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A huge interest has been drawn to the valorisation of agricultural and forestry
wastes, co-products and by-products due to the increasing concerns over
resource and energy scarcity. They are considered important sources of
feedstocks to produce energy [1] and other derived bioproducts.

Several processes have been studied so far to produce energy from agroforest
residues and by-products. The most exploited technologies for the conversion
of lignocellulosic materials into energy are based on thermochemical
processes, which include: combustion, pyrolysis, gasification and liquefaction
at high pressure conditions [2], among others. The main differences among
each process are detailed as follows:

i) Carbonisation. It is a well-known process which has been used for millenniums
to produce a solid fuel called charcoal. Charcoal was the first biofuel used by
human beings and its different uses include: domestic cooking, metal refining
applications and production of chemicals [3]. In terms of the forestry field,
charcoal might be translated into a good opportunity for business in comparison
to the traditional power generation which is usually decentralised.

i) Pyrolysis. It is considered one of the most attractive alternatives to produce
renewable energies, due to its carbon negative feature. Pyrolysis consists of
heating the selected biomass within an environment in absence of oxygen or
any halogen. The outcomes from this process are a liquid product called bio-
oil, a gas product or syngas (synthesis gas) and a solid by-product or bio-char.
All these products are the result of the decomposition of the feedstock. The
potential value of the products is relatively high in economic and environmental
terms and no residues are generated, whereas bio-oil can be used to produce
electricity or upgraded as a drop-in-biofuel, bio-char can be either burnt as an
energy source or blended with fertilisers as a soil remediation. Bio-gas can be
used either as an electricity source or recycled to the pyrolysis process [4] [5],
as well as considered for the production of biochemicals in a biorefinery.
Pyrolysis process is always the first step prior to any combustion and
gasification processes.

iii) Gasification. It is the conversion of carbonaceous material into a gaseous
product by means of partial oxidation of the feedstock at high temperature and
partial presence of oxygen. The main product is a mixture of permanent and
non-condensable gases along with ash, tars and, char as a solid product.
Biomass gasification is a relatively recent activity which is derived from the coal
gasification as a well-established and well-known technology proved for more
than a century. Nevertheless, both technologies are not comparable due to the
chemical difference between feedstocks [6] [7]. Syngas product can be used
as a source of energy by coupling a CHP or can be further upgrading through
a syngas cleaning stage and use to produce chemicals and biofuels (synthetic
hydrocarbons/methanol by Fischer-Tropsch route, DME, etc.).

iv) Liquefaction (at relatively high conditions i high pressure and temperature). It
is also known as hydrous pyrolysis [8]. It is carried out at high pressure and
temperature and usually, in the presence of a solvent which enhances the
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reactivity. It is considered a very flexible technology in terms of biomass which
can be treated through this technology: woody biomass, industrial wastes, food
wastes, manure, algae, etc. However, the costs associated to the use of this
technology due to the high operating conditions (temperature and pressure)
make the technology itself not economically feasible with most of the research
to date have been on the development at small lab scale in batch experiments

[9].

Pyrolysis and hydrothermal liquefaction of biomass are two technologies
comparable in terms of the outcomes (products). These outcomes are
intermediate products (biocrude, bio-oil) that can be refined into final products
of interest. Nevertheless, there are significant differences like the previous pre-
processing necessary for the treatment of the biomass since pyrolysis needs a
lower water content in comparison to hydrothermal liquefaction. Other
differences are found in the use of catalysts. In hydrothermal liquefaction is
common the use of solvents as catalyst to promote the desired products,
whereas in pyrolysis is not common to use catalysts. Differences also exist in
the chemical composition of the products between pyrolysis and HTL,
especially regarding the water and oxygen content as well as the heating value.
On the other hand, operation at high pressure turns the liquefaction process
less attractive from an economic perspective [10].

When the main product from lignocellulosic sources is a fuel, gasification is
another alternative to be considered along with pyrolysis. The outputs of both
technologies are the production of hydrogen and other fuels. In the case of
pyrolysis, the gaseous effluent is mainly made up of Hz, CO2, CO and other
light hydrocarbons. Gasification however, produces a mixture of Hz, CO2, CO
(syngas) and N2 when biomass is the feedstock. Some case studies involve the
combination of gasification and pyrolysis in order to overcome some of the
limitations reported so far [11] [12] [13].

Nevertheless, pyrolysis can be a suitable option when liquid fuels are sought,
whereas gasification processes involve further conversion processes to turn
the syngas product into ready-to-use products, such as liquid fuels through the
Fischer-Tropsch process.



AGROCYCLE

Currently, Europe generates 1.3 billion tonnes of waste annually, of which 700
million tonnes are agricultural waste, accounting for one of the most produced
bio-wastes worldwide. A projected one third increase in world population by
2050 will lead to increasing demands on the worlds agricultural resources.
Compounding this, the impacts of climate change, particularly in more
vulnerable areas of the world will drive desertification which is predicted to
increase, and water shortages will become a major constraint on production.
Implementation of innovative technologies and sustainable practices to
maximise the value in existing agricultural resources is therefore of the upmost
importance. A significant amount of existing food waste is avoidable and can
be reduced by prevention measures at all level stages, from the production to
the final consumption. Nevertheless, an unavoidable fraction of food waste
remains and there is still a necessity to maximise its value through improved
technological processes, practices and policies [14]. This necessity has led to
the valorisation of all the fractions of this biowaste: proteins, lipids,
carbohydrates and organic and inorganic fraction, by means of different
biological and (thermo)chemical paths to produce biochemicals, commodities,
and energy [15].

In this context, the AgroCycle project will perform an integral analysis of
mechanisms to achieve a 10% increase in the recycling and valorisation of
agricultural waste by 2020, maximizing the use of by-products and co-products
via the creation of new sustainable value-chains. Agri-food wastes, coproducts
and by-products (AWCB) are reported as having potential to replace current
fossil-based (or non-renewable) energy and feedstocks. This shifting of current
industrial practises to a new bio-based circular scheme can be developed by
means of biorefineries, which are able to process the biomass or wastes into
new bioproducts/energy [16]. However, there is a high dependence on different
regional and seasonal factors which affect the actual economic potential of
these schemes, such as supply of biomass, location, distance, technology for
processing, pre-treatments, market, etc. In addition, other factors are relevant
to determine the success of the technology and the feedstocks to evaluate
whether it can help with climate change mitigation efforts [17].

The conversion of biomass to energy has primarily focused mainly on the
necessary biochemical and thermochemical processes. From these processes,
thermochemical processes can be subdivided into gasification, pyrolysis,
carbonization, and direct liquefaction. Amongst the thermochemical processes,
pyrolysis has received much more attention than others as its conditions could
be optimized to produce high energy density pyrolytic oils as well as biochar
and gas [18], which can be used in different industrial applications.

Pyrolysis is the thermochemical decomposition of organic material at high
temperature, in the absence of oxygen or in an atmosphere of inert gases.
Compared to combustion, pyrolysis has a lower process temperature and lower
emissions of air pollutants such as polybrominated diphenylethers (PBDES)
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[19]. Additionally, the scale of pyrolysis plants is more flexible than incineration
plants [20]. Nowadays, pyrolysis is gaining attention for the flexibility to
generate a combination of solid, liquid and gaseous products in different
proportions just by the variation of operating parameters such as temperature
or heating rate. It also provides an opportunity of transforming materials of low-
energy density into bio-fuels of high-energy density, at the same time
recovering high value chemicals [21]. The products of thermochemical
conversion can be categorized by their application. The specifications of the
various products and their influence on the pyrolysis process are outlined
below.

Char, a solid product of biomass pyrolysis, is a promising concept for climate
change mitigation and adaptation, as it can sequester atmospheric CO2 while
improving quality of soil where it is stored [22] [23]. Its formation is favoured at
low temperatures (225-300C) and long residence times. In nature, pyrolyzed
bio-char particles fall to the ground surface and the black carbon is incorporated
in the particulate phase of the smoke. In commercial bio-char pyrolysis
systems, the process occurs in three steps: first, moisture and some volatiles
are lost; second, unreacted residues are converted to volatiles, gasses and bio-
char, and third, there is a slow chemical rearrangement of the bio-char [24].

Bio-oil is the liquid produced from the condensation of the pyrolysis vapor, and
it is the main product of the fast pyrolysis (temperature range between 400-
600C and short residence times). This product can be also formed by
intermediate pyrolysis (300-500C) being able to reach up to 55% liquid yield
conversion of the biomass. In that case the liquid product obtained has low tar
yield and viscosity compared with the one from fast pyrolysis [25].

Non-condensable gases, they consist of a mixture of gases such as CO, COz,
CH4 and a few non-methane hydrocarbons, being CO2 (~56%) and CO (~29%)
the most abundant species in the pyrolysis products. Although, the composition
depends on different chemical structures of biomass components [26].
Hemicellulose, with higher carboxyl content, account for a higher CO: yield.
Cellulose displays a higher CO yield, mainly attributed to the thermal cracking
of carbonyl and carboxyl. With a higher presence of aromatic rings and
methoxyl functional groups, the pyrolysis of lignin releases much more Hz and
CHa [27].

One of the aims of the AgroCycle Project is to enhance the lignin rich agro-
forestry waste into biofuels (syngas or liquid fuel) and soil amendments
(biochar) based on pyrolysis process, this way the whole waste would be
employed to produce valuable products. To this purpose, Task 2.4 in AgroCycle
project aims at demonstrating the technical feasibility of the valorisation of
forestry biomass into energetic products by means of pyrolysis.

This deliverable shows the outcomes from the experimental pyrolysis of three
different conifers developed at lab scale by Exergy in Harpur Hill Laboratories
in England (United Kingdom), as well as the proposition of a whole process for
the valorisation of the products, especial focus on bio-oil and biochar, for
energetic applications by means of virtual simulation.
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Table 1 gathers and lists some of the different lignocellulosic biomasses tested
globally to produce bioenergy/bioproducts through thermochemical pyrolysis
technology. This first revision has been focused on studies relevant to Europe,
and specifically to the UK.

Table 1. Lignocellulosic biomasses suitable for pyrolysis

Acacia wood [28] No Available in Africa and Australia

Almond shell [29] No Available in Middle East, India and
[30] North Africa

Apple pulp [31] Yes Crab apple grows in at the wet edge of

forests, in farmland hedges or on very
extreme, marginal sites (Malus

sylvestris)

Apricot stones [29] No Major production in Turkey, Iran and
Uzbekistan

Arbutus Unedo [32] Yes West Ireland. Strawberry tree

Argentinean [33] No South America

hardwood

species

Aspidosperma [33] No South America

Australe

Aspidosperma [33] No South America

Quebracho

Blanco Schlecht

Austrian pine [34] Yes South England

Beech wood [35] Yes Fagus sylvatica is found in South
England

Silver birch [36] Yes Scotland

Birch wood [37] Yes Scotland

Cherry stones [15] Yes Wild cherry is found throughout the UK
except in the far north

Corn stover [15] Yes Maize production in the West of
England

Corn stalk [38] No

Cotton cocoon [39] No China, India and Pakistan are the major

shell producers

Cotton gin waste  [40] No

Cotton stalk [41] No

Cotton straw No

Cottonseed cake  [42] No

Cynara [43] No South and western Europe and

cardunculus L Australia

Eucalyptus wood  [44] No Eucaliptus is found in Australian, Nueva
Guinea and Indonesia

Euphorbiarigida  [45] No South Europe

Extracted oil palm [46] No Palm oil tree is native from Africa

fibers

Forest wood [47] Yes Different forests can be found across
the UK

Grape residues [48] Yes Sussex, Kent and other areas in the

Southern England are suitable for
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Grape residue
Grape seeds
Grass

Ground nut shell

Hardwood

(beech,
chestnuts)
Hazelnuts
(Corylus avellans)
shells

Lodgepole pine
Lucerne

Miscanthus pellet

Oil palm shell
Olive husk

Olive stone
Pine

Pine sawdust
Pinus insignis
sawdust
Ponderosa pine
Rape seed

Rice husks

Safflower seed
Scotch pine

Soft woods
(Douglas fir,
redwood, pine)
Stalk of rape seed
plant

Straw
Straw pellet
Straw rape
Straw stalk
Sugar
bagasse

cane

13

[49]
[29]
[50]
[51]

[52]
[45]
[34]

[53]

[37]

[54]
[55]

[56]
[57]

[58]
[59]
[34]
[60]
[61]

[62]
[34]

[63]

[64]

[65]
[37]
[53]
[66]
[67]

Yes
Yes
Yes

No

Yes

Yes

No
Yes

Yes

No

Olive is produced
at small scale in
some regions of
England

Yes

Yes
Yes

No
Yes (small
production)

No

No
Yes

No

Yes

Yes
Yes
Yes
Yes
No
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grapes. Top grape producing countries
are China, USA, lItaly, France and
Spain

There are a wide range of grass types,
in UK the most common are perennial
types. Grass can be found worldwide
Different kind of groundnuts are found
in Brazil, China and Africa

North and South England. Also found in
continental Europe (Denmark, Norway
and Sweden)

It is found across Europe, including the
British Islands

Native from North America

It is available in the UK, but it grows in
Mediterranean countries in Europe
Miscanthus Sinensis is found in Austria,
Belgium, Czech Republic, France,
Georgia, Germany, Hungary, Italy,
Russia (native), Switzerland, Spain, the
United Kingdom along with North
America, Asia, Oceania and Chile

The major producers of olive are Spain,
Italy, Greece, Turkey, Morocco and
Syria. Portugal also produces olive

Pine can be found in Scotland and a
wide range of European countries as
well as Asia and North America region

North America

It is produced in China and Germany,
France, Poland and Ukraine as main
European countries

Rice is produced in Spain and Italy
(Europe) and China

It is not produced in Europe

It is found in a small area of Scotland
and the Northern Europe

They are especially found in North
America

It is produced in over 70 countries, top
5 cane sugar producers being Brazil,
India, Thailand, China and Mexico.
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Sunflower press [68] Yes Sunflower grows in smalls areas in the

oil cake south of England and Spain, ltaly,
Eastern Europe, Middle East and some
regions in North and South America

Sunflower oil [69] Yes

Switch grass [53] No

Tobacco [70]

Tobacco dust [71]

Wheat straw [72] Yes The UK annual wheat straw yield has
[73] been estimated to be between 8 and 10

million tonnes.
Wood chips [74]

It is important to point out the increasing interest in the agroforest wastes for
pyrolysis purposes in the last decade. In comparison to other biomasses, it
requires smaller cultivation areas, and some parts of the crops become
fivastesoafter the cultivation process [75]. One of the main concerns related to
the use of agricultural and forestry wastes as feedstock for pyrolysis is the
Sustainability of biomass supply. Only farmers and landowners have total
control of this area as well as of the knowledge about composition and transport
due to the seasonal variability [76].

Lignocellulosic biomass is made up of three main components: cellulose (35-
50%), hemicellulose (20-35%) and lignin (15-20) along with other compounds
such as ash (15-20%), shaping a woody structure [77]:

Cellulose (C6H1005)a : It is the main compound and the most abundant
organic polymer, which is found in the cell wall of the plants. It is made of D-
glucose monomers. It is also considered a polysaccharide and it has a
crystalline structure which makes it resistant to hydrolysis

a HO._  OH n HO._ OH
(e} o~ .o o] o o )
° d.° d

“~HO OH -~ Q) HO' OH -~ -Q

H H

q Hd OH 8 Hé OH
~HO" OH-—0O “HO”  OH-—0

H ; H

H i H i

Figure 1. Cellulose strand (fibre)

Hemicellulose (C5H408)b: It is a branched polymer (polysaccharides) which
is made up of some monomers such as glucose, galactose, mannose, xylose
and arabinose, among others [78]. In opposition to cellulose, hemicellulose is
amorphous, and it can be hydrolysed using acids, bases or specific enzymes.
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HO HO
0 0 0
OH OHO
0 0 0
OH  Ho 4 oH
OR—0

2H

oH
Figure 2. Hemiellulose structure

Lignin (C9H1003 (OCH3)0.9-1.7)c: is an aromatic phenol-based polymer. It is
the responsible for the rigid structure of the lignocellulosic biomass due to its
three-dimensional structure. Lignin performs as a binding between
hemicellulose and cellulose inside the plant cell wall. Lignin content has been
reported up to 40% in lignocellulosic biomass [79] [80].
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Figure 3. Lignin structure

After several discussions with the AgroCycle technical team and Harper Adams
University (who offered to be a potential supplier of the biomass needed for the
pyrolysis with the collaboration of Severn Carbon), three samples of conifer
found in the UK were selected for the trials in Task 2.5:

- Picea or spruce. It is found in northern countries (boreal forest and subalpine
areas of the Alps and Carpathian Mountains) in Europe, as shown in Figure 4.
It has leaves with the shape of needles. Different species of Picea or Picea abis
in Europe have been reported to be tested for pyrolysis, including the upgrading
of bio-oil .

15



AGROCYCLE

» Figure 4. Map showing thelistributionof Picea[81]

These kinds of trees canreach upto 200-3 0 0 y e aspas [82]. Bpruteavood

is cheap and easy to find, depending on the grade sought and the final

application of the wood, as an important timber tree in Europe. The wood has

different applications, including construction, furniture, sound boards, pianos

and other musical instruments (including Stradivarius violins) as well as for

pulpwood applications. In terms of sustainability, it is reported by the IUCN

as one of the species of leastconcern[83].1 t i s al so known as #ftfF
Treeo in Europe, being a | arge confiner n
Europe. Outside Europe, it is also found in Northern American and Canada.

This kind of conifer is one of which can tolerate warmer and humid summer

weather conditions.

Larix or larch, it is a sort of conifer found mainly in central Europei From the
Alps in eastern France to southern Poland, western Ukraine and northern
Romania, passing across Carpathian and Slovenian Mountains [84]. It is grown
mainly in dry places, as wet or chalky soils are not appropriate for its growth.
Larch wood comes from strong and vigorous trees which are looking for light
(sun hunters). They can reach up to 45 meters tall. It is the only conifer native
to Central Europe (Alps and Carpathian Mountains), and it was introduced to
the UK in the 17" century, where it has been widespread and naturalised. As
Picea, it is considered Least Concern at the global and EU28 member
states level, due to its wide availability (it is widespread) and range [85].

The wood from European larch has been valorised for multiple purposes:
fences, gates, railway sleepers (before substitution by concrete and iron), as
well as to build houses, especially in Alps and Carpathians mountains. The
wood is also used for medicinal purposes, as the bark can be used as an
astringent, balsamic, diuretic, expectorant, stimulant and to treat different
wounds, eczema and psoriasis [86]. It is also possible to extract turpentine from
the resin which can be used as a wood preservative.
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Figure 5. Map showingdistributions of Larix [87]

- Pinus or pine, it is another specie of conifer which can be found in northern
hemisphere, although some species have been introduced in the southern
hemisphere and subtropical regions of the planet. It has been also widely tested
for pyrolysis seeking a potential suitable bio-oil, both in catalytic and non-
catalytic conditions.

Pine is an important source for timber and for the pulp & paper industries. It
was used in the past for construction and furniture, but currently these uses
have been shifted to spruce (Picea abies), due to the lower content in resin and
its smoother grain.

Figure 6. Map showingdistributions of Pinus[88]

Conifers have been used for pyrolysis purposes, especially looking for potential
agents to enhance soil properties from the biochar product. In Figure 7, the
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bales of different conifers supplied for the pyrolysis activities in WP2 are shown.
They were supplied by Harper Adams University (Newport, UK) in early 2017.

Figure 7. Bale production for bioenergy purposes (Courtesy of HAU/ Severn Carbon)
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The choice of a pyrolysis technology will often depend on final products
targeted (biochar, bio-oil or syngas). Also, the type of reactor employed for the
pyrolysis of the waste must be given great importance because of the large
amount of heat to be transferred across the reactor wall to ensure the
degradation of the material. Usually the pyrolysis process is performed under
atmospheric pressure, however vacuum pyrolysis (which can be about 5 kPa)
has some advantages such as its short residence time and the low
decomposition temperature which reduces the occurrence and intensity of
secondary reactions. This type of pyrolysis is used in different types of
feedstock, including wood. However, it is difficult to achieve in practice at an
industrial scale [89].

Fixed bed reactor

Fixed bed reactor is the simplest solution, due to its easy design. In this type of
reactor, the feedstock is placed in the reactor, which is heated externally.
Before the experiment starts the reactor is flushed by an inert gas, and the gas
flow is maintained to provide an anaerobic atmosphere. The gases and vapours
obtained are discharged from the reactor during the pyrolysis, but char is
usually removed after the process. The fixed bed reactor is characterized by a
low heating rate [90]. This type of reactor could be used at a larger scale
provided that the technology used enables better heat transfer, and it is a good
option to provide experimental information on the pyrolysis parameters and its
product. The reactor used in the AgroCycle project is a fixed bed reactor.

Fluidized bed reactor

This type of reactor consists of a vessel containing a mass of heated particles
(inert sand or catalyst particles), that are fluidized by passing inert gas or
recycled product gas through the particle bed. The biomass is injected into or
above the hot particles by a solid feeder such as a screw feeder or intermittent
solid slug feeder. These reactors are characterized by a high heating rate and
a good blending of the feedstock. However, there are important difficulties in its
use as the feedstock must be tiny to be introduced in the reactor and float in
the fluid. There are difficulties to separate the char from the bed material. This,
along with the difficulty of scale-up, means that this reactor is rarely used in
large-scale projects [91]. Fluidized bed reactors can be further broken down
into the following configurations:

a. Bubbling Fluidized Bed (BFB) reactor

BFB reactors utilize fluidized bed reactors with gas passing through the reactor

so the solid fluidization is in the Obubbl
fully expanded and is bubbling aggressively but without reaching the turbulent

flow regime. Typically, vapour residence times in BFB reactors are between

0.2-5 s, depending on the reactor size [92].

b. Circulating Fluidized Bed (CFB) reactor
CFB reactors have also high heat transfer rates and short vapour residence
times, among 0.5-1 s. The heat transfer medium in this reactor is the bed of
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particles, which is circulated using high flowrates of gas from the reactor vessel
into a burner. In the burner, the particles are exposed to oxygen and recycled
product gas or solid reaction products are burned to heat the particles and then
they are circulated back. As a result, the solid residence time is approximately
the same as the vapour residence time, and the reactor operates at high
superficial gas velocities (in transport conditions). As a result of these high
flowrates, solids separation and bio-oil vapour condensation can become more
challenging. CFB reactors can be either up flow (more traditionally) or downflow
(used for plug flow control of short residence times) [92].

Batch and Semi-batch reactor

Batch reactors are a closed system with no input or output of reactants or
products while the reaction is occurring resulting in high conversion.
Semi-batch reactors allow the addition of reactants and the removal of
products, while the process is performing. Although products are not uniform
from batch to batch and increasing the scale is problematic. Another additional
disadvantage is the long solid residence time and the difficulty of removing char
[93].

Rotatory Kiln reactor

It is commonly used in slow pyrolysis, operating at temperatures around 500°C
with a residence time of about 1 hour, and it is traditionally used for biochar
production [94]. This type of reactor has been implemented as a practical
industrial solution at various scales so far, it offers better heat transfer to the
feedstock than the fixed beds and it is less complicated than the fluidized beds
[95].

Furthermore, a rotary kiln pyrolyser has many advantages over other types of
reactors. For example, the slow rotation of an inclined kiln enables a good
mixing of wastes, thus it is possible to obtain more uniform pyrolytic products
[96]. However, the conditions for the exchange of matter and heat between the
solid and the gas are not very effective, and then, the residence time (reaction
volumes) is higher than those with the other pyrolysis technologies [97].

Microwave assisted reactor.

It is a relatively novel process which was developed initially by Tech-En Ltd, in
the UK [98]. This process consists of a mixture of the feedstock material with a
microwave-absorbent material, such as particulate carbon, which can absorb
the microwave energy (electromagnetic wave) to produce sufficient thermal
energy to achieve the temperature conditions for pyrolysis process. The
microwave heating cracks the feedstock material into smaller particles in the
absence of oxygen. As any other pyrolysis process, the volatile components
are either condensed as bio-oil or collected in the incondensable mixture
(pyrolysis gases) [99]. Microwave heating can be better than conventional
heating because of various advantages. Hot spots, which form under
microwave irradiation would have significant influence on the yield and
characteristics of microwave processing products. The solid products of
microwave pyrolysis at proper microwave power levels can have high heating
values and specific surface areas with higher gas and solid yields but lower
liquid yield than conventional pyrolysis [100]. One of the main advantages is
the possibility to pyrolyse large particle materials, thus previous energy-
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intensive grinding pre-treatments can be avoided [101]. This technology is
reported also more tolerant to water content in comparison to other
conventionally established pyrolysis technologies, where the water content
must be below 10 wt%, therefore a previous drying step can be also skipped
[102].

Ablative reactors

The ablative reactor is composed of a chamber, which contains a spinning bowl
where the biomass can be placed, and a hot plate at the top that can move
down and apply pressure against biomass. This type of reactor can be used for
bio-oil production through fast pyrolysis. Fast pyrolysis initiates as the hot plate
contacts the biomass, and a high flow rate of inert gas rapidly sweeps the
generated vapours out of the chamber for condensation [103].

One of the advantages to use this reactor, it is that as reaction rates are not
limited by heat transfer through the biomass, large particles can be used, and
in principle there is no upper limit to the size that can be processed. The
process in fact is limited by the rate of heat supply to the reactor rather than the
rate of heat absorption by the pyrolysing biomass as in other reactors. There
is no requirement for inert gas, so the processing equipment is smaller, and the
reaction system is thus more intensive. However, the process is surface area
controlled so scaling is tough and the reactor is mechanically driven so is thus
more complex [104].

Auger reactor

In this type of reactor biomass is mixed with a dense heat carrier. By using high
thermal conductivity heat carriers, the energy required for fast pyrolysis is
rapidly transferred to the biomass. The vapours generated are quickly diverted
to a condensation train to minimize reaction time and the char produced is
separated from the heat carrier independent of the pyrolysis reactions and into
a char storage system [92].

Table 2 summarises the advantages of each of the reactors mentioned above
with Table 3 highlighting the main disadvantages of the reactors.

The reactor selected is a fixed bed reactor (as shown in section 5.2 Pyrolysis
experiment), externally heated by means of 15.8 kW radiant heater, in the
presence of nitrogen as the inert gas. The selection of a fixed bed, as stated
above, was due to the simplicity in its use and design, as well as its potential
scalability for the subsequent application of the results in a model (by
simulation) to demonstrate the feasibility of the solution at larger scale. Its
potential to obtain experimental parameters also makes this selection more
attractive for the use different feedstocks. On the other hand, better heat and
matter transfers, in comparison to other reactors, also lead to the use of this
reactor for obtaining more accurate kinetic parameters.
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5. Experimental preparation

A series of biomass pyrolysis trials on forestry residues were conducted to
obtain the mass yields and distribution of bio-oil, bio-char and gases in the
product. The aim of the experiments was to analyse the effect of the nature of
the biomass, the particle size and pyrolysis temperature on pyrolysis yields,
and the product distributions. In this study, three types of wood were analysed:
pine wood, spruce wood and larch wood. Figure 8 a), b) and c) shows the
spruce, pine and larch wood, respectively. They were initially classified into
different particle sizes using Retsch AS200 sieving machine and test sieves.
They were grouped according to mesh sizes; 1 - 3mm (A), 4- 6.6mm (B) , and
6.7- 20mm (C) with total length between 1-50mm.

The type and the capacity of the reactor, pyrolysis temperature, solid residence
time, carrier gas flowrate, vapour residence time, and biomass feedstock type
and size were identified as the parameters having the most influence on product
yields and their properties [94].

Figure 9. Biomass before pyrolysis experiments

There are three different types of pyrolysis processes: fast pyrolysis,
intermediate pyrolysis (torrefaction) and slow pyrolysis i microwave pyrolysis
is not considered. In this study the experiments were carried out at the reaction
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temperature of 300, 400 and 500 C. Usually the pyrolysis conditions are
optimized in order to maximize the liquid and gas products, however, there is
always a fraction of biochar, that in this case would be also valorised as a
product in other activities in the AgroCycle project i notably Task 2.5, which
used biochar as a catalyser in the microbial fuel cell (MFC) experiments, and
to WP4 to be tested as adsorbent in wastewater treatment purposes,. Its use
for soil enhancement was discarded in early conversations with researchers
working on WP3. The samples were classified as function of their particle size,
that were in the ranges of 1-3 mm, 4-6.6 mm and 6.7-20 mm. The experiments
were performed at Harpur Hill Laboratory in Buxton (University of Sheffield,
Sheffield, UK).

The equipment employed for this study was a cylindrical fixed bed reactor
externally heated using 15.8 kW radiant heater. The reactor was initially
warmed up from ambient until it reached the desired reaction temperature. The
temperature was maintained by a control unit connected to K-type
thermocouple (Al-Cr) fitted below the pyrolysis chamber. An inert atmosphere
was maintained by a continuous flow at 4 LPM of N2 flow rate. Figure 10
presents a schematic of the equipment used for the pyrolysis process.

l— Condenser | lg—— Pyrolysis chamber | —

Bio o1l T

Control
unit

\

Data
logger

>

Flow meter

Gas
sampling

Propan-2-ol $

Figure 10. Diagram of fast pyrolysisystem

Once the reactor has reached the optimum operation conditions, 60 g of
biomass are fed into the central heating zone of the pyrolyser (Figure 11).
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Figure 11. Front view of the yrolyser

The biomass pyrolyses for 45 minutes producing char and gases. The hot
volatiles are suppressed by a water condenser for the bio-oil recovery (Figure
12), and the non-condensable gases are drawn-out by an extractor fan. Char
and bio-oil are collected at the end of the experiment for mass balance analysis,
and gas yield is calculated by difference (1).

G=M-x( €0) (1)

Where &6(g) is de mass of gas obtained in the pyrolysis, M&(g) the initial
weight of biomass employed in the experiment and &6(g) and ®6(g) are
respectively, the weight of bio char and bio-oil obtained as products of the
pyrolysis.

Figure 12. Bio-oil recoverysystem
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