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ABSTRACT

Biomass is the fourth largest source of energy worldwide after coal, oil and natural gas.
Among the various technologieesncompassinfpiomass energy conversion, some may be
considered to have reached a levetemhnological development which allows use on an
industrial scale while others require further testing to increase yields and reduce costs of
energy conversion and management. The thermochemic conversion of biomass (pyrolysis,
gasification, combustion) regsents the most promising technique for energy production.

In this context fits the application of the process of slow pyrolysis of biomass in a rotary
kiln reactor with an integrated gas burner of small size for a continuous production of
syngas. Thebjectives of this workare:

A To run a micropyrolyser in a rotary kiln reactor which was out of use for several
years

A To connecthe micropyrolyser with a gas burner for determination of produced and
exhaust gases

A To runthepyrolyser in a continuous way for continuous production of syngas.
A To determine biomass mass flow and mass and energy balance of the system

A To performProximate and Ultimate analsof initial biomass and produced char
and tar withagas chromatographé&s determire LHV of syngas

Two tests were performed during the course of this thesis wWodkying test of biomass

and a pyrolysigestwith a direct combustion of the produced syngas inside a gas burner.
An amalyzed sample of a gas mixture indichéelower calorific value of 2,86 MJ/kg of the
syngas due tthe intake ofa considerable amount @mbientair andunintentionalleaks
andloosefitting seals.Theoretically, if ararnaerobic environmertould be achieved inside

the micropyrolyserthe producegyngas would have the calorific value of 12,79 MJ/kg, a
figure that can also be found in literature. To increase the calorific value of continuously
produced gas in a micropyrolyser, the sealing system should be improved.

The work was conducted on a micyoplyzerlocated ina pilot plant at the Department of
Industrial Engineering, Faculty of Engineering at the University of Perugia, Italy.



SUMMARY

Utilization of biomass energis, so far limited to largescale energy productionvhile
smaltscaleproduction tend to be technically immature with high installation costs. The
construction of facilities for sma#lize production with high efficiency based on mass
production integrated with a gas microturbine or an internal combustion engine could,
from this point of view, represemtpossible way of biomass energy convertion.

Energy conversion on a small scale certainlydsmaller environmental impact because it
can benefit fronthe local availability of biomass and decentralization of energy ssurc
With redu@denergy losses along the distribution lines emslitu production of electricity
isolated communities could benefit from it.

In this contet, a demonstration plant with a micro pyrolyser was constructed in the
Pyrolysis Laboratory at thBepartment of Industrial Engineering, Engineering Faculty at

the University of Perugia in Italy. During my experimental work the plant was equipped
with a syngas safety electric valve and basically all seals around the reactor, hopper, screw
conveyor, disharge section, dashing device and at the water scrubber were replaced,
tested, optimised and put in order. The pyrolyser and the gas burner were connected
separately and in continuous order. Due to safety reasons the gas burner was tested first by
burning gas of known gas compositions (bufaopan) and afterwards with produced
syngas.The direct combustion of continuously produced syngas from a micropyrolyser in

a gas burner has proven the combustibility of the syn@aging a series of tests many
isstes were brought uand many solutions wereonceivedin order to achieve the
ambitious goal.

The work was developed througte implementation of two tests: a drying test of biomass
and a pyrolysis test with a continuous production of syngas and combattwoduced
syngas in the gas burner.

During the first trial the thermal efficiency of the reactor was assessed and a series of
improvements of the plant was carried out. The test was an opportunity to test the
functionality and system management of tloeesrcoupled reactorwhich ensured the
continuous mass flow.

The second test, pyrolysis, is important and unique for the progress of research in this field.
Effective combustibility of the produced gas in a continuous way from the micropyrolyser
was succssful and it presents a starting point for the optimization of the plant. The results
show weaknesess on which future actions should be focused.

The syngas mixture sampled (caloric valu @6 MJ/kg- beecl), which was diluted with
ambientair, suggestedn immediate reduction in the intakktheair blower. In parallel, a
significant reduction of air infiltration inside the pyrolyser must be achieved to reach a
calorific value of 12,79 MJ/kg. Security would also improve with reduced air infiltration
anda warning for CO intoxication outside the safety box would be issued.

Due to the scope of this thesmass and energy balance of the system should be carried
out, but because aftime shortage and late laboratorical analysis & fmm the Biomass
Research Center, that was executed only partially.
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1 INTRODUCTION

The world population (6,75 billion people in 2008) has doubled in the past four dezades,

in the past three, the worl dosintefiguregvg cao on s u
expect adistendedconsumption of energy om global scale ithe world's population reaeb

nearly 9 billion by the year 204Which it will according to some projectiony [

The world economy requires enormous amounts of energy, most of which comes from fossil
fuels (oil, natiral gas, methane and coal).

In particular, it is envisaged that in the coming three decades, this type of fuel will cover 85%
of the energy needs. However, in relation to this view, two impoctarterns emerge

A Accessibility of resources and enesgpcurity with its price;
A Greenhouse gas emittedfrom the use of fossil fuels, changing the global climate
system.

The energy sector imost responsible for the production of-ed | ed fAgreenhouse
(GHG). Thereforgalternative energy sources det® beutilized to slow down theemission

of these harmful gase#\ series of parallel actions nexi be taken for improving energy
efficiency in the relevant sectors of the economy:

The increase in conversion efficiency;

Protection and development wfechanisms for collection and removal of greenhouse
gases;

The promotion of sustainable foresanagement, afforestation and reforestation;

The adoption of measures to limit and reduce greenhouse gas emissions in the
transport sector;

Limiting methane emssions throughhe recovery and use of gas in the area of waste
management;

Research, promotion, development and increased use of renewable energy
technologies for capturing and isolating carbon dioxide and advanced technologies
and innovative environmeén

o Do Toe oo

Renewable sources of energyciontext of the threat of the global climate change are one of
the best means to resolve the issue of future energy demand and protection of environment.

Renewableenergyis generated fromatural resourcesuch assunlight wind, rain, tidesand
geothermal heatThose sources armaturally replenished. Currently, various forms of
financial incentives issued by the European Union, individual states or local authorities exist.
Among the technologies fothe conversion of renewable resources are hydro power,
geothermal energy, winthd wave energy, photovoltaics and biomass.

Biomass such as forest residues and agricultural cropsicder certain conditionprovidea
viable renewable source for electricity generation and Hea&an supply local communities
close toproduction aremor offer products (biodiesel, biogas) that can repEm®aeof the
currentfuels used for heating and transportation.

Particularly interesting in this context are energy crops, which are intended to provide
biomass to produce electricity or heat. The erodtechniques of cultivation (Short Rotation



Forestry) have maximized the yield per hectare by using fertilizers, pesticides and genetically
modified tree species. The species usecdnergy production should have thienportant
agronomic values of high gwth rates and increased biological and climate resistance.
Currently, electricity production from biomass is achieved thrdbghechnology of thermal
incinerators and energy recovery frone flue gas of steam cycles. Higher efficiencies can be
achievedhrough technologies such as gasification and pyrolysieseltechnologies ka not

yet reachedhe industrial level otechnological developmemeeded forthe production of
synthetic gas of medium to low heat calorific valugjch canused in internatombustion
engines and gas turbines. An interesting perspectitteatshe use of syngas from biomass,
given the optimal performance with minimal environmental impact, is based on the use of
micro gas powein therange of 36600 kW.

A micropyrolyzer asa pilot plant, was built (at the Department of Industrial Engineering at
the University of Perugia, Italy) to reach a high degree of confidence against rotary kiln
reactors in the field of small powar therange of 36L00kW. The main operating paramster

of the process, such as yield, composition and energy content of products, size and initial
moisture content of biomass, pyrolysis temperature, heating rate and residence time were
investigated in order to determitiee optimal process conditions.

The pupose of this thesis work i® conduct a study on the working parameters which
influence the process of pyrolysis. Various implementations and interventions were studied
and tested in order to optimize the configuration of the micropyrolyzer and to optaimal

test results in terms d¢iieenergy content of the products.

The objective of this work is the experimental implementation of the pyrolysis process in a
continuous production of syngas, with the final combustion in a gas buandra
characterization and analysis of the end products.

Chapter 2 of this work shows the world energy outlook according to future scenarios, and a
quick renewable resources review.

Chapter 3 is concerned, specifically, with the production of energy fromak®m@nd other
energy conversion technologies with a description of different processeablencesulting
products.

Chapter 4 describes in detail the pyrolysis process with the usiernfssproducts and the
main process parameters that affect the coxm@actions. The most common slow pyrolysis
reactori the rotary kiln reacters also described

The beginning of leapter 5 is devoted to a detailed description of the components of the
laboratory micropyrolyzer The second part of the chapter deals witie tproblems
encountered at the beginning of this work and with the interventions carriéal guarantee
optimization at the end of the test pyrolysis to obtain results that are as satisfactory as
possible.

In Chapter 6 the experimental work of two typafstests conducted in the laboratory is
described. The drying test was intended to verify the performance of the rotariy kiln
producingheat transferin the test phase of dryinghrough the resolution of the thermal
energy efficiency of the reactor.

The second test pyrolysis was intended to succeed in carrying out this process and to analyze
the products obtained in order to understand the composition and energy content with
particular attention to pyrogas (syngas from pyrolysis) and its calorificevakor
determination of LHV, a burner was attached to complete the reaction.



This thesis deals witthe slow pyrolysis of biomass, a phenomenon inhererth@thermal
conversion of wood. Slow pyrolysis of biomass in a rotary kiln reactothegsotentia for

energy (electricity) production in remote areas or as a transportational LHV biogas fuel. In
order to achieve a continuous production of combustible syngas in a mycropyrolyzer, several
technical improvements of the power plamrecarried out prioto the experiment



2 WORLD ENERGY OVERVIEW

The energy market is crucial for the economies of developed and developing countries. The
worl dos tot al ener gy doidrdgringnipetlastB0 yedrsa eaching c r e a
over 11 000 Mtokin 2006. P].

The countrie@energy demand, supply, production, usage and the energy market are among
the elements that characterittee economy of each country. They are, in fact, of strategic
importance to business and affect mobility and overall quality of life.

Theenergy market is also very complex and is strongly influenced, even at the local level, by
the international politicatlimate

Energy policy has three maifunctions to ensurethe security and continuity aénergy
supply,theeconomy and environmentalropatibility.

These three pillars, which sometimes contradict each adhethe critera which direct the
energy sector in the short run and in the long run.

From an environmental point of view the issue of enemlicy is related to the pollution of
the environment, changing the biodiversity of ecosysteamg losing natural habitatas a
result of anthropogenic added greenhouse gas emissibith manifest themselves global
climate change.

Between 2000 and 2030 it is expected that the demandifany energy in the world will
grow by 60%, reachingnequivaleniof 16.5 billion tonnes of oil (Figure 1).

Two-thirds of the increased world energy demands stéim fromthe economic growth of
developing countries.

Energy sources usualbonsist offossil fuels, renewable energies and nuclear power. Figure 1
shows the breakdown of the worldbdés energy su
2004, together with the expected distribution until 2030. The world energy need is expected to
increasein al energy sources by 2030, due to the increased energy consumption in
developing countries.

2.1 Fossil fuels

Fossil fuels are defined by the European EI
petroleum products, such as oil, formed from the decayed bodasmals and plants that

died millionk of years agoo |

A oOil

Oil is and will remain the main energy source in the world for the coming decades. Its
consumption will increase further, primarily due to transportation needs, where it
consumption isunrivalled. The world crude oil production of 85.54 million bbl/day (in 2007)
[4] will increaseuntil it reaclesthe maximum rate of global petroleum extraction, known as
Peak oil production. After that the rate of oil productisiti experienceterminal decline.

! Million tonnes of oil equivalent



Different forecasts estimate that the peak will begin by 2020 or later, while some assume that
the pealhas already passed
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Figure 1. World energy supply by energy source. Adapted from IEA, Z)06 |

A Coal

Coal iI's mainly wused

f or

heat and power gene.

electricity productionCoal is the most abundant fossil fuAlccording to the International
Energy Agency (2006) the proven reserves of coal are around 908 ltines, which could
sustain the current production rate for 155 years. That wesldts in competitive and stable

prices compared to gas and @].[
A Natur al
Natur al

gas:

gas 1is coal 0s

ma i

n competit dopedf or he

countries where environmental regulations are more stringent. It is a cleaner fuel which
requires less treatment to meet femission regulations and has lower capital costs. A natural
gas power plant produces half the 8 a coalfired plant, whit is an important benefit for

countries having ratified the Kyoto Protocol.

2.2 Nuclear power

Nuclear power contributes 16% to world electricity generatiarclear power is Coneutral

with the respect to greenhouse gaslanium is a fairly common elemeint the Earth's crust
and is about 3mes more common than silver. By using various techniques uranium is
enriched to contaim higher concentration of isotope-285. That fuel is used in common
light water reactors. With the use of fast breeder reatiatsuse uraniur238 (99.3% of all
natural uranium) the estimated resenwdsbe availablefor at least 1000 years.



Nuclear powead seputation was tarnished by the Chernobyl disastei986 Reprocessing

can potentially recover up to 95% of tremaining uranium and plutonium in spent nuclear
fuel, putting it into new mixed oxide fugEconomically, the costs of construction, operation
and decommissioning make nuclear power less attractive with the current liberalization of the
electricity market. There are no longer electricity monopolies which can secure ddong
return on the heavy investmergquired tobuild nuclear power plants. Electricity providers
seek shorter returns, which favor technologsegh as natural gasith lower capitalcosts.

2.3 Renewable energy

The International Energy Agency includes in the tdm@newable energythe following
energy sources: combustible renewables and wastes (CRW), hydropower, wind, solar,
geothermal and ocean energy [4].

Combustible renewables and wesstare in turn defined as: solid biomass, biogas, liquid
biofuels and municipal wastes.

A Combustible renewables and wastes:

CRW constitute the main part of todaydés rene
energy supply. They amade upmainly of wood and charcoal used by poor populations for
cooking and heating. It should be noted that for those populations, solid biomass is far from
being the clean green energgedin developed countries. The World Health Organisation
estimates that 1.5 millio deaths per year are caused by indoor air pollution from cooking

with solid biomass [5].

During the last few years, liquid biofuels harrgenin popularity to supplement the use of

fossil fuels in transportation. Brazil (from sugar cane) and United sS{@tem maize)
extensively use bioethanol to replace gasoline. In Europe, biodiesel (transesterification from
vegetable oils) is used as a blend to common diesel. The European Union has an objective to
substitute 20% of the traditional fuels in road tramspvith biofuels before 2020.

A Hydropower:

Hydropower is the second largest renewable energy saitbea share of 2% of the woibds

total energy supply. It accounts for 16%gbbbal electricity production. Hydropower has the
particularity to be the only large scale means to store electricity through the collection of
water into large reservoirs for later-eenversion into electricity. Hydropower growth is
limited asthe most viableites are generally already in use.

A Wind, solar, geothermal and ocean energy sources:

These alternative energy sources are still negligible in terms of energy production compared
to classical energy sources. They represent less than 0.5% of thé wmidbdenergy supply

and are not depicted in Figure 1. However, there is a real market for them, especially in
developed countries. Wind powproductionhas notably quadrupled worldwide since 1995
and in some countries has become a significant part ofieigcgeneration, as in Denmark
where itaccounts fo23% of nationaknergyproduction. Wind power can also be designed as
anindependent dfgrid system.



3 ENERGY-RELATED ISSUES

3.1 Global warming

During the 28 century, the average global surface tempeeabm Earth has increased by 0,6

+0, 2AC. There is a general agreement in the
warming over the last 50 years is likely to have been due to the increase in greenhouse gas
concent8tions 0 |

Greenhouse ga&s are bD, CQ, CH;, N;O and halocarbons. GOs the main source of
concern as it contributes to half of the greenhouse effect originating from human activities.
CO, emissions come from the combustion of fossil fuelkich are essential for modern
countries as they represent 85% of the world primary energy consumption. Hence it is
extremely difficult to significantly reduce G@missions withougffectingthe development

of nations.

Models differ concerningthe comseqiences of the global warmindlevertheless, major
upheavals for humansnianals and plants are expectexdchangein local weathepatterns
and the geography of shéines

An international agreement on the reduction of greenhouse gas emission, the Kyoto Protocol
[8], wassignedin December 1997andcame into force in February 2005. The Kyoto Protocol
divides countries into developed and developing nations. The developaasnahich have
ratified the protocol should cut their G@missions by 5.2% from their 1990 levels over
betweer2008and2012. The developing nations are not bound to reduce their emissions. The
Protocol promotes the trade of €@mission credits, whichedreases the costs of emission
reduction for countries heavily dependent on fossil fuels. In 2005, the trading scheme of the
European Union included 12 000 heavy industrial and heat and power facilities.

The Kyoto Protocol incites developed countries teest in new technologies fanergy
conversion, such as thdevelopment of renewable energy and zamussion technologies
(ZET) with CO, capture and storage.

3.2 Energy dependence

Energy is vital for all modern societies. The recent dispute between Ukrairieuasia about
natural gas, when Russia cut off gas exports to Ukraine during the winter of 2008/2009 as
well as in winter 2006, is a vivid example of the importance of energy supply diversification.

Therefore governments are trying to diversify their enetggses.Convesion technologies
have been developéd gain more fuel independence. Here are some examples:

A Gasification of coal/wood/wastes to produce syngas (mixture of §O/H
A FischerTropsch process oroduce liquid biofuels from syngas.
A Fermentation of biomass to produce bioethanol as gasoline replacement.

Meanwhile, there is a trend of making mudliel driven thermal conversion devices, such as
coal/wood cecombustion power plants and bioethanolfag driven car engines. Crude oll
prices have been relatively stable after the two energy crises (1979) but started to



increase in 1999 and 2008, due to OPBI restrictionsand geopolitical instability in the
Middle East. Thepricesare expectedo increase further with the growing demandChina

and India. High oil prices burden the balance of trade for countries without local oil reserves
and constitute another incitement to develop alternative energy.

3.3 Wood

3.3.1 Renewal of interest in wood in developed countries

Wood asan energy source is the focus of a renewed interest in developed countries. In the
European Unionyood energy shasgrew from 3% to 3.2% of the total energy consumption
in 2003[9].

Wood camot totally replace fossil fuel$diowever, it may be a partial answer to the problems
of CO, emissions and oil dependency. Wood is a-@€utral fuel, provided trees are grown
as much as they are burned, arabdis available in almost all countries.

Furthermore, harvesting, transformingdaconverting wood into thermal energy requires
manpower. The development tfe wood energy industry benefits local employment and
contributes to sustaining social and economic activity in rural and forested areas.

3.3.2 Wood compared to coal

Table 1 present®a comparison between the physical properties of wood and its fossil
counterpart, coal.

Tablel. Typical properties of wood and codl(]

Wood Coal
Density (dry fuel) (kg/m®) ~ 570 ~ 1500
HHV® (kJ/g) 19.4-22.3  23-34
Volatiles (wt % of dry fuel) 81-87 16.0-35.0
Friability Low High
Particle size ~ 3 mm ~ 100 pm
Ash (wt % of dry fuel) 0.2-1.35 6.0-23.3
C (wt % of dry fuel) 49-52 65-85
H (wt % of dry fuel) 5.4-7.0 3.1-5.6
O (wt % of dry fuel) 40-44 3.4-13.8
N (wt % of dry fuel) 0.00-0.35  0.9-1.6
S (wt % of dry fuel) 0.00-0.07  0.4-4.3

® Higher Heating Value

Wood isacleaner fuecompared taoal. It has low sulphur content. There is usually no need
for De-SQ. treatment of the flugas inwood combustion[1]. The fuetbound nitrogen is
typically 1% in coal and the combustion temperature is also lower due to a lower HHV, which

2 Organisation of the Petroleum Exporting Countries
3 denitrification



reduces the fuel and timeal NG, formation. However, a D8Oy installation might still be
necessary.

The product of HHV and density gives the energy density. Calculations from dedblail
give an energy density for coal 3 to 5 times greater than for wood.

Hence, for wood to be cost competitive, it is important to limit fuel transportation and storage
needs. As a result, woodwer plants are usually considered in forested areas. The volatile
content in wood is much higher than in coal, typically 4 times. It is an important parameter in
the design of combustion chambers as it is necessary to cope with the large release of
combusible gas. Therefore wood combustion chambers are larger than coal combustion
chambers. This is further amplified by the fibrous nature of wood which makes it hard to mill

it into very small pieces. Larger particles need longer reside¢imie to be totdyy combusted.

As heat transfer and combustion intensity (raticenergy output to chamber size) decrease
when the size of a combustion chamber increases, fluidised beds are often preferred for wood
power plants, as opposed to coal, for which pulveriseshbastion is the prevalent
technology. Fluidised beds also feature good heat trafiefarthe fuel tothe walls, and are
tolerant to large particles and high moisture contents. For wood wastes and woody fuels with
large irregular geometry moving grates ar@st commonly used.

Coal power plants produce up to 1 000 MW, wood plants are usually of-ttamaédium

size, from small domestic burnersstovesto ~ 45MW facilities. Because of théow
combustion intensitpf the wood and the costly transport of butkwterial, wood is limited

to local harvesting rangelypical facilities that use wood systems are schools, colleges,
hospitals, public buildings, hotels and motels, commercial buildings, greenhouseschlege
agricultural operations and manufacturingrts [L2].

3.3.3 Thermal conversion of wood

When considering wood as fuel, the final goal is to convert the wonthined chemical
energy into heat, either for direct heating purposes or for later conversion into igjeotric
mechanical work. Maximum wood amécal energy is retrieved by combustion. It is the
complete oxidation of wood by oxygen into carbon dioxide and water:

Wood + QY H,O+ CQ + NO, + SO

However, other thermal processes may be applied to wood prior to combustion in order to
transform it nto a different fuel.

One of these processes is pyrolysis. Pyrolysis is thermal devolatilization of an organic
material under an inert atmosphet&][ Pyrolysis products are cfand volatiles:

inert atmosphere

Slow pyrolysis is commonly used to produce charcaafuel for cooking and heating.
Charcoal ispopular in developing countries as it burns without either smoke or flame.
Charcoal is also used in the metallurgical industry as a-drigtle reducing ageror the
conversion of silica into silicoriLf]. Charcoal production is a long @i 12h) and inefficient
process: only a third of the initial wood chemical energy is conserved in the charcoal.
Therefore slow pyrolysis is economically limited to particulaplecations.

4 .
Wood char is commonly called charcoal and coal char, coke.



On the contrary, fast or flash- pyrolysis, is a more efficient process §0% energy vyield

[15]) as most of the wood energy is kept in the final product. Flash pyrolysis turns wood into
pyrolytic oils. It was the focus of intense researchrdythe last two decades as pyrolytic oils
were thought tde areplacenent forpetroleum oil in some applications. In flash pyrolysis,
wood undergoes very fast heating (>1000°C/s) at relatively low temperati@®{C) with a
residential timefor the \olatiles of less than 2 second$€, 17]. The liquid oil that is formed

is acetic withpH lower than2.5. Oil has variable viscosity andin the presence of char
particles requires special treatment or equipment before any use. The costs of these
treatmens are currently an obstacle to commercial use of flash pyrolysis.

Another method for thermal conversion of wood is gasification. It converts wood into a
combustible gas mixture. A general gasification process consists of:

A Rapid pyrolysis of a woogarticle:
WoodY Char + Volatiles
A Combustion of volatiles and char:
Char + Volatiles + @Y CO, + H,0

The quantity of fed oxygen is lower thamat which isrequired to combust all the wood.
Therefore part of the volatiles and char remain unburned.

A Some of the water and carbon dioxide resulting from the combustion are reduced to
hydrogen and carbon monoxide by reacting with the remaining char and volatiles:

Char + Volatiles + C@+ H,0Y CO + H

A The composition of the mixture of GOH,O, CO and H is fixed by a wategas shift
reaction:

CO+HOY CO+ H;
which is close to equilibrium at temperatures above 800°C.

The description above is only schematic. Depending on the design of the gasifier, the
reactions may take place in the same locatisnnaa fluidised bed gasifier for example, or
occur in different stages, as in gasifiers with separate beds and indirect heating. Air or oxygen
mixed with water may be used as a gasification agent. Air gasification produces a gas mixture
with a lower heatig value due to the presence of nitrogen.

Air gasification is a candidate process for cogeneration and for converting wood into gas
before cecombustion with pulverised coal. Oxygblown gasification is studied for
producing syngas for chemical use (naetbl production, FischeFropsch process)p|.

Gasification is not limited to wood: coal gasification with oxygen followed by a vgater

shift is currentlybeing utilizedto produce a stream of carbon dioxide and hydrogen. Carbon
dioxide is then separated from hydrogen and stored. The process should result in a clean fuel
hydrogen without any release of €O into the atmosphere
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3.3.4 Thermal conversion of wood through pyrolysis
Complex phenomena take place during combustion and gasification, including:

A Turbulent reacting flows

A Heat, momentum and mass transfer
A Chemical reactions

A Interactions between different phases
A Pyrolysis

The fact that pyrolysis ipresentin combustion and gasification, which afee processes
occurring in oxidising atmospheres, might be surprising at first. However, the wood particle
is indeed isolated from the oxidising atmosphere: a particle submitted to the high temperatures
of combustion or gasification (T>800°C) quickly starts to decompose into volatiles and char.
The outgoing volatiles keep oxygen from entering the charring pmartldence wood
undergoes rapid heating under an inert atmosphere, i.e. pyrolysis conditions. When
devolatilisation is over, oxygen diffuses toward the particle centre and heterogenous
combustion of the remaining char takes place.

Therefore, any attempt tanderstand wood combustion or gasification first requires a good
understanding and description of wood pyrolysis.

Pyrolysis itself is a complex phenomenon, not well understood, which involves heat transfer,
drying, flows of liquids and gases, surface reimessand a large number of chemical
reactions. A set of nelinear algebraic partial differential equations is needed to describe
pyrolysis in detail; the solution of these equations requires substantial computational efforts
[10].

% In this context, a particle refers to a log, a pellet, a chip, etc.
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4 PYROLYSIS

4.1 Description of the process

Thermochemical conversion of biomass (pyrolysis, gasification, combustion) represents the
most promising technique for energy productiéig(re 2 andFigure 3). Pyrolysis isthe
process of thermochemical decomposition of organic materials that occurs at temperatures
between 400 and 800°C in complete absence of an oxidizing agent, or with a very small
amount of oxygen that will not cause gasification (in the latter case, thesproaa be
described as partial gasification). If the temperature is below 400°C, pyrolysis is defined as
carbonization where charcoal, fuel gas and liquid fuels (heavy and light oils) are produced.
When the temperature reaches 1000°C there is a compé$ifieajeon of biomass.

Air diffusion in
400°C. plume

\ \ Combustion products

Combustion of gas,
tar, and soot

Gases from soot
(luminous)

Oil vapors crack to
hydrocarbons and tar

Qil vapor and gas
Pyrolysis of wood

(&

Figure 2. Pyrolysis, gasification, and combustion in the flaming mai&h [

REACTED ZONE
ASh + Fixed carbon (CHAR)

Pyrolysis front

NON REACTED ZONE
Solid fuel

Volatiles

INERT
ENVIRONMENT

Volatiles
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Figure 3. Schematic reaction zones of wood pyroly$8 [

Through pyrolysis the material is transformed itituid and gasfractions with low to
medium calorific value (SYNGAS, consisting of CO,, HCH,; and other low molecular
weight hydrocarbons). The liquid fraction contains water and organic compounds at low to
medium molecular weight (TAR) and a solid carbonaceous portion (CHAR).

Pyrolysis offers a great opportunity froam environmental point of view since it allows the
use of a wide variety of materiglsood, waste, tires, plastia)hich produce low emissions of
nitrogen oxides and sulphur in comparison with the current teatieslthat are used in the
process of incineration. Moreover, while they provide energy recovery of 40%, the values
reach up to 70% through pyrolys&Q.

Generally, the products of the pyrolysis reaction can be classified into three main groups:

A Syngas composed primarily of hydrogen, carbon oxides (CO,,)C@nd gaseous
hydrocarbons such as methane, with a calorific value of arouid MJ/NnT.

ATar: the liquid produced by pyrolysis is a condensable organieqibicharacterized by a
complex chemidacomposition: carboxylic acids, aldehydes, alcohols, water vapour and tar.
The oily liquid portion consists of two phases: an aqueous phase containing a wide variety of
organic compounds containing oxygen with a low molecular weight and-aqueous phas
containing insoluble organic compounds (especially aromatic) with a high molecular weight.

AChar: the product is a solid carbon residue with a low content of ash esldtiaely high

PCI (30 MJ/kg), with a density of about 2800 kg/ni. Char can be @sl as a fuel to power

the pyrolysis process or for drying the biomass before putting it into the reactor. Char is more
stable and complex for handling and does not degrade biologically.

The degradation of biomass into these three products is a complesprrompanied by
the formation of more than one hundred intermediates. The scheme of reactions known as the
kinetic mechanism of Broid8hafizadeh is shown figure 4.

—p Gas
Gas
Biomass ——3p Tar
Char
—» Char
Primary reactions: Secondary reactions:
endothermic exothermic
Temperature

Figure 4. Schematic kinetic reaction pyrolysial]

In the first stage, the heat supplied to the biomass triggers primary reactions, breaking the
long chain ofthe organic polymer matrix. The depolymerisation occurs at lower temperatures
and produces a fraction of volatiles (primary gas and tar) and a solid fraction (primary char).
In the second stage, tar, primary at higher temperatures, changesdondary exbermic
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reaction (char particles) and transforms into gas with a lower molecular weight through the
cracking process.

The pyrolysis process can be divided into four phases depending on the reached temperature
and final products:

A Val ues f slhbelow 200i¢ Bormaohlyuneambustible gases, especially water
vapour, small concentrations of gOacetic acid and formic acid. At this stage, the
vaporization absorbs much of the heat to the process of thermal degradation, so it is necessary
that the weer content of the biomass iglbw a certain percentage (<-60% by mass) so

that the process evolves according to pyrolysis.

A Between 200 and 280AC devolatilisation beq
each other to form CO and some intedmaé compounds such as alcohol and acid. At this
stage, the reactions are endothermic and the products are almdisinmoiable.

A From 280 to 500AC exothermic reaittheons Db
temperature, leading to the formatioh ammbustible gases (CO, Gkwnd H) and highly
flammable liquids in the form of tar.

A More than 500AC: the initial biomass is a
second stage are prevalent; the yield of tar, after reaching a maximum \edveasgs
significantly, transforming into gas (syngaahd to a lesseadegreechar, which continues to

serve as a catalyst for secondary reactions.

Depending on the temperature, different products can be obtained. Normally, an increase of
the temperaturéeads to an increase in the final production of gas at the expense of solid
product. Studies??] show that for almost all types of biomass, the maximum liquid yields are
obtained between 47%25°C if the residence time of the volatile componentets/een 0.2

T 0,6 seconds. Moreover, as the pyrolysis temperatgreasesnot onlydoesthe amount of
syngasincrease but it also changes its chemical composition, increasing the proportion of
hydrogen and carbon monoxide, while that of methane deseas thegashas a lower
calorific value.

4.2 Use of pyrolysis products

The products of the pyrolysis process can have diffggerformance or usagagccording to
their specific chemical and physical characterisfiéggure5. andFigure 6.).

Tar can be used directly as a fuel or can be transformed chemicallyg@ipg). In theifst

case it is used in industry (for heating a baking furnace for cement and lime, high efficiency)
or in the processes of pyrolysis due to high energy content of some components such as
methanol. In the latter case, the tar produced by pyrolysis caseldedirectly in combustion
although it rarely reaches the standards required for fuels.
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Figure 5. Use of pyrolysis productéines indiate currently favoured options in research on
energyR3

Figure 6. Pyrolysis product development mod24]
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