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Abstract. The present research proposes two scenarios for the biomass conversion into valuable products
within the integrated management of bio-resources. The scenarios have been developed considering: the
biomass availability, material and by-products characteristics and the comprehensive combination of the
primary technologies used for the conversion of the biomass mixtures into energy. In scenario 1 the biomass
waste valorisation is made via integrated pyrolysis and combustion treatment, while in scenario 2 the
biomass conversion in done considering the integration of the pyrolysis, gasification and combustion
treatments into the conversion chain. The results revealed that all analysed scenarios purposed are self-

independent from the energetic point of view.

1 Introduction

Waste to energy has become an attractive approach due
to the effective partial or total replacement of common
fossil fuels. In this context, biomass waste represents one
of the primary candidates, being one of the oldest
renewable energy sources, available in abundance, with
a relatively unitary structure. The energy derived from
biomass or bioenergy represents the most versitale
renewable energy source. In comparison with others
viable resources, biomass can be converted into solid,
liquid and gaseous fuels. Its carbon neutral nature could
contribute to the achievment of the greenhouse gas
emission reduction by 2050 with 50-80%[1]. The
European Union already started its

transition towards a bio-based economy that implies a
legislative, tehnical, enviromental and economical
sustainable mobilization on the biofuels and bioenergy
production and usage [2].

The statistics regarding the estimation of bioenergy
potential are slightly different when it comes to its
spatial and temporal scale assessment. According to the
data provided by accreditate monitors such Eurostat and
Worlbioenergy presented in Fig. 1., the foresty residues
represent the most predominant biomass resource
worlwide, while the forestry and crops residues seems to
be the primary biomass sources in the European region,
followed by agricultural waste in both cases [3,4].
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Fig. 1. Estimation of bioenergy potential.
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A considerable amount of studies have been
published on woody, non-woody and agricultural waste
conversion treatments that included: pyrolysis [5],
gasification [6], combustion/co-combustion [7,8], bio-oil
upgrade [9], transesterification [10], biological treatment
[11]. Others concentrated on the biomass logistics
and/or supply chain optimization[12].

After a brief analysis of the mentioned studies, the
amount and quality of the resulted bioenergy/fuel, along
with their distribution is mainly given by: the physical
and chemical caracterictics of the biomass, type of
conversion treatment, design amd operation process
parameters (e.g. residence time phase, temperature,
pressure, type of agent) and the recovery/ valorization
unit. Overmore, it seems that the scale-up of an
integrated biomass/waste to energy system with
industrial implementation still represents an ongoing
challenge [13,14]. The planning scheme of the
bioenergy/fuel production systems should consider
several important tehnical pillons:

a) logistics upstream of the treatment - operations that
involve harvesting and collection, storage, pre-treatment
and transportat;

b) suitable conversion technologies and processes;

c) logistics downstream of the treatment: storage,
transportation and an open market for the
bioenergy/biofuels distribution.

The wide knowledge of the authors, in these fields,
gain thourgh experimental approaches and permanet
contact with the industrial stakeholders has led to the
developement of the present study. The current paper
proposes, two scenarios for the biomass conversion into
valuable products within the integrated management of
bio-resources.

2 Material and methods

The primary characteristics of any type of fuel and its
availabilty represent the starting point of an energetic
scheme concept. For the development of the research
typically woody and non-woody biomass properties were
considered. The ultimate and proximate analysis and
heating value of the typically biomass characteristic are
presented in table 1.

Table 1. Typically, biomass chemical properties [15-19].

Biomass
Biomass Unit characteristic.
Average values
Ultimate analysis
C %d.a.f. 44.9
H %d.a.f. 5.8
O* %d.a.f. 40.7
N %d.a.f. 1.0
S %d.a.f. 0.1
Cl %d.a.f. <0.02
Proximate analysis
Moisture Yoa.r. 5.6
VM Yoa.r. 75.6
A Yoa.r. 9.1
FC* Yoa.r. 19.9
High Heating Value MlJ/kg 18.33

where:

-C, H, O, N, S, Cl are the main chemical elements-
carbon, hydrogen, oxygen, nitrogen, sulfur and chlorine
expressed in percentage dry ash free (% d.a.f)

- VM, A, FC are the Volatile Matter, Ash and Fix
Carbon content expressed in percentage as received (%
a.r.)

-* the Oxygen and Fixed Carbon were calculated by
difference.

The design of the integrated biomass pyrolysis and
by-products usage relias on the following treatments:

- Shredding is the main pre-treatment used before any
type of biomass waste processing. The particle size
dimension is imposed by the type of reactor used that
that can reach to an average value of 53 mm [20]. The
specific cutting energy is typically 20.1 kWh/ton [21].

- Mixers/ /homogenizer offers a homogeneous input
stream that is mainly define by the: particle size
distribution, mean-density and size ratio, average
moisture and bulk properties. The average energy
consumption for the mixing process is 0.893 kWh/ton
[22].

-Feeding system transports the biomass waste into the
pyrolysis reactor through a conveyor belt coupled with
an auger/screw system. The role of the feeding chain is
to ensure a constant fuel input across the grate. The
average consumption of the system is 0.72 kWh/ton of
waste [23].

-Pyrolysis is the thermal cracking of a substance into
smaller fragments in the absence of oxygen. In
comparison with other thermo-chemical treatments (e.g.
combustion and gasification) through the pyrolysis
biomass, three types of energetic by-products can be
produced: biofuel, biochar and pyrolysis gas. It seems
that the optimal operating pyrolysis process temperature
for bio-oil production from most types of biomass varies
between 500-600°C [5].

Depending on the heating rate and final temperature,
the process is classified as slow, intermediate or flash
pyrolysis, where the by-products distribution can vary
between 13-35% for pyrolysis gas, 30-80% for bio-oil,
and 2-35% for biochar [ 24-25].

The main pyrolysis gaseous components are carbon
dioxide (CO,) carbon monoxide (CO), methane (CHa4),
hydrogen (Hz), small number of non-methane
hydrocarbons (ethane (C;Hg), and ethene (C:Ha),
propane (CsHs)), traces of nitrogen oxides (NOXx), sulfur
oxides (SOy), ammonia (NH3), and alcohols with a low
carbon number. It is worth mentioning that the
increasing of heating rate favours the evolution of Ha,
while hydrocarbon species and CO concentrations
decrease. Generally, the average lower heating value
(LHV) of the pyrolysis gas resulted from lignocellulosic
fuels is 15 MJ/m’y [26].

The energy potential of the bio-oil resulting from the
biomass pyrolysis process is strongly influenced by the
moisture content and high degree of oxygen present in
the material. Among the resulting liquid products,
methanol is one of the most valuable products. The
major constituents of bio-oil are the phenolic compounds
as well as their alkylated, polyphenolic derivatives, and
relatively small amounts of phenol, eugenol, crezoles



E3S Web of Conferences 85, 07008 (2019)
EENVIRO 2018

https://doi.org/10.1051/e3scont/20198507008

and xylenols [27] The higher heating value (HHV) of the
bio-oil produced from biomass waste reaches to an
average value of 17.9 MJ/kg, closely to ethanol, being
almost 2.5 times lower in comparison with petroleum
oils (=43.5 MJ/kg) [28].

The average HHV of biochar resulted from the
biomass pyrolysis process approximately 28 Ml/kg [29],
making it a reliable candidate for fossil substituent such
as: anthracite, semi- anthracite, bituminous coal, sub-
bituminous coal and coke. Biochar can be also used as
soil amendment and carbon capture agent.

Gasification is the thermochemical process which
happens in the presence of a partial oxidant atmosphere
that converts carbonaceous resources into syngas, tar and
char/ash. The syngas or synthesis gas produced from
biomass is mainly composed by CO, CO,, H,, CHa,
water vapours and light hydrocarbons, additionally N if
air is used as gasifying agent. Depending on the
gasifying agent, (air, steam, oxygen, CO; or steam and
oxigen) the average LHV of syngas from biomass is
round 16 MJ/m?, allowing its usage in a large variety of
energetic applications [6]. In comparison with pyrolysis
process, the gasification is considered the most efficient
environmentally friendly route of biomass conversion
into gas-based energy, reaching up to conversion
efficiencies higher than 50% [30]. The char produced
from the lignocellulosic based material can be used as
activated carbon.

Combustion of the biomass represents a relatively
mature technology, that aims to fully burn the feedstock
towards direct power and heat generation. Today, the
biomass combustion is typically made in fluidized bed
reactors at temperatures ranging between 800-900 °C.
The main technological challenges of the biomass
combustion are: presence of non-combustible
contaminants, moisture content (if the long term storage
isn’t appropriate made), pre-treatment and pre-
processing stages, adequate transport and rich content of
mineral matter and alkaline earth metals (e.g.
potassium and calcium) that during the combustion
process might lead to the slagging, fouling,
agglomeration and corrosion of the reactor [31].

3 Results and discussion

Two scenarios (Scenario 1. and Scenario 2.) have been
developed for energy and secondary material production
from the waste biomass mixtures. The scenarios have
been design based on: the biomass availability, material
and by-products characteristics and the comprehensive
combination of the primary technologies used for the
conversion of the biomass mixtures into energy. Figure 2
(Scenario 1.) and Figure 3 (Scenario 2.) present the
proposed integrated biomass waste conversion chains
into energy and valuable products. The mass and energy
balance are expressed in percentage. The common points
of the developed scenarios (Figure 2 and Figure 3) are:

] The biomass input flow is given by a mixture of
crops, forestry and agricultural waste. The choice of the
biomass mixture was made based on the disposability of

these kind of waste at global level, making it handy to
use.

Ll After harvesting and collection, the biomass
residues are deposited in controlled storages systems in
order to avoid the degradation of the feedstock, its
premature decomposition, moisture gain or spontaneous
combustion. During these procedures 2% from the initial
feedstock mass is lost, while another 2% is energetically
consumed.

" The pre-processing stage includes two steps: 1.

Shredding and 2. Homogenization of the waste. The preMJ/kg [33], ma

processing chain represents a crucial point for the
biomass waste further usage in any kind of treatment.
From the initial feedstock input flow, the average mass
percentage loss during the biomass shredding process
reaches out to 4%, while the energy consumption to
4.4%. To those are added another 1.5% mass and 0.1%
energy loss, absorbed by the mixer/ homogenizer.

. The homogenized biomass is sent to a thermal-
treatment in non-oxidant atmosphere (pyrolysis). The
thermal energy consumption of the pyrolysis process is
given through the combustion of a certain quota of
pyrolysis products. The energy balance of the process
used in our computation is given below:

Qi +Q‘p = Qchar + Qtar +ans 1+ 4Q €))

where:

O; is the input energy provided by the biomass;

Oy 1s the process heat comsuption;

Ochar, Orar, Ogas are the pyrolysis products energy content;
AQ is the by-products sensitive heat and pyrolysis
reactor heat losses.

" In comparison with other thermal-treatments that
require the presence of oxidant agent, the biomass
pyrolysis process enhances the production of bio-fuel oil
type. In this case the average production is
approximately 53% from the pyrolyzed feedstock input
mass, with an average energy content of 67.1%.
However, the considerable water content and viscosity,
low pH, etc. doesn’t make it suitable for direct usage as a
fuel in diesel engines. In this case an upgrading of the
bio-oil is necessary.

n The upgrading of the bio-oil will impoverish the
conversion system with an additional mass loss of 25%,
and 17.6% energy respectively.

] As the results show that the biofuel produced
represents 35% in average from the initial feedstock
input. It seems that overall biodiesel represents the most
up trended bio-resource, that can improve the oxidation
stability during its usage in the engine, and therefore
emission reduction.

] In average the gas produced represents 26% from
the pyrolyzed feedstock. Its considerable rich
composition in CO,, CO, CH4 and H, make it suitable for
its thermal treatment in oxidant based atmosphere.

] In average the biochar produced represents 21%
from the pyrolyzed feedstock. Due to its valuable
properties it can be used as material in agricultural or
industrial purpose or energetically recovered.
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The distinction between the two scenarios are given
by the recovery of the pyrolysis gas and biochar by-
products as follows:

. In Scenario 1. the pyrolysis gas and biochar are
sent to a co-combustion chamber. Part of the energy
produced is used in the pyrolysis process (43.2%), while
the rest (25%) in thermal energy systems. In this case the
biomass waste conversion via integrated pyrolysis and
combustion treatment can be considered as an
independent free energy system. The 5% ash resulted
from process the can be used as supplement in
batching plants, road construction, building material,
etc., or if not either the case it can be sent to a sanitary
landfill.

Ll In Scenario 2. the pyrolysis gas still represents the
primary fuel support for the pyrolysis process. In
comparison with Scenario 1. due the biochar absence, as
supplement in the combustion process, the energy used
in the pyrolysis system is reduced with 15%. As
presented in Fig. 3 (Scenario 2) the 20% in mass of
biochar can be:

Option A: Soil amendment. The use of biochar to
improve the soil quality represents an efficient method
because it helps the retention in soil of nutrients and
agrochemicals, compounds that are very important for
the plant development and crop utilization [32]. It is
recognized that biochar naturally contains many of the
micronutrients required by plants and improves the soil
texture and ecology, increasing its capacity to retain
fertilizers and release them slowly.

Option B: Activated carbon. The biochar produce can
be used as activated carbon for water purification, heavy
metal treatment, removal of organic pollutant or
contaminated soil remediation.

Option C:Gasification.

To maximize the overall biomass to energy
conversion the gasification process was used for char to
syngas conversion as a complementary process to bio-oil
production. The energy efficiency of the process as well
as the heat consumption was determined by using the
following equations:

LHVgas * Mgy

CGE =
LHVbiomass waste * Mbiomass waste (2)

LHVgas = Mgas + Mgas = Cpgas * (Tgas -

Thim'nass waste)

HGE =
LHvbiDmass waste Mbiomass waste (3)

where:

- Cpea 1S the gas specific heat [J/kg*K]

- T 1s the temperature of the syngas output [K]

- Thiomass waste 18 the temperature of the feedstock
(biomass waste) input gasification reactor

- LHV is the Lower Heating Value [kJ/kg]

- M is the biomass mass [kg]

The biochar gasification enhances the production of
gas fuel (syngas), reaching out to total mass of 30%. An
additional 40% of the initial energy is consumed during
the gasification process. The syngas be used for
electricity and heat generation (in combustion engines or
gas turbines) or in chemical industry, synthesize
fertilizers and liquid fuels. As stated above the 5% ash
content resulted from the gasification process has a wide
range of industrial applications if meets several standard
requirements.
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Fig. 2. Scenario 1: Biomass waste conversion via integrated pyrolysis and combustion treatment.
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Fig. 3. Scenario 2: Biomass waste conversion via integrated pyrolysis, gasification and combustion treatments.

4 Conclusions

As overall conclusion, the comprehensive combination
of different technologies (including pre-processing stage,
energy production and usage of the by-products) offer a
reliable insight on the biomass conversion into valuable
products within the integrated management of bio-
resources. The pre-processing stage represents an
essential preliminary step that offers a homogeneous
feedstock input that follows the pyrolysis reactors
specification. In comparison with gasification or
combustion processes the pyrolysis process enhances the
production of bio-oil.

In both cases the bio-oil production from the total
pyrolyzed biomass mixture is approximately 53%.

The first scenario (Scenario 1) integrates the usage of
the pyrolysis gas and biochar in a combustion system. It
is estimated that 43.2% of the energy produced during
the combustion process can be used in the pyrolysis
system, while the other remaining 25% for external
thermal energy usage.

The second scenario (Scenario 2) integrates the
pyrolysis gas valorisation in a combustion chamber. The
energy resulted is used in the biomass pyrolysis process.
As resulted, due to the biochar absence in the co-
combustion process the energy recovered is with
2.5 times lower in comparison with the first scenario. As
previews discussed the biochar produced can be used as
soil amendment or activated carbon or as primary fuel in
a gasification process.
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