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ABSTRACT Pyrolysis and the valorisation of the resulting co-products (bio-oil and biochar) is 

expected to be a sustainable management solution for agricultural and forest residues. Bio-oil can 
substitute fossil fuel oil in heating applications. Biochar can be used as a soil amendment while 
mitigating climate change, because it is expected to reduce soil greenhouse gas emissions and to 
sequester carbon. However, products yields and properties are highly influenced by biomass 
feedstock and pyrolysis operational parameters. The goal of this study was to evaluate the 
influence of pyrolysis operational parameters (temperature, solid residence time and nitrogen 
flowrate) on products yields and bio-oil properties (water content, pH and solids content). Pyrolysis 
of wood, switchgrass and the solid fraction of pig manure (SFPM) was carried out in a vertical 
auger reactor. A Box-Behnken design, requiring 15 pyrolysis tests for each biomass feedstock, was 
implemented for fitting second-order response surface models. It was then possible to identify the 
optimal pyrolysis operational parameters needed to produce bio-oil with the lowest water content, 
which is desired for combustion. The predicting models showed that high yields of bio-oil (55.4% 
and 57.9%) with low water contents (36.4% and 32.6%) can be obtained from switchgrass and 
wood, respectively, if proper pyrolysis parameters are selected. The minimum bio-oil water content 
obtained from the pyrolysis of SFPM was much higher, at 70.3%. The addition of plastic as an 
adjuvant to biomass and the treatment of bio-oil to remove water could be considered as solutions 
to further improve bio-oil quality.  
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INTRODUCTION The agricultural sector is responsible for about 7.9% of total greenhouse gas 

(GHG) emissions in the province of Quebec (Canada). In 2014, a new report published by the 
Intergovernmental Panel on Climate Change (IPCC, 2014) showed that "global emissions of GHG 
have risen to unprecedented levels despite the growing number of policies aiming to reduce climate 
change". GHG emissions would need to be lowered by 40 to 70% compared to 2010 values by 
mid-century, and to near-zero by the end of the century, to limit the increase in global mean 
temperature to two degrees Celsius (IPCC, 2014).  

Pyrolysis of biomass is proposed as a strategy to mitigate climate change. It can be defined as a 
thermochemical conversion of biomass occurring at high temperature (350 to 700 °C) and without 
oxygen, producing a solid biochar, a liquid bio-oil, and non-condensable gases. Biochar is expected 
to sequester carbon for long periods of time (over a century) and reduce GHG emissions when it is 
applied to soil. Bio-oil has a gross calorific value that can reach 18 MJ/kg and could be used to 
replace fossil fuel oil. However, bio-oil characteristics could be a barrier for use as a fuel in heating 
appliances. For example, high water content in bio-oil lowers the heating value, low pH causes 
corrosion and high solids content can block filters and injectors. Thus modifications of the burner or 
a treatment for upgrading the bio-oil could be necessary. Because products yields and 
characteristics depend on biomass feedstock as well as pyrolysis operational parameters, it is 
important to select the appropriate pyrolysis operational parameters in order to produce a bio-oil 
requiring minimal upgrading treatments to replace fossil fuel oil in heating appliances with few 
modifications to the equipment.   

The first objective of this research study was to evaluate the influence of pyrolysis operational 
parameters (temperature, solid residence time and nitrogen flowrate) on products yields and on the 
most important properties of bio-oil (water content, pH and solids content). The second objective 
was to identify the optimal pyrolysis operational conditions in order to produce a bio-oil with the best 
potential to substitute fossil fuel oil in heating applications (i.e. with the lowest water content, the 
lowest solid content and the highest pH). The quality of produced bio-oils has been evaluated, 
based on the ASTM D7544-12 standard, which covers pyrolysis liquid biofuel intended for use in 
industrial burners. 

METHODOLOGY 

Experimental setup A vertical auger pyrolysis reactor (Patent CA 2830968) was developed by 

the Research and development institute for the agri-environment (IRDA) in collaboration with the 
Centre de recherche industriel du Québec (CRIQ). The pyrolysis unit was installed at the research 
facility on bioenergy of IRDA (Deschambault, QC, Canada). The pyrolysis unit (figure 1) includes a 
hopper, a horizontal feed screw, a vertical screw passing through a 25.4 cm long heater block, a 
canister for the biochar recovery, and a condensation system.  

The feedstock is put in the hopper and feed the vertical auger reactor by the horizontal feed screw 
in a 2.54 cm diameter steel tube. The screws rotation speed can be controlled separately by two 
gear motors thus controlling the biomass flow rate. An agitator was installed and fixed at the hopper 
lid in order to facilitate and ensure the supply to the horizontal screw when using materials with low 
density. Then, the feedstock is transported through the 25.4 cm long reactor within the vertical 
screw. The feedstock residence time in the reactor is set by controlling the speed of the vertical 
screw. Thermal power is supplied by two heating elements of 1 500 Watts inserted in a copper 
block around the tube in the reaction zone. Three thermocouples are inserted in the cooper block 
and register the outside tube temperature: one in the middle that is used to control the heating 
elements, and one at each extremity.  

At the exit of the vertical screw, the solid product of the pyrolysis (char) falls into the canister 
(31.4 cm high and 16.8 cm diameter). A pot (15.2 cm long) is placed in the canister in order to 
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recover the accumulated char. The access to the canister is made by a flange at the bottom. 
Moreover, the fine particles are separated from the gas by an inner baffle (10.2 cm diameter and 
10.5 cm long) placed at the exit of the vertical screw. The gas is then evacuated by an opening in 
the upper part of the canister and is directed to the condensation system. The latter consists of a 
two stage water cooled tube and shell made of stainless steel. When the gas passes through the 
first condensation tube (45.7 cm long, 38.1 mm inner diameter, and 63.5 mm outer diameter), the 
condensate is accumulated at the bottom in a 76.2 mm diameter steel tube where the gas 
circulates and pass to the second condensation tube. Water circulates counter flow to the gas in 
each condenser. Tap water at room temperature (15 to 19 °C) circulates in the first condenser and 
ice chilled water (3 to 4 °C) circulates in the second condenser. The temperature of water is 
measured at the inlet and outlet of each condenser.  

The pyrolysis unit is tight fit in order to prevent entry of oxygen in the system. Every flange is 
tightened with high temperature graphite gaskets (150 psi). For each reaction, the air into the 
system is purged with nitrogen which is injected from the hopper. While the nitrogen flow ensures 
that the pyrolysis reaction occurs in a non-oxygen environment, it also helps to evacuate the 
pyrolysis gas.  

 

Figure 1. Schematic view of the pyrolysis unit 
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Biomass selection Wood pellets made from a mixture of Black Spruce and Jack Pine, the solid 

fraction of pig manure (SFPM) and switchgrass were selected for this study. All biomasses were 
grinded and sieved to a particle size of 1 to 3.8 mm prior to pyrolysis. Chemical properties of 
biomasses (proximate and ultimate analysis) were measured in laboratory. Elemental composition 
was achieved by using method EPA-3050. C and N content of biomass were evaluated by 
combustion and gravimetric methods and Cl content by silver nitrate titration at the IRDA laboratory 
(Quebec, Canada). Physical properties of biomasses including ash content, gross calorific value 
and humidity content were determined in laboratory according to the respective ASTM standards. 
Cellulose, hemicellulose and lignin were analysed according to the AFNOR method.  

Experimental design  Pyrolysis tests with the vertical auger reactor were carried out in order to 

study the influence of operational parameters on products yields and bio-oil characteristics. 
Temperature, solid residence time and N2 flowrate were selected as independent variables. First of 
all, a review of the literature and preliminary tests were done in order to identify the range of 
operational conditions needed to obtain high yields of bio-oil in the auger pyrolysis reactor with 
each of the three selected biomasses. For the three biomasses, the N2 flowrate would be between 
1 and 5 L min-1 and the solid residence time between 60 and 120 seconds. The optimal range of 
pyrolysis temperature for wood and SFPM was found between 500 and 650 °C, as the range of 
temperatures for switchgrass was between 450 and 600 °C. 

Then, the final tests were carried out to study the effect of the three independent variables on three 
responses (water content, pyrolysis solids content and pH). The experimental design was based on 
the response surface methodology (RSM), which is a collection of statistical and mathematical 
techniques for developing, improving, and optimizing processes (Myers et al., 2009). RSM is useful 
to illustrate the relationship between the response variables (dependent variables) and the process 
variables (independent variables). It was recently used to find optimal pyrolysis parameters to 
produce highest yields of bio-oil (Oramahi et al., 2015; Kumar and Singh, 2013; Brown and 
Brown, 2012; Abnisa et al., 2011).  

The Box-Behnken design was selected for collecting data. For a three factor experiment, this 
incomplete factorial design requires three evenly spaced levels for each factor, coded -1, 0 and +1 
(see Table 1). Two variables (-1 and +1 levels) are paired together in and 22 factorial, while the third 
factor remains fixed at the center (level 0; Table 1). A total of 15 experiments ran in random order 
are necessary, including three repetition of an experiment with the three independent variables 
fixed at their central point. A Box-Behnken design was carried out for each of the three biomasses, 
for a total of 45 experiments.  

Table 1. Box-Behnken design: list of independent variables and levels. 

Independent variables Biomasses 
Levels 

-1  0 (center) +1  

Temperature (C) 

Wood 500 575 650 

SFPM  500 575 650 

Switchgrass 450 525 600 
Solid residence time (s) Each biomass 60 90 120 
N2 flowrate (L min

-1
) Each biomass 1 3 5 

Products yields and analysis Bio-oil (Eq. 1) and biochar (Eq. 2) yields were calculated on a 

wet biomass basis, non-condensable gas (Eq.3) yield was calculated by difference and liquid 
organic yield was calculated by subtracting water content from bio-oil yield according to the 
following equations:  

 𝑌𝑖𝑒𝑙𝑑𝑏𝑖𝑜−𝑜𝑖𝑙(𝑤𝑡. %) =
𝑚𝐵1+𝑚𝐵2

𝑚𝑓
× 100                       (1) 
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𝑌𝑖𝑒𝑙𝑑𝑏𝑖𝑜𝑐ℎ𝑎𝑟 (𝑤𝑡. %) =
𝑚𝐵𝑖𝑜𝑐ℎ𝑎𝑟

𝑚𝑓
× 100                         (2) 

𝑌𝑖𝑒𝑙𝑑𝑔𝑎𝑠(𝑤𝑡. %) =
𝑚𝑓−𝑚𝐵𝑖𝑜𝑐ℎ𝑎𝑟−𝑚𝐵1−𝑚𝐵2

𝑚𝑓
× 100           (3) 

 𝑌𝑖𝑒𝑙𝑑𝑙𝑖𝑞𝑢𝑖𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠(𝑤𝑡. %) =
100−𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡

100×𝑦𝑖𝑒𝑙𝑑 𝑏𝑖𝑜−𝑜𝑖𝑙
   (4) 

Where mB1 is the mass of bio-oil produced in the first condenser (g), mB2 is the mass of bio-oil 
produced in the second condenser (g), mbiochar is the mass of biochar collected in the canister (g), mf 
is the mass of feedstock pyrolysed (g) and water content is the water content of bio-oil (wt.%).  

Bio-oil samples were analysed at the laboratory of the Centre de recherche industrielle du Québec 
(CRIQ) for water content (Karl-Fisher method), pyrolysis solids content by filtration of solids in 
methanol (ASTM D7579) and pH. Results have been compared with the standard specifications for 
pyrolysis liquid biofuel (ASTM D7544 12) (ASTM, 2012). A maximum water content of 30% and a 
maximum pyrolysis solids content of 2.5% are specified.  

Statistical analysis The effect of pyrolysis operational parameters on liquid organics yield and 

on three important indicators of bio-oil quality (water content, pH and solids content) was studied. 
The objective was to identify the optimal pyrolysis operational conditions in order to produce a bio-
oil with the least water content, the least solid content and the highest pH. The method of least 
squares from the RSREG procedure of SAS (SAS Institute inc., 2012) was used to estimate the 
parameters of the quadratic response surface regression model (Eq. 4) fitted to the experimental 
data obtained from the Box-Behnken design:  

   2

987

2

65

2

43210 )*()*()*( NRNTNRTRTNRTY         (4)  

where Y is the studied response variable (water content, solids content or pH),  0,…  9 are the 

regression coefficients to be estimated, T, R and N are the values of the independent variables 
(temperature, solid residence time and N2 flowrate, respectively) and Ɛ is the random error term. A 
lack of fit test was performed to check the adequacy of the model.  

Then, the canonical analysis (SAS Institute inc., 2012) was used to determine the nature of the 
stationary point (or the point on the surface where the partial derivatives are equal to zero) which 
can be a point of maximum response, a point of minimum response, or a saddle point. In the case 
of a saddle point, the RIDGE statement (SAS Institute inc., 2012) was used to indicate the direction 
in which further experimentation should be performed to produce the fastest decrease or increase in the 
estimated response, starting at the stationary point.   

RESULTS AND DISCUSSION 

Analysis of biomass The results of the biomasses characterization (Table 2) showed that the 

three biomasses are very different. Carbon content of wood was the highest at 47.1% and the 
lowest for SFPM (40.5%). This is inversely proportional to the ash content, which was the highest 
for the SFPM (8.8%) and the lowest for wood (0.54%). SFPM had high N and Cl contents (2.26% 
and 3 609 mg kg-1, respectively) when compared to wood and switchgrass. O content was low for 
SFPM (28.2%) as compared to wood (40%) and switchgrass (42.5%). H content ranged from 
3.23% (switchgrass) to 6.38% (wood). All biomasses had low water content (between 6.5 and 8%).  

The proportion of cellulose, hemicellulose and lignin in biomass will influence the degree of 
reactivity and, hence, the degree to which the physical structure is modified during processing 
(Lehmann and Joseph, 2009). Hemicellulose and cellulose, which produce more volatile during 
thermal degradation (Yang et al., 2007), are degraded at 200-300 and 300-400 °C, respectively, 
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and lignin is degraded between 200-700 °C, representing a wide range in temperatures (Kim et al., 
2012). From the results of the analysis of the chemical constituents of biomasses, wood could 
necessitate the highest temperature to decompose because it has the highest lignin content (24%), 
as compared to the lignin content of SFPM and switchgrass (12.9% and 11.2%, respectively). 
Hemicellulose contents of wood and switchgrass were similar (29.9% and 30.1%, respectively) and 
higher than SFPM (22%). Cellulose content of switchgrass is the highest (42.9%) as compared to 
wood (30.4%) and SFPM (11.9%).  

Table 2. Biomasses properties  

 
Unit Wood SFPM Switchgrass  

Ctot wt% 47.1 40.5 43.5 

N  wt% 0.108 2.26 0.624 

O  wt.% 40.0 28.2 42.5 

H  wt.% 6.39 5.85 3.23 

Cl  mg kg-1 
10 3609 28 

Volatile matter wt.% 99.6 91.2 96.0 

Ash  d.b.% 0.54 8.8 3.65 

Water content  wt.% 6.5 8.0 7.2 

Lignin  wt.% 24.0 12.9 11.2 

Cellulose  wt.% 30.4 11.9 42.9 

Hemicellulose wt.% 29.9 22.0 30.1 

Analysis of products yields and characteristcs The results of the pyrolysis tests carried out 

following the Box-Behnken design are presented on Table 2 (SFPM pyrolysis), Table 3 (wood 
pyrolysis) and Table 4 (switchgrass pyrolysis). Products yields and bio-oil properties (water content, 
pyrolysis solids content and pH) are listed for each pyrolysis parameters combination. Bio-oil yield 
is very variable, depending on pyrolysis condition and biomass feedstock. It ranged from 38.6 to 
45.7% for the pyrolysis of SFPM, from 48.6% to 63.6% for the pyrolysis of wood, and from 48.1 to 
61.4% for the pyrolysis of switchgrass. High volatile matter and cellulose content of wood and 
switchgrass could be the cause of high yields of bio-oil (Mythili et al., 2013).  

When water content is subtracted from bio-oil, the liquid organics yield from pyrolysis of SFPM is 
very low (7.7% to 12-5%). It is higher from pyrolysis of wood (27.4% to 40.6%) and switchgrass 
(20.4% to 42.3%), depending on operational parameters. In fact, water content is almost always 
above the standard specification maximum value (30%; ASTM D7544-12), ranging from 70.7% to 
82.6% for SFPM, 32.3 to 43.7% for wood, and 25.5% to 56.5% for switchgrass.  

The solids content of bio-oil produced from the pyrolysis of wood and switchgrass (0.04 to 0.9%) is 
always below the standard specification maximum value (2.5%; ASTM D7544-12), which means 
that the particulate matter is adequately separated from the pyrolysis gas before reaching the 
condensers. However, the pyrolysis of SFMP produces higher solids content in the bio-oil, ranging 
from 0.5 to 7.6%. pH of bio-oil is always acidic, particularly from the pyrolysis of wood and 
switchgrass (2.0 to 4.1). pH of SFPM bio-oil is slightly higher, from 4.3 to 5.9, due to its high water 
content (Bridgwater, 2012).  
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Table 3. Pyrolysis of SFPM – Experimental data  

Operational parameters Products yields Bio-oil properties 

T 
Res. 
Time 

N2  Bio-oil 
Liquid 

organics 
Biochar Syngas 

Water 
content 

Pyrolysis 
Solids 

pH 

°C s L min-1 % % % % % % - 

500 60 3 42.8 12.5 41.6 14.9 70.7 5.50 4.5 

650 60 3 42.7 10.5 33.8 21.8 75.4 2.55 5.3 

500 120 3 41.7 10.8 39.6 17.0 74.1 3.00 4.6 

650 120 3 39.1 8.5 32.6 27.2 78.3 1.50 5.9 

500 90 1 45.7 12.4 38.8 15.1 72.8 1.90 5.0 

650 90 1 44.0 7.7 32.4 22.8 82.6 0.26 5.7 

500 90 5 39.3 10.6 40.4 19.5 73.1 6.00 4.4 

650 90 5 38.3 9.3 32.1 28.8 75.7 3.80 5.0 

575 60 1 46.7 10.8 36.7 15.0 76.9 2.00 4.8 

575 120 1 45.7 12.0 34.7 17.7 73.8 0.48 5.6 

575 60 5 40.1 11.7 38.5 20.6 70.7 7.60 4.3 

575 120 5 38.6 9.2 35.9 24.5 76.2 3.50 5.2 

575 90 3 42.3 11.7 35.8 21.0 72.4 3.00 5.2 

575 90 3 43.7 12.1 36.0 19.4 72.2 3.30 - 

575 90 3 43.6 11.9 34.8 19.8 72.7 2.20 4.9 

 

Table 4. Pyrolysis of wood – Experimental data  

Operational parameters Products yields Bio-oil properties 

T 
Res. 
Time 

N2  Bio-oil 
Liquid 

organics 
Biochar Syngas 

Water 
content 

Pyrolysis 
Solids 

pH 

°C s L min-1 % % % % % % - 

500 60 3 57.6 39.0 31.2 10.9 32.3 0.04 2.1 

650 60 3 56.0 36.8 18.3 25.2 34.2 0.52 2.8 

500 120 3 63.6 41.9 23.4 12.4 34.1 0.18 2.4 

650 120 3 48.6 27.4 17.6 33.3 43.7 0.12 2.3 

500 90 1 61.9 39.9 24.6 13.2 35.6 0.39 2.5 

650 90 1 52.4 31.3 18.0 29.0 40.3 0.82 2.5 

500 90 5 55.2 36.3 30.2 14.2 34.2 0.07 2.0 

650 90 5 48.8 27.8 17.5 33.1 43.0 0.55 4.1 

575 60 1 49.1 31.8 22.6 28.0 35.2 0.12 2.0 

575 120 1 58.8 34.4 21.2 19.6 41.5 0.56 2.2 

575 60 5 56.8 37.8 22.2 20.5 33.4 0.08 2.4 

575 120 5 54.4 35.2 19.9 25.2 35.3 0.29 2.3 

575 90 3 60.0 38.1 20.7 18.8 36.5 0.26 2.1 

575 90 3 60.6 40.6 20.6 18.2 33.0 0.39 - 

575 90 3 61.5 39.4 20.2 17.8 35.9 0.10 2.6 
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Table 5. Pyrolysis of switchgrass – Experimental data  

Operational parameters Products yields Bio-oil properties 

T 
Res. 
Time 

N2  Bio-oil 
Liquid 

organics 
Biochar Syngas 

Water 
content 

Pyrolysis 
Solids 

pH 

°C s L min-1 % % % % % % - 

450 60 3 57.8 35.4 25.6 16.4 38.8 0.40 2.4 

600 60 3 51.5 30.8 16.8 30.5 40.2 0.88 2.8 

450 120 3 59.4 34.1 24.4 15.9 42.6 0.46 2.6 

600 120 3 48.1 21.8 18.5 32.9 54.7 0.13 2.7 

450 90 1 59.2 34.3 26.4 14.0 42.0 0.42 2.6 

600 90 1 48.9 21.3 18.7 31.9 56.5 0.29 3.3 

450 90 5 60.1 37.1 24.9 14.4 38.2 0.43 2.5 

600 90 5 44.8 20.4 17.3 37.2 54.5 0.12 2.9 

525 60 1 61.4 34.7 20.5 17.9 43.6 0.80 2.8 

525 120 1 56.8 42.3 21.9 21.1 25.5 0.69 2.8 

525 60 5 55.0 33.4 19.9 24.5 39.3 0.40 2.7 

525 120 5 54.5 27.9 20.9 24.1 48.8 0.78 2.9 

525 90 3 58.3 37.2 20.2 21.2 36.2 0.88 2.8 

525 90 3 58.5 31.0 21.3 19.9 46.9 0.72 2.7 

525 90 3 59.0 30.8 20.0 20.6 47.9 0.63 2.9 

Results of the statistical analysis The parameters of the model for predicting the value of the 

three dependent variables (water content, pH and solids content of bio-oil) were estimated for the 
three biomasses using the method of the least squares. The lack of fit was never significant 
(P>0.05), and the R square was always higher than 0.78, which means a good adjustment of the 
model. The canonical analysis indicated that the stationary point is a saddle point. It means that 
there is not a unique optimum. The direction in which further pyrolysis experiments should be 
performed in order to obtain minimal and maximal values of water content, pH and solids content 
are showed on Table 6. Minimal water content, maximal pH and minimal solids content are 
indicators of a bio-oil with a better potential. However, the results of a correlation analysis show that 
pH is inversely correlated to water content. For example, pH of bio-oil from SFPM pyrolysis can be 
relatively high (maximum predicted value is 5.7); however, the minimal predicted water content is 
70.3%, which is very high. At the opposite, bio-oils obtained from the pyrolysis of switchgrass and 
wood have lower water contents, with minimal predicted values of 36.4% and 32.6%, respectively, 
which is closed to the standard requirement (maximum 30%). However, the pH is consequently 
lower. Solids content of bio-oil obtained from the pyrolysis of wood and switchgrass never 
exceeded 0.88, which is low when compared to the maximal value required by the ASTM D7544-09 
standard (2.5% maximum). The predicted minimum solids content of SFPM bio-oil is 0.61%, which 
is below the maximum standard requirement.  

Because it is not possible to produce a bio-oil that have simultaneously the lowest water content, 
the lowest solids content and the highest pH, water content was selected as the most important 
indicator of bio-oil quality. Thus, the bio-oil with the best potential to be used as a fuel could be 
produced from the pyrolysis of wood at 559 °C, with a residence of 61 seconds and a N2 flowrate of 
3 L min-1 .  
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Table 6. Estimation of optimal pyrolysis operational conditions  

 

Liquid organics 
yield (wt%) 

Water content 
(wt%) 

pH 
Solids content 

(wt%) 

SFPM Min Max Min Max Min Max Min Max 

Estimated value 9.3 12.6 70.3 78.1 4.5 5.68 0.61 5.85 

Temperature (°C) 648 543 550 636 530 632 613 549 

Residence time (s) 95 63 65 89 74 105 95 73 

N2 Flowrate (L min-1) 2.6 3.2 3.9 1.9 4.2 2.2 1.3 4.5 

Switchgrass   
   

Estimated value 22.2 37.5 36.4 54.4 2.5 3.05 0.35 0.89 

Temperature (°C) 597 491 500 596 465 566 596 539 

Residence time (s) 96 111 113 97 72 87 98 63 

N2 Flowrate (L min-1) 3.4 1.9 1.9 3.4 3.1 1.3 3.3 2.2 

Wood   
   

Estimated value 31.8 41.9 32.6 41.4 1.97 3.22 0 0.51 

Temperature (°C) 641 508 559 639 545 637 535 625 

Residence time (s) 103 104 60.7 105 63 87 65 90 

N2 Flowrate (L min-1) 3.3 2.9 3.0 2.7 2.9 4.1 3.2 1.5 

Validation of the model The quadratic response surface regression model was validated with 

the pyrolysis operational parameters expected to produce the bio-oil with the best potential to be 
used as a fuel. Pyrolysis test with the predicted operational parameters was carried out in duplicate. 
Bio-oil was analysed for its physico-chemical characteristics and results are shown on Table 7. 
Average products yields were as follow: 58.3% of bio-oil, 26.6% of biochar and 14.4% of syngas. 
Great yield of liquid organics was obtained (39.7%) due to the low average water content (31.9%), 
those values being closed to the predicted value and to the standard requirement for water content 
(30.0%). pH of bio-oil was equal to the predicted value (2.0). The solids content of bio-oil (0.135%) 
was close from the predicted value (0.0) and met the standard requirement. Gross calorific value, 
kinematic viscosity and density of the bio-oil produced in the optimal conditions were also 
measured and met the standard requirements. 

Table 7.   Validation of the regression model; pyrolysis of wood (T = 559°C, R = 61 s, N = 3 L min-1) 

 Liquid 
organics 

Yield 

Water 
content 

pH Pyrolysis 
solids 

Gross 
calorific 

value 

Kinematic 
viscosity   

40 °C 

Density 
15 °C 

 wt% wt%  wt% MJ kg-1 mm2 s-1 g ml-1 

Pyrolysis test  38.6 32.4 2.0 0.13 13.8 10.4 1.1765 
Pyrolysis test  40.9 31.3 2.0 0.14 -- 13.5 1.1807 
Average (2 
tests) 

39.7 31.9 2.0 0.135 13.8 11.9 1.1786 

Predicted value 38.9 32.8 2.0 0.00 -- -- -- 
Requirements*  -- ≤ 30  -- ≤ 2.5  ≥ 15  ≤ 125  1.1 – 1.3 

*Standard ASTM D7544-09 
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CONCLUSION Pyrolysis of biomass could be a great management solution for the agricultural 

and forest residues. Depending on its properties, bio-oil produced from pyrolysis could be used as 
a fuel to replace fossil fuel oil. Moreover, the produced biochar could be used as a soil amendment 
to sequester carbon and reduce GHG emissions. The results of this study showed that the products 
yields and the characteristics of bio-oil are closely related to the pyrolysis operational parameters 
and to the biomass feedstock. The results of the statistical analysis show that it could be possible to 
obtain bio-oil with a potential to replace fossil fuel oil in heating appliances. Particularly, bio-oil 
obtained from the pyrolysis of wood at 559°C, with a solid residence of 61 seconds and a N2 
flowrate of 3 L min-1 meets the standard ASTM D7544-12 requirement for almost every parameter, 
except for water content (32.6%) and gross calorific value (13.8 MJ kg-1), although close to the 
target value (maximum 30% and minimum 15 MJ kg-1, respectively). Moreover, bio-oil with a 
relatively low water content of 36.4% could be obtained from the pyrolysis of switchgrass if 
operational parameters are well selected. However, the pyrolysis of SFPM is expected to produce 
low yield of liquid organics, the minimal predicted water content of bio-oil being 70.3%. The addition 
of plastic as an adjuvant to biomass, the upgrading of bio-oil to remove water and modifications to 
the condensation system could be considered as solutions to further improve bio-oil quality for use 
in heating appliance. Future experiments will evaluate the possibility of using the bio-oil produced in 
this study in small combustion appliance.  
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