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A B S T R A C T

Thermochemical conversion via co-pyrolysis has the potential to be an efficient route for converting biomass to 
bio-energy and bio-refinery products. In this review, the implementation of co-pyrolysis of torrefied biomass and 
coal was critically assessed against co-pyrolysis of raw biomass and coal from both a fundamental and engi-
neering perspective. This evaluation showed fundamental advantages for torrefaction of biomass prior to co- 
pyrolysis such as a decrease in mass and heat transfer limitations due to an increase in permeability and ther-
mal conductivity of biomass. Co-pyrolysis volatiles may also be upgraded through the catalytic activity of the 
torrefied biomass surface, producing higher quality oil. Due to properties more similar to coal, torrefied biomass 
requires less energy for milling (lower operating costs) and can be more easily blended with coal in reactor 
feeding systems. A state-of-the-art research on co-pyrolysis kinetics revealed that reactivities of blends may be 
predicted from kinetic parameters of individual feedstocks using an additive approach. To conclude on the 
preferred reactor design for this process, different reactors were evaluated based on heat transfer mode, oper-
ation and product formation. Although both the fluidized bed and rotating cone reactor provide high oil yields, 
the rotating cone has been more successful commercially. This design shows great promise for specifically co- 
pyrolysis due to the intimate contact that may be achieved between fuels to maximize synergy. The co- 
pyrolysis of torrefied biomass and coal may be encouraged from a scientific point of view, however further 
research is recommended on the effective integration of torrefaction and co-pyrolysis technologies.   

1. Introduction

The production of affordable, sustainable and clean energy is a
cornerstone for global socio-economic growth [1]. The total world en-
ergy consumption is expected to rise a further 28% by 2040 [2]. Fossil 
fuels are a widely available energy source, however this source of energy 
production is associated with large amounts of greenhouse gas (GHG) 
emissions, a driver of climate change [3]. At COP25 2019, the urgency 
for countries to improve their emission reduction strategies was 
highlighted. 

Considering the need that faces governmental agencies to decrease 
GHG emissions, quick implementation of mature green technologies is 
required. Technologies utilizing fossil fuels such as coal are well estab-
lished, however one of the important contributions to GHG reduction 
from industry is the shift towards renewable feedstocks [4]. Patel and 
co-workers [3] recently reviewed the techno-economic and life cycle 
assessment of thermochemical conversion technologies and suggested 

that the implementation of biomass primarily depends on the cost 
competitiveness of biomass-based energy and chemicals compared to 
those derived from fossil fuels. They concluded that the cost of 
bioenergy-based technologies remains higher. 

To stimulate the transition to bioenergy-based technologies, a 
reduction in process costs is required. This may be achieved by 
improving the efficiency of these technologies regarding energy and 
chemical production and GHG abatement [5]. To improve the existing 
industrial technology, a thorough understanding of thermochemical 
conversion processes is required. The pyrolysis process is the starting 
point of all these technologies, however stand-alone pyrolysis technol-
ogy has also attracted wide attention [6]. This technology is being 
extensively developed in the bioenergy area for significant potential to 
co-generate energy and chemicals [7]. 

The scientific and industrial community’s interest in the pyrolysis 
process has increased significantly over the past few decades. The 
amount of scientific documents published on pyrolysis using either coal 
or biomass as feedstock for different years is shown in Fig. 1. It can be 

* Corresponding author.
E-mail address: John.Bunt@nwu.ac.za (J.R. Bunt).

mailto:John.Bunt@nwu.ac.za
www.sciencedirect.com/science/journal/13640321
https://http://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2020.110189
https://doi.org/10.1016/j.rser.2020.110189
https://doi.org/10.1016/j.rser.2020.110189
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2020.110189&domain=pdf


observed that research in both coal and biomass pyrolysis processes has 
increased significantly since the 1960s. The oil crises in the 1970s have 
intensified development in these areas, however since the late 1990s an 
exponential shift towards biomass pyrolysis research is evident with the 
signatures of conventions and protocols (Fig. 2). The increased aware-
ness of environmental issues related to fossil fuel usage in the twenty 
first century and resulting calls for clean and renewable energy sources 
is the main reason for the observed shift in scientific interest [8]. 
Research in coal pyrolysis has become less popular compared to biomass 
pyrolysis in the twenty first century, however an increase is still evident 
in countries with high coal reserves such as China [9]. 

A viable option for industrial thermochemical conversion technolo-
gies to transition to renewable feedstocks is the co-utilization of ligno-
cellulosic biomasses with coal as feedstock in existing coal-based 
processes [11,12]. For pyrolysis technologies, in particular, the 
co-utilization of biomass and coal has become an attractive option not 
merely due to a reduction in the carbon footprint of the overall process 
[13], but also due to the potential of producing higher oil yields with 
improved quality (composition closer resembling crude-oil) [14]. 

During co-pyrolysis, the hydrogen released from biomass stabilizes the 
large radicals produced from coal resulting in improved oil quality and 
yields [15] (See Section 3 for further details). Several authors have 
reviewed co-pyrolysis of biomass and coal along with other feedstocks 
such as waste plastics and tyres [6,16–18]. The thermal decomposition 
of materials was broadly discussed in these reviews, but no information 
on co-pyrolysis kinetic studies were reported. Abnisa and co-workers [6] 
concluded that the success of the co-pyrolysis process mainly lies with 
the synergistic effect observed during the reaction between different 
materials which increases the yield and quality of the oils. They sug-
gested that the pyrolysis reactor configuration is important for achieving 
synergistic/antagonist effects; however, the review lacked a detailed 
comparison between different technologies. 

Although the co-pyrolysis of biomass and coal is favourable to up-
grade the quality of the oil products through synergistic effects, large 
amounts of oxygenated species mostly derived from the biomass are 
present in the oil [19]. Due to its high oxygen content, bio-oil has an 
acidic nature and a high chemical reactivity, which results in phase 
separation during storage [20]. 

Biomass pre-treatment techniques enable the optimization of pyrol-
ysis product yields and composition, and limit the formation of unde-
sired products [21]. Pre-treatment techniques have been 
comprehensively reviewed (see Section 4.1). Among these pre-treatment 
methods torrefaction is considered one of the most promising [22]. This 
is evident from the increasing trend in scientific publications on torre-
faction (Fig. 1). This mild pyrolysis treatment is performed at temper-
atures of 200–300 ◦C resulting in moisture removal, the decomposition 
of hemicelluloses and partial depolymerisation of lignin and cellulose 
[23]. The physical and chemical properties of biomass as fuel are 
improved by increasing its energy density, lowering O/C and H/C ratios 
and inverting its hydrophilic nature [24]. 

The use of torrefied biomass as feedstock for the pyrolysis process 
also improves the quality of the resulting bio-oil by reducing the mois-
ture, oxygen and acid content, and increasing the carbon content [20]. 
This process has developed rapidly but has only been reviewed recently 
[25,26]. Both these reviews focused on the effects of torrefaction on the 
quality of the pyrolysis products, and demonstrated the potential to 
upgrade bio-oil quality but at the cost of bio-oil yield. Dai and 
co-workers [26] analysed the integrated process of torrefaction and 
pyrolysis and concluded that the process is cost-effective with good 
economic potential. It was suggested that the integration of torrefaction 
with advanced pyrolysis techniques such as co-pyrolysis can result in an 
increased competitiveness of commercial bio-oil. 

The co-pyrolysis of torrefied biomass and coal combines the advan-
tages of co-utilization of biomass and coal with the advantages of tor-
refied biomass as feedstock in pyrolysis technologies. Reviews on co- 
pyrolysis studies by Abnisa et al. [6], Quan and Gao [16], Hassan 
et al. [17] and Mushtaq et al. [18] have mainly focused on summarizing 
general trends, which do not convey clear conclusions on the origins of 
antagonist/synergistic events due to a disjoint approach to evaluate the 
different scales of pyrolysis. The novelty of this review is the funda-
mental evaluation of chemical and physical aspects of the co-pyrolysis 
process, which has been neglected in other reviews. To the authors’ 
knowledge, this is also the first review providing insights into funda-
mental differences in the co-pyrolysis of torrefied biomass and coal 
compared to co-pyrolysis of raw biomass and coal. For co-pyrolysis 
studies using raw/torrefied biomass and coal, only 3% of studies have 
included torrefied material. The recent progress made in the under-
standing of chemistry and physics covering mainly mechanistic pyrol-
ysis aspects (Sections 3.1 and 3.2) are first reviewed followed by a 
state-of-the-art on kinetics of co-pyrolysis (Section 3.3). The engineer-
ing applications of this process are then discussed in Section 4. Finally, 
the conclusions and prospects are summarized in Section 5. 

List of abbreviations 

AAEM Alkali and alkaline earth metals 
BET Brunauer–Emmett–Teller 
COP25 25th United Nations Climate Change Conference 
CPD Chemical percolation devolatilization 
DAEM Distributed activation energy model 
DSC Differential scanning calorimetry 
DTG Derivative thermogravimetric 
FTIR Fourier transform infrared spectroscopy 
GC Gas chromatography 
GC-MS Gas chromatography mass spectrometry 
GHG Greenhouse gas 
HPLC High performance liquid chromatography 
NMR Nuclear magnetic resonance 
PAH’s Polyaromatic hydrocarbons 
SEM Scanning electron microscope 
TGA Thermal gravimetric analysis  

Fig. 1. Increase of scientific publications on pyrolysis research using either coal 
(Scopus keywords: Pyrolysis AND coal) or biomass (Scopus keywords: Pyrolysis 
AND biomass) as feedstock and torrefaction (Scopus keywords: Torrefaction) – 
Access on January 14, 2020. 



2. Feedstock origin

2.1. Feedstocks: coal and biomass 

The composition of the most popular studied types of biomass and 
coal are shown in Table 1 and reveal important chemical differences. 
Lignocellulose is described as a polymeric structure made up by three 
main constituents (i.e. cellulose, hemicelluloses, lignin). The chemical 
and structural properties of a specific biomass mainly depend on the 
content and nature of these biopolymers [27]. On the other hand, coal 
consists of small “nuclei” of aromatic and naphthenic rings, which are 
linked to each other by bridges of aliphatic chains or heteroatoms [28]. 
The high aromaticity of coal is reflected in its high content of C and low 

content of H [29]. 
General correlations between physico-chemical properties of 

biomass and coal can be used as a predictive tool to determine the 
suitability of the feedstock for a certain application and different reviews 
have summarized these correlations [30,31]. For the co-processing of 
torrefied biomass and coal, correlations based on the ultimate analysis of 
the feedstock are likely to be the best choice for a predictive tool due to a 
more accurate estimation of the reactants ratio [30]. 

2.2. Thermal behaviour of feedstocks 

Thermogravimetric measurements are conventionally used to assess 
thermal behaviour and organic composition of feedstocks [54–56]. 

Fig. 2. Historical events that allowed the deployment of biofuels’ research activities [10]. Red textboxes represent geopolitical reasons (wars, economic crisis) that 
largely explained the shifts in the demand for crude oil and green textboxes represent different actions that countries undertook to announce the imminent phase-out 
of coal-fired power plants. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Proximate and ultimate analyses, CV value and molar O/C and H/C ratios of different types of biomasses and coals of different ranks.  

Feedstock Proximate analysis (wt% d.b.)a Ultimate analysis (wt% d.a.f)b CV (d.b.) (MJ kg− 1)c O/Cd H/Ce Ref.  

VMf FCg Ash C H N O S 

Biomass 
Softwood             
Pine chips 72.4–87.0 12.6–21.6 0.3–6.0 46.1–52.8 5.3–6.1 0.1–0.5 40.5–48.4 <0.3 19.0–19.8 0.6–0.8 1.2–1.6 [32–36] 
Hardwood             
Sawdust 84.6–91.3 14.3–19.6 0.1–1.1 45.3–52.0 6.0–6.1 0.2–0.6 41.6–47.1 0.1–1.1 17.7–20.4 0.7–0.8 1.4–1.6 [35–39] 
Grass             
Switchgrass 76.7–80.4 14.4–14.5 5.1–8.9 39.7–49.7 4.9–6.1 0.6–0.7 31.8–43.4 <0.2 12.6–18.1 0.6–0.7 1.2–1.8 [37,40] 
Straw             
Rice straw 71.6–88.7 8.1–14.5 8.9–13.9 43.6–45.4 5.3–7.4 0.4–0.8 33.0–50.6 <0.1 16.2–18.9 0.5–0.8 1.4–2.0 [40–43] 
Coal 
Peat 61.2–78.9 10.0–24.3 6.5–18.8 50.5–56.4 5.4–6.0 1.4–2.5 35.7–41.2 0.5–0.9 17.4–22.4 0.3–0.5 1.1–1.3 [44–46] 
Lignite 38.0–54.4 36.3–50.0 9.4–33.3 66.8–73.2 4.5–5.1 1.0–2.0 16.4–22.0 1.3–2.0 26.5–31.7 0.1–0.2 0.7–1.1 [44,47,48] 
Bituminous 20.0–26.9 54.8–55.8 18.3–35.0 78.8–82.9 4.3–5.0 1.6–2.0 10.0–15.1 0.6–1.8 19.9–36.4 0.1–0.2 0.6–0.8 [44,49–51] 
Anthracite 4.2–30.4 80.3–86.8 6.0–9.0 84.8–94.4 2.1–3.5 <1.4 1.7–6.2 <1 30.6–36.2 <0.1 0.3–0.5 [48,52,53]  

a d.b. – dry basis. 
b d.a.f. – dry ash free. 
c CV – calorific value. 
d O/C – oxygen to carbon molar ratio. 
e H/C – hydrogen to carbon molar ratio. 
f VM – volatile matter. 
g FC – fixed carbon. 



During thermal degradation of woody biomass, different stages can be 
identified in weight loss curves (Fig. 3): below 200 ◦C where the slight 
decay is due to drying and the release of light volatiles [57] and 
200–500 ◦C where significant mass loss is observed. Hemicellulose is 
the most reactive component and decomposes in the range of 225–325 
◦C, cellulose in the range of 305–375 ◦C, while lignin degrades gradu-
ally in the range of 250–500◦ [58]. Compared to biomass, coal displays 
smaller mass losses. The first stage of thermal decomposition occurs 
below 400 ◦C corresponding to drying and the release of low molecular 
organic species [59]. The second stage includes the main devolatiliza-
tion range between 400 and 600 ◦C. 

The torrefaction pre-treatment technique applied to biomass up-
grades the fuel characteristics to closer match those of coal. Compared 
with raw biomass, the mass loss curve of torrefied biomass shows a 
closer resemblance to the coal mass loss curve (Fig. 3), mainly due to the 
removal of hemicelluloses during torrefaction [60–62]. 

3. Fundamentals of co-pyrolysis

Co-pyrolysis of biomass and coal cannot be dissociated from the
concept of synergistic/antagonist effects because it is expected to draw 
several advantages in terms of emissions, energy savings and enhancing 
product quality. Here, we would like to reflect on the current usage of 
the word ‘synergistic’ that is often mentioned when discussing chemical 
mechanisms in co-pyrolysis. The semantic of the word confirms that 
‘synergy’ is used when the interaction of components when combined 
produce a greater effect than the sum of the individual components, 
suggesting a positive impact. In this review, we will use product yields 
as indicators for synergies and antagonisms. These effects are evident 
when the combined individual product yields (oil, gas and char) differ 
from the total sum. This approach is often referred to as the additive 
method. To be specific on the origin of experimental discrepancies, here 
we analyse how major parameters impact co-pyrolysis features. Past co- 
pyrolysis studies performed in different reactors and using thermogra-
vimetric analysis were respectively collated in Tables 2 and 3. We 
would like to stress the fact that it is challenging to compare the out-
comes of studies from Table 2 considering the variability between set- 
ups and characterization methodologies; thermogravimetric analysis 
being the most commonly applied thermoanalytical technique in solid- 
phase thermal degradation studies for obtaining kinetic data [64]. 
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Fig. 3. TGA and DTG curves for coal ( coal TGA, ─ ─ coal DTG), torrefied 
wood ( torrefied biomass TGA, torrefied biomass DTG) and raw wood 
( raw biomass TGA, raw biomass DTG) (adapted from Lu and co- 
workers [63]). 



Table 2 (continued ) 

Biomass/coal type Coal Biomass Biomass 
blend ratios 
(wt%) 

Reactor type Capacity 
(g) 

Gas Flow 
rate (mL/ 
min) 

Particle size 
(μm) 

Heating 
rate (K/s) 

Temperature 
(◦C) 

Pressure 
(bar) 

Product characterization methodology Ref. 

H/C molar ratio - AC (%, dba) 

Legume straw/lignite 0.8–11.0 1.6–1.8 0–100 Drop tube NR N2, 35 300–450 NR 500–700 1 Gas: Analysed with GC 
Char: Reactivity determined in fixed 
bed 

[70] 

Cellulose, 
hemicellulose, 
lignin/bit. 

0.7–16.1 1.7–0.07/ 
1.7–3.8/ 
1.0–3.7 

20/50/75 Drop tube 1 N2, 100 NR NR 600–1000 1 Gas: Collected in gas bags, analysed 
with GC 
Char: Not characterized 
Liquids: Not characterized 

[71] 

Pine sawdust, legume 
straw/brown, bit. 

0.8–11.0/ 
0.7–17.5 

1.6–0.3/ 
1.6–0.3/ 
1.6–1.7 

0–100 Drop tube 4–6 N2, 35 300–450 8.3 500–700 1 Gas: Collected in gas bags, analysed 
with GC 
Char: Char reactivity determined in 
fixed bed 
Liquids: Analysed by SEC, GC-MS 

[72] 

Pine/subbit. 0.79–5.71 1.59–0.34 0–100 Drop tube NR N2 C: 300–450, B: 
450-900 

NR 600 1 Gas: Collected in gas bags, analysed 
with GC 
Char: Not characterized 
Liquids: Not characterized 

[73] 

Switchgrass/bit. 0.90–11.41 1.6–9.1 15/30/50 Semi-batch 
drop tube 

1 Ar, 2000 297–1190 NR 900 1 Gas: Collected in bags, analysed by GC- 
MS, online MS. 
Char: Ash elemental analysis via ICP 
OES, ultimate analysis 
Liquids: GC-MS analysis, ultimate 
analysis 

[13] 

Rice straw/bit. 0.86–6.57 1.7–13.9 20/50/80 Semi-batch 
drop tube 

0.3 Ar, 500 C: 125-180 
B:250-420 

103–104 600–1200 1 Gas: Collected in gas collector, 
analysed with GC 
Char: Analysis by XRD, SEM, surface 
area, pore size distribution (BET), char 
reactivity by TGA 
Liquids: Not characterized 

[74] 

Wood, rice straw/ 
subbit. 

1.1–9.6 1.8–2.8/ 
1.8–12.0 

25/50/75 Semi-batch 
drop tube 

4 N2, 120 150–250 NR 800 1 Gas: Collected in gas bags, analysed 
with TCD-GC 
Char: Analysis by SEM, surface area 
and pore size distribution (BET) 
Liquids: GC-MS analysis 

[75] 

Pine/subbit, lignite 0.76–6.6 
0.8–25.7 

1.4–0.6 10/20/50 Semi-batch 
drop tube 

0.1 Ar, 4500 106–300 400–1000 600–925 1 Gas: Collected in bags, analysed by GC- 
MS, online MS. 
Char: Not characterized 
Liquids: GC-MS analysis 

[15] 

Wood/lignite 0.8–24.3 1.5–0.8 30/50/70 Semi-batch 
drop tube 

NR N2, 100 <74 NR 600–1000 1 Gas: Collected in gas bags, analysed 
with GC 
Char: Analysed using SEM 
Liquids: Not characterized 

[20] 

Sugar beet/lignite 0.81–5.8 1.73–3.0 50 Semi-batch 
drop tube 

1 pellet Ar, 4500 Pellets Φ~13 
mm 

NR 600 1 Gas: Not characterized 
Char: Proximate, ultimate analysis 
Liquids: Not characterized 

[76] 

Corn stalk/subbit. 0.7–3.4 1.5–5.7 10/30/50/ 
70/90 

Moving bed 
pyrolyzer 

100 None C: <4000 
B: Pellets 
(2000 × 6000) 

NR 700–800 1 Gas: Collected in gas bags, analysed 
with GC 
Char: Ultimate analysis, ash melting 
point, XRF 
Liquids: Not characterized 

[77] 

Silver birch, forest 
residue/Daw Mill, 
Polish coal 

0.70–4.7 
0.77–10 

1.60–1.9 
1.37–2.1 

33/49/52/ 
73 

Hot rod FB 0.05 N2, 100 106–150 10 850,1000 1,5,10,20 Liquids/Gas: Set-up originally 
designed for studying char reactivity – 
no detailed description of total 
volatiles and tar collection 
Char: Reactivity measured by TGA 

[65] 

(continued on next page) 



Table 2 (continued ) 

Biomass/coal type Coal Biomass Biomass 
blend ratios 
(wt%) 

Reactor type Capacity 
(g) 

Gas Flow 
rate (mL/ 
min) 

Particle size 
(μm) 

Heating 
rate (K/s) 

Temperature 
(◦C) 

Pressure 
(bar) 

Product characterization methodology Ref. 

H/C molar ratio - AC (%, dba) 

Sawdust/bit. 0.83–8.7 1.6–0.99 20/40/60/ 
80 

Fixed bed 10 N2, 500 180–250 NR 800–1400 1 Gas: Measured by flow meter, 
collected in bags, analysed by GC 
Char: Reactivity measured by TGA 
Liquids: Not characterized 

[69] 

Sawdust/lignite 0.97–10.3 1.59–1.69 20/50/80 Fixed bed 2 N2, 100 C:150-500 
B:<125 

NR 400–900 1 Gas: Collected in bags, analysed by GC 
Char: Analysed by IR spectra 
Liquids: Analysed by GC-MS 

[78] 

Corn cobs, corn 
stover, bagasse/bit. 

0.8–38.6 1.6–1.6, 
1.7–24.5, 
1.6–10.3 

5/27.5/50 Fixed bed 300–600 N2, 2000 C: 
6700–20000, 
B: 50-20000 

0.2–0.25 400–600 1–26 Gas: Collected in bags, analysed by GC 
Char: Not characterized 
Liquids: Analysed by GC-MS 

[79] 

Rice straw/bit. 0.85–6.9 1.96–11.01 20/40/60/ 
80 

Fixed bed 15 N2, 500 180–250 NR 700–900 1 Gas: Measured by flow meter, 
collected in bags, analysed by GC 
Char: Analysed by SEM, proximate and 
ultimate analyses 
Liquids: Condensed, analysed by GC- 
MS 

[43] 

Straw/lignite 1.1–10.8 1.9–9.73 50 Fixed bed 30 N2, 100 <177 0.3 500–550 1 Gas: Measured by flow meter, 
collected in bags, analysed by GC 
Char: Raman, XPS analysis 
Liquids: Condensed and analysed by 
GC-MS 

[80] 

Sawdust/subbit. 0.68–7.43 1.57–0.76 20/40/60/ 
80 

Fixed bed 20 N2, 

~25000 
<1000 NR 500–700 1 Gas: Collected in bags and analysed by 

GC and IR analyser 
Char: Not characterized 
Liquids: Not characterized 

[81] 

Rice husk/lignite 0.9–5.4 1.6–15.9 50 Vacuum 
Fixed bed 

10 N2 130–180 0.2 900 − 0.75 
(vacuum) 

Gas: Collected in bags, analysed by GC 
Char: Analysed for surface area (BET) 
Liquids: Analysed by GC-MS 

[82] 

Corncob/lignite 0.7–9.4 0.9–2.0 33/50/67 Two-stage 
fixed bed 

3 None 125–154 0.17 1000 1 Gas: Online analysis by MS 
Char: Reactivity measured by TGA, 
Raman spectra, surface area (BET) 
Liquids: Not characterized 

[83] 

Sawdust/Drayton 
coal 

0.8–15.8 1.3–0.4 5/10/25/50 Horizontal 
tubular 

1 N2, 50 C: 45-63 
B: 9-125 

0.2–0.8 200–1400 1 Gas: Online analysis by fast response 
GC 
Char: Not characterized 
Liquids: Not characterized 

[84] 

Safflower seed/ 
lignite 

1.1–44.6 1.8–2.3 3/5/7/10/ 
33/50 

Fixed bed 10 N2, 100 C: 500–1000, 
B: 600-850 

0.1 450–700 1 Gas: Not characterized 
Char: Not characterized 
Liquids: Elemental analysis, calorific 
value, FTIR, GC-MS, 1H NMR 

[85]  

a d.b. – dry basis. 
b NR – not reported. 
c Subbit. – subbituminous. 
d bit. – bituminous. 



Table 3 
Summary of process parameters for co-pyrolysis thermogravimetric studies.  

Biomass/coal type Biomass(es) Coal(s) Blend ratios 
(Biomass wt 
%) 

Capacity 
(mg) 

Gas 
flow 
(mL/ 
min) 

Particle 
size (μm) 

Heating rate 
(◦C/min) 

Temperature (◦C) Pressure 
(bar) 

Ref. 

H/C molar ratio - Ash (%, dba) 

Pine chips/lig.c 1.4–1.0 1.1–68.7/ 
0.9–34.3 

20/60/80 nrb Nr 750–1200 100 110–900 1 [87] 

Pine sawdust/bit. 1.4–1.7/ 
1.8–45.6 

0.5–10.7/ 
0.8–7.5 

15–40 10–15 N2 300 70–100 20 100–900 1 [88] 

Olive kernel, forest- 
and cotton 
residue/lig. 

1.4–2.6/ 
0.5–2.1/ 
1.4–0.2/ 
1.5–6.6 

1.2–13.0 5/10/20 20–25 N2 45 <250 10 850 1 [89] 

Olive kernel, forest- 
and cotton 
residue/lig. 

1.4–2.6/ 
1.4–2.1/ 
1.4–0.2/ 
1.5–6.6 

1.2–13.0 5/10/20 20/25 N2 45 <75/ 
<250/ 
<450 

10/100 to 110 & 
to 850 

1 [90] 

Wood waste, wheat 
straw/subbit.d 

1.3–0.1/ 
1.5–3.3 

0.7–9.7 50/70/80/ 
90 

100 Ar 50 nr 20 to 1300 1 [91] 

Pinewood/lig, bit.e 1.3–2.4 1.3–11.0/ 
0.8–3.4/ 
0.9–5.0 

25/50/75 15 N2 nr 75–90 25 to 900 1 [19] 

Pine, pellets, olive 
residue, hazelnut 
shells, paper 
sludge/bit 

1.4–1.7/ 
1.5–2.3/ 
1.6–1.2/ 
1.3–1.3/ 
1.7–47.0 

0.8–13.8 15/40 15 N2 60 125–300 20 105 to 1000 1 [92] 

Safflower seed/lig. 1.8–2.3 1.1–44.6 33/50/66 25 N2 40 500–1000 5 to 800 1 [85] 
Corn cob/lig. 1.6–0.9 1.0–18.3 10/50/90 nr He 50 < 74 10 to 600 1 [93] 
Wood waste/lig. 1.3–1.5 0.7–28.5 50/60/90 5 N2 100 C: 149-210 

B: 354-500 
40 to 1000 1 [94] 

sawdust/subbit., bit. 1.6–3.8 0.8–11.6/ 
1.3–19.7 

50 5 N2 100 53–75 10/30/50 to 1200 1 [95] 

Palm fruit bunches, 
kernel shell, 
mesocarp fibre/ 
lig. 

1.6–4.5/ 
1.5–10.2/ 
1.3–10.5 

1.2–5.8 20/40/50/ 
60/80 

20 N2 nr <212 10/20/40/ 
60 

to 900 1 [96] 

Corn residue/lignite 1.6–7.6 0.8–12.5 10/20 5 He 100 nr 10/30/100 to 900 1 [97] 
Hazelnut shell/ 

peat, lig., bit., 
anth.f 

nr-4.3 nr-7.7/ nr- 
42.5/ nr-20.3/ 
nr-6.8/ nr-4.5 

10 40–44 N2 40 250 40 to 900 1 [98] 

Sugar beet pulp/ 
lignite 

1.7–3.0 0.8–5.8 50 10 N2 50 74–149 20 to 900 1 [76] 

sawdust/subbit. 1.6–0.8 0.7–7.4 40 <10 N2 200 <250 15 to 900 1.2 [81] 
Sawdust, rice straw/ 

lig. 
1.4–1.6/ 
1.1–11.8 

0.7–31.3 20/50/70 10 N2 70 74–149 10 to 1000 1 [99] 

Sugarcane bagasse, 
corn cob/bit 

1.6–10.3/ 
1.6–1.6 

0.8–38.6 10/20/40 5–25 N2 150 < 212 5/10/50 to 900 1 [100] 

C. vulgaris algae/ 
semi-anth 

1.6–10.3 0.9–21.6 30/50/70 6 N2 100 <200 10/20/40 to 1000 1 [101] 

Japanese cedar 
chips/anth. 

1.22–0.0 0.7–13.7 25/50/75 5 N2 100 74–149 20 to 800 1 [63] 

Wood chips, 
macadamia nut 
shells/bit. 

1.3–1.2/ 
1.3–0.2 

1.0–23.6 80/85/90/ 
95 

10 N2 20 250–350 5/10/15/20 to 1000 1 [59] 

Pine chips/bit., 
subbit. 

1.3–0.9 0.4–8.1/ 
0.8–14.2 

50/100 1000 N2 

3500 
<125 1st stage: 10, 

2nd stage: 
10/20/30/ 
40 

1st stage: 105 ◦C, 
2nd stage: to 
1000 ◦C 

1 [102] 

Switchgrass, 
sawdust/sub. 

1.6–6.3/ 
1.5–0.4 

0.7–30.5/ 
0.3–2.0 

25/50/75 5/10/15 N2 

250/ 
500/ 
750 

300–355 25 to 800 ◦C 1–100 [103] 

Pine/subbit. 1.6–0.3 0.8–5.7 25/50/75 10–15 N2 nr 450-900/ 
300-450 

10 to 800 1 [73] 

Fungi residue/bit. 0.7–12.4 0.7–15.4 25/50/75 10 N2 60 <74 10/20/40 to 1200 1 [104] 
Pine sawdust/lig. 1.6–1.7 1.0–10.3 20/50/80 ~10 N2 80 150–500 

and <125 
10 to 1000 1 [78] 

Corn cob/subbit. 1.5–1.6 1.0–23.0 20/40/60/ 
80 

~15 N2 100 <150 10/40 to 700 1 [66] 

Yellow poplar/bit. 1.4–0.9 0.9–8.7 
0.8–7.7 

10/15/20/ 
30 

10 N2 110 <350 5/10/15/20 to 800 1 [105] 

Switchgrass, corn 
stover/bit. 

1.6–2.9/ 
1.3–5.0 

0.7–11 20 4.5–5.5 N2 80 C: <400 
B: 400-500 

5/10/20/40 to 800 1 [106] 

Rice straw, sawdust/ 
bit. 

2.0–11.0/ 
1.6–1.0 

0.78–11.43 20/40/60/ 
80 

nr N2 150 180–250 5/10/15/ 
20/25/30 

to 900 1 [107] 

(continued on next page) 



3.1. Yields and product distribution 

In an attempt to efficiently compare conclusions, thermogravimetric 
studies have been critically compiled (Table 3). Further discussions will 
be based on studies that rigorously prepared controlled samples and 
performed a temperature calibration of their instrument. The dynamic 
mode is usually preferred to the isothermal mode as it presents the 
advantage of studying the entire temperature range. Unfortunately 
general precautions to avoid misleading measurements are often dis-
missed [86]. 

In this section various parameters of the co-pyrolysis process are 
fundamentally evaluated and the effect of torrefaction on these pa-
rameters is discussed. A summary of the effect of torrefaction on pa-
rameters of the co-pyrolysis process is presented in Table 5. 

3.1.1. Influence of initial mass and internal heating rate: mass transfer 
limitations 

Good practices in thermogravimetric studies require several pre-
liminary studies that evaluate possible limitations in mass and heat 
transfer and guarantee that pyrolysis rates are reaction controlled. Ac-
cording to our knowledge, no co-pyrolysis work reports an effective and 
thorough study on the inherent impact of mass and heat transfer related 
to the initial mass. A few classic studies have reported the existence of a 
thermal lag (i.e. difference between reactor and sample temperature) 
which is a consequence of biomass pyrolysis endothermicity (discussed 
in Section 3.1.3) [115,116]. To overcome transport limitations, it is 
necessary to evaluate the influence of initial sample mass on the devo-
latilization behaviour. This was well illustrated by Volker and Rieck-
mann [117] where the influence of initial sample mass of cellulose was 
revealed by recording the char yield (Fig. 4). They demonstrated how 
mass transport significantly affects the product distribution. At a low 
heating rate of 3 K/min, no variation between degradation temperature 
range (between 593 and 595 K) and maximum decomposition rate was 
observed. However, the char yield increased from 2 to 18%. For higher 
temperature ramps, 41 and 105 K/min, significant changes in degra-
dation temperatures and devolatilization rates were reported when 
increasing the initial sample mass: temperatures shifting towards higher 
values (from 634 to 651 K for 41 K/min) at maximum degradation rates, 
which are lower in consequence. This phenomenon has also been re-
ported by other researchers for both raw and torrefied biomass pyrolysis 
[118]. In addition to these results, the irregularity in char yield trends at 

high heating rates (105 K/min) and larger samples (20–54 mg) reflects 
the inhomogeneity of degradation temperature within the sample due to 
heat transport limitations (Section 3.1.2). As a conclusion, mass transfer 
limitations will strongly affect resulting char yield. 

For modelling purposes, mass transfer phenomena within the parti-
cle are conveniently described with a convective transport equation and 
gas flow with the incorporation of the Darcy’s law that includes the 
feedstock permeability [120]. The permeation rate of gas depends on the 
properties of the feedstock such as permeability and porosity. This 
means that for feedstocks with different pore morphology, volatiles will 
be released at different rates during co-pyrolysis. The addition of tor-
refied material where the permeability of the biomass was increased 
during torrefaction (10− 14 m2 for wood and 10− 11 m2 for char), im-
proves the release of volatiles by minimizing intraparticular secondary 
reactions [121]. 

The change in permeability by torrefaction depends on the temper-
ature at which the biomass is torrefied. For example, Rousset and Girard 
[122] determined the effects of torrefaction at 200 ◦C on two mass 
transfer properties of Poplar wood: mass diffusivity and air perme-
ability. They observed that torrefaction pre-treatment decreased the 
magnitude of mass diffusivity but no significant change in the perme-
ability was observed which demonstrated that the thermal 
pre-treatment at 200 ◦C did not affect the pore morphology of the wood. 
Mafu et al. [27] also observed no significant change in CO2 micropore 
surface area of woody biomass after torrefaction at 260 ◦C; however, 
when the temperature was increased to 300 ◦C the micropore surface 
area started to increase [123]. The significance of torrefaction on mass 
transfer during co-pyrolysis therefore strongly depends on the torre-
faction temperature. 

3.1.2. Influence of particle size and internal heating rate: internal and 
external heat transfer limitations 

The presence of a temperature gradient within the particle is a direct 
expression of thermodynamic properties of the materials. In their re-
view, Antal and Varhegyi [124] summarized the early efforts in ratio-
nalizing the heat transfer limitations and their impacts on kinetics. The 
most emblematic work remains the theory proposed by Pyle and Zaro 
[125]. Based on physical/structural and thermal properties of a particle, 
they proposed different ratios (the Biot number and Pyrolysis numbers) 
to assess the relative importance of internal and external heat transfers. 

Experimentally, the reactor heating rate can be programmed and 

Table 3 (continued ) 

Biomass/coal type Biomass(es) Coal(s) Blend ratios 
(Biomass wt 
%) 

Capacity 
(mg) 

Gas 
flow 
(mL/ 
min) 

Particle 
size (μm) 

Heating rate 
(◦C/min) 

Temperature (◦C) Pressure 
(bar) 

Ref. 

H/C molar ratio - Ash (%, dba) 

Platanus wood/lig., 
bit. 

1.5–0.8 0.8–24.3/ 
0.5–6.0 

30/50/70 10 N2 60 <74 10/20/40 to 950 1 [108] 

Giant reedgrass/lig. 1.7–16.3 1.2–21.0 10/20/30/ 
40/50/60/ 
70/80/90 

10 N2 60 <250 5/10/15/ 
20/30 

to 800 1 [109] 

Chestnut sawdust/ 
bit., anth. 

1.4–1.3 0.7–7.8/ 
0.6–8.4 

nr 2–5 N2 100 <212 10/20/30 to 1000 1 [110] 

Cellulose/bit. 0.7–0.1 0.7–15.4 25/50/75 ~10 N2 60  10/20/40 to 950 1 [111] 
Wallnut shell/bit. nr nr 50 10 & 20 N2 200 <100 50 to 900 1 [112] 
Corn stalks/lig. 1.7–16.3 1.2–21.0 50 15–20 Ar 100 <1000 20 to 800 1 [80] 
Leaves, softwood, 

hardwood/subbit 
1.7–3.2/ 
1.7–1.9/ 
1.8–3.3 

0.9–3.9 25/50/75 3–4 N2 20 <150 20 to 800 1 [113] 

Poplar/lig. 1.6–5.8 0.7–9.6 4/8/12/16/ 
32 

10 50 74–150 10/20/30 to 1000 1 [114]  

a d.b. – dry basis. 
b nr – not reported. 
c Lig – lignite. 
d Subbit. – subbituminous. 
e Bit. – bituminous. 
f Anth. – anthracite. 



regulates external heat transfer limitations, the extent of which depends 
on the type of reactor and associated heating source. Although more 
elaborated models are required to illustrate the influence of reactor 
heating rate [126], Lédé et al. [127] could estimate the extent of the 
thermal lag according to the reactor heating rate for different heat 
transfer coefficients, h in W m− 2 K− 1, and initial particle sizes, L0 in μm. 
The thermal lag increases with increasing heating rate and remains 
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Table 5 
Summary of the effects of torrefaction on different co-pyrolysis process 
parameters.  

Co-pyrolysis process 
parameter 

Effect of torrefaction 

Mass transfer limitations Less due to an increase in biomass permeability 
Heat transfer limitations Less due to an increase in biomass thermal conductivity 
Enthalpy of pyrolysis Greater due to a decrease in hemicellulose content and 

secondary reactions 
Blend ratio Less significant due to higher similarities with coal 
Inherent organics Twice the amount of raw biomass, but organic 

composition unchanged 
Temperature Higher temperature required due to the removal of light 

reactive volatiles 
Pressure More significant effect on product yields due to 

increased porosity of biomass  

Fig. 4. Influence of the initial sample mass on char yield during the cellulose 
pyrolysis adapted from Volker and Rieckmann [119]. 

Fig. 5. DTG curves of rice straw and coal blends of ( ) 75 wt% ( ), 50 wt% 
and (─ ─) 25 wt% (Adapted from He et al. [131]). 



negligible at a high heating ramp for extremely low L0/h < 2 × 10− 8 W 
m− 1K− 1, design and operating conditions difficult to apply. 

Once again, the scrutiny of existing phenomenological models is of 
interest to understand how changes in thermo-physical and transport 
properties of torrefied material may impact heat transfer. For example, 
Mason et al. [128] reported that torrefied wood had a significantly 
higher thermal conductivity (0.29 W m− 1 K− 1) compared to raw biomass 
(0.16 W m− 1 K− 1). The change in this thermal property alone is esti-
mated to decrease the Biot number by almost a factor of 2. This means 
that internal temperature gradients are expected to be significantly 
reduced for torrefied biomass compared to raw biomass. 

3.1.3. Internal energy of pyrolysis 
The thermodynamic nature of co-pyrolysis is conventionally assessed 

from heat profiles that indicate the following: an early and sharp 
endothermic peak at temperatures below 150 ◦C related to surface water 
evaporation (dehydration) for both biomass and coal, and the highly 
exothermic profile of biomass compensating the endothermic character 
of coal conversion [93]. Chemical changes brought about by torrefaction 
are partly responsible for the changes observed in heat flow curves of 
torrefied biomass. DSC curves obtained for biomass and torrefied 
biomass under conditions where heat transfer limitations were mini-
mized demonstrated that the exothermal peak observed in the range of 
100–260 ◦C for biomass was absent for torrefied biomass and was 
attributed to the reduction of hemicelluloses [61]. Lignin and hemicel-
lulose pyrolysis is exothermal but cellulose pyrolysis is endothermal 
[129]. The overall enthalpy of reaction of a torrefied material therefore 
depends strongly on the composition of biopolymers remaining in the 
material after torrefaction. 

Furthermore, mass and heat transfer limitations may also affect the 
thermodynamic nature of the pyrolysis process itself. In extreme cases, 
extensive mass transport resistances can lead to the occurrence of highly 
exothermic secondary reactions; resulting in a significant decrease in the 
overall reaction enthalpy [119]. As discussed in Section 3.1.1 and Sec-
tion 3.1.2, the torrefaction pre-treatment step significantly changes the 
thermo-physical and transport properties of biomass in favour of 
reducing mass and heat transfer limitations and secondary reactions. It 
would therefore be expected that the overall enthalpy of pyrolysis of 
torrefied biomass would be greater compared to raw biomass due to less 
exothermic secondary reactions. 

3.1.4. Influence of blend ratios on ‘reactivity’ 
Conventionally, a co-pyrolysis study reports trends illustrating the 

impact of the blend ratio with the intention to manipulate the stoichi-
ometry of the pyrolysis reaction. Natural polymer mixtures are a com-
bination of biomass with ‘ideally’ higher H/C ratio, O/C ratio and 
volatile matter content than those of coal (Table 1). The reactivity of 
these mixtures towards pyrolysis conditions are interpreted based on the 

following devolatilization patterns (Fig. 5): number of DTG peaks, shift 
of onset temperatures and peak temperature, maximum decomposition 
temperature and associated decomposition rate [130]. 

It can be observed on DTG curves (Fig. 5) that blending affects the 
shape of peaks (with or without shoulders) and their maximal degra-
dation temperatures. If the nature of polymers and blend ratios are 
judiciously chosen, the maximum decomposition rate significantly in-
creases with increasing H/C and O/C ratios and volatile matter content, 
which results from increasing the mass fraction of biomass [109,132]. 
Few studies have revealed a good relationship between the maximum 
decomposition rate and biomass blend fraction which is directly related 
to the initial volatile matter content of the blend. To depict this trend, 
the maximum devolatilization rate versus ash content and volatile 
matter of original blends (calculated as the weighted sum of the 
measured value of the contributing coal and biomass fractions and 
expressed on a dry ash free basis) have been plotted (Fig. 6). 

On the same additive principle, past contributors have quantitatively 
assessed synergisms or/and antagonisms during co-pyrolysis and con-
tradictory conclusions were reported mainly based on the lack of sys-
tematic evaluation approaches. In the case where synergisms/ 
antagonisms events were depicted, the authors have systematically 
speculated that the higher hydrogen content in biomass plays a key role 
as H donor to facilitate coal degradation [70,81,93] referring to 
emblematic works such as Stiller’s one [133]. Making use of 
co-liquefication agents, they illustrated how well-known hydro-
gen-transfer and/or termination agents for free radicals could affect the 
overall conversion by preventing radical recombination reactions (i.e., 
polymerization, cross-linking, termination). Further mechanistic aspects 
of co-pyrolysis are discussed in Section 3.2. 

On the other hand, the influence of atomic O/C ratio is almost never 
invoked even though lignocellulosic biomass displays molecular ratios 
up to three times higher than those of coal (Table 1). The presence of 
higher oxygen could occasion antagonism events. Indeed, oxygen is a 
well-known cross-linking agent, which could counteract the effect of 
hydrogen [15,134]. 

When considering blending torrefied biomass and coal it is clear that 
studies are lacking (Table 4). Lu et al. [63] first reported the impact of 
torrefied material on the overall co-pyrolysis and concluded that 
whether raw or torrefied materials with low ash content were used no 
synergistic and/or antagonistic effects were observed based on the ad-
ditive approach. In the same line, He et al. [131] reported slight de-
viations for char and volatile yields during the co-pyrolysis of both raw 
and torrefied materials (rice straw with a high ash content) and coal. 
However, substantial changes in degradation temperature ranges and 
curves shape were observed when ‘severe’ torrefied biomass was 
co-pyrolysed instead of raw material: the onset temperature of the first 
degradation stage shifted towards higher temperatures and degradation 
stages overlapped so that the DTG curves displayed one peak only. This 

Fig. 6. Maximum pyrolysis rate of the first degradation stage (both Y-axis) versus volatile matter and ash content: (o) data obtained at 50 K/min with bagasse/coal 
blend from Aboyade [100] and (●) data obtained at 40 K/min with corn cob/coal blend from Wang et al. [66]. 



last observation indicates that physical and chemical changes induced 
by torrefaction make the feedstock behaves more similar to coal so that 
the blend degrades like a single feedstock. As a result, the effect of the 
blend ratio becomes less significant than observed for raw biomass/coal 
blends. 

3.1.5. Influence of inherent inorganics 
The composition of biomasses and coals vary to a large extent 

(Table 1), particularly in the content of inorganics. Inorganics can exist 
naturally within the biomass under various mineral classes (silicates, 
oxyhydroxides, sulphates, phosphates, carbonates and others) and 
different states (crystalline, semi-crystalline or amorphous solids, fluid, 
liquid or gas) [136], but can also be added via impregnation to func-
tionalize and/or protect the biomass and/or be added as heterogeneous 
catalysts (extraparticle) to influence the pyrolysis chemistry [137]. The 
influence of the inherent inorganics has been demonstrated several 
times. Listed as natural, primary/secondary catalysts [137], those ele-
ments have been shown to induce significant changes in terms of py-
rolysis reactivity according to their speciation through inhibitory and/or 
catalytic mechanisms [138,139]. In general, the pyrolysis process con-
centrates the inorganic fraction in the solid carbonaceous residue [140]. 
A brief analysis of experimental findings indicates that the extent of 
alkali and alkaline earth metals influence depends on their electronic 
form. In the form of salt, inorganics can facilitate the depolymerisation 
of lignocellulose through carbon-carbon bond cleavage and by 

decreasing the decomposition temperature [141]. In the specific case of 
cellulose, these inherent inorganics were found to act on primary py-
rolysis reactions resulting in significant changes of the organic products 
distribution [141]. It is therefore not surprising to note that a few au-
thors working on co-pyrolysis have pointed out their role to explain 
some of the synergisms/antagonisms during co-pyrolysis. 

Under mild conditions (torrefaction), these inherent organics are 
concentrated to a lesser extent than under pyrolysis conditions. As a 
result, the ash content of torrefied materials is generally twice that of 
raw biomasses [142], however the inorganic composition of raw and 
torrefied biomass generally remains unchanged [143] (Fig. 7a and b). 

The behaviour of inorganics is rationalized according to their natural 
association with biomass, mineral group and classes [136]. Mineral 
constituents belong to different categories, for example: post-transition 
metals for Al, Alkali earth metals for Ca and Mg, transition metals for 
Fe, Alkali metals for K and Na, reactive non-metal for P and Metalloid for 
Si. Depending on the temperature stress level, the stability of those 
minerals changes. In particular, mineral phases associated with alkali 
and alkaline earth metals (AAEMs) are highly reactive during biomass 
processing and catalytic effects are often reported [146]. 

The inorganics are relatively well bound with solid residues and most 
of them remain sequestered in the carbon matrix exhibiting new cata-
lytic functionalities. Their presence confers new functionalities that 
have been evidenced at enhancing feedstocks conversion during CO2 
gasification [147] and in upgrading chemical composition of pyrolysis 
bio-oils [148]. 

Textural characteristics and new surface functional groups of torre-
fied materials/biochars are often invoked to explain their catalytic 
performance; keeping in mind that one of the major issues in catalysis 
over biochars is related to mass transport limitations (in other words, 
access to the active sites) due to their microporosity. To overcome those 
limitations, prior activation treatments are required to investigate the 
intrinsic catalytic role of inorganics [149]. For this reason, the work of 
Feng et al. [149] is quite insightful as it reveals the mechanistic details of 
tar reforming at the active site scale. They overcame potential mass 
transfer limitations by removing primary minerals using a mild acid 
solution and controlled the loading of K and Ca by impregnation. To 
explain the higher devolatilization trait of K in comparison to Ca during 
CO2 gasification (Fig. 8), the authors invoked the higher valence state of 
Ca facilitating its anchorage to solid. Bonds are easily broken by free 
radicals under an oxidant atmosphere, which is not the case in a neutral 
atmosphere (Fig. 8). Measured char reactivity is also greater for K than 
Ca, 8.87% against 6.33% respectively under CO2 gasification. This is 
explained by the presence of crystal defect (C–O–K clusters) which 
combined with electronic properties of the biochar surface, exhibit an 
enhanced charge distribution on the surface, weakening chemical bonds 
(further details in Section 3.2.1). 

Fig. 7. Influence of torrefaction treatment on inorganic distribution within woody materials: a) Raw poplar wood ( ), torrefied at 240 ◦C ( ), at 260 ◦C ( ) and 280 
◦C ( ) from Kim et al. [144] and b) Raw birch wood ( ), torrefied at 240 ◦C ( ) and 280 ◦C ( ) from Shoulaifar et al. [145].

Fig. 8. Stabilization of K ( ) and Ca ( ) within biochar or ash after pyrolysis 
and CO2 gasification (Adapted from Feng et al. [149]. 



With a smaller number of active sites combined with a limited access 
to these sites, torrefied materials should exhibit a lower catalytic activity 
than biochars. And if there is any catalytic effect noted, this should be 
mainly attributed to metallic active sites instead of acidic sites (O-con-
taining functional groups on the surface). 

3.1.6. Influence of temperature 
The reactor temperature plays a major role in the extent of pyrolysis 

conversion and therefore pyrolysis product yields [150]. As the tem-
perature increases, more volatiles are produced (gases and condens-
ables) going through an optimum liquid yield, which consists of a 
compromise between the amount of volatiles released at high temper-
atures and the limitation of secondary cracking reactions at these con-
ditions. The optimal temperature for liquid production differs according 
to different reactor configurations (Section 4.2). Usually optimal tem-
peratures are expected to be in the order of 400–550 ◦C for biomass 
[151,152] and 500–650 ◦C for coal [70,153]. If temperature is increased 
above these optimal temperature ranges, a transition is observed in the 
volatile distribution towards less liquid product and more permanent 
gases [154]. 

To maximize the extent of interactions between volatiles of different 
feedstocks, it is recommended to produce sufficient amounts of inter-
mediate by-products (e.g. radicals, carbocations, hydrogen donors) from 
coal and biomass during co-pyrolysis without producing too many non- 
condensable gases [70]. It would therefore be expected that the extent of 
synergies will be maximized at temperatures in the range of the opti-
mum temperature for liquid production. Indeed, various authors have 
reported this observation [70,81,155]. The product yields obtained from 
the work of Park et al. [81] in a semi-batch drop tube reactor using a 
biomass blending ratio of 60 wt% for different temperatures is shown in 
Fig. 9a. The percentage deviation from calculated values is shown in 
Fig. 9b. It can be observed that the maximum deviation in char yields is 
observed at 600 ◦C, whereas the deviation decreases with a further in-
crease in temperature. 

The decrease in the extent of synergies with increasing temperature 
has also been explained by considering the increased production of 
hydrogen from coal at higher temperatures [13]. If the observed syn-
ergies are explained by hydrogen donors from biomass preventing the 
recombination reactions of coal radicals, it is suggested that when the 
amount of hydrogen released from coal reaches the level of that of 
biomass (at higher temperatures) it would result in a decrease in the 
extent of synergies observed. From Fig. 9b, it can be observed that the 
negative deviation in hydrogen yield is most significant at 600 ◦C when 
synergistic effects are maximized and becomes less significant with an 
increase in temperature. Another explanation is that an increase in 
temperature also results in an increase in gas space velocity, which leads 
to a shorter residence time and less interaction of volatiles with char 
further explaining the decrease in the extent of synergies at high 

temperatures [78]. 
For torrefied biomass, the optimum pyrolysis liquid production is 

significantly affected by the torrefaction processing temperature and 
holding time [156]. It may be expected for mixtures of coal and torrefied 
biomass that the optimum temperature for maximizing synergies would 
occur at a higher temperature than when using raw biomass. The reason 
being that the light and reactive volatiles produced at lower tempera-
tures for pyrolysis of raw biomass will be absent for torrefied biomass. 

3.1.7. Influence of pressure 
Although the effect of pressure on pyrolysis product distribution has 

not been reported as extensively, it remains an important process 
parameter that primarily affects secondary reactions. Pressure is usually 
reported to have a negative effect on pyrolysis liquid product yields for 
pyrolysis of individual fuels [157,158] as well as co-pyrolysis [65,79, 
159]. 

The pressure affects the volatile residence time and vapour pressure 
and therefore the number of heterogeneous (char-gas) and homoge-
neous (gas-gas) secondary reactions [150,160]. At a high reactor pres-
sure, a smaller pressure gradient exists between the internal and 
external surface of a pyrolyzing particle. Considering Darcy’s law, this 
results in a lower velocity of the volatile products out of the particle’s 
pores and therefore increases the char-gas contact time to favour 
recombination reactions. This generally results in higher char yields and 
lower liquid yields with increasing pressure. However, it is also possible 
that the volatiles remaining in the char pores will undergo thermal 
cracking to form gas products in which case the char yield will not be 

Fig. 9. Effect of temperature on a) product yield distribution from co-pyrolysis of sawdust and coal (60 wt% biomass blending ratio) in a semi-batch drop tube (
char, liquid, gas), b) Deviation between experimental and calculated product yields ( char, liquid, gas, H2). 

Fig. 10. Van Krevelen diagram to illustrate major devolatilization events (— 
dehydration, demethanation, decarboxylation and decarbon-
ylation) during pyrolysis of (■) coal [165] ( ), biomass torrefaction [166] and 
( ) biomass [166]. 



affected. Sathe and co-workers [161] reported that the extent of thermal 
cracking or recombination reactions occurring at different pressures in a 
specific reactor setup could be the controlling factors for the observed 
trends in char and gas yields. For example, Wafiq et al. [162] observed a 
decrease in char yield with increasing pressure up to 15 bar but no 
further changes at higher pressures. This suggests that as the external 
pressure is increased to 15 bar volatile trapping increases and recom-
bination reactions dominate; therefore, higher char yields are obtained. 
However, with a further increase in pressure (and volatile trapping), 
thermal cracking reactions increase more severely and counteract the 
recombination reactions so that the char yield remains unchanged. 
Under low pressures, the residence time of highly reactive volatiles is 
limited resulting in a good compromise between char and liquid yields 
[160]. Most importantly, the pressure impacts the physico-chemical 
properties of products, in particular those of oil and char: the compo-
sition of oils is altered [163] and chars display substantial changes in 
surface areas [162]. 

With regards to torrefied biomass, Wafiq and co-workers [162] re-
ported similar trends for the effect of pressure on char yields for both 
raw and torrefied biomass. However, pressure had a more significant 
negative effect on liquid yields for torrefied biomass. For raw biomass, 
the liquid yield decreases from 16–11 wt% d.b when pressure increased 
from 1 to 30 bar, whereas the liquid yield for the torrefied biomass 
decreases from 16–6 wt% d.b for the same pressure range. This may be 
due to the increased porosity of torrefied material, which weakens the 
internal forces by supplying a greater volume for volatiles to evolve. 
Consequently, more cracking reactions are expected inside the pores. 
The effect of pressure on co-pyrolysis of torrefied biomass and coal 
compared to raw biomass and coal is summarized in Table 5. 

Due to increased secondary reactions at high pressure, the extent of 
synergies usually also increases with pressure. For example, Collot and 
co-workers [65] observed a deviation of 15% in liquid yields at 5 bar 
compared to 22% at 20 bar. Huang and co-workers [159] also reported 
the maximum deviation in char and liquid yields at 30 bar. The control 
of pressure is therefore critical to favour the extent of synergies during 
co-pyrolysis. 

3.2. Chemistry and physics of co-pyrolysis products 

3.2.1. Composition and texture of chars 
Residual solids rich in carbon are important in the overall pyrolysis 

process as they concentrate a significant amount of energy and in-
organics. The char yields resulting from co-pyrolysis of raw biomass and 
coal are usually lower than theoretical ones determined by the additive 
method [43,70]. The hydrogenation synergistic mechanism on coal 
pyrolysis (e.g. recombination of coal pyrolysis radicals with biomass 
hydrogen donors preventing polymerization reactions) is invoked to 
explain the residual solid decrease and the subsequent impact on the 
solids properties. 

The formation of char can occur through various mechanisms: (1) 
dehydration leading to primary char and/or (2) recombination between 
reactive and volatiles fragments into char via cross-linking and 
condensation resulting in secondary char [164]. Under pyrolysis con-
ditions, dehydration, decarbonylation, decarboxylation and demetha-
nation reactions drive the formation of char (Fig. 10). However, under 
torrefaction, the dehydration remains the dominant mechanism. This 
prior loss of H and O during torrefaction pre-treatment with the release 
of water and oxygenates compounds containing carbonyl and carboxylic 
groups has a drastic impact on decarbonylation and decarboxylation 
reactions during the co-pyrolysis of coal and torrefied biomass (Fig. 10). 
For example, less vapour water could prevent water–gas shift reactions 
and limit H2O and CO2 gasification reactions, thus preventing the con-
sumption of C and limiting the textural evolution of char [164]. This 
explanation could suggest that the conversion of the two fuels, coal and 
torrefied biomass is independent. It would not be surprising to observe 
fewer synergistic/antagonist effects during co-pyrolysis of coal and 

torrefied biomass in comparison to coal and raw biomass co-pyrolysis. 
The decrease of both H/C and O/C molar ratios of bulk solid during 

biomass and coal co-pyrolysis have shown to be accompanied with a 
surface functionalization [123,167]. Coal, raw biomass and torrefied 
biomass undergo some important chemical and structural changes 
during pyrolysis, which have been depicted via a series of analytical 
approaches [168–170]. The charring process is predominantly accom-
panied with the aromatization of the solid matrix, which may be 
observed through advanced solid state C-13 NMR techniques. The 
inception of carbon aromatization of biomass solids during torre-
faction/pyrolysis was observed at 300 ◦C corresponding to the start of 
carbohydrates conversion with the predominance of the aromatic 
character at 350 ◦C [171]. More significant changes of aromatization 
degree and amorphous carbon content are observed in biochar in com-
parison to coal char residues during co-pyrolysis. The increasing severity 
of torrefaction limits those morphological changes leading to a lower 
graphitization degree and an increased amorphous carbon content of 
biochar during co-pyrolysis of torrefied biomass and coal. On the other 
hand, the aromatization of the coal char as well as the amorphous car-
bon content remained quasi unchanged whatever the torrefaction tem-
perature [131]. 

Another important factor which affects the co-pyrolysis char struc-
ture is the biochemical composition of the biomass. During torrefaction 
this composition alters mainly due to the degradation of hemicelluloses 
[172]. The effects of the addition of these biopolymers on the structural 
transformation in aromatic ring systems of co-pyrolysis char have been 
reported: the addition of cellulose resulted in a decrease in small (3–5 
ring) aromatic structures in co-pyrolysis char, whereas the addition of 
lignin promoted them and lead to a lower degree of ordering in the char 
[173]. He and co-workers [131] reported that the char surface of tor-
refied biomass and coal co-pyrolysis char was more disordered than 
when raw biomass was used which may be linked to the relatively higher 
amount of lignin in torrefied biomass. 

Few authors have reported the critical role of inorganics in the char 
functionalization but also in its structural reorganization. In general, the 
alkali and alkaline earth metallic (AAEM) species have been reported to 
break weak bonds to the benefit of stronger bonds, increasing the surface 
proportion of condensed aromatic rings [174]. In the case of torrefied 
biomass (with a higher amount of inorganics) an increase in the extent of 
these reactions occurs which may explain the increase in condensed 
aromatic carbons reported for the pyrolysis char [175]. This trend 
highly depends on the nature of AAEM present within feedstocks. 
Indeed, opposite tendencies were observed in the presence of high Ca 
and K levels that promote demethoxylation reactions [95]; thus, pre-
venting the methoxyphenols known as promotors of aromatic structures 
to play their role of char aromatization [176]. 

Shape transition of torrefied materials/biochar has been reported a 
few times using SEM analysis. The shape of particle evolves with the 
severity of pyrolysis and depends on temperature [104,177]. The 
observation of needle-like particle transformation into lamellate particle 
has been quantitatively confirmed by measurements of carbon lattice, 
which stretched into sheets as temperature increased [123]. These 
structures are both driven by the original lignocellulosic composition of 
feedstocks [123,171,173]. 

Characterizing the whole structure of char is challenging as their 

Table 6 
Summary of the effect of torrefaction on co-pyrolysis char structural 
properties.  

Co-pyrolysis char property Effect of torrefaction 

Graphitization degree Low 
Microporosity High 
Degree of aromaticity High 
Amorphous carbon High 
Particle shape Mainly lamellate  



analysis is limited by their amorphous and microporous character. BET 
porosity description remains poor as gas diffusion is often hampered by 
the size of pores. When CO2 adsorption is used, specific surface areas 
measured can reach until 170 m2/g for torrefied biomass at 290 ◦C [178, 
179]. Variations in pore size distribution during the torrefaction process 
was also observed: initial macropores are transformed into mesopores 
for mild temperature (260 ◦C), pores that become essentially macro- and 
micropores at higher temperature, 290 ◦C. Combined with a loss of 
hydroxyl groups, the extent of microporosity is suspected to contribute 
to the hydrophobicity of torrefied material [178]. Microporous structure 
of torrefied materials is also invoked to limit reactants diffusion within 
the particle [149], which has incited the scientific community to 
investigate the surface functionalization of biochar on which active sites 
such as oxygen-containing compounds and metallic oxides are grafted. 
As result, torrefied material could play an important catalytic role 
during co-pyrolysis. A summary of the effects of torrefaction on 
co-pyrolysis char properties is provided in Table 6. 

3.2.2. Nature of volatiles and condensates 
Hot volatiles are released during pyrolysis of natural polymers and 

the extent of the production is subject to reactor conditions (Section 
4.2). These volatiles include condensable liquids (oils) and non- 
condensable gases [180]. The yield and composition of oils derived 
from individual pyrolysis of raw/torrefied biomass and coal as well as 
from co-pyrolysis of raw biomass and coal are reported in Table 7. To the 
knowledge of the authors, no studies are yet available on the charac-
teristics of oil derived from co-pyrolysis of torrefied biomass and coal. 
However, reviewing the effect of torrefaction on individual pyrolysis of 
biomass provides important clues as to the oil yield and composition 
that may be expected for co-pyrolysis since torrefaction will only affect 
the chemical compounds derived from the biomass fraction of the 
blended feedstock. 

The oil from raw biomass pyrolysis has a complex chemical 
composition: it contains a wide range of reactive oxygenated species and 
a substantial portion of water (Table 7). The significant elemental oxy-
gen proportion within bio-oil, larger than those measured in coal- 
derived oils, leads to premature aging, chemical instability and a 
lower calorific value [181]. The pre-treatment of biomass through tor-
refaction improves many of the characteristics of the oil (Table 7). The 
water content and oxygen content of bio-oil derived from torrefied 
material were reduced and the carbon content was increased [182]. The 
oil also contained significantly higher amounts of levoglucosan and 
phenolic compounds, and lower acid yields [183]. These changes were 
due to the removal of water during torrefaction, the decomposition of 

hemicelluloses and the increase in the relative amount of lignin in the 
torrefied biomass [182]. 

It may therefore be expected that co-pyrolysis oil derived from tor-
refied biomass and coal will also have lower oxygen and water content 
and higher amounts of phenols. 

3.3. Progress on co-pyrolysis kinetics 

Biomass and coal pyrolysis kinetics have a long history but remain a 
complex field [64]. At the molecular scale, there has been considerable 
attention towards the development of mechanistic models described as a 
series of first-order unimolecular reactions. The most emblematic works 
in coal and biomass chemical kinetics often rely on free-radical patterns 
without any descriptions of phenomenological events. On the other 
hand, kinetic approaches at the reactor level require mathematical 
representations of mass and heat transfer phenomena; constraining the 
scientific community to adopt lumping or apparent kinetic methods. 
These approaches result in the loss of information on certain species and 
reactions, but also in the physical meaning of the reaction rate constant. 
To overcome those disadvantages, hybrid models coupling both fluid 
and chemical mechanisms were developed [190,191]; however, these 
models often use ideal conditions and do not account properly for 
countless factors in the industrial reactor. Furthermore, the accurate 
measurement of various input parameters presents tremendous 
challenges. 

To some extent, the exact reaction mechanism of individual pyrolysis 
of biomass and coal remains a mystery and the blending of these fuels 
during co-pyrolysis complicates it even further. The various kinetic ap-
proaches for co-pyrolysis are shown in Table 8 and it is clear that 
empirical/semi empirical approaches remain popular. To obtain 
experimental data, non-isothermal techniques are generally used due to 
their ability to assess a range of temperatures. Considering previous 
recommendations, only the collection of data under multiple heating 
rates that limits the dependence on the selected kinetic model will be 
discussed [192]. 

Empirical models such as Monte Carlo and Artificial Neural Network 
are useful for predicting complex input/output relationships in a co- 
pyrolysis process but a major disadvantage of these approaches is that 
their parameters are only applicable to the process and fuels for which 
they were developed [193]. Another approach involves models origi-
nally developed for coal devolatilization such as the chemical percola-
tion devolatilization (CPD) model which is based on chemical structural 
parameters and uses general kinetic parameters [194]. The main limi-
tation of these models is the large structural differences between 

Table 7 
Properties of oils derived from pyrolysis and co-pyrolysis of biomass, torrefied biomass and coal.  

Pyrolysis oil property Raw biomass Torrefied 
biomass 

Coal Biomass and coal 

Yield (wt%) 65-75 [7] 34-55 [20] 6-25 [9] 7-41 [72,85] 
Chemical components Acids, alcohols, aldehydes, 

ketones, phenols, guaiacols, 
syringols, anhydrosugars, furans, 
alkenes, PAHs, nitrogen 
compounds, and miscellaneous 
oxygenates 

Light-benzene, toluene, xylenes, styrene, phenols, pyridine, 
anilines and quinolones 

Combination of raw/torrefied biomass and coal 
derived components 

Water content (wt% of 
liquids) 

15-30 [184] 7-26 [185,186] 2-5 [9] 7-20 [77] 

Elemental Analysis (wt% 
d.a.f.) 

[187] [186,188] [9] [85] 

Carbon 42–47 45–66 80–85 73–75 
Hydrogen 6–8 5–8 2–8 11–12 
Oxygen 46–51 23–46 6–8 12–15 
Nitrogen < 0.1 <0.8 <1.1 1.3–1.6 
Sulphur < 0.02 nra <0.4 Nr 
HHV (MJ/kg) 17-20 [186, 

187] 
17-27 [20,186] 46 [189] 38-40 [85]  

a Nr – not reported. 



biomass and coal which need to be accounted for [172]. 
The isoconversional methods, also called ‘model-free’, have received 

an increased interest as they do not need the knowledge of the reaction 
mechanism and the choice of a specific model. They are considered as a 
preliminary assessment of the global kinetic behaviour by providing a 
set of apparent kinetics parameters. The results of different co-pyrolysis 
studies using this approach are shown in Table 9. Only activation en-
ergies (Eα) are reported as the procedure to evaluate the frequency 
factor, A, remains vigorously debated. It has been found that the acti-
vation energy ranges related to the conversion of coal, 200–271 kJ/mol 
[59,111], are systematically higher compared to those of biomass py-
rolysis, 117–183 kJ/mol, [102,132]. The effect of blending, by 
increasing the biomass fraction of the mixture, was also clearly evi-
denced: the apparent activation energy decreased significantly. Some 
studies reported a regular decreasing trend [59,132], while others found 
an optimum mass ratio of 50% where the lowest Eα is reached [104,108, 
111]. The variability of Eα during the whole process confirms the het-
erogeneous nature of the biomass and coal co-pyrolysis and suggests that 
a multistep model should be considered. 

Among the myriad of available models, single reaction global models 
used in solid state reactions such as the 1st order an nth order-based 
models have been applied to describe concurrent and consecutive in-
dependent parallel routes (Table S4). Although these kinetic studies 
suggested a more intricate description of co-pyrolysis, the number of 
parallel reactions materialized by pseudo-components and their inde-
pendence are assumed. In some cases, the selection of pseudo- 
components is not arbitrary. For example, a 3-pseudocomponent 
model is often chosen to describe biomass pyrolysis and simulated 
peaks attributed to the decomposition of hemicelluloses, cellulose and 
lignin [195]. Similar to biomass, the thermal behaviour of coal is 
satisfactorily described with a 3-pseudocompoment model from a 
product perspective (i.e. tar, gas, char) [134], but not systematically 
related to the maceral composition of coal (i.e., vitrinite, liptinite, 
inertinite) [196]. For these models, it is clear that there are many lim-
itations of a simply curve fitting exercise, for which the extrapolation 
may be meaningless if physics and chemistry are not adequately 
described. To be consistent with the nature of biomass and coal and their 
devolatilization behaviour, the normalized dependent contributions of 
the lignocellulosic composition to the total volatile matter should be first 

established and the pyrolysis rate of the blend should be described as the 
weighed sum of each individual fuel pyrolysis rate to be representative 
of the mix ratio (referred to as the additive method). In general, re-
searchers agree that the additive method is valid for modelling 
co-pyrolysis processes since isoconversional models demonstrate negli-
gible deviations in Eα values between single fuels and blends. An 
example is shown in Fig. 11. 

Another popular kinetic model, the distributed activation energy 
model (DAEM) is widely applied for complex pyrolysis systems and re-
views on this model are available [197]. DAEM is a multiple reaction 
model that assumes many independent reactions taking place with each 
rate equation describing the total amount of volatiles released, or the 
amount of an individual volatile constituent. The integration of a 
continuous function, f(E), is used to describe the activation energy for 
each reaction. The average activation energy (E0), standard deviation 
and in particular the shape both describe the density function, f(E). 

The DAEM has been successfully used for coal and biomass pyrolysis 
separately [198,199] and often combined with isoconversional models 
in the case of co-pyrolysis studies. The performance of prediction for 
DAEM is improved when input variables (i.e., kinetic parameters) are 
first processed using free-model methods [86]. The determination of the 
continuous function, f(E), can be achieved through distribution-free 
[114,200] or distribution-fitting methods [109]. For distribution-free 
methods, the activation energy (E) is first estimated using the iso-
conversional method and then the conversion vs E relationship is 
differentiated by E to obtain f(E). The most popular shape for the dis-
tribution curve used is Gaussian; but others distributions (e.g., Logistic, 
Weibull) are proposed to account for the structural asymmetry within 
biomass materials [197]. A summary of co-pyrolysis studies using DAEM 
is shown in Table 10. 

Although isoconversional approaches are useful, the selection of a 
model is inevitable. For co-pyrolysis, the individual fuels are usually first 
modelled separately and then the additive approach is used to describe 
the behaviour of the blends. Besides co-pyrolysis, the additive approach 
is common in biomass pyrolysis models where the fuel is considered a 
combination of cellulose, hemicellulose and lignin [201]. This approach 
may also be applied for torrefied biomass by adjusting the models for 
raw biomass due to the degradation of hemicellulose during torrefaction 
(Section 2.2). Researchers observed that torrefaction did not affect the 

Table 8 
Summary of kinetic approaches for co-pyrolysis of biomass and coal.  

Description Feedstocks Target Ref. 

Empirical/Mechanistic 
Monte Carlo simulation (Parallel algorithms for unimolecular or global reactions (Statistical 

approach, deterministic and stochastic models) 
Pentadecylbenzene and 
tetradecylcyclohexane; 

Molecular weight, 
Yield 

[203] 

Semi-empirical (Hybrid) 
Isothermal and dynamic thermogravimetry (Arrhenius equation, 1st order model) + DAEM 

model + ‘Lumped parameter’ model 
Coal, biogran, pine Eα, A, Yield [88]  

1 Thermogravimetry (Arrhenius equation, First order model) + Distributed activation energy 
model (Gaussian distribution)  

2 Dynamic thermogravimetry (Miura integral method) + DAEM  
3 Dynamic thermogravimetry (Flynn-Wall Ozawa and Kissinger-Akhira-Sunose methods) +

General DAEM  
4 Dynamic thermogravimetry (Miura integral method) + DAEM 

Energy grass and lignite; fat coal and poplar; 
bagasse and sludge 

Eα, A, Yield 1- 
[109] 
2- 
[114] 
3- 
[204] 
4- 
[200]  

1 Dynamic thermogravimetry (Kissinger method)  
2 Dynamic thermogravimetry (Integral Flynn–Wall–Ozawa method)  
3 Dynamic thermogravimetry (Integral method of Coats and Redfern, 5 models based on 

reaction mechanism function)  
4 Dynamic thermogravimetry (Arrhenius equation, nth order model)  
5 Dynamic thermogravimetry (Integral method of Coats and Redfern, 1st and nth order models 

based on reaction mechanism function) 

Wood/nut shells and coal; Wood and coal Eα, A, Yield 1- [59] 
2- 
[102] 
3- 
[103] 
4- [91] 
5- [63] 

Thermogravimetry (Coats-Redfern method, 17 models based on reaction mechanism function) +
Artificial neural network (Back-propagation algorithm) 

Rice husk and wastewater sludge Eα, A, ΔH, ΔG, ΔS, 
Yield 

[193] 

Isothermal, Bio-Chemical 
Percolation Devolatilization (CPD) coupled with particle energy equation (Percolation lattice 
statistics) 

Brown coal, bituminous coal, wheat husk and 
corn stalk 

Volatile and char 
yields 

[194]  



intrinsic pyrolysis kinetics of the three biopolymers but only their 
contribution factors [202]. Therefore, the estimation of intrinsic kinetic 
parameters for co-pyrolysis of torrefied biomass and coal should be 
possible if intrinsic parameters are available for individual pyrolysis of 
raw biomass and coal. 

While researchers have made progress on co-pyrolysis kinetic 
studies, it is clear that more comprehensive kinetic studies are required 
in this field especially with regards to torrefied biomass and coal where 
only model-fitting studies are available (Table S5). It has been suggested 
that the best approach for kinetic modelling of a complex heterogeneous 
pyrolysis system is through statistical methods, which empirically 
correlate kinetic data from experiments [124]. However, the major 
drawback is that the kinetic parameters are not intrinsic and based on 
experimental work with specific feedstocks. The co-processing of tor-
refied biomass and coal results in a highly heterogeneous feedstock and 
the optimization of this industrial process would most likely be very 
challenging without the use of generalized correlations to describe 

reaction kinetics of various feedstocks. This emphasizes the need for 
developing robust kinetic models which may be applied in different 
pyrolysis reactors. 

4. Engineering applications

After reviewing the fundamentals and kinetics of co-pyrolysis, the
application of this process is now discussed. Co-pyrolysis has different 
applications such as the production of bioenergy or chemical products 
(biorefinery) and the successful design and integration of these pro-
cesses is vital for its commercialization. Co-pyrolysis is a fractionation 
technology and is coupled to a series of engineered sections: the feeding 
system, heated reactor, gas/liquid/solid separation and downstream 
upgrading technologies. This section includes discussions on feedstock 
pre-treatment and reactor technologies. Downstream upgrading tech-
nologies have been the topics of other reviews [21,187,205,206]. 

4.1. Pre-treatment technologies 

Pre-treatment methods have been extensively reviewed [207–211]. 
In this review, the focus is on techniques developed to ease the 
co-utilization of biomass in coal-based thermochemical conversion 
processes. Advantages and challenges of the techniques are summarized 
in Table 11. 

For lignocellulosic biomass, the heterogeneity, low energy density, 
high moisture content and fibrous nature are major problems in the 
effective transport, handling and storage of the material [212]. Biofuel 
briquettes and pellets are a popular pre-treatment solution and their 
production has grown rapidly [213–217]. 

A challenge faced when utilizing biomass in thermochemical con-
version processes is the grindability of biomass [218–220]. To improve 
its fuel properties, torrefaction has received considerable attention and 
several reviews on torrefaction are available [24,221,222]. The 

Table 9 
Summary of co-pyrolysis kinetic studies using model-free models and their reported kinetic parameters.  

Biomass/coal type Blend ratios 
(Biomass wt%) 

HR (◦C/min) Temperature range 
(◦C) 

Numerical method Conversion (%) Eα (kJ/mol) Ref. 

Biomass Coal 

Cypress wood chips/ 
bit.d 

80/85/90/95 5/10/15/20 25–1000 Differential, Kissinger’s 
method 

Conversion at peak 
Ta 

169 200 [59] 

Pine wood chips/bit. 50/100 10/20/30/ 
40 

Ambient to 1000 Integral, FWOb Biomass: 20–80, 
Coal: 10-30 

Average: 
117 

Average: 
106 

[102] 

Edible fungi residue/ 
bit. 

25/50/75 10/20/40 37 to 927 Integral, KASc 20–80 63–206 169–386 [104] 
Integral, FWO 20–80 74–250 176–378 

Plantus wood/bit. 30/50/70 10/20/40 Ambient to 950 Integral, KAS 20–80 122–208 52–214 [108] 
Cellulose/bit. 25/50/75 10/20/40 Ambient to 950 Integral, FWO 20–80 121–143 169–386 [111] 
BG, CC, CS/bit. 10/20/30/40/50 5/10/20/ 

30/40/50 
110 to 900 Differential, Friedman 10–80 BGg:165- 

180 
CCh:162- 
190 
CSi:160- 
175 

Average: 
246 

[132] 

Yellow poplar/ WCe 

bit. HCf bit. 
10/15/20/30 5/10/15/20 500–800 Differential, Friedman 20–80 162–337 WC: 252- 

579 
HC:164- 
272 

[105] 

Oil palm EFBj/subbit.k 50/50 10/20/40/ 
60 

Ambient to 900 Kissinger’s method Conversion at peak T 210 273 [96]  

a T – temperature. 
b FWO – Flynn–Wall–Ozawa 
c KAS – Kissinger–Akahira–Sunose. 
d Bit. – bituminous coal. 
e WC – weak coking coal. 
f HC – hard coking coal. 
g BG – bagasse. 
h CC – corncob. 
i CS – corn stover. 
j EFB – empty fruit bunches. 
k Subbit – sub-bituminous coal. 

Fig. 11. Apparent activation energy for single fuels and blends (Bagasse/coal) 
from 6 pseudocomponents, nth model fitting based on multiple heating rate 
approach (adapted from Aboyade et al. [100]). 



torrefaction process alters the chemical and physical properties of 
biomass to become more similar to coal, which ensures that the bio-
mass/coal blend can be directly introduced into the existing coal milling 
and feeding systems [222]. Phanphanich and Mani [212] showed that 
torrefaction of pine chips at 300 ◦C allowed the production of a much 
finer powder (mean particle size 130 μm compared to 710 μm for raw 
material) with lower energy consumption needed for milling (23.9 
kWh/t versus 237.7 kWh/t) [223]. A comparison of raw, torrefied 
biomass and coal fuel properties is shown in Table 12. 

Important parameters to consider during co-pyrolysis include the 
variations in particle size distribution, sphericity and particle surface 
area of biomass and coal (Table 13). These variations between the two 
feedstocks can be reduced by torrefaction. When torrefied material is 
milled it produces a uniform particle size distribution with more 
spherical particles, similar to coal. This results in a feedstock with more 
homogeneous properties during co-pyrolysis of torrefied biomass and 

Table 11 
Advantages and disadvantages of different physico-chemical and thermal pre-treatments methods.  

Pre-treatment 
method 

Advantages Challenges 

Pelletization/ 
briquetting  

• Improved biomass energy density
• Easy transport and handling
• Reduced risk of spontaneous combustion during storage
• Coal infrastructure may be used for storage, milling and feeding

• Easily absorbs moisture and swells
• Sensitive to mechanical damaging during transport
• Susceptible to biological degradation and fungal 

development during storage
• Difficult to optimize process 

Torrefaction  • Improved hydrophobic nature of biomass
• Reduced O/C and H/C ratios
• Improved higher heating value
• Improved grindability
• Reduced risk of biological degradation and fungal development during storage
• Increased uniformity of material
• Coal infrastructure may be used for storage, milling and feeding 
• Material may be co-utilized with coal using existing coal-based infrastructure for ther-

mochemical conversion processes
• Reduced volatile matter content

• Additional unit required in thermochemical conversion 
chain

• Further densification of torrefied material required

Table 12 
Comparison of fuel properties of raw wood, torrefied wood, raw pellets, torrefied pellets and bituminous coal (adapted from Refs. [222,224,225]).  

Property Raw wood chips Torrefied wood Raw wood pellets Torrefied wood pellets Bituminous coal 

Moisture content (wt%) 30–60 1–5 7–10 1–5 5–10 
Bulk density (kg/m3) 250–400 180–300 550–700 750–850 800–1000 
Energy density (MJ/m3) 2500–3200 4600 10700 15000–17800 20000–25000 
Lower calorific value (MJ/kg) 6–13 19–23 15–16 19–24 23–28 
Grindability (kWh/t) 230–240 23–78 230–240 23–78 12 
Water-affinity Hydrophilic Hydrophobic Hydrophilic Hydrophobic Hydrophobic 
Biological degradation Yes No Yes No No  

Table 13 
Summary of chemical and physical properties of raw/torrefied biomass and coal 
[27,226,227].  

Property Raw 
wood 

Torrefied 
wood 

Bituminous 
coal 

Biochemical    
Chemical constituents (wt %)    
Hemicellulose 11–13 2–3  
Cellulose 47–57 36–47  
Lignin 16–45 16–45  
Structural    
Typical particle diameter (mm) 3–50 3–50 5–40 
Particle size distribution range Wide Narrow Narrow 
Sphericity 0.48 0.62 0.79 
Micropore specific surface area 

(m2/g) 
84–91 84–86 150–200  

Table 10 
Summary of co-pyrolysis studies using DAEM and their reported average activation energies.  

Model HR (◦C/min) Numerical method Feedstock F(E) shape Average E0 (kJ/mol) Ref. 

DAEM 5/10/15/20/30 Integral, Miura-Maki method Biomass (reedgrass) Gaussian 134 [109] 
Coal (lignite) 221  
Biomass blend 20/80 210  
Biomass blend 80/20 165  

DAEM 10/20/30 Integral, Miura method Biomass (poplar) Gaussian 106 [114] 
Coal (fat coal) 163  
Biomass blend 4/96 150  
Biomass blend 8/92 118  
Biomass blend 12/88 114  
Biomass blend 16/84 95  
Biomass blend 32/68 91  

DAEM 10/20/30/40/60 Integral, Miura method Biomass (corn stalks) Gaussian 89 [200] 
Coal (bituminous) 168  
Biomass blend 25/75 130  
Biomass blend 50/50 124  
Biomass blend 75/25 88   



coal. Torrefied biomass has a low bulk density (around 180–300 kg/m3); 
however, this problem may be overcome by combining pelletization and 
torrefaction [224]. 

Economic analyses report that even though torrefaction represents 
an additional unit in the thermochemical conversion chain, the overall 
cost for torrefied biomass pellets is lower compared to regular pellets 
due to savings on transport, handling and storage [221,222]. In a 
comparative cradle-to-gate life cycle assessment of torrefied wood pellet 
production Adams and co-workers [225] showed that torrefied pellets 
offers advantages over raw pellets, but in order for the torrefaction 
process to be carried out at a commercial scale, end-user confidence 
needs to grow. As seen in Table 12, the properties of torrefied pellets are 
the most comparable to coal suggesting that it will be the easiest feed-
stock for introduction into coal-based thermochemical processes. 

4.2. Types of co-pyrolysis technologies 

Pyrolysis is a complex process involving both simultaneous and 
consecutive reactions [228]. The chemical process begins with primary 
thermal decomposition steps (Section 2.2) followed by secondary re-
actions [229]. Product yields and quality are significantly affected by 
process parameters including: temperature, pressure, heating rate, gas 
and solid residence time and particle size [230]. Pyrolysis processes 

therefore require elaborate control strategies to maximize the yields of 
targeted products [150]. Several types of pyrolysis technologies have 
been developed including fixed bed [231–233], rotatory kiln [234–236], 
auger screw [237–239], bubbling fluidized bed [240–242], circulating 
fluidized bed [243–247], entrained flow [248–250], rotating cone 
[251–253] and ablative [254–256]. The main pyrolysis technologies are 
summarized in Table 14 with regards to the current scale of pyrolysis, 
operating conditions and target products. Furthermore, the main 
advantage and challenges of the different technologies are reported and 
their suitability for co-pyrolysis is evaluated. 

4.2.1. Reactor feeding systems 
Typical reactor feeding systems for different technologies may also 

be observed in Table 14. Detailed reviews on the advantages and chal-
lenges of these systems are available [257] In general, reactors which 
utilize gas as mixing/heating agent use screw feeders whereas the 
commercial rotating cone reactor uses a conveyer belt. Kenney and 
co-workers [258] demonstrated how the design of these systems for 
heterogeneous material requires an important trade-off between 
expensive robust designs and improved pre-processing operations to 
constrain feedstock properties to the design specifications. 
Pre-treatment technologies (Section 4.1) therefore play a significant role 
in the success of a reactor feeding system. 

Table 14 
Summary of main pyrolysis reactor technologies.  

Reactor 
type 

Typical scale 
of pyrolysis 

Typical 
feeding 
system 

Typical 
operating 
conditions 

Target 
product 

Product recovery Main advantage Main challenge Suitability for co- 
pyrolysis 

Fluidized 
bed 

Commercial Screw 
feeder 

Ta:400–550 ◦C 
Pb: 1–3 atm 
Rtc: 0.3–40s 

Oil Cyclone, condenser 
train, electronic 
precipitator 

High heat and 
mass transfer 
rates 

Technical issues 
related to gas as 
mixing/heat 
interchange agent 

Unsuitable, total 
segregation of fuel 
particles likely to 
minimize synergy 

Rotating 
cone 

Commercial Conveyer 
belt feeder 

T: 300–700 ◦C 
P: 1 atm 
Rt: <1s 

Oil Cyclone, 1-stage 
quenching with 
recycled oil 

High heat transfer 
rates, no inert gas 
required 

Technical issues with 
re-heating of sand 

Suitable, close contact 
between particles 

Ablative Pilot plant Screw 
feeder 

T: 300–600 ◦C 
P: 1 atm 
Rt: <1s 

Oil Cyclone, 2-stage 
direct liquid 
quenching with 
recycled oil 

Able to operate 
with large fuel 
particles (5–20 
mm) 

Complexity with 
scale-up 

Unsuitable, technical 
issues with heterogeneous 
feedstock mixtures 

Vortex Laboratory Screw 
feeder 

T: 500–625 ◦C 
P: 1 atm 
Rt: <1s 

Oil Cyclone, 1-stage 
condenser 

High heat and 
mass transfer 
rates 

Complexity with 
scale-up 

Unsuitable, segregation of 
fuel particles likely to 
minimize synergy 

Entrained Pilot plant Screw 
feeder 

T: 400–800 ◦C 
P: 1 atm 
Rt: <1s 

Oil Cyclone, 1-stage 
direct liquid 
quenching with 
recycled oil 

No extra hot solid 
material needed 
for heat transfer 

Insufficient heat 
transfer for short 
residence times 

Unsuitable, total 
segregation of fuel 
particles likely to 
minimize synergy 

Fixed bed Laboratory Batch 
loading 

T:400–700 ◦C 
P: 1–30 bar Rt: 
3–10s 

Char Condenser systems Intimate contact 
between fuel 
particles 

High extent of 
secondary reactions 
due to long residence 
times 

Suitable, close contact 
between particles  

a T: Temperature. 
b P: Pressure. 
c Rt: Vapour residence time. 

Table 15 
Advantages and challenges of different heat transfer modes for co-pyrolysis [5,229,264].  

Heat transfer 
mode 

Advantages Challenges 

Conduction  • High heat transfer rates between heating agent and fuel particles (>500 W/ 
m2 K)

• Heat may be sufficiently transferred to large fuel particles
• Rate of heat transfer increases with conversion due to higher thermal 

conductivity of char

• Direct contact required between heating agent and fuel particles can lead to 
solid attrition 

Convection  • Reduction of solid attrition that occurs from solid-solid collisions
• No additional inert solid material required

• Long gas residence times required for sufficient heat transfer
• Small fuel particles required for gas/solid heat transfer 

Radiation  • Fastest mode of heat transfer
• Radiative heat not absorbed by gas which avoids secondary reactions

• Requires wall heating in pyrolysis reactor design
• Requires concentration of radiation to produce sufficient heat transfer



4.2.2. Reactor heating types 
Effective heat transfer in a pyrolysis reactor is paramount and mainly 

occurs through conduction and convection although radiation can also 
contribute [5]. The advantages/challenges of these different heat 
transfer modes for co-pyrolysis are summarized in Table 15. Bridgwater 
and co-workers [5] first introduced a list of pyrolysis technologies ac-
cording to the type of heat transfer mode; however, the contribution of 
these modes for different technologies was only speculated [5,259] 
without reporting any calculations. In this review, basic heat transfer 
equations for conduction, convection and radiation were used to esti-
mate the contribution of heat transfer types for different reactors over a 
range of temperatures (400–600 ◦C) at which most of these reactors 
operate. For these calculations, the different reactors were assumed to 
have similar dimensions, while typical particle size and gas velocity 
values were used. Heat transfer by conduction was assumed to occur via 
reactor plates (ablative) or sand (fluidized bed/rotating cone) and 
determined through knowledge of the thermal conductivity of these 
materials. Convective heat transfer occurred via inert gas and could be 
determined from the Nusselt number obtained through the Whitaker 
correlation [260]. Heat by radiation was determined through knowl-
edge of emissivity of sand and reactor walls/plates. The results of these 
calculations as well as typical product yields for different reactors are 
shown in Table 16. Details of the calculations are provided in the Sup-
plementary Data Section S1. 

It can be observed from Table 16 that the contribution of heat 
transfer type depends on the reactor configuration. In ablative reactors 
heat is transferred directly from the hot plate surface to the biomass 
particles contacting the wall through conduction [261]. Aston Univer-
sity developed an ablative reactor and obtained up to 80% bio-oil yield 
[262], but the commercial implementation of this process is challenging 
due to the complexity in scale-up [259]. Fluidized bed reactors use 
recirculating hot sand to transport heat to biomass particles through 
conduction [259]. Although this technology has been commercialized 
by Dynamotive, major technical obstacles lead to the cease of operation 
[263]. A problem related to this design is that the gas used for mixing 
comes from the un-condensable gases produced during pyrolysis which 
constantly requires cleaning and recompressing, resulting large pe-
ripheral equipment [264]. Furthermore, the gas is a poor mixing agent 
and merely goes the way of lowest pressure difference, therefore playing 
no role in the prevention of clustering/blockages. The technology is also 
not well-suited for co-pyrolysis where synergetic effects are desirable in 
terms of oil yield. To achieve synergy, the extent of contact between the 
fuel particles is an important factor [265] and the near total segregation 

of the sample particles is likely to minimize the interaction between 
biomass H-donors and coal radicals [16]. 

Most co-pyrolysis studies have used lab scale fixed bed reactors [43, 
65,75,79,81]. Some authors suggest that the large amount of sample and 
intimate contact between the particles and volatiles in this reactor result 
in synergy. Many secondary reactions occur in a fixed bed due to the 
long residence time of volatiles; therefore, it is difficult to determine 
whether the occurrence of synergy is due to primary pyrolysis or sec-
ondary reactions of volatiles [19]. 

Entrained flow pyrolysis reactors are operated at high gas flow rates 
and heat transfer occurs almost entirely through convection [266]. The 
main challenge is obtaining a sufficiently high heat transfer in the short 
gas residence time [267]. Georgia Tech Research Institute [259] 
observed that longer gas/vapour residence times were needed to ensure 
sufficient heat transfer but this results in more cracking reactions, 
therefore lower liquid yields. The short residence time of volatiles in the 
entrained flow reactor makes it less suited to achieve synergy during 
co-pyrolysis [268,269]. 

The University of Twente together with the BTG group developed a 
rotating cone reactor [270]. Originally the design relied solely on an 
ablative principle but later research stated that the most effective way to 
transfer heat was to mix the biomass with pre-heated inert sand parti-
cles. The large surface area provided by the sand ensures sufficient heat 
transfer to the biomass by conduction. This design has shown great 
promise and has been successfully commercialized [264]. This design is 
recommended for co-pyrolysis because the feedstock can be mixed prior 
to introduction and remains in close contact with each other, maxi-
mizing the extent of synergy. 

Based on the evaluations of the different technologies (Tables 14 and 
16), both the fixed bed and the rotating cone reactor may be recom-
mended for co-pyrolysis due to the high extent of contact between the 
fuel particles as well as the effective heat transfer that is achieved 
through these designs. However the fixed bed reactor is used only for 
laboratory work whereas the rotating cone reactor is a promising design 
for commercial co-pyrolysis. 

4.2.3. Reactor product recovery 
The choice of pyrolysis reactor and product recovery system depends 

on the target product. As shown in Table 14 most reactor designs target 
the oil product; however, the efficient condensation of vapours has long 
been a difficulty and different collection systems have been reviewed 
[273]. In general, a cyclone is required to separate oil and char particles 
followed by a series of cooling stages. Careful design and temperature 

Table 16 
Summary of different co-pyrolysis technologies according to their operating conditions, product yields, heat fluxes and contribution of heat transfer modes (calcu-
lations provided in Supplementary Data Section S1).  

Reactor 
type 

Pyrolysis 
type 

Particle size 
(mm) 

Gas velocity 
(m/s) 

Heat interchange Product yield 
(%) 

Mode of heat 
transfer 

Estimated contribution of 
heat transfer mode (%) 

Ref 

Fluidized 
bed 

Fast <3 2 Heating by gas and 
sand 

La: 40-75 
Sb: 10-22 
Gc: 8-34  

400◦C 500◦C 600◦C [240,243,271] 
Conduction 78 77 75 
Convection 17 17 17 
Radiation 5 6 8 

Rotating 
cone 

Fast <10 0 Heating by sand L: 50-60 
S: 10-15 
G: 20-25 

Conduction 94 92 90 [7,264] 
Convection 0 0 0 
Radiation 6 8 10 

Ablative Flash 5–20 0 Wall heating L: 50-80 
S: 15-20 
G: 10-15 

Conduction 78 72 62 [7,254–256] 
Convection 0 0 0 
Radiation 22 28 38 

Entrained Flash <0.2 10 Heating by gas L: 10-40 
S: 8-30 
G: 16-44 

Conduction 0 0 0 [248,249,267, 
272] Convection 99 99 99 

Radiation 1 1 1 
Fixed bed Slow 3–60 0.2 Heating by wall and 

gas 
L: 18-35 
S: 25-43 
G:11-38 

Conduction 0 0 0 [33,231–233] 
Convection 84 79 72 
Radiation 16 21 28  

a L: Liquid product. 
b S: Solid product. 
c G: Gas product. 



control are recommended to avoid blockages. 

4.3. Practical implications of co-pyrolysis of torrefied biomass and coal 

Although there has been considerable progress in the commerciali-
zation of pyrolysis reactors, the technologies are still in the early stages. 
The main challenges with commercialization include the high capital 
and operating costs, low heat efficiency and difficulties with handling/ 
storage of biomass as recently reviewed [274]. The commercialization of 
co-pyrolysis of torrefied biomass and coal may provide some solutions. It 
is undisputable that the development of co-pyrolysis technologies could 
ease the transition between fossil-and renewable-based strategies 
providing a feedstock suitable to the design of actual industrial plants, 
which are currently being adapted or rethought [275]. Market analysis 
and domestic policy measures have already been proposed for torre-
faction technologies [276]. Adding torrefied biomass could reduce both 
the feedstock cost and environmental penalties and thus improve prof-
itability [26]. Actual policies for coal and biomass collection and con-
version could be easily adapted to co-pyrolysis-derived products as their 
quality could reach that of existing marketable products. 

The field of co-pyrolysis presents various advantages, however a 
number of obstacles still need to be overcome for advancing the tech-
nology to commercial stage. The following areas are recommended for 
future research:  

• Clear limitations exist for the characterization of co-pyrolysis oil,
which hinders the industrial community’s confidence in the tech-
nology. Future studies should focus on effective yet simple charac-
terization strategies.

• The field of co-pyrolysis kinetics is fairly unexplored. Kinetic data-
sets, which are representative of fundamental chemistry but also
robust enough to predict product formation for different reactor
systems are required.

• Future research is recommended on the effective integration of tor-
refaction and pyrolysis technologies to ensure maximum
profitability.

5. Conclusion

The co-pyrolysis of torrefied biomass and coal is an attractive process
for the thermochemical conversion industry’s transition to green energy 
and products. This review showed how useful it is to understand the 
effects of operating conditions on the fundamental physico-chemical 
changes that occur during co-pyrolysis. By studying these changes, it 
was possible to predict how torrefied biomass might behave differently 
to raw biomass during co-pyrolysis with coal. The following are key 
take-home messages of this review:  

• To produce a good torrefied material with properties similar to coal,
operating temperatures should be selected for the optimal degrada-
tion of hemicelluloses (between 225 and 325 ◦C).

• The differences in physico-chemical properties of raw and torrefied
biomass suggest that the extent of heat and mass transfer limitations
during co-pyrolysis of coal with torrefied biomass are reduced.

• Insights in co-pyrolysis chemistry reveal the role played by H-donors
from biomass to prevent recombination reactions in coal and the
catalytic effects of AAEM in biomass. Although torrefied biomass
contains less H-donors, the increased activity of surface sites, such as
metallic oxides, may lead to increased catalytic effects during co- 
pyrolysis.

• State-of-the-art co-pyrolysis kinetic relations are based on an addi-
tive approach and increased research efforts are clearly required in
this field.

• Heat transfer is crucial in co-pyrolysis reactors and the contribution
of different mechanisms of heat transfer strongly depends on the
reactor configuration. Although fluidized bed reactors have been

suggested, serious problems with up-scaling are experienced. The 
rotating cone reactor is suggested as a more promising technology for 
co-pyrolysis commercialization. 
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[31] Vargas-Moreno J, Callejón-Ferre A, Pérez-Alonso J, Velázquez-Martí B. A review 
of the mathematical models for predicting the heating value of biomass materials. 
Renew Sustain Energy Rev 2012;16:3065–83. 
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