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Abstract – The distribution of products formed during biomass pyrolysis depends strongly on 
the physical and chemical properties of the feedstock, yet quantitative comparisons across 
studies remain limited. This work compiles experimental and modelling data from literature 
to examine how five commonly reported biomass characteristics (moisture content, lignin 
content, ash content, higher heating value, and particle size) influence bio-oil yield. Pairwise 
trends highlight substantial variability in the explanatory strength of these parameters, with 
higher heating value showing the most consistent positive association with yield. A 
multivariate regression approach was then applied to assess the combined effects of all 
variables within a single analytical framework. The resulting model identifies higher heating 
value as the most informative predictor across the heterogeneous dataset, while the influence 
of other parameters is more dependent on interactions and covariation among biomass 
properties. Predicted yields for locally analysed biomass samples align with general 
tendencies reported in the literature, though these estimates remain provisional due to the 
limited size and heterogeneity of the compiled data. The study provides an integrative 
perspective on feedstock quality factors relevant to bio-oil production and underscores the 
need for experimental validation and expanded datasets to support more robust predictive 
modelling. 

Keywords – Biomass; bio-oil; experimental results; multiple linear model; pyrolysis; 
multivariate regression analysis; sustainable consumption and production. 

1. INTRODUCTION  

Biomass pyrolysis is a thermochemical conversion carried out in an oxygen-limited 
environment [1] that breaks organic matter into three main products: a liquid fraction (bio-
oil), a solid carbonaceous by-product (biochar), which is widely utilized as a soil amendment, 
sorbent material, and long-term carbon storage medium, and a combustible gas mixture 
(syngas) [2]. This route is valued both to produce renewable fuels and as a practical method 
for sequestering carbon [3], [4]. 
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1.1. Biomass Pyrolysis Products 

Bio-oil is the condensable liquid formed when biomass thermally decomposes. It can retain 
a large portion of the feedstock’s chemical energy (commonly up to around 70–80 % in 
favourable cases [5]) and is chemically complex: a mixture of oxygenated species such as 
organic acids, alcohols, ketones and phenolic compounds. That complexity makes bio-oil 
useful as a feedstock for chemicals and as a potential fuel, but it also explains its practical 
problems: acidity, storage instability, and corrosiveness, which complicate handling and 
downstream use [6], [7]. Consequently, much research focuses on stabilization and upgrading 
routes before bio-oil can be used reliably at scale [8]–[10]. 

Biochar is the solid, carbon-rich product left after pyrolysis. Beyond serving as a sorbent 
for pollutants, biochar is widely studied for its agricultural benefits, which include improving 
soil structure, water retention, and nutrient availability, as well as its role in long-term carbon 
storage [11]. Its dual function as a soil amendment and a relatively stable carbon sink is a key 
reason biochar attracts attention beyond the energy sector. 

Syngas is the non-condensable gaseous stream composed primarily of carbon monoxide 
(CO), hydrogen (H2) and methane (CH4) [12]. It can be burned for heat and power or, after 
specific treatment, converted into synthetic fuels and chemicals [13]. The quantity and quality 
of syngas depend strongly on operating parameters, including temperature, heating rate, and 
residence time, which shift the balance between liquids, solids, and gases and alter the 
hydrogen-to-carbon monoxide (H2-to-CO) ratio that downstream processes require [14]. 
Optimizing these conditions is therefore critical when syngas is the target product. 

1.2. Bio-Oil Importance 

Bio-oil stands out as the most commercially valuable product of biomass pyrolysis due to 
its high yield, energy content, and versatile applications. The energy content of bio-oil varies, 
with higher heating values (HHV) ranging from 16 to 24 MJ/kg, depending on feedstock and 
process conditions [15], [16]. This energy density is approximately 40–50 % of that of 
conventional diesel fuel, which has a HHV of around 42–46 MJ/kg; in comparison, modern 
biodiesel HHV is around 10 % lower than regular diesel [17]. The bio-oil market is 
experiencing significant growth, with projections indicating an increase from 5.8 billion EUR 
in 2024 (assuming that 1 USD is equal to 0.85 EUR) to ~ 200 billion EUR by 2033, reflecting 
a compound annual growth rate of about 7.3 % [18]. This expansion is driven by the 
increasing demand for renewable energy sources and the versatility of bio-oil as a feedstock 
for biofuels and chemicals. In summary, bio-oil's combination of high yield, substantial 
energy content, and broad applicability underscores its status as the most valued product of 
biomass pyrolysis. 

1.3. Biomass Quality Factors Influencing Pyrolysis Product Yield 

Many factors shape the yield and quality of bio-oil, biochar, and syngas [19]. Feedstock 
type (e.g., lignocellulosic biomass, agricultural residues) plays a decisive role in the 
distribution of products when subjected to pyrolysis. The conditions of the process are equally 
important, as temperature, heating rate, and residence time determine the balance between the 
liquid, gas, and solid phases [20]. In addition, applying catalysts and additives, such as 
zeolites or metal oxides, can significantly enhance product selectivity and direct the process 
toward more desirable outputs. 

Biomass can be grouped into three broad categories: plant-based, animal-based, and 
blended [21], [22]. Plant-based biomass is the most widely studied, as it is rich in organic 
matter and available in many different environments. The materials can take many forms, 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2026 / 30 

 
205 

from leaves and seeds to bast fibres and wood residues [23]. Chemically, plant-derived 
biomass is composed primarily of cellulose, hemicellulose, and lignin, alongside extractives 
and smaller amounts of inorganic components, particularly alkali and alkaline earth metals. 
Because of this broad variation, plant biomass can include starch-rich and sugar-rich crops, 
oil-bearing seeds, and both microalgae and macroalgae, all of which offer different 
opportunities for conversion into renewable energy [24]. 

Animal-based biomass is generated within livestock farming and feedlot operations, where 
animals are bred, raised, and maintained to produce primary outputs such as meat, milk, and 
eggs [25]. Alongside these outputs, large quantities of manure and slurry are produced as 
secondary residues. Livestock manure is often applied to fields as fertilizer due to its high 
nitrogen, phosphorus, and potassium content [26]. However, heavy metals and antibiotic 
residues present an environmental concern. These contaminants enter largely because copper, 
zinc, and various antibiotics are routinely added to feed to support animal growth and prevent 
disease, and they later accumulate in animal feces. Despite these challenges, manure remains 
an essential feedstock for renewable energy, as it is widely used in anaerobic digestion to 
generate biogas or biomethane [27]. 

The third category of biomass is blended or non-lignocellulosic material, which primarily 
includes sewage sludge derived from municipal and industrial wastewater treatment. The 
composition of sludge is highly complex and variable, depending on its origin. Industrial 
sludge may arise from metallurgical plants, the textile and dyeing sector, pulp and paper mills, 
or chemical industries, and in each case, the mixture of organic matter, inorganic compounds, 
and contaminants differs substantially [28], [29]. Researchers have conducted numerous 
investigations into mixing sewage sludge with lignocellulosic residues such as rice straw or 
with microalgae, aiming to improve the efficiency of pyrolysis and produce higher-value 
energy products [30]. Because of its heterogeneous nature, sludge requires detailed 
characterization before conversion, and its behaviour under thermal or biological processes 
can vary greatly. 

In all cases, whether dealing with plant-based residues, animal wastes, or sewage sludge, 
the physical and chemical properties of the biomass are of fundamental importance [31]. 
Moisture content [32], proportions of cellulose, hemicellulose, and lignin [33], ash content 
[34], caloricity [35], and the fraction (size of biomass particles before pyrolysis) [36] 
influence the logistics of handling, collecting, and transporting biomass, the pretreatment 
methods required, and the yields obtained in pyrolysis. At a more detailed level, modern 
techniques such as atomic force microscopy are used to study the microscopic morphology 
of biomass at the nanoscale [37]. At the same time, chemical analyses provide insights into 
the concentration and quality of organic matter. Together, these investigations show that 
biomass encompasses a broad and diverse set of materials, and that successful conversion 
into renewable energy – whether in gaseous, liquid, or solid form – depends on linking these 
inherent properties with the most suitable technological pathway. 

1.4. Nature of the Study 

The present study addresses the need for a clearer quantitative understanding of how 
fundamental biomass properties influence bio-oil yield during pyrolysis. Although numerous 
experimental studies report the effects of individual parameters, their results remain 
fragmented across different biomass types and operating conditions. To synthesize these 
dispersed findings, this work compiles literature data on moisture content, lignin content, ash 
content, higher heating value, and particle size, and evaluates their collective influence 
through a multivariate regression analysis (MRA). The objective is not to generalize universal 
predictive relationships, but to identify consistent trends across heterogeneous studies and to 
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assess which biomass characteristics most strongly contribute to variations in bio-oil yield. 
By consolidating existing evidence into a single analytical scheme, the study provides an 
integrative perspective on feedstock quality factors while explicitly recognizing the 
limitations imposed by dataset heterogeneity and the need for further experimental validation. 

2. METHODOLOGY 

To investigate how selected biomass properties influence bio-oil yield, this study employed 
MRA as a quantitative evaluation method. Regression-based approaches are widely applied 
in biomass conversion research to identify statistically significant relationships between 
feedstock characteristics and pyrolysis outcomes [38]–[40]. In the present article, five 
parameters (moisture content, lignin content, ash content, higher heating value, and particle 
size) were selected based on their consistent representation in the literature and their known 
relevance to pyrolysis behaviour. The analysis focused on assessing the strength and direction 
of these relationships by compiling numerical data from published studies and evaluating the 
resulting dataset through a multivariate statistical framework. 

2.1. Data Collection 

The authors searched for articles in the Scopus database, following the steps for creating a 
query using the previously used bibliometric analysis method [41], [42]. The queries 
comprised keywords related to identified biomass parameters and “pyrolysis” and “bio-oil”. 
A total of 15 articles were randomly selected for data collection. The results in articles came 
from the experimental research (E) and modelling (M) of two types of reactors – fixed bed 
and fluidized bed. The types of pyrolysis were fast (F) and slow (S). Temperature remarks 
varied – most often 500 °C. The collected data is available in the tables below. 

The authors compiled data on pre-pyrolysis biomass moisture content and bio-oil yield from 
a total of 7 articles (see Table 1). These articles explored different wood and non-wood 
biomass. Twenty variable and dependent values dataset was used for further MRA.  

TABLE 1. DATA FOR DETERMINING THE CORRELATION BETWEEN MOISTURE CONTENT AND  
BIO-OIL YIELD 

Biomass type Type of 
research 

Reactor/Modelling 
program 

Pyrolysis 
type 

Operating 
temperature, °C  

Moisture 
content, wt% 

Bio-oil 
yield, % 

Sour
ce 

Nazelnut shell E Fixed bed S 700 
6.00 30.50 

[43] 

10.50 32.00 

Spruce wood  E Fixed bed S 700 
6.50 31.50 
11.50 35.50 

Wheat straw E Fixed bed S 700 
7.00 25.50 
12.00 29.50 

Coconut 
residues E Fixed bed F 700 

10.60 22.00 

[44] 
6.30 11.30 
6.00 13.60 
5.40 9.50 

Poultry manure E Fluidized bed S 550 11.82 42.02 

[45] 
Corn stalks E Fluidized bed S 550 7.95 43.12 
Wheat straw E Fluidized bed S 550 10.63 41.73 
Pine sawdust E Fluidized bed S 550 8.76 48.32 
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Coffee husk 
pellet M OpenSMOKE++ S 550 7.20 67.00 [46] 

Cogon grass  E Screw reactor S 500 5.28 52.72 [47] 
Food waste E Fixed bed F 500 7.14 36.70 [48] 
Oil palm trunk E Fluidized bed S 550 7.07 43.50 

[49] Oil palm fronds E Fluidized bed S 550 6.48 44.50 
Rubberwood 
sawdust E Fluidized bed S 550 7.13 54.50 

The authors took data on pre-pyrolysis biomass lignin content and bio-oil yield from 4 
articles in total (see Table 2). These articles explored different wood and non-wood biomass. 
11 variable and dependent values dataset was used for further MRA. 

TABLE 2. DATA FOR DETERMINING THE CORRELATION BETWEEN LIGNIN CONTENT AND BIO-OIL 
YIELD 

Biomass type Type of 
research 

Reactor/Modelling 
program 

Pyrolysis 
type 

Operating 
temperature, °C 

Lignin 
content, wt % 

Bio-oil 
yield, % 

Sou
rce 

Coconut 
residues E Fixed bed F 700 

40.50 22.00 

[44] 
40.40 11.30 
40.30 13.60 
41.40 9.50 

Food waste E Fixed bed F 500 15.04 36.70 [48] 

Loblolly pine 
wood E Fluidized bed F 500 

27.10 45.70 
[50] 27.90 30.90 

28.30 29.90 
Oil palm 
trunk E Fluidized bed S 550 9.52 43.50 

[49] Oil palm 
fronds E Fluidized bed S 550 13.15 44.50 

Rubberwood 
sawdust E Fluidized bed S 550 17.44 54.50 

The authors took data on pre-pyrolysis biomass ash content and bio-oil yield from 5 articles 
in total (see Table 3). These articles explored different wood and non-wood biomass. 21 
variable and dependent values dataset was used for further MRA. 

TABLE 3. DATA FOR DETERMINING THE CORRELATION BETWEEN ASH CONTENT AND BIO-OIL 
YIELD 

Biomass 
type 

Type of 
research 

Reactor/Modelling 
program 

Pyrolysis 
type 

Operating 
temperature, °C 

Ash 
content, 
wt% 

Bio-oil 
yield, % 

Sou
rce 

Coconut 
residues E Fixed bed F 700 

1.90 22.00 

[44] 
2.40 11.30 
2.90 13.60 
1.90 9.50 

Cogon grass  E Screw reactor S 500 10.35 52.72 [47] 
Food waste E Fixed bed F 500 2.55 36.70 [48] 
Sweetgum M RA* S 550 0.80 55.10 

[51] Beech bark M RA S 550 7.40 29.20 
Acacia M RA S 550 0.60 43.90 
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Acacia bark M RA S 550 3.30 33.80 
Corn stover M RA S 550 8.10 27.70 
Red oak M RA S 550 0.40 43.40 
Switchgrass M RA S 550 1.40 51.40 
Sourwood M RA S 550 0.50 58.00 
Yellow 
poplar M RA S 550 0.60 52.30 

Red maple M RA S 550 0.30 53.50 
Beech M RA S 550 0.50 54.00 
Loblolly pine 
wood M RA S 550 0.60 50.70 

Loblolly pine 
wood E Fluidized bed F 500 

0.50 45.70 
[50] 1.10 30.90 

1.50 29.90 
* Regression analysis 

The authors took data on pre-pyrolysis biomass HHV and bio-oil yield from 3 articles in 
total (see Table 4). These articles explored different wood and non-wood biomass. 10 variable 
and dependent values datasets were used for further MRA. 

TABLE 4. DATA FOR DETERMINING THE CORRELATION BETWEEN HIGH HEATING VALUE AND 
BIO-OIL YIELD 

Biomass type Type of 
research 

Reactor/Modelling 
program 

Pyrolysis 
type 

Operating 
temperature, °C 

HHV, 
MJ/kg 

Bio-oil 
yield, % 

Sour
ce 

Coconut 
residues E Fixed bed F 700 

17.70 22.00 

[44] 
18.10 11.30 

19.30 13.60 

18.80 9.50 

Oil palm trunk E Fluidized bed S 550 23.22 43.50 

[49] 
Oil palm 
fronds E Fluidized bed S 550 22.52 44.50 

Rubberwood 
sawdust E Fluidized bed S 550 23.77 54.50 

Groundnut 
shell E Fixed bed S 450 19.90 31.00 

[52] Wheat straw E Fixed bed S 450 19.77 30.00 

Chana straw E Fixed bed S 450 18.60 26.00 

The authors collected data on pre-pyrolysis biomass particle size and bio-oil yield from a 
total of 5 articles (see Table 5). These articles explored different wood and non-wood 
biomass. 20 variable and dependent values dataset was used for further MRA. 
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TABLE 5. DATA FOR DETERMINING THE CORRELATION BETWEEN PARTICLE SIZE AND BIO-OIL 
YIELD 

Biomass 
type 

Type of 
research 

Reactor/Modelling 
program 

Pyrolysis 
type 

Operating 
temperature, °C 

Particle 
size, mm 

Bio-oil 
yield, % 

Sou
rce 

Mallee E Fluidized bed F 500 

0.50 62.00 

[53] 
1.00 52.00 
1.50 49.00 
2.70 48.00 
3.80 47.00 

Not 
mentioned E/M Fluidized bed/Optimization 

via LightGBM F 500 

0.45 77.00 

[54] 
0.47 74.00 
2.50 72.00 
0.30 62.12 

Pine 
sawdust E Fluidized bed F 500 

0.51 61.81 

[55] 

0.80 50.47 
1.50 49.82 
2.68 49.22 
3.68 45.98 
4.38 45.52 
5.18 48.56 

Energy cane E Fixed bed F 550 
1.40 48.00 

[56] 
4.40 46.00 

Raw cattle 
manure E Fluidized bed F 500 

0.71 28.50 
[57] 

1.70 23.52 

2.2. Data Analysis 

In MRA, authors examine how a dependent (response) variable – bio-oil yield – is related 
to one or more independent (explanatory) variables – moisture content, lignin content, ash 
content, higher heating value (HHV), and particle size. This approach also allows predicting 
values of the dependent variable based on identified statistical relationships. For comparison, 
simple linear regression-based predictions for individual datasets can be expressed as 

ŷ = b0 + b1x,     (1) 

where ŷ is predicted value of y, b0 is intercept (value of y when x = 0), b1 is slope (how much 
y changes when x increases by 1 unit) and x is independent variable [58].  

To evaluate the explanatory strength of such simple relationships, the coefficient of 
determination (R2) can be calculated [59], where larger values indicate that a greater 
proportion of the variation in bio-oil yield is explained by the parameter under consideration 
[60]. 

A MRA was selected for this study because it enables the simultaneous evaluation of all 
five biomass parameters within a single statistical model. Unlike pairwise correlation 
analysis, which evaluates each parameter independently, MRA quantifies the partial effect of 
each variable while controlling for the influence of the others. This is essential when 
analysing literature-derived datasets in which biomass properties are often interrelated, 
leading to potential confounding and multicollinearity. By estimating the relative contribution 
of each predictor under these conditions, MRA provides a more meaningful assessment of 
which parameters exert the strongest influence on bio-oil yield. Furthermore, a unified 
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multivariate model allows the identification of overlapping, suppressing, or reinforcing 
relationships among variables, offering insights that cannot be obtained from simple bivariate 
comparisons. This approach therefore supports a more robust interpretation of parameter 
importance within the constraints of a heterogeneous dataset.  

3. RESULTS 

The results are presented in Table 6. Three parameters – moisture content, ash content, and 
particle size – showed negligible correlation with bio-oil yield, whereas changes of lignin 
content and HHV variables were strongly correlated with the bio-oil yield. 

TABLE 6. INDEPENDENT PARAMETERS CORRELATION WITH BIO-OIL YIELD 

Determination coefficient Moisture 
content 

Lignin 
content Ash content HHV Particle size 

R2 0.01 0.75 0.05 0.80 0.11 

 
The equation 

Bio-oil yield = 16.141 − 0.0247576 × Moisture content − 0.668374 × Lignin content − 
− 0.0733111 × Ash conent + 2.29048 × HHV − 2.92075 × Particle size 

was obtained using Statgraphics Centurion 19. The program simultaneously analysed all five 
independent variables against bio-oil yield. Program automatically calculated the regression 
coefficients using the least-squares method to minimize the difference between observed and 
predicted values. The program provided R2 and p-values to show how strongly each parameter 
influences the yield. This approach allowed the simultaneous assessment of interdependent 
effects and highlighted the parameters with the most pronounced influence on bio-oil yield. 

Table 7 contains data on all independent parameters from the authors’ experimental 
research of biomass samples. Wood sawdust is mentioned twice in Table 7(1) and (2) because 
they are two different samples from different types of trees. Using the Eq. (2), the bio-oil 
yield potential was calculated (see Fig. 1(b)).  

TABLE 7. EXPERIMENTAL VALUES OF INDEPENDENT PARAMETERS FOR SELECTED BIOMASS 
SAMPLES 

Biomass type Label Moisture 
content, wt% 

Lignin 
content, wt% 

Ash content, 
wt% HHV, MJ/kg Particle size, 

mm 

Pine needles B1 8.00 21.80 5.27 20.20 1.20 

Wood sawdust (1) B2 12.70 28.70 1.72 21.20 1.20 

Brewer’s spent grain B3 3.10 34.40 3.85 21.20 1.30 

Grains (damaged) B4 13.60 22.50 2.21 18.50 2.00 

Coffee grounds residue B5 2.90 33.40 6.55 20.20 0.90 

Sunflower husk B6 12.50 32.50 3.08 20.10 1.20 

Grass (from parks) B7 13.10 31.70 9.75 19.30 1.20 

Apple pomace B8 15.00 23.30 2.06 18.90 3.40 

Wood sawdust (2) B9 24.00 27.40 0.19 20.70 4.50 

(2) 
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Hemp B10 14.10 22.30 11.27 18.60 4.00 

Buckwheat husk B11 9.80 38.50 2.15 19.70 1.50 

Straw B12 3.90 24.90 6.80 18.40 4.40 

Canada Goldenrod B13 15.40 24.60 6.80 19.70 5.50 

Reeds B14 5.10 28.50 6.74 18.80 4.80 

Leaves (from parks) B15 24.30 33.60 10.40 19.30 4.70 

Lower moisture content generally corresponds to higher predicted yields. For example, P1 
(8.00 %) and B3 (3.10 %) show high yields of 43.75 % and 37.72 %, respectively. In contrast, 
samples B9 and B15 with moisture contents over 24.00 % have lower yields of 31.44 % and 
22.75 %, respectively. Higher ash content appears to negatively affect bio-oil yield. B5 and 
B10, which have ash contents of 6.55 % and 11.27 % and show moderate bio-oil yields 
36.99 % and 31.03 %, respectively. In contrast, B2 with only 1.72 % ash shows a relatively 
high yield of 41.59 %. A higher lignin content tends to enhance bio-oil yield. B11 has a high 
lignin content (38.50 %) and a decent bio-oil yield (30.62 %). Similarly, B4 with 34.40 % 
lignin content achieves 37.72 % bio-oil yield. Higher HHV generally corresponds to higher 
predicted bio-oil yield. B2 and B3, both with 21.20 MJ/kg, have high bio-oil yields above 
37.00 %. Smaller particle sizes seem to favour higher yields, possibly due to more efficient 
heat transfer during pyrolysis. B5 with the smallest size (0.9 mm) yields 36.99 % of bio-oil, 
while B15 with 4.7 mm yields only 22.75 % of bio-oil. 

 

Fig. 1. Predicted bio-oil yield from biomass samples: (a) relationship between predicted and observed bio-oil yields with 
the fitted regression line; (b) predicted bio-oil yields for the 15 biomass samples. The colours distinguish biomass types 
based on predicted performance: green bar represent sample with comparatively higher predicted bio-oil yields. 

The strong agreement between predicted and observed bio-oil yields is reflected in the 
coefficient of determination of the MRA model (R2 = 0.92), which indicates good model fit 
and demonstrates that the selected parameters collectively explain most of the variation in the 
compiled dataset (see Fig. 1(a)). 
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4. CONCLUSION 

The analysis of pairwise correlations demonstrates that not all biomass properties exert a 
meaningful influence on bio-oil yield. Among the examined parameters, higher heating value 
and lignin content show the strongest simple associations with yield, whereas moisture 
content, ash content, and particle size exhibit negligible correlations within the compiled 
dataset. These initial relationships provide a useful indication of general trends but do not 
account for interdependence among variables. 

The MRA results clarify the apparent inconsistency between lignin’s positive simple 
correlation and its negative partial effect. This inversion arises from multicollinearity: lignin 
content covers with other compositional characteristics, particularly higher heating value, and 
the partial coefficient reflects lignin’s isolated contribution when these related properties are 
held constant. Such behaviour is chemically plausible, as lignin-rich fractions may promote 
the formation of heavier phenolic structures and char under certain pyrolysis conditions, 
thereby reducing the yield of condensable liquids. 

Higher heating value emerges as the most consistent predictor across the evaluated models 
and may serve as an integrative screening parameter for estimating the potential bio-oil output 
of different feedstocks. Its strong performance likely reflects its role as a proxy for energy-
dense organic fractions that favour volatilization and liquid formation. 

Although the multivariate model achieves a high in-sample fit (R2 = 0.92), this result should 
be interpreted cautiously. The dataset is limited in size, aggregated from heterogeneous 
studies, and subject to multicollinearity, all of which constrain the robustness and 
generalizability of the findings. Strengthening the statistical evidence will require reporting 
adjusted R2, standard errors, p-values, confidence intervals, multicollinearity diagnostics, and 
residual analyses. Moreover, cross-validation or testing against independent experimental 
data is essential before drawing firm predictive conclusions. 

Application of the MRA model to the locally measured biomass samples yields predicted 
bio-oil outputs in the range of 22.50 % to 44.00 %, identifying pine needles (B1) and wood 
sawdust (B2) as the highest-yielding candidates within this subset. These predictions are 
consistent with the general tendencies observed in the literature but should be validated 
experimentally to confirm their reliability under controlled pyrolysis conditions. 

ACKNOWLEDGEMENT 

This article was supported by the EU Recovery and Resilience Facility within Project No 5.2.1.1.i.0/2/24/I/CFLA/003 
“Implementation of consolidation and management changes at Riga Technical University, Liepaja University, Rezekne 
Academy of Technology, Latvian Maritime Academy and Liepaja Maritime College for the progress towards excellence 
in higher education, science and innovation” academic career doctoral grant (ID 1126). 

REFERENCES 

[1] Lade V. G., Chavhan S. K., Shirsat S. P., Bhanvase B. A. 6 - Processes for the treatment of biomedical wastes: 
challenges and issues, in 360-Degree Waste Management, Elsevier, 2023:2:123–138. https://doi.org/10.1016/B978-0-
323-90909-9.00007-1 

[2] Chopra J., Rangarajan V., Sen R. Recent developments in oleaginous yeast feedstock based biorefinery for production 
and life cycle assessment of biofuels and value-added products. Sustainable Energy Technologies and Assessments 
2022:53:102621. https://doi.org/10.1016/j.seta.2022.102621 

[3] Al-Rumaihi A., Shahbaz M., Mckay G., Mackey H., Al-Ansari T. A review of pyrolysis technologies and feedstock: 
A blending approach for plastic and biomass towards optimum biochar yield. Renewable and Sustainable Energy 
Reviews 2022:167:112715. https://doi.org/10.1016/j.rser.2022.112715 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2026 / 30 

 
213 

[4] Hasan M. M., Rasul M. G., Khan M. M. K., Ashwath N., Jahirul M. I. Energy recovery from municipal solid waste 
using pyrolysis technology: A review on current status and developments. Renewable and Sustainable Energy Reviews 
2021:145:111073. https://doi.org/10.1016/j.rser.2021.111073 

[5] Basu P. Chapter 5 – Pyrolysis, in Biomass Gasification, Pyrolysis and Torrefaction, Elsevier, 2018:155–187. 
https://doi.org/10.1016/B978-0-12-812992-0.00005-4 

[6] Kim T.-S. et al. The effect of storage duration on bio-oil properties. Journal of Analytical and Applied Pyrolysis 
2012:95:118–125. https://doi.org/10.1016/j.jaap.2012.01.015 

[7] Diebold J. P. A review of the chemical and physical mechanisms of the storage stability of fast pyrolysis bio-oils. 
National Renewable Energy Laboratory, Subcontractor report, 2000. https://doi.org/10.2172/753818 

[8] Kumar R. et al. Lignocellulose biomass pyrolysis for bio-oil production: A review of biomass pre-treatment methods 
for production of drop-in fuels. Renewable and Sustainable Energy Reviews 2020:123:109763. 
https://doi.org/10.1016/j.rser.2020.109763 

[9] Santos L. R., Araujo D. R., Rodrigues M. A. Strategic techniques for upgrading bio‐oil from fast pyrolysis: a critical 
review. Biofuels Bioprod Bioref  2025:19(6):2457–2473. https://doi.org/10.1002/bbb.2789 

[10] Ringer M., Putsche V., Scahill J. Large-Scale Pyrolysis Oil Production: A Technology Assessment and Economic 
Analysis. National Renewable Energy Laboratory (NREL), 2006. https://doi.org/10.2172/894989 

[11] Lam S. S., Yek P. N. Y., Cheng W. Y., Liew R. K., Tabatabaei M., Aghbashlo M. Production of biochar using 
sustainable microwave pyrolysis approach, in Biochar in Agriculture for Achieving Sustainable Development Goals, 
Elsevier, 2022:323–332. https://doi.org/10.1016/B978-0-323-85343-9.00015-X 

[12] Policella M., Wang Z., Kiran. G. Burra, Gupta A. K. Characteristics of syngas from pyrolysis and CO2-assisted 
gasification of waste tires. Applied Energy 2019:254:113678. https://doi.org/10.1016/j.apenergy.2019.113678 

[13] Laurence L. C., Ashenafi D. Syngas Treatment Unit for Small Scale Gasification – Application to IC Engine Gas 
Quality Requirement. Journal of Applied Fluid Mechanics 2012:5(1):95–103. 
https://doi.org/10.36884/jafm.5.01.11963 

[14] Ostadi M., Rytter E., Hillestad M. Boosting carbon efficiency of the biomass to liquid process with hydrogen from 
power: The effect of H2/CO ratio to the Fischer-Tropsch reactors on the production and power consumption. Biomass 
and Bioenergy 2019:127:105282. https://doi.org/10.1016/j.biombioe.2019.105282 

[15] Tanneru S. K., Parapati D. R., Steele P. H. Pretreatment of bio-oil followed by upgrading via esterification to boiler 
fuel. Energy 2014:73:214–220. https://doi.org/10.1016/j.energy.2014.06.039 

[16] Li P. et al. Bio-oil from biomass fast pyrolysis: Yields, related properties and energy consumption analysis of the 
pyrolysis system. Journal of Cleaner Production 2021:328:129613. https://doi.org/10.1016/j.jclepro.2021.129613 

[17] Bukkarapu K. R., Krishnasamy A. A critical review on available models to predict engine fuel properties of biodiesel. 
Renewable and Sustainable Energy Reviews 2022:155:111925. https://doi.org/10.1016/j.rser.2021.111925 

[18] Bio-Oil Market, By Type (Bioethanol, Biodiesel and Others), By Application (Industrial Fuels, Transportation Fuels, 
Chemical Industry and Others), and Regional Forecast to 2033, Business Research Insights, 2024. [Online]. [Accessed 
12.09.2025]. Available: https://www.businessresearchinsights.com/market-reports/bio-oil-market-
118915?utm_source=chatgpt.com  

[19] Yaqoob H., Ali H. M., Khalid U. Pyrolysis of waste plastics for alternative fuel: a review of key factors. RSC 
Sustainability 2025:3(1):208–218. https://doi.org/10.1039/D4SU00504J 

[20] Cahanap D. R., Mohammadpour J., Jalalifar S., Mehrjoo H., Norouzi-Apourvari S., Salehi F. Prediction of three-phase 
product yield of biomass pyrolysis using artificial intelligence-based models. Journal of Analytical and Applied 
Pyrolysis 2023:172:106015. https://doi.org/10.1016/j.jaap.2023.106015 

[21] Yang C., Lü X. Composition of plant biomass and its impact on pretreatment, in Advances in 2nd Generation of 
Bioethanol Production, Elsevier, 2021:71–85. https://doi.org/10.1016/B978-0-12-818862-0.00002-9 

[22] Alnhoud O. T., Al-Harahsheh A. M., Al-Harahsheh M. S., Irshaid F. I. Animal solid waste as a potential renewable 
biomass energy source: a case study of Jordan. Biomass Conversion and Biorefinery 2023:13(8):6807–6816. 
https://doi.org/10.1007/s13399-021-01714-4 

[23] Tahir N. A., Rasul K. S., Lateef D. D. Effect of mixing oak leaf biomass with soil on cadmium toxicity and translocation 
in tomato genotypes. Heliyon 2023:9(8):18660. https://doi.org/10.1016/j.heliyon.2023.e18660 

[24] Shen W. et al. A comprehensive review on the intricate processes involved in algae pyrolysis mechanism and possible 
migration of undesirable chemical elements. Journal of Analytical and Applied Pyrolysis 2024:177:106365. 
https://doi.org/10.1016/j.jaap.2024.106365 

[25] Toderich K. et al. Utilization of Agriculture Residues and Livestock Waste in Uzbekistan. Kyoto University, Institute 
of Economic Research, KIER Working Papers, 2008. 

[26] MacDonald J. M., Ribaudo M. O., Livingston M. J., Beckman J., Huang W. Manure Use for Fertilizer and for Energy: 
Report to Congress. 

[27] Velsen A. F. M. V., Lettinga G. Digestion of Animal Manure. Studies in Environmental Science 1981:9:55–64. 
https://doi.org/10.1016/S0166-1116(08)71351-7 

[28] Ruiz B. et al. Employment of conventional and flash pyrolysis for biomass wastes from the textile industry with 
sustainable prospects. Journal of Analytical and Applied Pyrolysis 2023:169:105864. 
https://doi.org/10.1016/j.jaap.2023.105864 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2026 / 30 

 
214 

[29] Holmberg J. M., Gustavsson L. Biomass use in chemical and mechanical pulping with biomass-based energy supply. 
Resources, Conservation and Recycling 2007:52(2):331–350. https://doi.org/10.1016/j.resconrec.2007.05.002 

[30] Ogugua P. C., Su H., Wang E. Synergistic blending of biomass, sewage sludge, and coal for enhanced bioenergy 
production: Exploring residue combinations and optimizing thermal conversion parameters. Journal of Environmental 
Management 2024:352:120035. https://doi.org/10.1016/j.jenvman.2024.120035 

[31] Fagernäs L. Chemical and physical characterisation of biomass-based pyrolysis oils: Literature review. VTT Technical 
Research Centre of Finland, 1995. [Online]. [Accessed 12.09.2025]. 
Available: https://cris.vtt.fi/en/publications/chemical-and-physical-characterisation-of-biomass-based-pyrolysis 

[32] Fonseca F. G., Funke A., Niebel A., Soares Dias A. P., Dahmen N. Moisture content as a design and operational 
parameter for fast pyrolysis. Journal of Analytical and Applied Pyrolysis 2019:139:73–86. 
https://doi.org/10.1016/j.jaap.2019.01.012 

[33] Almagro-Herrera N., Lozano-Calvo S., Palma A., García J. C., Díaz M. J. Assessing the influence of biomass origin 
and fractionation methods on pyrolysis of primary biomass fractions. Fuel 2024:367:131501. 
https://doi.org/10.1016/j.fuel.2024.131501 

[34] Li W., Dang Q., Brown R. C., Laird D., Wright M. M. The impacts of biomass properties on pyrolysis yields, economic 
and environmental performance of the pyrolysis-bioenergy-biochar platform to carbon negative energy. Bioresource 
Technology 2017:241:959–968. https://doi.org/10.1016/j.biortech.2017.06.049 

[35] Raveendran K., Ganesh A. Heating value of biomass and biomass pyrolysis products. Fuel 1996:75(15):1715–1720. 
https://doi.org/10.1016/S0016-2361(96)00158-5 

[36] Mlonka-Mędrala A., Magdziarz A., Dziok T., Sieradzka M., Nowak W. Laboratory studies on the influence of biomass 
particle size on pyrolysis and combustion using TG GC/MS. Fuel 2019:252:635–645. 
https://doi.org/10.1016/j.fuel.2019.04.091 

[37] Sun S.-H. et al. Influence of pyrolysis on biomass structure: microscopic deformation patterns and chemical 
composition variations. Fuel 2026:403:136090. https://doi.org/10.1016/j.fuel.2025.136090 

[38] Mohr D. L., Wilson W. J., Freund R. J. Chapter 7 – Linear Regression, in Statistical Methods, Elsevier, 2022:301–349. 
https://doi.org/10.1016/B978-0-12-823043-5.00007-2 

[39] Ateş F., Erginel N. The regression analysis of fast pyrolysis product yields and determination of product quality. Fuel 
2012:102:681–690. https://doi.org/10.1016/j.fuel.2012.05.051 

[40] Lee H., Choi I.-H., Hwang K.-R. Machine learning prediction of bio-oil production from the pyrolysis of lignocellulosic 
biomass: Recent advances and future perspectives. Journal of Analytical and Applied Pyrolysis 2024:179:106486. 
https://doi.org/10.1016/j.jaap.2024.106486 

[41] Svedovs O., Dzikevics M., Kirsanovs V., Wardach-Święcicka I. Bibliometric Analysis of the Modelling of LowQuality 
Biomass Pellets Combustion. Environmental and Climate Technologies 2024:28(1):286–302. 
https://doi.org/10.2478/rtuect-2024-0023 

[42] Svedovs O., Dzikevics M., Kirsanovs V. Bibliometric Analysis of the Alternative Biomass Types and Biomass 
Combustion Technologies. Environmental and Climate Technologies 2023:27(1):559–569. 
https://doi.org/10.2478/rtuect-2023-0041 

[43] Demirbaş A. Effect of initial moisture content on the yields of oily products from pyrolysis of biomass. Journal of 
Analytical and Applied Pyrolysis 2004:71(2):803–815. https://doi.org/10.1016/j.jaap.2003.10.008 

[44] Andrade Y. B., Dos Santos Polidoro A., Schneider J. K., Dos Santos Freitas L., Caramão E. B., De Oliveira Farrapeira 
R. Influence of residual biomass deposition time of green coconut on the quality of bio-oil generated by pyrolysis. 
Journal of Analytical and Applied Pyrolysis 2024:179:106436. https://doi.org/10.1016/j.jaap.2024.106436 

[45] David E., Kopac J. Valorization of poultry manure into biochar, bio-oil and gas product by co-pyrolysis with residual 
biomass and the effects analysis of the feedstock on products yield and their characteristics. Journal of Analytical and 
Applied Pyrolysis 2025:186:106978. https://doi.org/10.1016/j.jaap.2025.106978 

[46] Afessa M. M. et al. Pyrolysis of large biomass particles: Model validation and application to coffee husks valorization. 
Journal of Analytical and Applied Pyrolysis 2025:188:107028. https://doi.org/10.1016/j.jaap.2025.107028 

[47] Promdee K., Vitidsant T. Industrial single-screw and twin-screw prototype reactor pyrolysis for bio-oil and charcoal 
production from biomass: A case study of cogon grass (Imperata cylindrica). Results in Engineering 2025:26:104585. 
https://doi.org/10.1016/j.rineng.2025.104585 

[48] Agrawal M., Yadav S. Two-phase bio-oil formation with hot vapor residence time variation during fast pyrolysis of 
mixed food waste. Journal of Environmental Chemical Engineering 2025:13(2):116111. 
https://doi.org/10.1016/j.jece.2025.116111 

[49] Shrivastava P., Kumar A., Tekasakul P., Lam S. S., Palamanit A. Comparative Investigation of Yield and Quality of 
Bio-Oil and Biochar from Pyrolysis of Woody and Non-Woody Biomasses. Energies 2021:14(4):1092. 
https://doi.org/10.3390/en14041092 

[50] Kim H., Sriram S., Fang T., Kelley S., Park S. An eco-friendly approach for blending of fast-pyrolysis bio-oil in 
petroleum-derived fuel by controlling ash content of loblolly pine. Renewable Energy 2021:179:2063–2070. 
https://doi.org/10.1016/j.renene.2021.08.033 



Environmental and Climate Technologies 

 ____________________________________________________________________________ 2026 / 30 

 
215 

[51] Li W., Dang Q., Brown R. C., Laird D., Wright M. M. The impacts of biomass properties on pyrolysis yields, economic 
and environmental performance of the pyrolysis-bioenergy-biochar platform to carbon negative energy. Bioresource 
Technology 2017:241:959–968. https://doi.org/10.1016/j.biortech.2017.06.049 

[52] Jawale L., Panwar N. L., Salvi B. L., Jain S., Sharma D., Jain N. K. Experimental Investigation on Energy Recovery 
System for Continuous Biochar Production System. International Journal of Environment and Climate Change 
2020:300–310. https://doi.org/10.9734/ijecc/2020/v10i1230306 

[53] Shen J., Wang X.-S., Garcia-Perez M., Mourant D., Rhodes M. J., Li C.-Z. Effects of particle size on the fast pyrolysis 
of oil mallee woody biomass. Fuel 2009:88(10):1810–1817. https://doi.org/10.1016/j.fuel.2009.05.001 

[54] Li L., Luo Z., Du L., Miao F., Liu L. Prediction of product yields and heating value of bio-oil from biomass fast 
pyrolysis: Explainable predictive modeling and evaluation. Energy 2025:332:136087. 
https://doi.org/10.1016/j.energy.2025.136087 

[55] Xiong Z. et al. Comparative study of catalytic and non-catalytic steam reforming of bio-oil: Importance of pyrolysis 
temperature and its parent biomass particle size during bio-oil production process. Fuel 2022:314:122746. 
https://doi.org/10.1016/j.fuel.2021.122746 

[56] Aguilar G., Muley P. D., Henkel C., Boldor D. Effects of biomass particle size on yield and composition of pyrolysis 
bio-oil derived from Chinese tallow tree (Triadica Sebifera L.) and energy cane (Saccharum complex) in an inductively 
heated reactor. AIMS Energy 2015:3(4):838–850. 
https://doi.org/10.3934/energy.2015.4.838 

[57] Jeon J.-R., Hidayat S., Kim J., Hwang H. T., Kim S.-S. Fast pyrolysis of raw and acid-washed cattle manure in a 
fluidized bed reactor for the production of bio-oil. Journal of Analytical and Applied Pyrolysis 2025:186:106914. 
https://doi.org/10.1016/j.jaap.2024.106914 

[58] Ahmed S. N. 9 – Essential statistics for data analysis, in Physics and Engineering of Radiation Detection, Elsevier, 
2015, pp. 541–593. https://doi.org/10.1016/B978-0-12-801363-2.00009-7 

[59] Romeo G. Chapter 13 – Data analysis for business and economics, in Elements of Numerical Mathematical Economics 
with Excel, Elsevier, 2020, pp. 695–761. https://doi.org/10.1016/B978-0-12-817648-1.00013-X 

[60] Ross S. M. Chapter 12 – Linear Regression, in Introductory Statistics, Elsevier, 2010:537–604. 
https://doi.org/10.1016/B978-0-12-374388-6.00012-0 

 


	1. Introduction
	2. Methodology
	2.1. Data Collection
	2.2. Data Analysis

	3. Results
	4. Conclusion
	Acknowledgement
	References

