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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.  
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1. Introduction 

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 CO2 

emissions. 

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 fossil 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’ [1]. 

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), which 

enhanced soil fertility and crop yields in comparison with the 

surrounding infertile tropical soils  [2]. 

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 [3]. 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 CO2, 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 [4] [5][6]. 

There are several types of processes for the thermochemical 

conversion of biomass that play a vital role in biomass conversion 

with the aim to produce biochar, including torrefaction and 

pyrolysis. Fast pyrolysis is characterized by fast heating rates that 

lead to a rapid removal of the condensable vapors and a 

temperature range of 450-550°C that maximizes bio-oil production. 

Contrarily to fast pyrolysis, slow pyrolysis is used to maximize char 

yield (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 
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devolatilization takes place due to the lower temperatures 

employed (200°C to 300 °C). 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 best method [7]. 

Feedstock is the term usually used for the type of biomass that is 

pyrolysed and turned into biochar. Although a lot of feedstocks can 

be used, biomass with a high lignin content produces some of the 

highest biochar yields, given the stability of lignin to thermal 

degradation, since it is preferentially converted to solid char 

instead of liquids or vapors [8]. 

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 

[9] [10] [11] while the high yields obtained with low temperatures 

are due to partially pyrolysed materials [12]. 

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

temperatures but also with low heating rates and residence times. 

High heating rates and residence times result in a greater amount 

of volatile matter that is released during the pyrolysis reaction 

which consequently decreases yield [13] [14]. 

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. 

Surface area is one of the most important biochar properties as a 

greater surface area means a greater adsorption capacity 

improving soil quality [15]. 

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. The H/C ratio, 

which should not be higher than 0.7, stands out from these 

guidelines since it is a measure of the stability of biochar in soil. 

The aim of this work is to determine what are the effects that slow 

pyrolysis parameters have on biochar properties. Then, taking into 

consideration the guidelines proposed by EBF and IBI for a 

commercial utilization of biochar, and that the yield of the product 

should not be compromised, an analysis of the operatory 

conditions will be made to determine what are the most suitable 

for the production of biochar for each one of the feedstock types 

used. 

 

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 supply 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 (TOVEN), other recorded the 

temperature of the internal wall of the reactor (TREACTOR) and the 

last one was placed in the middle of the packed-bed reactor (TBED) 

 

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 fil rouge. Straw was commercially acquired from Aveve 

(Belgium), which was dried overnight in an oven at 105°C, 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 rotation poplar wood, which has sequentially 

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 anaerobic digestion. The resulting 

Figure 2.1 - Fully assembled mini-reactor. 
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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. The small reactor was then placed 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 2.2.  

For the thermal parametrization, the following definitions were 

used: 

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⌉
 3  

 

After this, the reaction was stopped by cooling down the reactor 

putting it inside a cold bath of water, maintaining the nitrogen flow 

rate, until it reached the room temperature.  

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,  volatile matter and fixed carbon composition) analyses with 

the aim of getting its chemical composition. Biochar yield was 

calculated in a dry basis as follows: 

 

Three Tpy, HR and RT were tested (Table 2.1). A combination of 

these three process conditions was made with each one of the 

feedstocks referred previously. 

 

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

Variable Variants 

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 [16].  

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 

whereas oxygen composition was deducted by difference through 

equation 5. 

2.5 Statistical Analysis 

To assess the reproducibility of these experiments, an experiment 

with the central studied parameters (HR=20 ⁰C min-1; Tpy=410⁰C; 

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). 

3. Results and discussion 

3.1 Composition of straw and fil rouge 

Proximate and elemental analysis 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 %). 

  a As received basis 
  b Moisture free basis 
  c By difference 
 

Table 3.2 - Elemental 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 fil rouge (wt %) 

  a As received basis 
  b Moisture free basis 
  c By difference 

Ybiochar(% d. b. ) =  
mbiochar

mfeedstock (dried)

× 100 1 

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. ) 
5 

Moisturea 7.1 
Volatile Matterb 83.1 

Ashb 2.4 
Fixed Carbonb,c 7.3 

Moisturea 7.3 
Volatile Matterb 58.2 

Ashb 8.9 
Fixed Carbonb,c 25.6 

Figure 2.2 - Temperature profile of an experiment using fil rouge as 
feedstock (Red - TOVEN; Green - TREACTOR; Blue - TBED). Tpk= 377.1 °C; Tpy= 

372.3 °C; HR= 5.2 °C/min; RT= 46.8 min). 
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Table 3.4 - Elemental analysis of fil rouge (wt %). 

C 49.5 
H 5.4 
N 2.3 
S 0.3 

Oa 33.5 

       a By difference 

 

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 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 cellulose 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 compared to the straw. 

Concerning the elemental analysis, the C and O 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 C and less O compared to 

hemicellulose and cellulose. The N 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 S 

percentage was also detectable in fil rouge material which probably 

remained from the bisulfite 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 straw and fil rouge, 

respectively. 

 

 

 

Table 3.5 - Descriptive statistics of pyrolysis parameters and consequent biochar 

characteristics in the reproducibility of experiments using straw as feedstock (SS=10). 

 Production Parameters  Yield and Chemical Biochar Properties 
 

 
Tpy 

(°C) 

HR 

(°C/min) 

RT 

(min) 

Yb 

(%) 

C 

(%) 
H/C 

Ash 

(%) 

VM 

(%) 

FC 

(%) 

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 statistics of pyrolysis parameters and consequent biochar 
characteristics in the reproducibility of experiments using fil rouge as feedstock 

(SS=10). 
 Production Parameters Yield and Chemical Biochar Properties 

 
Tpy 

(°C) 

HR 

(°C/min) 

RT 

(min) 

Yb 

(%) 

C 

(%) 
H/C 

Ash 

(%) 

VM 

(%) 

FC 

(%) 

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. 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 EBC, 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% [17]. Thus, it can be concluded that the experiments 

are pretty reproducible. 

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. 

 

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 

and residence time on biochar yield using straw and fil rouge as 

feedstock, respectively. From both, straw is the one with the lowest 

range of biochar yields, which was expected since it is the feedstock 
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with the highest volatile matter content. Fil rouge is a feedstock rich 

in lignin which was already reported in the literature as a 

characteristic that leads to biochars with high yields [8]. The yields 

obtained for straw and fil rouge  are in the accordance with the 

ones found in the literature [7][18][19] taking into account the 

range of the temperatures achieved in this work. The effect that the 

heating rate has on biochar yield can be seen making a comparison 

between the three graphs (maintaining fixed temperature and 

residence times). 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 it suffers a bigger variation in comparison with 

the experiments that were made with higher temperatures. This 

observation corroborates the work of Angin (2013) that found that 

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

temperatures. Making a comparison between the residence times 

used (for a constant temperature and heating rate), it can be seen 

that as the residenc  e time increases, the biochar yield decreases. 

This effect was also already expected since with increasing 

residence times, the reaction is longer and more volatiles are 

released.  

 

 

 

 

3.3.2 Proximate Analysis 

 

3.3.2.1 Volatile Matter 

 

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 fil rouge (Figure 3.4). 

Concerning the effect of the temperature on the volatile matter of 

the resultant biochars from both feedstocks, can be concluded that 

it decreases as the pyrolysis temperature increases. Besides the 

great difference seen in the volatile 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 bar, a higher residence time leads to a biochar 

with a lower VM content while the influence of HR not clearly 

evident because only a slightly (or sometimes no) decrease,   on the 

VM content is seen while maintaining the same temperature and 

residence time when the HR increased.  

 

3.3.2.2 Ash Content 

As pyrolysis temperature and residence time increase, the ash 

content of the produced biochars generally increases (Figures 3.5 

and 3.6). This observation is predictable since ash remains in the 

Figure 3.1 - Effect of pyrolysis temperature and residence time on biochar 
yield (Yb) using straw as feedstock for three different heating rates (5, 20 

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

Figure 3.2 - Effect of pyrolysis temperature and residence time on biochar 
yield (Yb) using fil rouge as feedstock for three different heating rates (5, 20 

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

Figure 3.3 - Effect of pyrolysis temperature and residence time on volatile 
matter (VM wt. %) using straw as feedstock for three different heating rates (5, 

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

Figure 3.4 - Effect of pyrolysis temperature and residence time on volatile 
matter (VM wt. %) using fil rouge as feedstock for three different heating rates 

(5, 20 and 50 °C/min, from the left to the right). 
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solid fraction while the organic matter volatilizes in a greater 

quantity as these parameters increase. Biochars made from fil 

rouge have bigger ash contents (16-19 wt. %) than biochars made 

from straw (6-10 wt. %). This was already expected taking into 

account the values of the ash content of both initial feedstocks.  

3.3.1.3 Fixed Carbon 

 

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

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 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 [7].  

 

 

 

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 % d.b.) 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 between 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 [7], feedstocks with relatively high ash contents 

have the tendency to produce biochars with lower C contents. This 

effect can also be seen in this work when comparing the results 

obtained with the two different feedstocks: fil rouge feedstock had 

a higher 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 

Figure 3.6 - Effect of pyrolysis temperature and residence time on ash content (wt. 
%) using fil rouge as feedstock for three different heating rates (5, 20 and 50 

°C/min, from the left to the right). 

Figure 3.5 - Effect of pyrolysis temperature and residence time on ash content 
(wt. %) using straw as feedstock for three different heating rates (5, 20 and 50 

°C/min, from the left to the right). 

Figure 3.7 - Effect of pyrolysis temperature and residence time on fixed carbon 
content (wt. %) using straw as feedstock for three different heating rates (5, 20 

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

Figure 3.8 - Effect of pyrolysis temperature and residence time on fixed carbon 
content (wt. %) using fil rouge as feedstock for three different heating rates (5, 20 

and 50 °C/min, from the left to the right). 
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the greater initial organic matter present in straw which was 

partially volatilized during the reaction. 

 

3.3.3.2 H/C  

 

As found in the literature, as the severity of pyrolysis increases, 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, volatile with a greater facility 

leading to a consequent reduction of the H/C ratio. This effect was 

seen in both feedstocks used (Figures 3.11 and 3.12).The effect that 

temperature had on this ratio is clear since it evidently reduces 

when the feedstock is pyrolysed at a higher temperature. Regarding 

the residence time, when a longer one was tested, it resulted 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 the same 

temperature and residence time, there are no great differences 

between the three heating rates used. One thing that can be 

noticed is that when determined temperature, HR and RT 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 [21]. 

3.3.3.3 Van Krevelen diagrams  

 

According to the IBI and EBC, H/C and O/C ratios are important for 

biochar certification as stability indicators (H/C and O/C should be 

inferior to 0.7 and 0.4, respectively). To explore these guidelines, 

the data from the biochars produced from both feedstocks, 

separated by the target pyrolysis temperature, were plotted in a 

known Van Krevelen diagram (H/C vs. O/C). 

As can be seen in Figure 3.13 and Figure 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 

feedstock values, that have an increasing tendency to lie in the 

lower left-side corner of the graph. 

From these graphs, and is valid for both feedstocks, is noticeable 

that, besides they meet the O/C limit, none of the biochars 

produced with the aim pyrolysis temperature of 370°C achieved the 

H/C threshold proposed. 

Although straw and fil rouge had 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 

temperatures than with the feedstock used. 

Figure 3.11 - Effect of pyrolysis temperature and residence time H/C ratio using fil 
rouge as feedstock for three different heating rates (5, 20 and 50 °C/min, from the 

left to the right). 

Figure 3.12 - Effect of pyrolysis temperature and residence time H/C ratio using 
straw as feedstock for three different heating rates (5, 20 and 50 °C/min, from the 

left to the right). 

Figure 3.9 - Effect of pyrolysis temperature and residence time on carbon 
content (wt. %) using straw as feedstock for 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 carbon 
content (wt. %) using fil rouge as feedstock for three different heating rates (5, 

20 and 50 °C/min, from the left to the right). 
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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). Biochars produced at the lowest pyrolysis 

temperature (370°C) achieved higher yields but are not suitable to 

be applied in soils because none of them fulfilled the H/C stability 

parameter while biochars produced with the aim temperature of 

410°C and 450°C generally satisfy those stability parameters. 

Biochars made from both feedstocks that were produced at 450°C 

are within the limits stablished but have a greater yield 

penalization. For biochars produced from straw at 410°C, low 

residence times had good results in terms of stability for the three 

heating rates tested. Regarding biochars produced from fil rouge, 

the same type of observations can be made. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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, modelling 

can be a useful tool. In this work, general linear models for Yb (%) 

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 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 combination 

were included in the model and then, one by one, the value with 

the lowest significance value (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. 

 

Figure 3.13 - Van Krevelen diagram for biochars produced from 
straw. 

 

Figure 3.14 - Van Krevelen diagram for biochars produced from fil 
rouge. 

 

F igur e 3 .16  -  3D  gra ph  (Y b ( %)  vs  H/C vs  O/C)  for  
b iochars  ma de f ro m f i l  ro ug e a nd pr o jec t io n  of  the  

da ta  po i nts  o n  the  p la n Z= 0.  

F igur e 3 .15  -  3D  gra ph  (Y b ( %)  vs  H/C vs  O/C)  for  
b iochars  ma de f ro m s t ra w and  pro ject io n of  the  

da ta  po i nts  i n  the  pla n  Z =0.  
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3.5.1 Biochar yield modelling 

 

The obtained models for biochar yield are shown in equations 4 and 

5 for biochars produced from straw and fil rouge, respectively. For 

the first one a R2 of 0.929 was obtained and, for the second one, 

this parameter had a value of 0.896. Due to the fact that both are 

close to 1, can be concluded that both describe quite well the data 

used to construct them. The temperature seems to be the most 

important parameter for these models since the single factor 

appear in both. A double interaction of parameters can also be 

important for the determination of biochar yield since this relation 

was statistically significant to be comprised in these models. 

 

Yb (%) = 88.233 − 0.095Tpy(°C) −  0.002HR(°C/min)

× RT(min) 

5 

 

To have the perception if these models are accurate enough, the 

standardized residuals for the predicted values of the biochar yield 

were plotted against the predicted values. As can be observed in 

Figure 3.17, 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 they have a normal 

distribution.  

 

 

 

 

 

 

 

3.5.2 H/C modelling  

This time for H/C ratio, models for straw (equation 6) with a R2 of 

0.952 and for fil rouge (equation 7), with a R2 of 0.926, feedstocks 

were obtained. Once more, both describe satisfactorily the data 

used to construct them. The effect that Tpy as a single factor has 

on the resultant H/C seems to be most significant. However, HR 

looks to have no influence on this parameter because it is not 

comprised in any of the models. 

 

H/C = 1.697 − 0.002Tpy(℃) − 0.001RT(℃/min) 6 

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

× RT(min) 
7 

 

The standardized residuals for the predicted values of the H/C ratio 

were plotted once again against the predicted values. Equally from 

what happened for Yb models, the standard residuals look 

symmetrically distributed along the middle of the plot, 

corroborating the linearity of these models. 

4. Conclusions 

The results of this work corroborates 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 parameters for some of 

the biochar chemical properties. This could have been caused by 

the manual manipulation of the reactor temperature in the 

production experiments. As the pyrolysis progressed, more 

volatiles were released, which were mostly composed by H and O, 

which consequently resulted in a decreasing biochar yield. 

However, the C content increased as well as the ash, since this 

latter remains almost in its totality in the solid product of the 

reaction. 

Lower temperatures lead to incomplete charred materials while 

higher temperatures produce biochars with penalized yields. With 

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 ratio lower than 0.7) 

without compromising the yield. The best results, with this 

temperature, were found while using low RT and 5°C/min of HR. 

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 also because of 

the increasing thermal energy required when lower heating rates 

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 

Yb(%) = 89.290 − 0.131Tpy (°C) − 0.622HR(°C/min)
− 0.587RT(min) − 0.001Tpy (°C) × HR
−  0.001Tpy (°C) × RT 

4 

  

Figure 3.17 - Standardized residuals for Yb vs. predicted values for Yb for straw 
(on the left) and fil rouge feedstocks (on the right) 

Figure 3.18 - Standardized residuals for H/C vs. predicted values for H/C for straw (on 
the left) and fil rouge (on the right) feedstocks. 
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rate only appeared in one of them to be significant. A double 

interaction of these three factors can also be important since they 

were significant for some models. The biochar models are quite 

representative of the data and besides they are far from being 

perfect, they can still give an idea about what are the pyrolysis 

conditions that we should care most 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 2nd 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 and higher ash contents which can be useful in acidic 

soils. Besides that, its carbon content was not that lower in 

comparison with the straw feedstock. 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 a suitable feedstock if acquired as waste from grain 

(wheat, 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. 

 

5. References 

 

[1] IBI, “The Guidelines for Specifications of Biochars for Use in 
Soils provide a standardized definition of,” Int. Biochar Initiave, 
no. January, pp. 1–37, 2012. 

[2] N. J. H. Smith, “Capacity in Amazonia *,” Development, vol. 70, 
no. 4, 1980. 

[3] E. W. Bruun, Risø-PhD-Report, vol. 78, no. May. 2011. 
[4] R. W. Nachenius, Chemical Engineering for Renewables 

Conversion, 1st ed., vol. 42. Elsevier Inc., 2013. 
[5] S. Schimmelpfennig and B. Glaser, “One Step Forward toward 

Characterization: Some Important Material Properties to 
Distinguish Biochars,” J. Environ. Qual., vol. 41, no. 4, p. 1001, 
2012. 

[6] J. Lehmann, J. Gaunt, and M. Rondon, “Bio-char sequestration 
in terrestrial ecosystems - A review,” Mitig. Adapt. Strateg. 
Glob. Chang., vol. 11, no. 2, pp. 403–427, 2006. 

[7] J. H. Windeatt, A. B. Ross, P. T. Williams, P. M. Forster, M. A. 
Nahil, and S. Singh, “Characteristics of biochars from crop 
residues : Potential for carbon sequestration and soil 
amendment,” vol. 146, pp. 189–197, 2014. 

[8] A. Demirbas, “Effects of temperature and particle size on bio-
char yield from pyrolysis of agricultural residues,” J. Anal. Appl. 
Pyrolysis, vol. 72, no. 2, pp. 243–248, 2004. 

[9] M. K. Hossain, V. Strezov Vladimir, K. Y. Chan, A. Ziolkowski, and 
P. F. Nelson, “Influence of pyrolysis temperature on production 
and nutrient properties of wastewater sludge biochar,” J. 
Environ. Manage., vol. 92, no. 1, pp. 223–228, 2011. 

[10]Y. Sun, B. Gao, Y. Yao, J. Fang, M. Zhang, Y. Zhou, H. Chen, and 
L. Yang, “Effects of feedstock type, production method, and 
pyrolysis temperature on biochar and hydrochar properties,” 
Chem. Eng. J., vol. 240, pp. 574–578, 2014. 

[11]T. Mimmo, P. Panzacchi, M. Baratieri, C. a. Davies, and G. 
Tonon, “Effect of pyrolysis temperature on miscanthus 
(Miscanthus × giganteus) biochar physical, chemical and 
functional properties,” Biomass and Bioenergy, vol. 62, no. 0, 
pp. 149–157, 2014. 

[12]D. Angın, E. Altintig, and T. E. Köse, “Influence of process 
parameters on the surface and chemical properties of activated 
carbon obtained from biochar by chemical activation.,” 
Bioresour. Technol., vol. 148, pp. 542–9, 2013 

[13]A. C. Lua, T. Yang, and J. Guo, “Effects of pyrolysis conditions on 
the properties of activated carbons prepared from pistachio-
nut shells,” J. Anal. Appl. Pyrolysis, vol. 72, no. 2, pp. 279–287, 
2004. 

[14]M. J. Antal and M. Grønli, “The Art, Science, and Technology of 
Charcoal Production,” Ind. Eng. Chem. Res., vol. 42, pp. 1619–
1640, 2003. 

[15]J. A. Alburquerque, M. E. Sánchez, M. Mora, and V. Barrón, 
“Slow pyrolysis of relevant biomasses in the Mediterranean 
basin. Part 2. Char characterisation for carbon sequestration 
and agricultural uses,” J. Clean. Prod., pp. 1–7, 2014. 

[16]ASTM, “Standard Test Method for Chemical Analysis of Wood 
Charcoal.,” ASTM Int., vol. 84, no. Reapproved 2007, pp. 1–2, 
2011. 

[17]EBC, “Guidelines for a sustainable production of biochar,” no. 
April, pp. 1–21, 2013. 

[18]K. H. Kim, J. Y. Kim, T. S. Cho, and J. W. Choi, “Influence of 
pyrolysis temperature on physicochemical properties of 
biochar obtained from the fast pyrolysis of pitch pine (Pinus 
rigida),” Bioresour. Technol., vol. 118, pp. 158–162, 2012. 

[19]M. Coma, F. Ronsse, W. Soetaert, W. Verstraete, and K. Rabaey, 
“Products recovery from lignocellulose-based biomass for 
carbon-negative bio-based economy,” 2015. 

[20]D. Angin, “Effect of pyrolysis temperature and heating rate on 
biochar obtained from pyrolysis of safflower seed press cake,” 
Bioresour. Technol., vol. 128, pp. 593–597, 2013. 

[21]F. N. D. Mukome, X. Zhang, L. C. R. Silva, J. Six, and S. J. Parikh, 
“Use of chemical and physical characteristics to investigate 
trends in biochar feedstocks,” J. Agric. Food Chem., vol. 61, no. 
9, pp. 2196–2204, 2013.  

 


