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1. Introducción: Qué nos motiva hacer las cosas?



Vulnerabilidad del sistema de suministro de 
energía confiable y sustentable,  

DesequilibrioDeforestaciónContaminación

Tecnología Proyectos 
no rentables

Complementariedad

Problema

CAUSAS

EFECTOS



Energías Limpias y Economía Circular 

EconomíaCircular

Turbinas EólicasPaneles Solares

tomar
hacer

botarutilizar

contaminar

rehacer

reciclar hacer

utilizar

reutilizar



Existe correlación directa 
entre la energía y el 
crecimiento económico, 
desarrollo científico,  
tecnológicos y calidad de vida 
de una sociedad.

Energía y desarrollo económico social en un 
país



Tomado de: International Energy Outlook 2017, US EIA. https://www.eia.gov/outlooks/ieo/pdf/0484(2017).pdf

Consumo mundial de energía por recurso energético

Transición energética
Decisión de China a 

apostar por Solar 
FV



Los combustibles fósiles conservarán una participación 
relevante en la canasta energética mundial

81%

79 %

74 %

58 %

Políticas actuales

Políticas nuevas

Políticas optimistas

Actualmente 2040



El carbón sigue participando de 
manera significativa.

El sector farmacéutico, el 
alimentario y el agropecuario son 

nichos de oportunidades.

• Dar valor agregado a la 
biomasa y al carbón.

• Captura de CO2

investigación de alto nivel para



2. Qué tenemos?



Reservas por más de 
300 años y parte de 
ellas se explotan sin 

valor agregado 



Alto potencial 
energético de la 

biomasa residual en 
Colombia, 

UPME 2013



Biomasa: Recurso Potencial en Colombia

Residuos lignocelulósico

Residuos de ganado

Residuos urbanos



Residuos agroindustriales 

WWFONG

CENICAFÉ

WWFONG

UPME

Residuosde
arroz 360

Residuosde
palmadeaceite 460
Residuosde
banano 78

Residuosde
plátano 180

Residuosde
cacao 40

MilesTON/añoResiduos

Residuosde café
MilesTON/año GJ/año

200 3.3



Residuospalma

milesTon/año GJ/año

5600 73.72
Tusa 20.22 %
Fibra 13.65 %
Cuesco 5.63 %
Cenizas 0.53 %
Lodos 0.02 m3/ton

Efluentes 0.8 m3/ton
Biogás 0.2 m3/ton

Residuos en una planta de beneficio

Biogás
MWh/día

Total
MWh/día

Tusa
MWh/día

54.75 188.37 94.185



Fuente: UPME, 2018. Estrategias y planes indicativos para impulsar la bioenergía en 
Colombia.
https://www.ccc.org.co/bion/wp-content/uploads/pdf/27-abril-
2018/RicardoHumbertoRamirezUPME.pdf

Especies/año
Estiércol 

(TON/año) TJ/año

Industria avícola 
77.323 2440 17900

Industria porcina
1.62 1320 2000

Industria bovina
10.5 108000 41000

https://www.ccc.org.co/bion/wp-content/uploads/pdf/27-abril-2018/RicardoHumbertoRamirezUPME.pdf


Residuos urbanos
(desechos orgánicos)

Ciudad Población Ton/año TJ/año

Bogotá 8.000.000 37000 35.96
Medellín 3.500.000 16000 11.70
Cali 3.000.000 20000 17.74

Barranquilla 2.000.000 10000 5.18
Bucaramanga 1.000.000 10000 2.00
Cartagena 1.000.000 1300 0.87

Alimentos PlásticoPapel MetalOtros

2%
Incineración

3%
PlantaRecuperación

10%
Vertederos

80%
Rellenos

Residuos 
urbanos 

(desechos 
orgánicos)



Mas del 90% disponen los desperdicios en lugares 
autorizados

Entre el 60%-90% disponen los desperdicios en 
lugares autorizados

Menos del 60% disponen los desperdicios en lugares 
autorizados

Fuente:UPME



3.  En qué consiste lo que tenemos?



Buscar oportunidades de nuestros recurso para 
una economía sana y socialmente rentable:

Carbón Biomasa



Depending on operating conditions, the pyrolysis process
has historically been classified typically as slow pyrolysis, inter-
mediate pyrolysis and fast pyrolysis. Slow pyrolysis, with par-
ticles larger than 1 cm, is used primarily for char production
whereby 30–35% w/w of the carbon is converted to char with
the remainder being bio-oil and non-condensable gases.21 The
char can resemble a high-rank coal as it converts, as shown in
Fig. 2 in a van Krevelen diagram.22 Fast pyrolysis, with high
heating rates and small particle sizes typically 1–5 mm, is
employed when the primary desired product is bio-oil which is
produced at yields ranging from 50–80% yield in conjunction
with minor yields of biochar (10–20% w/w) and non-condensa-
ble gas (10–20% w/w).11,23 In each case, yields are strongly
influenced by the type of biomass, operating temperature, gas
residence time in the reactor, heating rate, particle size and
mineral content. High heating rates and small particle sizes
are key for achieving high selectivity towards the production of
bio-oil. A variety of pyrolysis technologies have been developed
for producing bio-oils via fast pyrolysis, some of which have
been put into commercial operation by entities including
Ensyn, BTG, Dynamotive, GTI, KIT, VTT, and PyroTec.24,25

Despite substantial research in the field of biomass pyrol-
ysis, very few companies have succeeded in commercializing

the technologies that produce bio-oil as the primary product,
although many examples exist of companies who employ
“slow” pyrolysis to produce char briquettes such as Kingsford
and Weber. It has been argued that one reason for failure to
scale up is a lack of understanding of the fundamental
phenomena of biomass pyrolysis.26 The purpose of this review
is to describe the four principal intra-particle phenomena of
biomass pyrolysis: chemical reactions, heat transfer, mass
transfer, and phase change. The authors believe that too little
attention has been given to phase change, particularly with
regards to the liquid intermediate stage between native bio-
polymer and vaporized organic compounds. This work will
have a special emphasis on recent developments in under-
standing this phenomenon.

Chemical reactions
Chemical composition of lignocellulosic materials

Biomass can be defined as an organic material composed pri-
marily of a heterogeneous mixture of polymers and a small
fraction of inert materials which comes from previously living
plants. The organic fraction consists of polymers containing
three major macromolecules: cellulose, hemicellulose, and
lignin as shown in Fig. 3. In addition to these primary poly-
mers, some biomasses contain a small quantity of lipids,
pectin, and extractives, which do not exceed 10% w/w.11,27

Cellulose makes up about 40 to 60% of the total biomass
weight, hemicellulose 15–25%, and lignin 15–25%.28–30

Cellulose is a linear, mostly crystalline, polymer composed of
glucose structural units linked by β-D type glycosidic bonds.
These monomeric units link together to form chains of 10 000
or more structural units. Cellulose polymers form fibers inside
biomass, and are responsible for the fibrous nature of cell
walls. Hemicelluloses are polysaccharides with an amorphous,
branched polymeric structure and a substantially lower degree
of polymerization than cellulose, approximately 100, primarily
of the following types: xylans, homoxylans, glucoronoxylans,
arabinoxylans, glucuronoarabinoxylans, mannans, and
others.31 It is primarily composed of sugars with 5 and 6
carbons per unit like xylose, mannose, arabinose, galactose
and glucose. Angiosperm species have mostly xylan and gym-
nosperm species have mostly glucomannan based hemi-
cellulose.32 Lignin is a complex, branched, non-crystalline
macromolecule, composed of three primary aromatic mono-
meric constituents: sinapyl, coniferyl, and coumaryl alcohols
linked by β-ether linkages and other variety of C–C and C–O–C
bonds exist between monomer units of lignin as β-O-4, α-O-4,
β-5, 5–5, 4-O-5, β-1, and β–β bonds.29,33 Both lignin and hemi-
cellulose are responsible for binding cellulose fibers together,
maintaining the structure of the cell walls.33,34

Less-discussed are the “extractives” and mineral matter in
biomass. Extractives include chemical families such as turpen-
tine, rosin, tall oil fatty acids, tanning materials, camphor,
volatile oils, gums, and rubber.35 Huge industries have histori-
cally been built around these high-value chemicals. Extractives

Peter N. Ciesielski

Dr Peter Ciesielski is a Senior
Scientist at the National
Renewable Energy Laboratory.
He has an interdisciplinary back-
ground and training in Chemical
and Biological Engineering and
Materials Science. Dr Ciesielski’s
research encompasses many
aspects of bioenergy and bioma-
terials science and aims to
improve ways by which renew-
able feedstocks can be used for
the sustainable production of
fuels, chemicals, and materials.

Fig. 2 Van Krevelen diagram comparing biomass and pyrolysis products
to coal.

Green Chemistry Tutorial Review

This journal is © The Royal Society of Chemistry 2019 Green Chem.
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Diagrama de Van Krevelen. 

Source: Brennan et al, Green Chemistry, The Royal Society of Chemistry 2019



Biomasa: Producto de la fotosíntesis.



Adapted from: Alonso,et al , Chem. Soc. Rev. 41 (2012) 8075–98. 

Biomasa, su complejidad está relacionada con 
la escala:

semi-crystalline rods (microfibrils).25Groups of these microfibrils

are connected by hemicellulose and lignin to ultimately produce

nanometer-scale composites that make up plant cells (10!8 to

10!7 m).26

The cellular microstructure of biomass enables proper plant

function. For example, tracheid cells form hollow tubular

structures capable of transporting liquid water throughout the

organism as well as providing structural support. Groups of

adjacent cells form a multicellular porous structure comprised of

smaller (lumen) and larger (parenchyma) cavities (10!5 to 10!4

m), which vary with the type of biomass (Fig. 3).27 Multicellular

structures then combine to form the plant macrostructure which

is what is ultimately input into pyrolysis reactors. It is important

to note that generally whole plants (100 to 101 m) are first

mechanically processed to smaller fibers (10!3 to 10!2 m) which

are then fed into pyrolysis reactors.28–30 Unlike other energy

feedstocks (e.g., petroleum, natural gas, coal), lignocellulosic

biomass feedstocks exhibit a multiscale (with variation over

multiple orders of magnitude) structure, which is varying during

degradation, rendering fundamental prediction of properties and

product distributions a challenge.

Complexity 2: the multiphase nature of pyrolysis

Feedstock complexities are compounded by the multiphase

nature of biomass pyrolysis. In recent years, it has been shown

that solid biomass, upon heating, decomposes through an

intermediate liquid before forming volatile products.31–33 Inter-

mediate liquids were first hypothesized to exist when woody

biomass was shown to have a lubricating effect when pressed

against moving high temperature surfaces.33 Subsequent research

demonstrated that rapid heating and cooling of cellulose

produced solids (e.g., char) with smooth surfaces, which is

indicative of a liquid intermediate.32 Finally, the existence of

short-lived (<100 ms) intermediate liquids was confirmed by

using high speed photography during ablative pyrolysis.31 It was

Fig. 2 Multiscale nature of lignocellulosic feedstocks. Lignocellulosic materials exhibit physical structures which span eleven orders of magnitude, from

the atomic level of biopolymers (10!10 to 10!9 m) to the microstructured cellular network (10!5 to 10!3 m) to the macrostructure of trees and grasses (1–

10 m).

Fig. 3 Lignocellulose pyrolysis chemistry and transport phenomena. The decomposition of lignocellulosic materials such as wood fibers occurs through

the thermal degradation of solid cellular wall material to form an intermediate liquid. Subsequent decomposition of the high temperature, non-equi-

librium liquid generates volatile organic compounds (VOCs) which flow through the wood pore (cellular lumen) and exit the particle.

This journal is ª The Royal Society of Chemistry 2012 Energy Environ. Sci., 2012, 5, 7797–7809 | 7799
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Carbón para producir:

• Gas Combustible: Metano, 
syngas.
• Líquidos: diesel, metanol, 

amoníaco and químicos.
• Sólidos: Carbón activado, fibras, 

nanotubos, fulerenos, diamantes, 
grafenos, grafitos, carbono negro.

Coques

Nanotubos Fibras

Carbones activados

Carbón son cadenas 
desordenadas de grafenos



4.  Cómo lo haríamos?



National Coal Council: COAL IN A NEW CARBON AGE. Powering a wave of innovation in advanced 
products & manufacturing

19 | P a g e  
 

x CORE – Medium Market Attractiveness-High Competitive Strength 
This sector is characterized by moderate industrial-scale volumes, technically proven, 
requiring moderate capital expenditures and providing a sizeable opportunity in the U.S.  
Specialized products in this category include extractive metallurgy, coal beneficiation, 
activated carbon, carbon black and coal-derived building products. 
 

x PERFORMANCE – High Market Attractiveness-High Competitive Strength 
This sector is characterized by specialty volumes of high-performance materials utilizing 
coal’s inherent and unique chemistry advantages, optimistically poised for rapid 
commercialization from small-scale modular to larger industrial scale.  Products in this 
category include rare earth elements, carbon fiber, synthetic graphite and electrodes, 
graphene, soil amendments and life-science biosensors.   

 

 
Non-Conventional Uses of Coal:  

CORE & PERFORMANCE routes (left and lower) and TRADITIONAL routes (upper right) 
 

  

TRADITIONAL    – Low Market Attractiveness-Low Competitive Strength
CORE                   – Medium Market Attractiveness-High Competitive Strength
PERFORMANCE – High Market Attractiveness-High Competitive Strength



The National Coal Council is a Federal Advisory Committee established under the authority of the U.S. Department of Energy. Individuals from a diverse set of backgrounds and 
organizations are appointed to serve on the NCC by the U.S. Secretary of Energy to provide advice and guidance on general policy matters relating to coal and the coal industry. 

20 | P a g e  
 

The conclusions of the NCC’s nine-block analysis shown below provide a qualitative, directional 
assessment of market opportunities. As graphically represented, the analysis depicts each data 
point with two concentric bubbles. The size of the darker blue inner bubble is a qualitative 
representation of the total size of the market (in annual revenues) that coal is able to address; 
the size of the lighter blue outer bubble is a qualitative representation of potential market growth 
over the next 25 years.  
 
Based on NCC’s nine-block analysis, the most significant growth opportunities for U.S. coal are 
in producing high-value specialty materials and products at reduced costs that will accelerate 
growth and spearhead large-scale applications. This could constitute a step-change in turning 
coal into the future ‘carbon ore’ mineral asset. Coal could become a new, innovative, low-cost 
solution to creating advanced materials and products across many important sectors, including 
automotive, aerospace, construction, electronics, low carbon energy, agricultural, environmental 
and life sciences. 
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Adaptada de: Alonso,et al , Chem. Soc. Rev. 41 (2012) 8075–98. 

Biomasa: Son cadenas de moléculas complejas.



Torrefacción

Pirolísis

Gasificaciónn

Combustión

BIOMASA y  
CARBÓN

Energía térmica y 
eléctrica,
Químicos, 

combustibles, 
pesticidas, and 

fertilizantes



Procesos termoquímicos para aprovechar biomasa y 
carbón

Peletización Pirólisis Gasificación Combustión

Densidad: 
600 a 1200 kg/m3

HHV: 
15 – 22 MJ/kg

BIOMASA

Biomasa
Aire

Vapor

Gas Biochar

N2

Bio-oil 

Gases

Biochar

Gases

Alquitranes

Gases 
calientes



Fuente: Manuel Gracía-Perez, et. Al.

Procesos termoquímicos:



Temperature, ºC
1200
1150 90- 10000 ºC/s
1100
1050
1000 Combustion
950
900
850 5-100 ºC/s Gasification
800
750 0,13-7 ºC/s Flash8pyrolysis
700 0,05-0,13ºC/s
650 0,01-0,05ºC/s
600
550 Fast8pyrolysis
500 Intermediate
450 Slow8pyrolysis pyrolysis
400
350
300 Liquefaction
250 Torrefaction
200
150 1 min - days
100 30-60 s
50 1 h - 1 día 1-30 s
0 0,1-1 s

Heating rate, ºC/s

Residence time



Procesos termoquímicos:

Fuente: Manuel Gracía-Perez, et. Al.



NETL implements this effort as 
part of DOE’s Advanced Energy 
Systems Program.



Rutas para producir diferentes productos a 
partir de la gasificación

National Renewable Energy Laboratory P.L. Spath and D.C. Dayton Prepared under Task No. BBB3.4210 



Gasification Process to produce UREA



Novel Gasification Process (HyPr-RING)



HYDROGENO Azul & EMISSIONES NEGATIVE CO2

NETL implements this effort as 
part of DOE’s Advanced Energy 
Systems Program.



COAL-BIOMASS TO LIQUIDS & POLYGENERATION

NETL implements this effort as 
part of DOE’s Advanced Energy 
Systems Program.



the melting of ferrite and aluminate phases and some of the belite.
Liquid phase – along with higher temperature in the sintering zone
(1300–1450 !C) – promote the reaction of free lime, while
unreacted silica and some of the belite give tricalcium silicate or
alite (mol. formula: Ca3SiO5 and symbolic notation in cement chem-
istry: C3S). The final step for the clinker production is the phase
change of solid materials into liquid. This reaction requires a large
amount of heating rate and is performed at temperatures above
1400 !C, thus it is regarded to occur in the fourth kiln zone [43].

The clinker cooling is performed in the clinker cooler. Part of the
air used as cooling medium composes of preheated up to 510 !C
combustion air before it is being used in the kiln and the pre-
calciner, while the rest of the air is released to the atmosphere.

Before the flue gas cooling, the de-dust and the de-NOx units are
considered, for the environmental control of the emitted pollutants
[3]. In the case of SOx emissions, SO2 formation and release, which
originates from the sulfur compounds in the raw materials, mainly
takes place in the raw mill, and the preheating zones. Throughout
the pre-calciner and the kiln zones, where temperature is high, S
leaves the kiln system with the clinker [44]. Hence, assuming
non-sulfur raw materials, the SO2 removal system is not consid-
ered in the present analysis.

2.2. CO2 capture unit

The process configuration scheme of the capture unit is shown
in Fig. 3. The CO2 capture in the carbonator takes place in constant

temperature (650 !C) whereas the sorbents regeneration in the
oxy-fired calciner is accomplished in 900 !C. The oxygen stream
produced in the Air Separation Unit has 95% v/v purity [45]. The
specific power demand for pure oxygen production is 220 kWh
per ton O2 [46]. Based on the configuration of CaL unit assumed
in the study of Vatopoulos and Tzimas [5], calcium circulating
solids are heated up by the hot calciner flue gases in the Bed
Material Heater (BMH) before they enter the calciner in a gas–solid
heat exchanger. The specified solids temperature outlet is set equal
to 700 !C for all cases examined. The hot flue gases exit the BMH
with a temperature range in-between 800 and 815 !C in all the
examined cases. The inclusion of this heat exchanging between
flue gas and solids, is expected to contribute to the saving of
around 15 MWth fuel. Although a higher solids temperature can
be achieved, such a concept should be investigated in more detail,
in terms of operation sustainability and technical feasibility. The
two Bed Material Coolers (BMCs) are served for solids cooling
before the carbonator in order to achieve effective recovery of
the rejected heat during carbonation. Regarding the ash manage-
ment, to the best of our knowledge, a representative slag rate value
has not been reported from any similar experimental and/or
numerical study of oxy-calcination with coal. In that light a slag
rate (ratio of ash that does not exit from the riser outlet to total
ash) that equals to 0.50 has been selected as reference, using as a
background that the fly ash content is totally removed from the
flue gases using an effective ash removal technique, e.g. an electro-
static precipitator.

Limestone

Raw 
Meal

Flue gas

Kiln

fuel
fuel

gypsum
Mineral 

addi!ves

clinker

Packing 
machine

Cement 
silo

Clinker 
silo

filter

Raw material 
preheater

Pre-
calciner

Raw 
mill

Cement 
mill

Clinker cooler 

Clay

Air 
vent

Fig. 1. Typical cement manufacturing process flowsheet.

Table 2
Fuels main characteristics.

Fuel HHV (MJ/kg) C (%wt. dry basis) H (%wt. dry basis) N (%wt. dry basis) O (%wt.
dry basis)

S (%wt.
dry basis)

Ash (%wt. dry basis) Moisture (%wt.)

Petcoke 32.70 88.57 3.90 1.70 0.79 4.65 0.39 2.0
Coal 23.63 73.35 3.14 1.68 4.90 0.33 16.6 7.4
Oil 43.50 85.24 11.80 0.20 – 2.75 0.01 –

Natural gas 51.47 CH4

89% v/v
C2H6

7% v/v
CO2

2% v/v
N2

0.89% v/v
C3H6

1% v/v
C4H10

0.11% v/v
S 10 ppm

K. Atsonios et al. / Fuel 153 (2015) 210–223 213
Existing cement plant



Integration of calcium looping technology in existing 
cement plant for CO2 capture 

Integration of calcium looping technology in existing cement plant for
CO2 capture: Process modeling and technical considerations

K. Atsonios a,b,⇑, P. Grammelis a, S.K. Antiohos c, N. Nikolopoulos a, Em. Kakaras a,b

a Chemical Process and Energy Resources Institute Centre for Research and Technology Hellas, 4th km N.R. Ptolemais-Kozani, 50200 Ptolemais, Greece
b Laboratory of Steam Boilers and Thermal Plants, National Technical University of Athens, 9 Heroon Polytechniou Street, 15780 Zografou, Greece
c Titan Cement Company S.A., Group R&D and Quality Department, Kamari Plant, Elefsina, Greece

h i g h l i g h t s

! Process integration of cement plant
with CaL including CO2 purification
and capture.
! Low S fuels are preferable for CaL

system in terms of better
performance.
! The CO2 avoidance cost for the

optimum case was 68.75 €/t CO2.
! Net electricity production is

estimated to be around to
426.66 kW h per ton clinker.
! CaL and MEA scrubbing are almost

comparable in financial terms.
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a b s t r a c t

Cement sector is currently responsible for approximately 5% of the global CO2 emissions. CO2 originates
principally from the raw meal calcination stage and conventional fuel (e.g. coal) combustion for the
thermal needs of the process. Carbon capture and storage (CCS) is among the examined technologies
for mitigating CO2 emissions generated in a cement plant. A very competitive technology for CO2 capture
from flue gases appears to be Calcium Looping (CaL). The process is realized in a dual fluidized bed system
where CO2 is absorbed by CaO in the first reactor (carbonator), and the produced CaCO3 is regenerated in
the second oxy – fired reactor (calciner). During calcination, CO2 is released from the sorbents, purified,
compressed and finally led to storage. Among the advantages of CaL when compared against other CO2

capturing technologies that could be applied in the cement industry, are the familiarity of the sector with
the management (extraction, storage, feeding, etc.) of CaO-bearing materials and the prospect of reusing
purge CaO in cement making as it is chemically compatible with cement raw meal.

This study describes the process modeling of the CaL implementation on a typical (no by-pass) five-
stage preheater with pre-calciner cement plant as a retrofit option, in order to capture the CO2 produced
through the clinker production. The process simulations were performed with the commercial software
ASPEN Plus™ in conjunction with house-built models for the CaL process itself. A detailed description of
the process configuration of the CO2 capture unit including its integration with the CO2 purification
scheme and the basic parameters for the clinker production line are presented. Simulation results
revealed that high S content in the supplementary fuel affects negatively the CaL performance and the

http://dx.doi.org/10.1016/j.fuel.2015.02.084
0016-2361/! 2015 Elsevier Ltd. All rights reserved.

Abbreviations: ASU, Air Separation Unit; BMC, Bed Material Cooler; BMH, Bed Material Heater; EOR, Enhanced Oil Recovery; FG, flue gas; HP PH, high pressure preheater;
HP SH, high pressure superheater; HPST, high pressure steam turbine; HRSG, heat recovery steam generation; LP SH, low pressure superheater; LPST, low pressure steam
turbine; MEA, Monoethanolamine; PCU, Purification and Compression Unit; RM, Raw Meal; TEG, triethylene glycol.
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experience at high industrial scale, the absence of support policies,
market barriers and the limited investment in research and develop-
ment activities [10].

Pyrolysis, the thermal decomposition of organic materials in the
absence of oxygen, is a promising technology for converting biomass
and wastes into energy products. Employed for thousands of years to
produce charcoal, more recent interest focuses on the ability of pyr-
olysis to produce liquid fuels and/or value-added products from bio-
mass and wastes [11–16]

Several kinds of reactors can be used for pyrolysis including those
involving high heat and mass transfer rates such as spouted, and flui-
dized beds, both bubbling beds (BFB) and circulating beds (CFB). Other
reactors comprise autoclaves, melting vessels, plasma reactors and
particular arrangements to enable vacuum pyrolysis [12]. Similarly, it
is also possible to find rotary kilns [17], rotating cone [18], cyclonic
reactors [19], and the ablative process [20], among others. Table 1
characterizes several of the more commonly employed reactors for fast
pyrolysis of biomass. All these reactors/configurations have advantages
and disadvantages in terms of technical and economic parameters. They
are also used for different energy applications depending on the feed-
stock characteristics and the final target (heat, electricity, liquid or
gaseous products and/or carbonaceous materials), which finally de-
termine the type of pyrolysis (slow, intermediate, fast). The literature
contains many reports on the operation and performance of these var-
ious kinds of reactors [17,21–28].

Table 1 also shows a summary of some key features of fast pyrolysis
reactor systems, highlighting their relative merits. Fluidized beds (both
BFB and the CFB) and the rotating cone have received special interest
and they are available at large-scale plants. Particularly, BFB and CFB

are considered as robust and scalable reactors and are widely employed
in demonstration and commercial pyrolysis plants. Nevertheless, they
are among the more complex reactors to operate and require large
quantities of inert gas to fluidize the bed media [29]. In addition,
providing the enthalpy for pyrolysis through heat transfer becomes
increasingly difficult as the reactors are scaled up.

Moreover, these technologies (BFB, CFB) present an important
problem related to the solid fraction attrition [30]. These reactors use
hot solid media in order to achieve high heat transfer coefficients
through solid/solid collisions leading to attrition phenomena and pro-
ducing fine particles in the resulting pyrolytic solid fraction [31]. These
small particles, which are the result of the shrinking/attrition phe-
nomena, hinder the separation process and hence, the liquid fraction
contains higher solid concentrations, promoting aging, erosion,
blockage and combustion problems [22]. Particulate-free liquid is de-
sirable both in direct-fired applications and for refining to transporta-
tion fuels.

The biomass Pyrolysis Network (PyNe) published a chart that
compares the relative technology and market attractiveness of several
pyrolysis technologies (Fig. 1). This analysis indicated that BFB, CFB
and auger reactors are the strongest contenders for commercial devel-
opment. Reactors with moving mechanical components and high par-
ticle velocities throughout the length of the reactor, such as ablative
and rotating cone configurations, are more compact and use relative
small amounts of inert gas. However, they are difficult to scale and
moving parts expose to both high velocities and temperatures are
subjected to corrosion and metal fatigue [30].

Auger reactors, which use a screw to convey a single feedstock or a
blend with solid heat carriers down the length of a tube, are gaining

Table 1
Overview of fast pyrolysis reactor characteristics (adapted from [30]).
Reactor type Status (kg/h) Liquid fraction yield1 (wt%) Complexity Feed size specification Inert gas requirements Specific reactor size Scale up

BFB Commercial (2,000–20,000) 75 Medium High High Medium Easy
CFB Commercial (2,000–20,000) 75 High High High Medium Easy
Rotating cone Demonstration (200–2000) 70 High High Low Low Medium
Entrained flow Laboratory (1–20) 60 Medium High High Medium Easy
Ablative Laboratory (1–20) 75 High Low Low Low Difficult
Auger Pilot (20–700)2 60 Medium Medium Low Low Medium

1: on dry biomass basis.
2: Nowadays, there are auger plants able to process up to 700 kg/h, although Ref. [30] indicates up to 200 kg/h.

Fig. 1. Strength and attractiveness of some pyrolysis technologies (adapted from [32]).
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Source: Campuzanoa, Robert C. Brownb, Juan Daniel Martíneza: Auger reactors for pyrolysis of biomass and wastes Felipe. 
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or design and operating parameters (Azargohar et al. 2013). 
Thus, every pyrolysis process has a different application. 
Globally, thousands of reactor designs are available (Patrick 
2014). To study all of them is the limitation of this article. 
Thus, the present paper will focus on the reactors, which are 
developed in recent times for biochar production and holds 
the potential for commercialization.

3.1  Slow pyrolysis

Slow pyrolysis is carried out at a slow heating rate, low tem-
perature, and longer residence time. Typically, 1 kg of wood, 
when subjected to slow pyrolysis with the low heating rate 
at a temperature range of 400–500 °C, will produce 30–35% 
biochar, 45–50% bio-oil, and 20–25% producer gas (Jahirul 
et al. 2012). Generally, biochar contains 70–80% fixed car-
bon. The char produced from biomass such as wood log 
using traditional char-making reactor is called a kiln. This 
reactor does not recover volatile fraction (liquid and syngas 
yield) during the process. Emrich et al. (1985) classified the 

slow pyrolysis reactor as a kiln, retort, and converters. The 
industrial-scale reactor, which is capable of recovering bio-
char and a volatile fraction, is called retorts and converters. 
The most common reactors used in slow pyrolysis are rotary 
kilns, auger, and drum.

Kiln has been used for a long time and still widely used 
in developing nations. The kilns are easy to construct and 
suitable for heating of different types of biomass. The soil 
is used as a barrier for oxygen entrance in the reactor to 
avoid oxidation. The liquid and vapor derived from the reac-
tor are exposed to soil and atmosphere, respectively, which 
causes pollution and greenhouse gas emission. This technol-
ogy is more suitable for the log as a feedstock and does not 
require more equipment for handling (Riuji et al. 2016). The 
rotary drum reactor is a very reliable system for biomass 
carbonization. It is further classified as direct heating and 
indirect heating. The indirect heating process, combustion 
of pyrolysis gases and vapors, produces the heat required for 
the carbonization process. This type of reactor can maintain 
excellent stability between biochar and bio-oil.

Fig. 1  Conventional pyrolysis process

Table 2  Producer gas 
compositions produced in 
different pyrolysis reactors

Producer gases Reactor Yield (%) References

CO2,  CH4, CO,  H2 Fixed bed 11.5–15.5 Yu et al. (2019)
CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C2H2, Rotary drum 25.8–30.7 Dhahak et al. (2019)
CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C3H8, Fixed bed 25–35 Al Arni (2018)
CO2,  CH4, CO,  H2,  C2H6 Fixed bed 19.1–25.5 Crombie and Mašek (2014)
CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C3H8,  C4H10, 

 C5H12,  N2,  O2

Freefall 24–49 Shoaib et al. (2018)

CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C3H8,  C2H2 Auger 13.2 Nam et al. (2015)
CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C3H8,  C2H2 Fixed bed 11.5 Nam et al. (2015)
CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C3H8,  C2H2 Fluidized bed 23 Nam et al. (2015)
CO2,  CH4, CO,  H2 Auger 9–22 Nam and Capareda (2015)
CO2,  CH4, CO,  H2,  C2H6,  C2H4,  C3H8,  C3H6 Fixed bed 15–21 Park et al. (2014)

Source: Anil Kumar Sakhiya1 · Abhijeet Anand1 · Priyanka Kaushal1: 
Production, activation, and applications of biochar in recent times
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2017a,b; Yang et al., 2007). Based on the contents of cellulose, hemi-
cellulose, and lignin in biomass, Wang et al. (2018) predicted the yield
of pyrolysis biochar with a carbonisation index of 0.20, 0.35, and 0.45,
respectively. Lignin is the main biochar precursor in the pyrolysis
process of biomass, and has a highly aromatic structure, which in-
creases the biochar yield. The high-quality loss rate of cellulose may
improve the porous structure of pyrolysis biochar. The high pyrolysis
temperature (600 °C) can promote the condensation and aromatisation
of biochar both between and within molecules. Liu et al. (2015) studied
the physicochemical properties of biochar prepared from soybean, corn
and rice stalks, and poultry, cattle, and pig manures, whereby the pore
volume and pH of each biochar were quite different. Lee et al. (2017b)
investigated the potential of various abundant agricultural wastes as
raw materials for the slow pyrolysis of biochar (50 mL/min N2 500 °C),
and found that palm kernel shells and palm oil slime had higher lignin
content, volatilisation, and carbon content, but lower ash content than
palm oil sludge; hence, biochar from different sources has different
properties.

Generally speaking, raw materials with a high lignin content are
conducive to pyrolysis for the generation of biochar with a high fixed
carbon content, high specific surface area and fine aromatic structure
(Jiang et al., 2020). Woody biomass derived biochar is rich in lignin. As
lignin retains the natural macroscopic structure of the original biomass
in the final biochar, its morphology is similar to that of protolignin, and
shows vertical microchannels and fibrous ridges. Cellulose-rich biomass
is beneficial to the formation of graphite biochar (Sieben et al., 2016).
In addition, the high content of ash in raw materials prevents the for-
mation of polycyclic aromatic carbon, which leads to a decreased sta-
bility of biochar. High mineral content also leads to a high pH and low
porosity of biochar, as ash in biochar may block the access to micro-
pores (Wang & Wang, 2019). Based on 346 different raw materials, Li

et al. (2017) established a feedstock-sensitive, regression-based che-
mical process model in fast pyrolysis, and applied it to predict biochar
and fuel production. An increase in ash content of biomass from 0.3 wt
% to 7.7 wt% enhanced the biochar yield from 0.13 kg/kg to 0.16 kg/
kg. At the same ash content level, an increase in the O/C ratio would
reduce biochar production (Li et al., 2017).

2.1.2. Types of pyrolysis
According to the heating rate, residence time, and heating method,

pyrolysis technology can be divided into slow pyrolysis, fast pyrolysis,
flash carbonation, and microwave-assisted pyrolysis (Fig. 3). These
types of biomass pyrolysis and their corresponding advantages and
disadvantages along with the yield of biochar are summarized ac-
cording to the literatures as shown in Fig. 3 (Irfan et al., 2016; Kumar
et al., 2020a,b; Luo et al., 2015). Table 2 lists several typical biomass
pyrolysis methods and the respective biochar characteristics obtained.

The temperature range of slow pyrolysis is 400–600 °C, the re-
sidence time is long (several hours to several days), and the heating rate
is low. Zhang et al. (2019a,b) prepared three types of cow dung biochar
under slow pyrolysis and then characterised them, which revealed ob-
vious differences in morphology, surface area, pore structure, surface
charge, and oxygen-containing functional groups. It is generally be-
lieved that slow pyrolysis, which is mainly applied for biochar pro-
duction, is the best pyrolysis method; the biochar yield is 30–60% and
the specific surface area is< 400 m2/g.

Fast pyrolysis is usually carried out at a temperature of 450–600 °C,
with a high heating rate (≥200 °C/min) and a shorter residence time
(several seconds) than that of slow pyrolysis. This process takes place
over a short period of time, such that the effects of heat and mass
transfer, dynamics, and other factors play leading roles in the product
yield and process efficiency. Li et al. (2019a) studied the behaviour of

Fig. 2. Pyrolysis mechanism based on biochar structure evolution (reprinted from Yang et al., 2016 with permission of American chemical society).
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A B S T R A C T

Biochar is a carbon-rich product obtained from the thermo-chemical conversion of biomass. Studying the evo-
lution properties of biochar by in-situ modification or post-modification is of great significance for improving the
utilisation value of lignocellulosic biomass. In this paper, the production methods of biochar are reviewed. The
effects of the biomass feedstock characteristics, production processes, reaction conditions (temperature, heating
rate, etc.) as well as in-situ activation, heteroatomic doping, and functional group modification on the physical
and chemical properties of biochar are compared. Based on its unique physicochemical properties, recent re-
search advances with respect to the use of biochar in pollutant adsorbents, catalysts, and energy storage are
reviewed. The relationship between biochar structure and its application are also revealed. It is suggested that a
more effective control of biochar structure and its corresponding properties should be further investigated to
develop a variety of biochar for targeted applications.

1. Introduction

In the past few years, biomass as an organic solid waste and re-
newable resource has attracted an increasing amount of attention.
Biomass refers to biological materials from living organisms or related
biological organisms. Lignocellulosic biomass is composed of carbohy-
drate polymers (hemicellulose and cellulose) and aromatic polymers
(lignin) (Dai et al., 2019a,b), and it can be converted into liquid, gas,

and solid products via thermo-chemical conversion (Dai et al.,
2019a,b). The resultant solid biochar is a carbonaceous material pro-
duced through the thermochemical transformation of biomass in an
anaerobic or anoxic environment (Ma et al., 2017a,b). In addition to the
main element “carbon”, there are many other elements in biochar that
affect the corresponding action and function of materials. Biochar has a
porous structure with abundant functional groups (i.e. it is rich in
surface free radicals and surface charges) and a high surface area, and
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 4 T h e  B a s i c s 

able to select their substrate among a complex mixture of compounds, 
minimizing the need for isolation and purification of substrate prior 
to processing. This can translate to more complete use of substrate 
and lower chemical requirements for processing. 

Early proponents of the biorefinery concept emphasized the zero-
emissions goal inherent in the plan—waste streams, water, and heat 
from one process are utilized as feed streams or energy to another, to 
fully recover all possible products and reduce waste with maximized 
efficiency.2,3 Ethanol and biodiesel production can be linked effectively 
in this way. In ethanol fermentation, 0.96 kg of CO2 is produced per 
kilogram of ethanol formed. The CO2 can be fed to algal bioreactors 
to produce oils used for biodiesel production. Approximately 1.3 kg 
CO2 is consumed per kilogram of algae grown, or 0.5 kg algal oil 
produced by oleaginous strains. Another example is the potential 
application of microbial fuel cells to generate electricity by utilizing 
waste organic compounds in spent fermentation media from biofuel 
production processes.

Also encompassed in a sustainable biorefinery is the use of 
“green” processing technologies to replace traditional chemical 
processing. For example, supercritical CO2 can be used to extract oils 
and nutraceutical compounds from biomass instead of using toxic 
organic solvents such as hexane.4 Ethanol can be used in biodiesel 
production from biological oils in place of toxic petroleum-based 
methanol traditionally used. Widespread application of biorefineries 
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