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Abstract The paper presents the results and analysis of biomass processing in order to provide the conditions for the most proﬁtable use of the biomass in modern and
eﬃcient power generation systems with particular attention put on the decrease of the
emission of carbon dioxide (CO2 ) and no need to develop carbon capture and storage
plants. The promising concept of CO2 storage via the production of biochar and the
advantages of its application as a promising carbon sink is also presented and the results
are supported by authors’ own experimental data. The idea enables the production of
electricity, as well as (optionally) heat and cold from the thermal treatment of biomass
with simultaneous storage of the CO2 in a stable and environmentally-friendly way. The
key part of the process is run in a specially-designed reactor where the biomass is heated
up in the absence of oxygen. The evolved volatile matter is used to produce heat/cold
and electricity while the remaining solid product (almost completely dry residue) is sequestrated in soil. The results indicate that in order to reduce the emission of CO2 the
biomass should rather be ‘cut and char’ than just ‘cut and burn’, particularly that the
charred biomass may also become a signiﬁcant source of nutrients for the plants after
sequestration in soil.
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Introduction

Despite the fact that in numerous countries the majority of electricity is
still produced from fossil resources the renewable fuels are becoming more
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and more popular among the power industry decision-makers. The main
reasons are limited fossil fuel resources, as well as the strategies of ‘sustainable development’ and ‘waste minimization’ that are promoted throughout
the world. Recently many papers have been published on those issues, either dealing with larger implementation of renewable fuels and biomass for
power production [1–4,10–12,15–16] or focused on fuel processing and energy recovery [5–6,13–14,17]. However, since those fuels contain quite large
amounts of moisture, they are characterized by relatively low energy density, low LHV (low heating value), and often contain signiﬁcant amounts
of pollutants like, e.g., chemically-treated energy crops. Accordingly, the
combustion of such fuels often brings about several operational diﬃculties
to the combustion facility (e.g., fouling, corrosion, emission problems, lower
eﬃciency, etc.), and thus their direct application for eﬃcient and clean production of power is quite diﬃcult. The combustion of biomass is welcomed,
however, from some other reasons associated with ‘zero’ emission of CO2
and the policy of promotion and subsidies for the cogeneration, trigeneration, and – recently – polygeneration technologies, as well as the promotion
of dispersed power production facilities where local fuel resources are used.
The biomass for those technologies is usually processed in order to get
rid of moisture and increase the process eﬃciency, and so far, many fuel pretreatment technologies have been investigated, mostly based on gasiﬁcation,
pyrolysis, or hydrothermal treatment as discussed in [2–4,7,13–15,17,27–29]
among others. Although well managed in lab scale, those processes are
quite expensive and thus still not very much proﬁtable in commercial operation [7]. Therefore, apart from fuel processing in order to produce gas
or bio-oils, other researchers have focused their investigations on fuel processing, to obtain solid residue the called ‘biochar’ or ‘biocarbon’. This
approach seems to be a more interesting way for inexpensive and eﬃcient
production of power from renewable/alternative fuels since it is technically
simpler, much cheaper, and can be easily adopted for power production
[10–20]. Should it be possible to combine the processing of biomass and the
production of power with simultaneous minimization of the emission of carbon dioxide to the atmosphere [20,21], additional signiﬁcant environmental
beneﬁts might also be achieved. An interesting way to reach those goals
is based on thermal treatment (thermolysis) of the biomass and the use of
fuel volatiles for power production with simultaneous sequestration of the
residual biochar in soil [16–17,20,21]. Compared with ‘classical’ combustion
of biomass such approach brings about much more than just a ‘zero CO2
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emission’ since, in fact, signiﬁcant decrease of the net emission of CO2 and
other greenhouse gases (like methane, formed during uncontrolled putrefaction and fermentation of waste biomass among others) may be achieved.
The technology thus becomes an alternative option for classical CCS (carbon capture and storage) providing the possibility to minimize the concentration of CO2 in the atmosphere without signiﬁcant investment costs. An
idea for such combination is discussed in the present paper based on some
experimental works conducted by the authors. Some brief discussion of the
literature data is also given.

2

Carbonization of the biomass

There are numerous technologies focused on eﬃcient processing and carbonization of biomass, the most common ones are based either on gasiﬁcation [4], or pyrolysis [30,31], or hydrothermal carbonization (HTC) treatment [27–29] and focus mainly on the maximizing of the yield of gas and
bio-oils [2–4,8,9,26], or the ‘destruction’ of problematic biomass [27–29].
Although promising (like gasiﬁcation and HTC processes), they are unfortunately endothermal and still face operational diﬃculties associated particularly with the formation of soot and tar in the piping system that bring
about the blockage of the installation and the necessity of an emergency
shutdown [4,26]. In this paper the carbonization process that can be operated in an autothermal mode is presented and shown as a possible way to
minimize the tar and soot-related problems, and enable signiﬁcant reduction
of the atmospheric CO2 emission. Instead of gas and bio-oils the process
is focused on the production of a solid residue (biochar) and autothermal
operation of the carbonization reactor can be maintained due to its speciﬁc
construction design providing the possibility to immediately burn the pyrolytic gases evolved during thermal treatment of the fuel and thus to avoid
the formation of any soot and tars, and the occurrence of endothermic reactions. Part of the heat evolved during the combustion of the gases is used
to maintain the process, while the remaining enthalpy of the ﬂue gases can
be eﬃciently used in other processes (e.g., for the production of electricity,
or heat and/or cold, or the sequestration in soil to avoid its oxidation and
thus the associated emission of CO2 [22].
The technology has been under development by the authors since 2003
and so far various horizontal- and vertical-type reactors have been constructed at the Czestochowa University of Technology. The device shown
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in Fig. 1a is a simple retort-type reactor allowing to achieve reliable and
easy control of the fuel residence time and thus the product yield. The
horizontal reactor is, however, characterized by quite low (<50%) degree of
ﬁlling of the retort by the biomass, and larger reactor geometries are required to achieve higher outputs. In the cases where more compact reactors
are required the above disadvantage can be eliminated by the use of the
vertical reactor design where the whole retort volume was occupied by the
biomass (Fig. 1b). More details of the carbonization technology are given
elsewhere [23–25].
During the investigations and experiments conducted by the authors

a)

b)

Figure 1. Examples of horizontal (a) and vertical (b) reactors for the thermal treatment
of biomass fuels at the Czestochowa University of Technology.

so far, several fuel types have been tested and processed: various biomass
types, straw, sewage sludge, municipal waste, agricultural residue, demolition wood, etc. Some examples of chosen parameters of original fuels and
the corresponding biochars are shown in Tab. 1. The experiments were carried in the horizontal reactor. The temperature and the fuel residence time
during experiments were adjusted to the fuel type and were maintained at
roughly 700–900 o C, and 180–600 s, respectively. The yield of the biochar
was usually between 20–60 wt% of the initial biomass mass.
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Table 1. Some chosen parameters of the biomass and the produced biochars.
Parameter

Moisture [%]

Element C [%]

LHV [MJ/kg]

Biomass A (alder chips)

34.9

33.6

13.2

Biochar from alder chips

0.8

74

27.8

Biomass B (furniture waste)

11.9

34.5

16.4

Biochar from furniture waste

1.4

77

25.9

Biomass C (pine chips)

35

39

10.4

Biochar from pine chips

0.9

71

26.6

Biomass D (RDF&woodchips mixture)

9.2

51.5

18.1

Biochar from RDF&woodchips mixture

0.94

63.8

26.8

The results in Tab. 1 indicate that the biochar is almost completely dry,
and its LHV is of similar value to good quality coal. Compared to the mass
of the input biomass the mass yields of the biochar in Tab. 1 were 23% for
alder chips, 38% for furniture waste, 25% for pine chips, and 26% for the
mixture of refuse-derived fuel (RDF) and woodchips. The results are dependent on fuel type; however, they are in satisfactory agreement with the
literature data [16,18,21] where the authors reported the biochar yield of
roughly 15–60% and the carbon content in the biochar of roughly 20–87%.
Taking into consideration the properties and parameters of the produced
biochar it seems that its production may become an interesting option for
the sequestration of carbon dioxide. Combination of the biochar production
via the technology presented above with simultaneous use of the enthalpy of
the ﬂue gases for, e.g., power generation and with the sequestration of the
biochar in soil would become an interesting option and a cheap alternative
for ‘classical’ and very expensive CCS technologies that are planned to be
implemented soon to European power plants.
Apart from CO2 removal the sequestration of organic carbon in soil increases also soil physical and chemical fertility, as well as plant productivity
[32]. Furthermore, it decreases the emission of greenhouse gases from soil
with simultaneous decrease of the carbon footprint of agricultural resources.
The proposed approach is also much less harmful to the environment than
‘classical’ coﬁring processes and enables to get rid of much more carbon
dioxide per unit of the energy produced. The beneﬁts of such approach are
schematically explained in Fig. 2a–c.
The situation shown in Fig. 2a takes place naturally. The carbon is
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Figure 2. The comparison of carbon ﬂows: natural cycle (a), biomass production and
coﬁring for power generation (b), biomass thermal treatment and power generation from the combustion of biomass volatiles + carbon (biochar) sequestration
in soil (c).
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gradually absorbed by the plant from the atmosphere in the form of CO2 .
After the plant death the carbon in the plant body is transferred into soil
and then slowly returned to the atmosphere, due to, e.g., fermentation processes. Implementation of the biomass combustion (Fig. 2b) looks similar
to the case (a); the plant is grown up and then cut and burnt to produce
electricity, and by doing this the whole cycle is ‘balanced’. However, there
is one signiﬁcant diﬀerence between the case shown in Figs. 2a and 2b since
the carbon bypasses the soil in the case (b). It is of tremendous importance
and signiﬁcantly aﬀects the whole ecosystem. Numerous data indicate that,
e.g., in Poland any soil requires recultivation if the amount of carbon in soil
decrease below 26 kg/m2 (for the soil thickness of 0.25 m). Bearing this
in mind, simple biomass coﬁring cannot be accepted since it eliminates the
supply of carbon to soil bringing about slow degradation of the soil.
The solution of the problem is shown in Fig. 2c where the biomass is
thermally treated and the evolved volatiles are used to produce electricity while the solid residue (biochar) is fed to soil to maintain the required
carbon concentration. By doing this the process becomes similar to the situation shown in Fig. 2a but becomes, in fact, a ‘carbon negative’ activity
since it brings about the decrease of the overall concentration of atmospheric
carbon dioxide (more CO2 is absorbed by plants from the atmosphere during plant life than is returned during the combustion of the plant residue).
Since the element C in the biochar is not combusted it is also not emitted
to the atmosphere as CO2 . Instead, it is sequestered in a stable form in soil
and the process meets the same criteria as ‘classical’ sequestration (CCS).
Some example calculation of the amount of CO2 stored in soil in the
form of the biochar is shown in Tab. 2. However, compared to ‘classical’
CCS technologies the process of biomass carbonization and the sequestration of CO2 in the form of the biochar in soil is much cheaper and simpler
and provides the conditions for stable storage of CO2 without any danger
of gas leakage. Furthermore, there occurs no uncontrolled emission of the
greenhouse gases that are produced by anaerobic organisms in soil, and,
furthermore, the permeability and physical properties of the soil are significantly improved. Some other advantages brought about by the use of the
proposed complex biomass processing technology combined with biochar
storage in soil are also associated with the increase of soil fertilization (due
to the improvement of the potential of cationic exchange brought about by
the introduction of the biochar) and thus the increase of nutrients uptake
by the plants, as well as the suppression of fertilizer leaching that are gen-
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erated, e.g., by rainfalls. The addition of porous biochar to soil brings also
about an increase of the soil ability to immobilize nutrients at the zones
close to plant roots thus reducing the leaching of nitrogen compounds to
rivers and water reservoirs (the leaching of nitrogen is a serious problem of
intensive cultivation and farming).
The idea proposed and described in the present paper provides excellent
conditions for the combination of biomass production with electricity and
(optionally) heat/cold generation, and simultaneous removal of CO2 from
the atmosphere. It thus combines the issues of energy conversion from renewable sources, climate change, and sustainable agriculture/farming. The
schematic idea is shown in Fig. 3.
Table 2. Estimation of the amount of CO2 stored in soil in the form of the biochar
(calculation conducted from authors’ laboratory data, dry).
Biochar
Biochar
Biochar
Biochar
Biochar
Biochar

type
from
from
from
from
from

Salix
sawdust
waste
mixed fuel No.1
mixed fuel No.2

C [kg/kg]
0.82
0.89
0.62
0.64
0.44

HHV [MJ/kg]
28.0
25.9
17.5
23.4
13.8

COavoided
[kg/GJ]
2
106.9
125.3
129.9
100.0
115.6

Figure 3. Enhanced biomass-to-energy cycle with biochar sequestration.
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Summary
1. The proposed new concept of biomass thermal treatment provides
interesting opportunity for the production of electricity, as well as
heat and/or cold with simultaneous removal of the atmospheric CO2
and storage of the carbon dioxide in soil in a stable and environmentalfriendly way in the form of the biochar.
2. The presented idea seems to be a cheap, simple, and environmentallyfriendly alternative for ‘classical’ CCS technologies, since it not only
enables to reduce the emission of CO2 , but also to combine the issues
of energy conversion from renewable sources, climate change, and sustainable agriculture (due to the increase of soil fertility brought about
by the storage of the biochar in soil).
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