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Abstract. Generating capacities supplied by solid biomass
(renewable waste) gather at the moment less than 4.5% of the total
renewable power installed worldwide. Given the two folded
implications of such technology development and spreading (i.e.
energy production and waste management), researches regarding
efficient conversion processes and improved power facilities are
of great interest currently. In this context, the paper addresses the
particularities of high oxygen content biofuels pyrolysis,
proposing innovative solutions to overcome the issues found in
experimental investigations. Based on thorough experimental
research conducted on agricultural wooden biomass and poultry
manure, a number of problems arise. Among them, it is highlighted
the heating in the absence of oxidants, an undesirable internal
process caused by the high oxygen content, which contravenes the
general principles regarding pyrolysis. Furthermore, the high
oxygen content is associated with great moisture percentages.

The present paper reveals the challenges determined by some
negative aspects emerging during the pyrolysis of high oxygen
content biofuels. Several solutions are proposed to improve the
efficiency of the conversion process through adequate control. For
instance, it is pointed out that the temperature level at which the
pyrolysis process develops plays a crucial role in the general
energy balance. On this matter, investigating poultry manure
pyrolysis at low temperatures, a significant decrease of the final
coke product is noticed. Poultry manure pyrolysis results as a
suitable and simple solution to be employed for waste treatment
purposes, as its combustible effects (combustible gases and semi-
coke / coke) are good candidates for energy production.
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1. Introduction

Biofuels employed in energy applications have high oxygen
contents and are mainly represented by solid biomass and
poultry manure. Solid biomass comes from diverse sources,
comprising all species of wood, agricultural (straws, corn
stalks, sunflower stalks, seed shells from various crops, etc.)
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and organic wastes [1]. Even though they have high
oxygen content (given by the multiple bounds in organic
compounds, it is around 30%), these biofuels have also a
high moisture content (can get up to 60%). The high
moisture content is a major disadvantage, regardless of the
combustion technology, starting from handling operations
(including supplying the combustion plants and storage)
and ending with the gas thermodynamics in the ignition
and combustion process [2].
The rich oxygen content represents an advantage for
ignition development, reducing the amount of air
necessary for combustion. This positively reflects on the
power consumed for the gas flow circuits in combustion
plants. Instead, for the pyrolysis process, this oxygen share
triggers an internal combustion by heating the fuel under
the absence of air [3].
Generally, pyrolysis is a simple process of converting a
solid fuel into combustible gas and liquid fuel, with easier
application within power plants, reciprocating internal
combustion engines and gas turbines [4]. The use of the
solid product (coke or semi-coke) for power supply is
more difficult due to the lack of volatiles in it, but also to
the concentration of heavy metals. Technologically,
pyrolysis can be defined as a thermal cracking process,
comprising the first stage of the material (the fuel) after
the drying process [5]. Thermal cracking leads to
fragmentation of organic compounds into lighter
molecules. Thus, gaseous components (CO, CO2, H2,
CH4, N2, H20), liquid tar and a solid fuel product (semi-
coke or coke, containing mineral mass) result. The fuel gas
has a calorific value between 7 and 13 MJ/m’N, and the
semi-coke/coke of 15-32 MJ/kg [6]. Depending on the
temperature level (t) of the process, the following two
types are distinguished:

- semi-pyrolysis, t <550 °C;

- pyrolysis, t =550-1000 °C.

RE&PQJ, Volume No.19, September 2021



The most advanced pyrolysis technologies, currently
investigated in detail [7], are:

- Thermolysis process, characterized by a
temperature of 420 °C, needs with control over the
water vapor elimination and uses an electrically
heated reactor;

- Rotorpur process (Germany), characterized by a
rotary reactor and a temperature of 700 °C. The
rotation of the reactor, by the centrifugal force
induced to the material for which pyrolysis is
carried out, produces a concentrated film to the hot
wall of the reactor; thus, the heat transfer processes
are intensified. The heat is produced in a furnace
auxiliary to the pyrolysis plant.

In the present paper, implications of oxygen presence in the
fuel mass entering in the pyrolysis process is evaluated, with
some experimental applications on poultry waste. Most of
the time, the poultry waste is mixed with some biomass
flooring in the birdhouse (straws or sawdust), which
represents about 10-15% of the total mass, having energy
characteristics similar to this waste [8].

2. Energy characteristics of the high oxygen

content biofuels

Any fuel (including biofuels) can be characterized from an
energy point of view based on elemental analysis, using its
decomposition into seven elements expressed by
gravimetric percentages, as given in eq. (1) [9].
C'+H' + S+ 0"+ N+ AL + W} = 100 [%] (1)
The index i defines the initial state. Anhydrous state, with
anh notation and fuel mass state, with mc notation are also
used often.
The lower calorific power can be determined either by
calorimetric means or by calculation based on the elemental
composition using eq. (2) [10]:

H! =339C! + 1029H! — 109(0% — SY)

—25.1W/ [kI/kg] )
Table 1 presents the energy characteristics for few types of
wooden biomass, agricultural biomass and poultry waste
[10], [11]. It is notable that all of these biofuels have high
oxygen and moisture contents. Different energy

characteristics, with a wide range of variation, are
registered for household and industrial waste, but they are
not the subject of the present research [9], [10].
An important feature of biofuels is represented by their
high volatiles content (a fuel mixture of gases released
during the heating period of the fuel in the range
250-800 °C). The volatiles Vi are comprised in the
technical analysis provided in eq. (3). The maximum of
volatiles release is reached in the temperature range of
380-550 °C [12].

Ci+Vi+ A+ Wi =100 [%] 3)
By comparing the elemental analysis with the technical
analysis, it is found that there is a difference between the
carbon content Ci and the one that defines the fixed carbon
Cri, due to the fact that in the technical analysis a part of
the carbon is included in the volatiles (e.g. CO, CO2, CH4
and other hydrocarbons). Therefore, if an analysis of
biofuels combustion with the oxygen in their composition
is carried out, a model can be defined using only the
oxidation of carbon C;; this model indirectly includes the
combustion of the volatile gases [13].

3. Particular aspects of pyrolysis technology

It is highlighted that is preferable to remove, or at least
reduce, the moisture content of a biofuel separately from
the volatile gases; as a result, pyrolysis with an additional
drying step is required. A temperature range of 150-200 °C
is recommended for this drying stage, accelerating the
process and keeping the volatiles [14]. The basic concept
of the installation employed for the proposed process is
shown in Figure 1, where # and f represent the
temperature at the inlet and at the outlet of the installation.
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Fig. 1. The two-step pyrolysis process (I. Drying step; II.

Pyrolysis step).

Table I. - Energy characteristics of some biofuels [10], [11].

Biofuel c H S o N A wi H{

[%] [%] [%] [%] [%e] [Yo] [%] [kd/kg]
Sawdust 27-30 3.5-3.8 - 25.3-26 | 0.4-0.5 | 0.1-0.5 40-45 8.3-10.5
Beech 12-40 1.4-4.7 - 10-38 0.2-0.5 | 2.0-6.1 15-75 2.5-14.1
Elm 12-40 1.3-4.7 - 10-33 0.2-04 | 0.5-2.1 15-75 2500-14200
Spruce 13-44 1.4-4.8 - 10-33 0.1-0.2 | 0.8-2.6 15-75 3000-16500
Straws 41-422 | 4.9-52 - 44-457 | 0.1-04 | 4.5-5.8 8-14 13100-16500
Corn stalks 38-42 4.2-53 - 35-38 12-2.6 | 11-16.8 | 3.4-54 | 14100-15600
Ropes of vines 40-44 3.5-4.5 - 37-45 0.6-2.7 | 10-27 2.7-43 | 14700-15700
Poultry manure 12.1-16.1 | 43-49 | 1.6-1.8 | 34.3-362 | 1.6-1.8 | 6.1-6.8 | 36.1-40.1 | 3810-5950
Poultry manure with bed | 12.3-22.5 | 43-52 [ 1.7-2.0 | 35.1-37.4 | 1423 | 6.1-12.9 34-40 3850-6000

https://doi.org/10.24084/repqj19.215

64

RE&PQJ, Volume No.19, September 2021



The heat required for drying is Qi1 — Q2, while the heat for
pyrolysis itself is Q2 —Qs. From the fuel flow (B1) a certain
amount of moisture (Vmo) is eliminated within the first
step; full drying would be preferable. In the pyrolysis stage,
from the anhydrous fuel (Bz), the volatiles are eliminated,
resulting a quantity of coke (B3) which also contains the ash
percentage (Ai/100) of the fuel. The following processes can
be used:
- semi-pyrolysis, when the final temperature of the
process t2 is below 580 °C;
- pyrolysis, when the final temperature of the
process is in the range 900-1000 °C.
For the high oxygen content fuels semi-pyrolysis is
recommended, as the carbon combustion equation is as in

eq. (4):

C+0,=2C0 4
Due to the low temperature level, the oxidation cannot go
on to CO: formation, as given by equation (5):

CO0 +0.50, = CO, 5)
Thus, a fuel bed comprising CO is obtained, further being
added to the fuel gas content (H2, CHs, CO etc.) obtained by
cracking.

For high temperature pyrolysis, due to the fuel oxygen
content, the internal oxidation up to COz formation reduces
the weight of the carbon in the fuel and therefore the weight
of the fixed carbon (Cf) at the end of the pyrolysis.
Ultimately, the overall efficiency of the process is reduced.
The oxygen volume that will participate in the carbon

oxidation reaction is expressed by the ratio % p0, [m’n/kg

fuel]; the stoichiometric calculation indicates eq. (6) for
carbon consumption C:
_120;/100

C. = = 0.377% [kg carbon/kg fuel]

22.4p0;

(6)

After internal combustion takes place, the carbon content
becomes equal to the value given by eq. (7):

ci o —Li_ 9377 1‘;—"0 [kg carbon/kg fuel]  (7)

real = 190
This quantity will lead to the semi-coke or coke amount
contained in the final product of the process. It is remarked
that, for an oxygen content O; = 30% (representative for a
wide range of solid biomass), the carbon content will be
reduced according to eq. (8):

C. = 0.377 - 30 = 11.3 [kg carbon/kg fuel] (8)
As a result of this oxidation reaction, the amount of carbon
that will eventually remain in the fuel is given by eq. (9):

Creat _ Ci _ 0113 [kg carbon/kg fuel]

100 100 100

&)

For C' = 40%, a representative value for biomass, the real
carbon will be equal to:

Cloqt = 0.4 — 0.113 = 0.287 [kg carbon/kg fuel]
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So, the percentage reduction is evaluated at:

0.287

2257100 = 71.75 [%]
0.4

The gas content released by carbon combustion with the
oxygen from fuel, which adds to the volatiles, will be as
follows:

- in the semi-pyrolysis case:

Veo = 3.73:5 = 14"t [m’wkgfuel]  (10)
- in the pyrolysis case:
Vo, = 1.867160—50 = 0.7% [miv/kgfuel]  (11)

Conducting semi-pyrolysis experiments at a temperature
of 550 °C on poultry manure led to the following results
(using the notations in Figure 1):

- moisture removed: Vy, o, = 0.4 kg/kg fuel;

- volatiles, including carbon oxide from the

internal oxidation: V; = 0.5 kgvo/kg fuel;

- coke, B; = 10% kgcocs’kg fuel.
Compared to the fix carbon that had Cfi = (.33, the semi-
coke decreased significantly. Conducting an elemental
analysis of the semi-coke in mixture with the ash resulted
in obtaining a 9481.3 kl/kg calorific value.

4. Conclusion

The paper addresses the carbon oxidation in biofuels
during the pyrolysis processes. For the low-temperature
pyrolysis, the oxidation leads to the formation of CO
combustible gas, which is added to the volatiles. Instead,
for high-temperature pyrolysis, CO2 will form, so that the
oxidized carbon will lead to energy loss.

Pilot scale research facility for a low-temperature
pyrolysis process of poultry manure has emphasized the
above-mentioned issues.

The reduction of the final quantity of coke (semi-coke),
evaluated at up to 72%, may lead to an energy loss,
highlighted by crucial aspects in the general energy
balance.
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