three residence times (5, 15 and 45 min) and three different heating rates (5,  

20 and 50 °C/min, from the left to the r ight) .  

Figure 3.8 -  Effect  of pyrolysis temperature and residence time on carbon content (wt % d.b.)  using 
fi l  rouge as feedstock for three residence times (5, 15 and 45 min) and three dif ferent heating rates 

(5, 20 and 50 °C/min, from the left  to the r ight).  
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3.3.3.2 H/C  

 

As found in the literature, when the severity of pyrolysis increases in terms of 

temperature, heating rate and residence time, the initial feedstock will give place to a 

biochar with an increasing aromaticity due to the formation of C complex structures 

while other compounds, namely O and H, volatil ize with a greater facility leading to a 

consequent reduction of the H/C ratio. This effect wa s seen in both feedstocks used 

(Figures 3.11 and 3.12). For straw feedstock, which had a smaller error in the analys is 

of the reproducibility of the experiments, the effect that temperature had on this ratio 

is clear since H/C evidently reduces when the feedstock is pyrolysed at a higher 

temperature. Regarding the residence time, when a longer one was tested, it resulte d 

in a biochar with a lower H/C ratio. Finally, the heating rate effect on H/C ratio is not so 

clear for this feedstock: keeping a constant temperature and residence time, there are 

no great differences on the H/C ratio between the three heating rates used. The same 

observations can also be made for fil rouge feedstock: pyrolysis temperature and 

residence time were the factors that most affected the H/C ratio while  no relation can 

be concluded between the heating rate and the discussed H/C ratio. One thing that can 

be noticed is that when temperature, heating rate and residence time are fixed, 

approximately the same ratio is obtained for both feedstocks. This observation supports 

the hypothesis that the H/C ratio mostly depends on the pyrolysis temperature used 

rather than on the selected feedstock since decarboxylation and demethylation 

reactions are principally determined by the temperature used (Mukome et al., 2013). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

34 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

  

Figure 3.9 -  Effect  of pyrolysis temperature and residence time on H/C rat io using straw as feedstock 
for three residence t imes (5, 15 and 45 min) and  three different heating rates (5,  20 and 50 °C/min,  

from the left to the right).  

Figure 3.10 -  Effect of pyrolysis temperature and residence time on the H/C rat io using fi l  rouge as 
feedstock for three residence t imes (5,  15 and 45 min) and  three different heating rates (5, 20 and 

50 °C/min, from the left  to the r ight).  
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3.3.3.3 Van Krevelen diagrams  

 
According to the International Biochar Initiative and to the European Biochar Certificate, 

H/C and O/C ratios are both important for biochar certification. H/C is an indicator of 

the degree of carbonization and therefore of its stability and, in addition, the O/C ratio 

is also relevant for its characterization.  

To explore these guidelines, the data from the biochars produced from both feedstocks, 

separated by the intended pyrolysis temperature, were plotted in a known Van Krevelen 

diagram (H/C vs. O/C) to assess what were the biochars produced that are in accordance 

with the referred threshold ratios. 

As can be seen in Figures 3.13 and 3.14, as long as the temperature of pyrolysis 

increased, the aromaticity also increased, shown by a reduction in biochar H/C and O/C 

ratios relative to the feedstock values (which are represented in grey in the respective 

graph), that have an increasing tendency to lie in the lower left -side corner of the graph.  

From these graphs, and valid for both feedstocks, is noticeable that none of the biochars 

produced with the target pyrolysis temperature of 370°C achieved the 0.7 threshold for 

H/C-ratio as proposed by the biochar certification schemes. 

As it was expected, a great reduction of both ratios is also found when making a 

comparison between the initial feedstock and the product. Although straw h ad higher 

initial ratios with different localizations in the graph, both biochars produced from straw 

and fil rouge are localized in approximately the same region, corroborating the fact that 

these ratios are more related with the pyrolysis temperatures at which the char was 

produced rather than with the type of feedstock used. 
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Figure 3.11 -  Van Krevelen diagram for biochars produced from straw.  
 

Figure 3.12 -  Van Krevelen diagram for biochars produced from f il  rouge.  
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3.4 H/C vs Biochar yield 

 
One of the main goals of this work was to find the pyrolysis conditions that provide the 

highest biochar stability without compromising the yield.  

In order to conclude about that, 3D graphs that take into account the stability 

parameters for biochar (H/C and O/C ratios) as well as the yields obtained in this work 

were plotted (Figures 3.15 and 3.16) . Here, it can be observed that the biochars 

produced at the lowest target pyrolysis temperature (in blue) achieved higher yields. 

Although all of them accomplish the O/C<0.4 boundary, these biochars produced at 

370°C are not suitable to be applied in soils because, as w as already seen in the Van 

Krevelen graphs in chapter 3.3.3.3, none of them fulfilled the H/C<0.7 stability 

parameter proposed by the EBF and IBI entities.  

The points in green and in red, that represent biochars produced with the target 

temperature of 410°C and 450°C, respectively, generally satisfy ing those stability 

parameters.  

Regarding biochars made from straw, and taking into consideration the standard 

deviation obtained for both parameters , all that were produced at 450°C are within the 

established limits. The same observation is also valid for b iochars produced from fil 

rouge. Although, this pyrolysis temperature penalizes the yield so temperature does not 

have to be so high.  

Analyzing the biochars produced from straw at 410°C ( Table 3.7), lower residence times 

had good results in terms of stability for the three heating rates tested, although with 

lower ratios for higher heating rates and also a slightly yield reduction. Wit h this 

feedstock, a RT of 5 or 15 minutes combined with a HR of 5°C/min should be reasonable 

in order to get the maximum biochar yield without compromising the maximum H/C ratio 

allowed.  

Regarding the biochars produced from fil rouge at the same target temperature, heating 

rate and residence time (Table 3.8), the same type of observations can be made. 
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Table 3.7 -  Yb (%) and H/C for each combination of  HR and RT for the target temperature of 410°C 
(straw feedstock).  

Tpy 
(°C)  

HR 
(°C/min) 

RT 
(min) 

Tpy 
achieved 

(°C)  

HR 
achieved 
(°C/min)  

RT 
achieved 

(min) 
Yb (%) H/C 

410 

5 

5 411.0 5.4 6.5 34.5 0.71 

15 413.7 5.2 15.5 33.7 0.68 

45 416.4 3.6 46.3 32.9 0.65 

20 

5 410.1 18.1 5.5 32.3 0.74 

15 412.1 19.3 14.5 31.7 0.67 

45 417.2 17.9 44.3 29.1 0.66 

50 

5 409.2 35.8 4.8 30.9 0.72 

15 415.6 33.5 14.3 29.9 0.67 

45 415.0 42.2 44.8 28.5 0.63 

 

 

 

 

Figure 3.13 -  3D graph (Yb (%) vs H/C vs O/C) for biochars made from straw  and 
projection of the data points on the plan Z=0.  
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Table 3.8 -  Yb (%) and H/C for each combination of  HR and RT for the target temperature of 410°C (fi l  
rouge feedstock).  

 

 

 

Tpy (°C)  HR (°C/min)  RT (min)  
Tpy 

achieved 
(°C)  

HR 
achieved 
(°C/min)  

RT 
achieved 

(min) 
Yb (%) H/C 

410 

5 

5 409.5 5.0  6.3 50.4 0.70 

15 410.6 6.1 16.0 48.8 0.66 

45 409.2 7.5 41.3 48.2 0.69 

20 

5 409.9 13.7 5.0 50.1 0.63 

15 411.7 19.9 14.5 46.9 0.66 

45 410.1 19.6 43.5 47.2 0.62 

50 

5 429.1 39.1 4.8 46.9 0.63 

15 418.5 33.2 16.3 45.8 0.64 

45 421.5 41.0 42.0 45.6 0.63 

Figure 3.14 -  3D graph (Yb (%) vs H/C vs O/C) for biochars made from fi l  rouge  
and projection of the data points on the plan Z=0.  
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3.5 Yb and H/C modelling  

 

À priori  knowledge about what can be expected when a determined type of feedstock 

combined with certain pyrolysis conditions are used can be helpful towards an 

improvement in the production of biochar with the desired properties. In order to do 

that, construction of a mathematical  model can be a useful tool. 

In this work, general linear models for biochar yield and for H/C ratio, for both 

feedstocks, were generated using the SPSS Statistics 23 software.  

In each model, the single factors (Tpy, HR and RT) and their double and triple combined 

interactions were tested. A level of significance higher  than 0.05 (minimum significance 

value to admit that a certain parameter, or combination of parameters, is significant to 

explain the model) was taken into consideration. 

Initially, all the parameters and their combinations were included in the model and then, 

one by one, the value with the lowest significance (and above the 0.05 significance 

threshold) was eliminated. This process was repeated until a model with all the 

parameters that satisfied the significance threshold was obtained.  

 

3.5.1 Straw biochar model 

 

3.5.1.1 Biochar yield model  

 

The estimated parameters for the obtained model for Yb is shown in Table 3.9.  

 

Table 3.9 -  Parameter est imates for the YB model for straw feedstock.  

Parameter  B Significance 
95% Confidence Interval  

Lower Bound Upper Bound 

Intercept  89.290 0.000 78.092 100.487 

Tpy -0.131 0.000 -0.058 -0.104 

HR -0.622 0.001 -0.944 -0.300 

RT -0.587 0.001 -0.904 -0.270 

Tpy×HR -0.001 0.003 0.000 0.002 

Tpy×RT -0.001 0.002 0.001 0.002 

 

After the elimination of the non-significant three factors (Tpy×HR×RT) and two factors 

(HR×RT) interaction terms, a model with the required significance values was reached 

(equation 10).  
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Yb(%) = 89.290 − 0.131Tpy (°C) − 0.622HR(°C/min) − 0.587RT(min)

− 0.001Tpy (°C) × HR −  0.001Tpy (°C) × RT 
10 

 

With this model, a R 2 of 0.929 was obtained which means that it  can predict 92.9 % of 

the variability in the data used to create this model, making it useful for making 

predictions once the R 2 value is close to 1. Regarding the factors that influence the most 

the value of the biochar yield, all the three single factor s action seem to be more 

important than the combined interactions Tpy ×HR and Tpy×RT since they had the 

highest significance levels. Particular emphasis on the single factor Tpy, which had the 

highest significance level , has to be made since it is the factor that certainly most 

influences the yield of biochar. The confidence interval (CI) is the range for the B -value 

(or estimated parameter) for each parameter. A large CI interval makes the estimated 

parameter estimated imprecise. The B-value of the interception is in a 95% CI interval 

between 78.092 and 100.487 which is considered as a wide interval. It tells that with no 

reaction (Tpy = 0°C, HR=0°C/min and RT=0 min) the yield is 89 .290%. This value should 

be logically closer to 100%, because with no reactio n, no loss in the yield can happen. 

However, the 100% value is within the CI interval, making this a reliable model.  

After this, and to have the perception if the model is accurate enough, the standardized 

residuals for the predicted values of the biochar yield were plotted against the predicted 

values (Figure 3.17). 

In this plot, the residuals seem to be symmetrically distributed, tending to cluster  

towards the middle of the plot without any clear pattern which is the ideal result since 

it means the residuals have a normal distribution. 
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3.5.1.2 H/C model 

 

The same procedure was done for the H/C ratio model. A linear model that describes 

95.2% of the data (R2= 0.952) was obtained (equation 11). 

 

Table 3.10 - Parameter est imates for the H/C model for straw feedstock.  

Parameter  B Significance 
95% Confidence Interval  

Lower Bound Upper Bound 

Intercept  1.696 0.000 1.595 1.798 

Tpy -0.131 0.000 -0.003 -0.002 

Tpy×RT -0.001 0.000 -4.409×10 - 6  -2.167×10 - 6  

 

 

 

For this dependent variable, the pyrolysis temperature seems to also have the main 

effect. A combined interaction between temperature and the residence time looks to 

also have some importance in the modelling of the H/C ratio. Again, with no reaction 

(Tpy=0°C and RT=0min), the H/C obtained with this ratio is higher than the real value 

obtained experimentally for the straw feedstock ( 1.4) and it is not comprised in the 95% 

 H/C = 1.696 − 0.002Tpy(°C) −  3.288 × 10−6Tpy(°C) × RT(min) 11 

Figure 3.15 -  Standardized residuals for Yb vs.  predicted value s for Yb for straw feedstock.  
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CI. However, we have to take in consideration that an extrapolation far outside the 

tested window of process conditions was made which carries some error by itself.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be seen in Figure 3.18. the residuals look normally distributted as long as the H/C 

increases, corroborating the linearity of the model.  

  

Figure 3.16 -  Standardized residuals for H/C vs.  predicted value s for H/C for straw feedstock.  
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3.5.2 Fil rouge biochar model 

 

3.5.2.1 Biochar yield model  

 

This time for fil rouge feedstock, a model  (equation 12) for the biochar yield was created 

with parameters which can be seen in Table 3.11. 

 

Table 3.11 -  Parameter est imates for the YB model for f i l  rouge feedstock.  

Parameter  B Significance 
95% Confidence Interval  

Lower Bound Upper Bound 

Intercept  88.233 0.000 82.317 94.148 

Tpy -0.095 0.000 -0.109 -0.080 

HR×RT -0.002 0.000 0.003 0.001 

 

This model describes 89.6 % (R2=0.896) of the data used to construct it and the main 

parameter are, again, temperature and a combination between HR and RT, all with a 

significance value of zero. 

 

 

The same problem that happened while modeling the biochar yield for straw feedstock 

also appears here, with an intercept value of 88 .233, lower than the supposed 100. This 

time although, the 95% CI is narrower, the 100 value  is not comprised in it.  

The predicted values for the biochar yield were plotted against the standardized 

residuals. They look pretty symmetrically distributed along the horizontal line, 

demonstrating to be normally distributed and corroborating the observation that the 

relation between the variables is linear.  

 

 Yb (%) = 88.233 − 0.095Tpy(°C) −  0.002HR(°C/min) × RT(min) 12 
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3.4.2.2 H/C model  

 

The estimated parameters obtained for the H/C model (equation 13) are shown in Table 

3.12. 

 

Table 3.12 -  Parameter est imates for the H/C model for f i l  rouge feedstock.  

Parameter  B Significance 
95% Confidence Interval  

Lower Bound Upper Bound 

Intercept  1.697 0.000 1.596 1.826 

Tpy -0.002 0.000 -0.003 -0.002 

RT -0.001 0.000 -0.002 -0.001 

 

 

 H/C = 1.697 − 0.002Tpy(℃) − 0.001RT(℃/min) 13 

 

Figure 3.17 -  Standardized residuals for Yb vs.  predicted values for Yb for f i l  
rouge feedstock 
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The model obtained (equation 13) took into account only single factors (Tpy and RT) 

with which 92.6% of the data used is explained. Again, the problem when Tpy and RT 

are equal to zero appears here, with and intercept value  higher than it was supposed to 

be (1.3). The standard residuals  (Figure 3.20) show the same tendency as the previous 

models: they are normally distributed without any clear tendency.    

Figure 3.18 -  Standardized residuals for H/C vs.  predicted values for H/C for f i l  rouge feedstock.  
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4. Conclusions 

 

The results of this work corroborate  the hypothesis that pyrolysis temperature and 

feedstock type are the variables that have the largest effect on the resulting biochar 

yield and quality. Residence time also revealed to have some importance while heating 

rate was more inconclusive than the other studied pa rameters for some of the biochar 

chemical properties. This could have been caused by the manual manipulation of the 

reactor temperature in the production experiments: while testing higher heating rates, 

the real heating rate achieved was most of the time l ower than that of the target heating 

rate (sometimes around 40 or 30°C/min, when the goal was 50°C/min); the achieved 

temperatures were not precisely the target temperatures and varied a little from 

experiment to experiment. This certainly induced some additional errors in the 

characteristics of the biochar obtained. A more rigorous system could have led to more 

precise and conclusive results.  

As the pyrolysis progressed, more volatiles were released, which were m ostly composed 

by H and O, which consequently resulted in a decreasing biochar yield. However, the 

carbon content increased as well as the ash, since this latter remains almost in its 

totality in the solid product of the reaction. The type of feedstock also affected the 

yield, elemental and chemical structure of biochar.  

Lower temperatures lead to incomplete charred materials while higher temperatures 

produce biochars with penalized yields. With in the range of the temperatures in this 

work, it can be concluded that the middle target temperature used (410°C) should be 

high enough to produce a stable biochar (with an atomic  H/C ratio lower than 0.7) 

without compromising the yield. The best results, within th ese temperatures, were 

found while using 5 and 15 minutes of residence ti me and 5°C/min of heating rate. 

However, some more profound studies about the residence time and heating rates 

effects while using this temperature should be performed not only because of the 

effects that heating rate and residence time have on biochar characteristics but a lso 

because of the increasing thermal energy required when lower heating rates and higher 

residence times are used. 

Based on the constructed mathematical models, it can be confirmed that pyrolysis 

temperature is definitely the main variable that influences both biochar yield and H/C 

ratio. Residence time also seems to have some influence in these models while heating 

rate only appeared in one of them to be significant . A double interaction between these 

three factors can also be important since they were significant for some models. 
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The models are quite representative of the data and beside from being perfect, they can 

still give an idea about what are the pyrolysis conditions that we should select in order 

to standardize the process. However, in the future, the effect of the sample size should 

be investigated as well, in order to be able to apply these models to larger reactor 

systems. 

The utilization of fil rouge material looks like an interesting environmental and 

economical purpose since, with this material, it is possible to produce a 2 nd generation 

bioethanol, and afterwards convert the solid waste product to biochar, which means 

that no additional land was necessary needed to grow this feedstock to be pyrolysed. 

Moreover, this was the feedstock that achieved higher biochar yields, due  to its 

lignocellulosic nature and higher ash contents  which can be useful in acidic soils due to 

the alkaline nature of the ash. Besides that, its carbon content was not that lower in 

comparison with the biochars produced from straw. The straw material use with the 

intention to produce biochar is not so appealing since it was commercially acquired and 

it was necessary to intentionally grow it up, increasing costs and the carbon foot.  

However, straw can be considered as feedstock if acquired as waste from grain (wheat  

or rye) production.  

This study was made in a small and fixed scale so, a scale-up should be interesting to 

study as well, mainly because of potential differences in heat transfer from the reactor 

walls to the middle of the bed on larger scaled reactor, and to see whether, these tested 

parameters combinations would lead to the same biochar characteristics  irrespective of 

the scale tested. Physical characterization (like surface area), ageing and soil studies of 

the produced biochars should be also interesting  to study in order to evaluate their real 

stability in soil.  
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6. Appendix 

Table A.1 - Data obtained for temperature .  Yb (%). heating rate and residence time for biochars produced from straw.  

 

. 

  

 Sample Temperature (ºC) HR (ºC/min) RT (min) Initial weight (g) Final weight (g) Tpy (°C) Tpk (°C) Yb (%) Real HR (ºC/min) Real RT (min) 

 1 

370 

5 

5 2.633 1.090 373.2 377.4 41.4 5.2 5.3 

 2 15 2.491 0.940 374.6 380.2 37.7 5.8 15.3 

 3 45 2.869 0.969 372.3 377.1 33.8 5.2 46.7 

 4 

20 

5 2.473 0.922 375.6 379.2 37.3 18.3 4.5 

 5 15 2.363 0.789 382.4 385.3 33.4 16.4 15.0 

 6 45 2.576 0.852 379.3 384.1 33.1 18.8 44.8 

 7 

50 

5 2.749 0.914 377.5 382.1 33.2 43.1 5.3 

 8 15 2.513 0.775 376.0 382.1 30.8 49.5 16.2 

 9 45 2.366 0.718 380.1 386.2 30.3 41.2 45.0 

 10 

410 

5 

5 2.255 0.777 411.0 413.9 34.5 5.4 6.5 

 11 15 2.516 0.849 413.7 419.2 33.7 5.2 15.5 

 12 45 2.245 0.739 416.4 421.0 32.9 3.6 46.3 

 13 

20 

5 2.404 0.777 410.1 413.0 32.3 18.1 5.5 

 14 15 2.483 0.787 412.1 417.6 31.7 19.3 14.5 

 15 45 1.932 0.563 417.2 425.2 29.1 17.9 44.3 

 16 

50 

5 2.831 0.869 409.2 412.9 30.7 35.8 4.8 

 17 15 2.775 0.829 415.6 420.6 29.9 33.5 14.3 

 18 45 2.298 0.656 415.0 420.7 28.5 42.2 44.8 

 19 

450 

5 

5 2.474 0.770 450.8 453.8 31.1 5.3 6.8 

 20 15 2.464 0.734 453.5 457.1 29.8 4.8 15.0 

 21 45 2.893 0.844 455.8 460.6 29.2 5.3 41.3 

 22 

20 

5 2.432 0.695 454.3 460.2 28.6 17.9 4.0 

 23 15 2.225 0.628 459.3 465.0 28.2 18.5 14.5 

 24 45 2.484 0.719 450.0 457.1 29.0 18.2 45.3 

 25 

50 

5 2.402 0.674 450.8 452.2 28.1 40.3 6.0 

 26 15 2.391 0.666 462.5 467.9 27.8 42.3 15.3 

 27 45 2.208 0.605 454.4 459.7 27.4 44.4 44.8 

C
e

n
tr

al
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e
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m
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n

t 

28 

410 20 15 

2.354 0.776 413.5 419.0 32.9 15.8 15.3 

29 2.426 0.737 415.5 418.9 30.4 19.9 15.0 

30 2.380 0.740 413.0 417.2 31.1 16.6 16.0 

31 2.483 0.787 412.1 418.1 31.7 19.0 16.0 

32 2.535 0.837 412.6 417.9 33.0 21.7 14.3 

33 2.405 0.779 411.5 414.4 32.4 23.5 15.3 

34 1.909 0.628 411.5 417.7 32.9 17.6 13.0 

35 2.346 0.771 412.9 417.2 32.9 20.4 14.3 

36 2.483 0.787 412.1 417.6 31.7 19.3 14.5 

37 2.352 0.731 409.4 411.3 31.1 16.9 15.3 

      Average 412.4 416.7 32.0 19.1 14.9 

      SD 1.6 2.4 0.9 2.4 0.9 

      RSE (%) 0.4 0.6 3.0 12.7 6.1 
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Table A.2 -  Data obtained from the elemental analysis of biochars made from straw  

 

 

 

Sample N (wt %) C (wt %) H (wt %) S (wt %) %O O/C H/C 

1 0.97 67.64 4.58 0.00 1.27 0.23 0.81 

2 0.89 68.17 4.29 0.00 1.30 0.23 0.75 

3 0.96 68.76 4.41 0.00 1.20 0.21 0.76 

4 1.09 67.37 4.61 0.00 1.23 0.22 0.82 

5 0.88 67.82 4.29 0.00 1.23 0.22 0.75 

6 1.09 67.44 4.32 0.00 1.20 0.21 0.76 

7 1.09 65.29 4.45 0.00 1.32 0.24 0.81 

8 0.99 69.89 4.25 0.00 1.14 0.20 0.73 

9 0.97 69.55 4.15 0.00 1.09 0.19 0.71 

10 0.87 69.76 4.17 0.00 1.19 0.21 0.71 

11 0.84 69.93 3.99 0.00 1.16 0.20 0.68 

12 0.86 70.86 3.85 0.00 1.08 0.18 0.65 

13 1.02 67.71 4.18 0.00 1.17 0.21 0.74 

14 0.91 69.72 3.94 0.00 1.05 0.18 0.67 

15 1.07 69.35 3.84 0.00 1.08 0.19 0.66 

16 1.15 68.71 4.15 0.00 1.07 0.19 0.72 

17 1.18 69.42 3.89 0.00 0.99 0.17 0.67 

18 0.92 72.02 3.80 0.00 0.96 0.16 0.63 

19 0.94 73.86 3.78 0.00 0.86 0.14 0.61 

20 0.91 74.59 3.62 0.00 0.84 0.14 0.58 

21 1.03 73.98 3.40 0.00 0.83 0.13 0.55 

22 0.96 71.27 3.63 0.00 0.96 0.16 0.61 

23 0.91 71.72 3.55 0.00 0.94 0.16 0.59 

24 0.91 71.69 3.49 0.00 0.96 0.16 0.55 

25 0.86 70.80 3.61 0.00 1.02 0.17 0.61 

26 0.91 71.83 3.39 0.00 0.95 0.16 0.56 

27 0.84 72.77 3.27 0.00 0.93 0.15 0.54 

28 1.12 67.46 3.93 0.00 1.07 0.19 0.69 

29 0.89 69.41 3.86 0.00 1.12 0.19 0.66 

30 0.85 70.76 3.97 0.00 1.08 0.18 0.67 

31 0.87 69.50 3.87 0.00 1.12 0.19 0.66 

32 0.87 67.99 3.94 0.00 1.28 0.23 0.69 

33 0.89 71.23 4.02 0.00 0.99 0.17 0.67 

34 0.95 70.05 4.02 0.00 1.06 0.18 0.68 

35 0.97 69.06 4.03 0.00 1.09 0.19 0.70 

36 0.91 69.72 3.94 0.00 1.05 0.18 0.67 

37 0.90 69.78 3.97 0.00 1.12 0.19 0.68 

Average 0.92 69.50 3.96 0.00 1.10 0.19 0.68 

SD 0.08 1.14 0.06 0.00 0.08 0.02 0.01 

RSE (%) 8.42 1.64 1.53 0.00 6.96 8.07 1.84 
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Table A.3 -  Data obtained from the elemental analysis of biochars made from straw .  
 

 

  

Sample M(air-dry sample used) (g) - A M(sample 105ºC) (g) - B M(sample 950 ºC) (g) - C M(residue) (g) - D %Ash  %Moisture %Volatile matter FC (%) 

1 0.500 0.492 0.313 0.032 6.4 1.6 36.3 55.6 

2 0.474 0.467 0.302 0.027 5.8 1.5 35.2 57.5 

3 0.598 0.587 0.405 0.039 6.7 1.8 31.0 60.5 

4 0.576 0.568 0.364 0.042 7.3 1.4 36.0 55.3 

5 0.511 0.506 0.341 0.037 7.4 1.0 32.7 59.0 

6 0.501 0.495 0.319 0.039 7.9 1.2 35.5 55.4 

7 0.571 0.567 0.358 0.046 8.0 0.7 36.9 54.4 

8 0.526 0.520 0.377 0.035 6.7 1.2 27.5 64.6 

9 0.409 0.394 0.277 0.031 7.9 3.8 29.5 58.8 

10 0.530 0.525 0.354 0.032 6.1 1.1 32.6 60.2 

11 0.516 0.509 0.350 0.034 6.6 1.4 31.2 60.8 

12 0.515 0.502 0.384 0.036 7.1 2.4 23.6 66.9 

13 0.544 0.525 0.369 0.044 8.3 3.5 29.7 58.5 

14 0.642 0.627 0.470 0.054 8.6 2.4 25.0 64.0 

15 0.517 0.511 0.375 0.043 8.5 1.2 26.5 63.8 

16 0.560 0.551 0.394 0.049 8.9 1.6 28.4 61.0 

17 0.554 0.547 0.403 0.053 9.7 1.4 26.3 62.6 

18 0.503 0.494 0.383 0.039 7.9 1.6 22.5 68.0 

19 0.597 0.591 0.443 0.045 7.6 0.9 25.1 66.3 

20 0.511 0.502 0.403 0.037 7.4 1.7 19.8 71.0 

21 0.517 0.508 0.434 0.042 8.3 1.7 14.7 75.3 

22 0.411 0.407 0.306 0.036 8.8 0.9 24.9 65.3 

23 0.489 0.476 0.392 0.042 8.8 2.7 17.7 70.8 

24 0.539 0.529 0.416 0.045 8.6 2.0 21.2 68.2 

25 0.457 0.443 0.360 0.038 8.5 3.0 18.9 69.7 

26 0.544 0.528 0.430 0.046 8.6 3.1 18.4 69.8 

27 0.517 0.495 0.406 0.041 8.3 4.2 18.1 69.5 

28 0.678 0.656 0.503 0.068 10.4 3.2 23.3 63.1 

29 0.398 0.388 0.279 0.031 8.0 2.3 28.1 61.6 

30 0.467 0.458 0.327 0.033 7.2 1.9 28.6 62.3 

31 0.501 0.494 0.356 0.039 7.9 1.4 28.0 62.7 

32 0.673 0.661 0.484 0.044 6.7 1.8 26.7 64.8 

33 0.730 0.707 0.544 0.057 8.1 3.1 23.1 65.7 

34 0.470 0.455 0.324 0.036 8.0 3.2 28.7 60.1 

35 0.606 0.589 0.433 0.050 8.5 2.9 26.6 62.1 

36 0.642 0.627 0.470 0.054 8.6 2.4 25.0 64.0 

37 0.393 0.387 0.269 0.029 7.4 1.8 30.5 60.3 

    Average 8.1 2.4 26.9 62.7 

    SD 1.0 0.7 2.4 1.8 

    RSE (%) 12.5 27.9 9.1 2.9 
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Table A.4 -  Data obtained for temperature . Yb (%).  heating rate and residence time for biochars produced from fil  rouge.  

 Sample Temperature (ºC) Heating rate (ºC/min) Residence time (min) Initial weight (g) Final weight (g) Tpy (°C) Tpk (°C) Yb (%) Real HR (ºC/min) Real RT (min) 

 1 

370 

5 

5 4.884 2.638 369.0 372.6 54.0 6.1 5.3 

 2 15 4.634 2.497 368.6 373.7 53.9 5.5 15.5 

 3 45 5.455 3.007 370.1 375.6 55.1 6.2 44.3 

 4 

20 

5 5.095 2.674 371.8 373.7 52.5 17.5 5.8 

 5 15 4.770 2.464 372.8 378.8 51.7 12.4 14.0 

 6 45 5.130 2.606 371.5 377.2 50.8 20.2 45.3 

 7 

50 

5 4.895 2.560 378.4 383.3 52.3 36.8 5.5 

 8 15 4.947 2.457 384.5 388.7 49.7 37.9 14.8 

 9 45 4.857 2.412 378.4 385.8 49.7 41.0 36.5 

 10 

410 

5 

5 5.334 2.690 409.5 411.0 50.4 5.0 6.3 

 11 15 5.442 2.654 410.6 412.6 48.8 6.1 16.0 

 12 45 4.546 2.192 409.2 414.4 48.2 7.5 41.3 

 13 

20 

5 5.254 2.634 409.9 414.0 50.1 13.7 5.0 

 14 15 5.164 2.420 411.7 417.5 46.9 19.9 14.5 

 15 45 4.902 2.314 410.4 416.9 47.2 19.6 43.5 

 16 

50 

5 5.336 2.501 429.1 432.5 46.9 39.1 4.8 

 17 15 5.343 2.445 418.5 423.3 45.8 33.2 16.3 

 18 45 4.561 2.078 421.5 427.9 45.6 41.0 42.0 

 19 

450 

5 

5 4.934 2.342 449.2 453.3 47.5 6.1 5.8 

 20 15 4.632 2.130 447.9 450.4 46.0 6.0 14.0 

 21 45 5.070 2.232 448.2 450.9 44.0 5.9 45.5 

 22 

20 

5 5.389 2.520 449.5 453.2 46.8 16.8 5.8 

 23 15 4.546 2.041 447.5 451.6 44.9 18.8 14.3 

 24 45 4.390 2.002 449.7 453.6 45.6 19.6 45.5 

 25 

50 

5 4.766 2.093 461.6 463.2 43.9 46.5 5.0 

 26 15 5.391 2.340 455.7 460.1 43.4 29.4 15.3 

 27 45 5.091 2.250 441.4 447.0 44.2 30.3 48.0 

C
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28 

410 20 15 

5.621 2.651 407.0 411.2 47.2 20.9 17.8 

29 5.102 2.370 413.7 418.3 46.5 24.0 15.0 

30 5.164 2.420 411.7 417.5 46.9 19.9 14.5 

31 5.075 2.411 411.4 416.8 47.5 18.4 14.8 

32 5.165 2.396 414.7 421.0 46.4 20.0 14.8 

33 4.954 2.320 417.4 423.5 46.8 18.8 14.5 

34 5.098 2.385 422.3 426.9 46.8 17.6 14.8 

35 5.304 2.431 413.2 416.4 45.8 17.4 14.5 

36 5.359 2.593 414.6 419.6 48.4 20.8 14.8 

37 5.166 2.441 408.5 411.2 47.3 18.3 15.3 

      Average 413.5 418.2 46.9 19.6 15.1 

      SD 4.4 4.9 0.7 2.0 1.0 

      RSE (%) 1.1 1.2 1.5 10.1 6.5 
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Table A.5 -  Data obtained from the elemental analysis of biochars made from fi l  rouge.  

  
Sample N (wt %) C (wt %) H (wt %) S (wt %) %O O/C H/C 

1 2.67 58.91 3.89 0.00 1.19 0.24 0.79 

2 2.75 59.03 3.51 0.00 1.19 0.24 0.71 

3 2.71 61.07 3.65 0.00 1.02 0.20 0.71 

4 2.71 60.26 3.80 0.00 1.09 0.22 0.75 

5 2.72 60.96 3.76 0.00 1.18 0.23 0.73 

6 2.61 62.72 3.80 0.00 0.89 0.17 0.72 

7 2.64 61.00 4.06 0.00 1.02 0.20 0.79 

8 2.61 59.78 3.56 0.00 1.09 0.22 0.71 

9 2.49 61.12 3.60 0.00 1.00 0.20 0.70 

10 2.72 61.28 3.42 0.00 0.98 0.19 0.66 

11 2.70 63.39 3.69 0.00 0.81 0.15 0.69 

12 2.61 60.63 3.19 0.00 1.02 0.20 0.63 

13 2.51 59.45 3.30 0.00 1.11 0.22 0.66 

14 2.83 62.68 3.28 0.00 0.86 0.16 0.62 

15 2.70 61.91 3.27 0.00 0.90 0.17 0.63 

16 2.40 61.41 3.31 0.00 0.95 0.19 0.64 

17 2.41 62.43 3.29 0.00 0.94 0.18 0.63 

18 2.55 61.49 2.97 0.00 0.93 0.18 0.58 

19 2.60 63.05 3.15 0.00 0.83 0.16 0.59 

20 2.58 61.50 2.76 0.00 0.94 0.18 0.53 

21 2.62 65.86 2.93 0.00 0.62 0.11 0.53 

22 2.70 62.30 2.98 0.00 0.87 0.17 0.57 

23 2.43 62.73 2.63 0.00 0.85 0.16 0.50 

24 2.47 61.92 2.66 0.00 0.88 0.17 0.51 

25 2.39 62.42 2.90 0.00 0.87 0.17 0.55 

26 2.33 62.32 2.82 0.00 0.87 0.17 0.54 

27 2.30 60.81 2.75 0.00 0.94 0.19 0.54 

28 2.46 60.48 3.32 0.00 1.03 0.21 0.65 

29 2.46 61.77 3.35 0.00 0.94 0.18 0.65 

30 2.83 62.68 3.28 0.00 0.86 0.16 0.62 

31 2.71 62.98 3.07 0.00 0.88 0.17 0.58 

32 2.41 62.66 3.17 0.00 0.89 0.17 0.60 

33 2.60 64.47 3.27 0.00 0.76 0.14 0.60 

34 2.61 64.60 3.59 0.00 0.71 0.13 0.66 

35 2.70 61.61 3.22 0.00 0.92 0.18 0.62 

36 2.58 63.18 3.46 0.00 0.82 0.16 0.65 

37 2.54 61.61 3.39 0.00 0.95 0.19 0.66 

Average 2.59 62.60 3.31 0.00 0.88 0.17 0.63 

SD 0.13 1.30 0.15 0.00 0.10 0.02 0.03 

RSE (%) 5.02 2.07 4.50 0.00 11.04 13.01 4.45 
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Table A.6 -  Data obtained from the elemental analysis of biochars made from fi l  rouge.  

Sample M(air-dry sample used) (g) - A M(sample 105ºC) (g) - B M(sample 950 ºC) (g) - C M(residue) (g) - D %Ash  %Moisture %Volatile matter FC (%) 

1 1.195 1.174 0.751 0.182 15.5 1.8 36.0 46.7 

2 0.804 0.794 0.550 0.124 15.6 1.2 30.7 52.4 

3 0.948 0.934 0.669 0.151 16.2 1.4 28.4 54.0 

4 1.223 1.209 0.835 0.191 15.8 1.1 30.9 52.1 

5 1.459 1.450 1.068 0.199 13.7 0.6 26.4 59.3 

6 0.575 0.571 0.401 0.095 16.6 0.7 29.7 52.9 

7 1.304 1.294 0.873 0.206 15.9 0.8 32.5 50.8 

8 1.323 1.315 0.922 0.220 16.7 0.6 29.9 52.8 

9 0.465 0.458 0.327 0.077 16.8 1.6 28.6 52.9 

10 1.533 1.529 1.120 0.257 16.8 0.3 26.7 56.2 

11 0.689 0.686 0.528 0.119 17.3 0.5 23.0 59.2 

12 1.186 1.168 0.900 0.202 17.3 1.5 23.0 58.2 

13 1.483 1.450 1.068 0.246 16.9 2.2 26.4 54.5 

14 1.420 1.403 1.047 0.245 17.5 1.2 25.3 55.9 

15 1.114 1.097 0.828 0.195 17.8 1.5 24.6 56.2 

16 1.043 1.034 0.778 0.182 17.7 0.9 24.7 56.8 

17 1.144 1.127 0.919 0.191 16.9 1.4 18.5 63.2 

18 0.906 0.891 0.686 0.161 18.1 1.6 23.0 57.4 

19 1.135 1.127 0.887 0.202 17.9 0.6 21.3 60.2 

20 0.960 0.942 0.753 0.170 18.1 1.8 20.0 60.0 

21 1.181 1.163 0.972 0.217 18.7 1.5 16.5 63.4 

22 1.112 1.095 0.857 0.198 18.1 1.6 21.7 58.6 

23 0.903 0.892 0.706 0.166 18.6 1.3 20.8 59.3 

24 1.018 1.007 0.799 0.190 18.9 1.0 20.7 59.4 

25 1.297 1.281 0.936 0.235 18.3 1.2 26.9 53.6 

26 0.497 0.481 0.374 0.090 18.6 3.1 22.3 56.0 

27 0.915 0.904 0.727 0.173 19.1 1.2 19.6 60.1 

28 1.270 1.245 0.915 0.214 17.2 2.0 26.5 54.4 

29 1.394 1.377 0.984 0.239 17.3 1.2 28.6 52.9 

30 1.420 1.403 1.047 0.245 17.5 1.2 25.3 55.9 

31 1.224 1.212 0.914 0.209 17.2 0.9 24.6 57.2 

32 1.129 1.119 0.852 0.196 17.5 0.9 23.9 57.7 

33 1.023 1.003 0.754 0.176 17.5 1.9 24.8 55.7 

34 0.596 0.594 0.453 0.106 17.9 0.3 23.8 57.9 

35 1.626 1.617 1.169 0.287 17.7 0.6 27.7 54.0 

36 1.747 1.741 1.341 0.309 17.7 0.3 23.0 59.0 

37 1.746 1.725 1.231 0.297 17.2 1.2 28.7 52.9 

    Average 17.5 1.1 25.7 55.8 

    SD 0.2 0.6 2.1 2.2 

    RSE (%) 1.4 54.5 8.0 3.9 
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Table A.7 - Data obtained from elemental analysis for both feedstocks. 

 

  

 N (wt %) C (wt %) H (wt %) S (wt %) %O O/C H/C 

Straw 0.45 45.09 5.36 0.00 46.69 0.78 1.42 

Fil Rouge 2.32 49.52 5.43 0.32 33.49 0.51 1.31 

 

 

 

Table A.8 - Data obtained from the proximate analysis for both feedstocks. 

 

 
M(air-dry sample 

used) (g) - A 
M(sample 

105ºC) (g) - B 
M(sample 950 

ºC) (g) - C 
M(residue) 

(g) - D 
Ash 
(%) 

Moisture 
(%) 

Volatile 
matter (%) 

FC 
(%) 

Straw 1.071 0.995 0.168 0.024 2.4 7.1 83.1 7.3 

Fil 
Rouge 1.022 0.947 0.396 0.085 8.9 7.3 58.2 25.6 

 


