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Abstract. The results presented in the following paper are making the aim
of a broadly research concentrated to investigate the temperature effects on
agricultural waste pyrolysis performed in a batch reactor. Briefly, the
motivation along with experimental features and main results generated
from the rape straw low temperature pyrolysis (300℃-500℃) have been
offered in the first part submitted at the MSE 2019 conference, with the
title: Bio-gaseous fuels from agricultural waste pyrolysis (Part I). The
current section (second part of the study) presents the results obtained in
case of the rape straw high temperature pyrolysis (600℃-800℃). Overall,
as expected, the augmentation of the operating temperature, inhibits the
bio-oil and biochar formation, enhancing the pyrolysis gas production. The
distribution of gaseous components varies depending on temperature and
residence time. The transition stages and the formation of the main
pyrolysis gaseous species are also presented and discussed. The most
dominant chemical element from the pyrolysis gas is N2, due to its constant
presence as non-oxidant agent in the process. Considering the same
premise, the rape straw pyrolysis gaseous species distribution in the
temperature range of 600℃-800℃ varies between: 47%-58% CO2, 18%28% CO, 14%-35% H2, while the pyrolysis gas density 1.1-1.4 kg/m3 and
higher heating value 23-52 MJ/kg.

1 Introduction
Climate change, together with finding promising feedstock for alternative fuels and waste
disposal, are one of the main global environmental issues, making renewable energy a topic
of growing importance. The key factor in the Earth’s changing climate is GHG
(Greenhouse Gases) with high warming effect on environment. At global level, it is
estimated that 25-28% of the GHG results from heat and electricity generation [1 - 3].
Biomass is one of the clean energy sources that contributes to the reduction of the GHG,
supplementing the resources of fossil fuels in decline at the same time. Biomass for energy
originates from a variety of sources resulted from forest, agriculture and waste [4 - 5]. At
the EU level, in 2016, the gross final consumption of renewable energy in the heating and
cooling (H&C) market sector came from solid biomass (83% of all Renewable Energy
Sources – Heating & Cooling: RES - H&C), heat pumps (10% of all RES - H&C) and
*
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biogas (4% of all RES - H&C) [6]. Biomass can be treated in different technological ways
to produce fuels. Two types of the methods usually adopted to generate fuels from biomass
are: biological and thermal. Besides other thermal processes as combustion, gasification,
liquefaction, pyrolysis is one of the mains. This consideration is since pyrolysis can be
optimized to produce bio-gas, bio-oil or bio-char co-products, the process having a high
potential for energy production, more than is invested [7 – 9]. It has been recognized its
capacity to produce bio-fuels with high fuel-to-feed ratios [10] or to generate bio-char with
many options for its use [11 – 13]. Therefore, in the past decades, pyrolysis has become an
attractive way to convert biomass into bio-fuels.
Different types of pyrolysis processes and technological configurations can be used for
bio-fuels production. Since the final temperature represents an important parameter, two
main types of pyrolysis are used: “low-temperature” and “high-temperature”. Low
temperature pyrolysis (300°C - 500°C) can be considered as a rather low-tech and robust
technology which has been optimized for biochar production. In the past, these processes
had the most extensive application for charcoal production [14]. In some thermal process’s
designs, the liquid and gas products can escape as smoke leading to environmental
pollution. High temperature pyrolysis converts biomass to products, usually in the range of
600°C – 900°C. To secure the instant conversion of the material, the feedstock must be
dried to < 10 wt% water, and particles must be ground to < 2 mm to avoid important
diffusion barriers and temperature gradients in the particles during the heating process [15,
16]. The humidity of the feedstocks used is another key parameter that helps to decide in
choosing the pyrolysis processes. There is previously research developed that concluded a
material with high water content is desirable for these thermochemical processes. Some
authors put also in discussion the application of pyrolysis to woody agricultural biomass
waste [17, 18] or municipal solid wastes [19].
Pyrolysis is an opportunity to convert biomass into more clean fuels (bio-fuels) instead
of converting biomass directly into energy by traditional combustion, which is a more
pollutant process for the environment. Agricultural wastes are currently seen as low-valued
materials but are beginning to be recognized as resources to produce a variety of ecofriendly and sustainable products: bio-oil, bio-char and bio-gas [20-21].
In recent years the first two products already mentioned are the most attractive products
of pyrolysis, but the process can be optimized to produce bio-gas because it can also be
used as fuel, as it has a high calorific value.
Therefore, the present study deals to investigate the effect of the process temperature on
the pyrolysis bio-gaseous product in order to optimize the process to produce gas with
energy content higher than initial agriculture biomass. So, chemical compounds of
pyrolysis gas relevant to fuel applications were assessed in case of rape straw fast pyrolysis
processes. In this context, empirical approaches to evaluate the energy value and density of
the bio-gaseous product of pyrolysis process were applied.

2 Material and methods
The data referring to the feedstock, its characteristics and experimental methods applied to
the current research study have been already detailed in the first part of the manuscript.
Therefore, here, only the obtained results will be presented and discussed.
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3 Results and discussions
Further in this section we will refer to the outcomes generated by the experiments
concerning high temperature pyrolysis of the rape straw. These will be then compared with
the results obtained from the low temperature pyrolysis applied to agriculture biomass
residues.
The influence of different peaks of pyrolysis temperatures (600qC, 700°C and 800°C)
on the gas compounds released during thermochemical process developed in a batch tubular
reactor was assessed. The experimental results of the research study revealed that the
increase of temperature produces an augmentation of the pyrolysis gas fraction in case of
the used agriculture residues. The chemical compounds analyzed in our study were: oxygen
(O2), carbon dioxide (CO2), carbon monoxide (CO) and hydrogen (H 2). These gas species
can be products of the primary decomposition reactions formed by bond breaking of the
main components of the lignocellulosic agriculture biomass: cellulose, hemicellulose or
lignin, or those resulted from secondary cracking ones [22].
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Fig. 1. Temperature effect on compounds of gas resulted from rape straw high temperature
pyrolysis: (a) O2; (b) CO2; (c) CO; (d) H2

The analyzer adopted for experiments doesn’t allow to detect nitrogen (N2)
concentration, so the amount of this inert gas was determined by difference. Because N 2 has
the role to be the inert carrier gas for the process, this was constantly presented during the
thermochemical degradation of the rape straw. Thus, N2 is the central chemical compound
from the pyrolysis gas and its concentration was distributed among all the primary gas
compounds analyzed for our study: CO2, CO and H2. In industrial application, the inert gas
is not permanently present during the process, just for the start-up to remove the oxygen
and overcome the possible thermal oxidation of the feedstock [23]. In case of the industrial
pyrolysis systems, the N2 flow is very well controlled because of the dew point of the
vapors condensation that strongly depends on the quantity of inert gas introduced in the
process [24].
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Figure 2 illustrates the variation of the concentration for the main gases evolved during
high temperature pyrolysis of the biomass samples as a function of time. A high level of O2
concentration in pyrolysis gas happened in case of high temperature pyrolysis processes.
The same trend was registered for low temperature pyrolysis of rape straw, and results for
these were discussed in the first part of the paper. Therefore, this strengthens our
explanation: the presence of O2 in pyrolysis gas is due to the rape straw residual chemical
properties, the unoccupied volume of the feedstock in the crucible, and the reactor charged
operation in the pre-heated refractory steel tube. The O2 proved a decrease trend of
concentration while the pyrolysis process stages happened and this was totally consumed
after approximately 2-3 minutes, a shorter time compared with that from the low
temperature pyrolysis. The CO2 maintained the same decreasing tendency for high
temperature processes as well as for pyrolysis developed at low temperatures. The CO
concentration revealed different transition: it kept the trend to increase if the process
temperature increases only for the first two temperatures: 600℃ and 700℃. The temperature
of about 800qC assured during the process lead to a net reduction of CO content. When the
peaks of temperatures increase, a clear rise of H2 concentration happened. So, generally, we
can conclude that CO and CO2 are gas chemical compounds that are not favored by high
values of the process temperatures, while for H2, high pyrolysis temperature lead to high
production values [25].
Figure 3 illustrates the progress of the chemical primary components of the gas
generated from the rape straw thermal degradation in case of low temperature pyrolysis, as
well as for high temperature pyrolysis.

Fig. 2. Trend for concentration of gas compounds generated from rape straw pyrolysis

The results of the experimental study concerning the values of CO2 / CO / H2
concentrations from the pyrolysis of rape straw exposed the next distribution: 58 / 51 / 47
(600℃), 27 / 28 / 18 (700℃) and 14 / 20 / 35 (800℃). The big content of the H2 detected in
the pyrolysis gas in case of high temperature is sustained also by other studies [26].
One of the main goals of the pyrolysis experiments was to obtain gas products with
good density and energy potential (High Heating Value – HHV). Both gas properties
depend by the process temperature and feedstocks, respectively. Empirical equations, based
on participation of the chemical compounds and their properties, were used to determine
the pyrolysis gas density and HHV. Considering the compounds analyzed in the study, the
influence of pyrolysis on density and HHV of the produced gas are illustrated and discussed
below.
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Fig. 3. Density of the rape straw pyrolysis gas

The increase of the pyrolysis temperature in the limits between 300qC and 800qC led to
a decrease of the gas density value (Figure 3). High temperatures caused modification of
the density, this varying from 1.1 (300qC) to 1.7 (800qC) but keeping good value for an
energy valuable gas [27].

Fig. 4. HHV of rape straw pyrolysis gas

The results of the analysis concerning the energy value of the gas obtained from the
pyrolysis processes of the rape straw and developed at low or high temperature showed that
HHV depends on temperature (Figure 4). The HHV of the pyrolysis gas started from 4
MJ/Nm3 for 300°C, reached 8 MJ/Nm3 at 500°C and then increased until to 52 MJ/Nm3 in
case of 800°C. The constant increasing of the gas HHV while process temperature rises
was, also, a result of many pyrolysis experiments developed for biomass [23, 28, 29].
Unlike these studies, in our analysis concerning the pyrolytic gas, the low carbon number
hydrocarbons such as CH4 and CnHm were not considered.
The graphical presentation of the HHV variation for the gas phase demonstrates that
high temperature pyrolysis lead to high energy content of the gas, offering the possibility to
use this pyrolysis compound as a valuable fuel. For example, recent research demonstrated
the ability of homogeneous charge compression ignition (HCCI) engines to run a wide
range of fuels, especially when the gas come from pyrolysis and gasification processes [30].
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Conclusions
The experimental research study, performed for rape straw pyrolysis and presented along
with the two parts of the paper, aimed to establish the effect of the process temperature on
the gas products. The first part of the paper was dedicated to establishing the function and
the influence of the low temperature conditions on the pyrolysis gas, while the second one
to the high temperature pyrolysis. The results of the experiments revealed that the amount
of each gas species (CO2, CO, H2) largely depends on the temperature level in the range of
300°C to 700°C. All the gas compounds were quantitatively characterized, this allowing to
identify values for the energy properties of the pyrolysis gas: density and HHV. The results
of the rape straw residues pyrolytic conversion demonstrated that high temperatures
determine an important increase of H2 content in the gas phase, this strongly affecting the
energy potential of the pyrolysis gas. Controlling the process parameters, besides
generation of solid and liquid products, pyrolysis provides a flexible and attractive way to
convert solid biomass into valuable bio-gaseous fuel, allowing to improve energy efficiency
and workability of the biomass usage.
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