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Abstract

The solutions for mitigating climate changere diverse, ranging from innovative
technological advancements to national and international policy mechanisms,

aimed at behavioural changes. Although rudimentary, the use of wood biomass

in energy generationz as an important short to mid-term transitio nal fuelz has
continued to grow, forming a key component of global mitigation strategies. This

is particularly apparent in the UK, which relies upon large volumes of imported

wood pellets to supplementhomeC OT x1 EAAAOOTI AEO8 ' O OEA
is relatively small z when compared to the rest of Europez the governments

recently proposed afforestation schemes should prove beneficial; however,

before initiating any major tree planting scheme, it is important to first fully

understand the existing resurce.

This interdisciplinary research z exemplifying the diverse nature of forestryz

EAO ET OAOOECAOAA OEA 5+80 AOOOAT O A& OAOC
from different tree sections of Ukgrown oak, birch, Scots pine and Sitka spruce.

Their fundamental characteristics have been analysed, including the completion

of Proximate, Ultimate and Lignocellulosic analysis, and the determination of

their calorific values. Utilising these resultsz alongside data collated from

extensive literature sources z the statistically significant differences that exist

between wood feedstocks have been defined, inferring relationships that link

their elemental, chemical and structural components. Consequently, the known
heterogeneity of woodz and how this differsbetween species and tree sections

Z has been demonstrated, specific to Ugrown wood species.

These differences can have both negative and positive impacts upon woodfuel

quality and the forest environment, particularly in relation to the blending of

residues and stump wood with stem wood. In the case of Ugtown birch and

Sitka spruce this could increase the volume and energy content of the produced
woodfuel, however it will also result in a more reactive fuel, containing increased

contents of nitrogen andpotassium. An investigation into the costs of felling and

extracting wood from UK forestst ET AT OBPT OAOET ¢ CAT OPAOEAI
existing feedstocksz suggests it is currently economically viable to increase the

supply of woodfuel from the natiod © &I OAOOOG8 4EEO AT Ol A b
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2,645 TJ yr 1 of additional energy, specifically for domestic use in rural locations,
OEOOAOAA AiT OA Oi OEA 5+80 & OAOGO OAOI OOAAsS
OEA 5+80 xI1 1 AEOAT | AddtihhtGhe raditatdefprddudtidnh EO EO EI &

of fuel is balanced with the continued protection of our forest environments.
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Our Priceless Resource

What was once a mere seedling
Is now fully grown,
a part of the campy
no longer alone.

Magnificent, glorious,
a beauty, profound!
With deep roots and high branches,
sustains life underground.

There is strength in a forest:
a unified force,
a diverse ecosystem,
oh what a resource!

An assorted society
Copper beech, bitcand oak.
Lifeline for humanity,
through fire and smoke.

Sunlight, water, rivalry,
forms a stem straight and true.
Stores carbon, makes oxygen,
benefits that accrue.

There is strength in our forest:
our unified force,
our diverse ecosystem,

our priceles resource.

XXV



XXVI



Chapter 1. Introduction

041 TECEO A AAT ApyUWsulgQ LeGEiuin AAOO A OEAAT x6

1.1. Introduction

The development and progression of mankind; from our archaic ancestry to
Ol AAUd O |1 1T Ahssibeek ddived by hajor events throughout hisry.
From the first evidenced control of fire to the creation of the internet, our history
is littered with key triggers that have advanced human development. Of these,
the Industrial Revolution has proved to be one of the most important turning
points; where British technological innovation influenced manufacturing and
engineering processes throughout Great Britain and across Europe [1]. Indeed,
OEA OAOAOAAOAOQGEITTO 1T &£ %0O0OI PAGO ET AOOOOE
years ago, are still felt todaylmprovements to living standards, 21st Century
technological comforts and access to diverse transport infrastructureg which
are often taken for grantedz are just a few of the benefits that exist as a direct

result of the Industrial Revolution.

However, the successful industrialisation of Europe required major changes to
the amounts of energy available for use. By the end of the Industrial Revolution
the annual gross energy consumption of England and Wales had increased by
nearly 800%, with the majority of this attributed to coal as the energy source [2].
As an energyrich carbonaceous fuel, coal possessed the potential to significantly
reduce production costs in industrial operations. It therefore became both a

substitute for wood as a direct source of hating and, eventually, a core



component ofiron ore smelting and glass and brick manufacture. Clearly the
utilisation of abundant fossil fuel sources, such as coal, resulted in a wealth of
tangible benefits; however, just as a lit candle casts a shadowopse benefits have
associated negative consequences. The combustion of organic fuels produces by
products z such as carbon dioxide, water vapour and other trace gases and
aerosol emissionsz which impact upon on health, air quality and the climate [3].
This ever-growing dependence on fossil fuels for energy creation prompted an
interest into the implications that consequently emerged; an interest that still

remains today.

1.2. A Changing Climate

(EOOI OEAAI OAAIT OAO EIT AEAAOA OEehGn aOEA %AOOEG
continued state of fluctuation, highlighting levels of variability that span

hundreds of thousands of years. The basic principle dictating the changes in

global temperature z and the consequent weather and climate variations that

occur Z relate to the balance of radiated solar energy absorbed by the Earth and

its atmosphere, and the amount that is radiated back out into space [4].

1.2.1.Climate Change Science

On average, the net incoming solar radiation equates to 342 Wm 2, some of which

is initially re £1 AAOAA AAAE AU OEA %AOOEGO Ai T OAO AT A
the thermal radiation that makes it to the surface is absorbed before later

returning to the atmosphere as infrared radiation, predominantly via

evapotranspiration. The thermal energy that®© 11 O AAOT OAAA AU OEA v
surface is reflected back towards the atmosphere and clougssome of which is

radiated out to space, while some returns back towards the surface [4]. Neither

the nitrogen or oxygen that exist within the atmosphere absorb ormit thermal

radiation; this process instead occurs due to the existence of greenhousesga

(GHGsgx AOAO OADPI OO j (F/ qh AAOAITT AET @EAA | #/ F(Q
AT A TEOOIT 00 ZAfhinztelafinospherk./GHGs help regulate the

s s oA N = =z N s A ~
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it would be without them. Referred to as the natural greenhouse effect, this is a

process that is vital for human life to flourish and continue [4].
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Mauna Loa Observatory (red) and the South Pole (black), since 1958 [5]

4EA AQEOOATAA T &£ 1T AOOOCAIT U 1TAAOOOEI ¢
essential, however there is now an almost unequivocal consensus that
anthropogenic activitiesz such as fossil fuel combustiog havedirectly impacted

OEAOA 1 AGAT 6 AT Ah AO A OAOGOI Oh OEA %AOOI
2A0T 1 OOETT OEA AT 1T AAT OOAOEIT O T A& #/F EA
AOiI T OPEAOEA AT T AAT OOAQGET T O 1T & #/ Fshn #( u £
the last 800,000 years [5]. Figure 1.1 details the measured atmospheric
concentrations at two sitesz the first is located in Hawaii, while the second is

Al 0T A AO OEA 31 O0OE 011A8 4EEO EECEI ECEO
different global locations during the last 50 years. Furthermore, the rates at

which concentrations have increased during the last century are also at

unprecedented levels, reaching their highest levels in the last 22,000 years [5].

The increase in atmospheric GHGgcausedby human activity z has resulted in
changes to radiative forcing (RF); this is the quantification of the changes that

I AAOO ET AOAOACA TAO OAAEAOEIT AO OEA
response to RF stimulates a restoration of balance betweendhncoming and
outgoing radiation. Consequently, a positive RF will result in the warming of the

%AOOESEO OOOFAAAR xEEIT A A 1T ACAOEOA 2& xE



complex area of researclz in which different agents can account for positivand

negative RF estimateg the existing scientific evidence strongly indicates that

the continuation of GHG emissions will result in sustained warming, which will

ET 0001 ET AOAAOGA OEA OEOAAOO O OEA AT OGEOITI .

1.2.2.Climate Change Patly

Evidence compiled by the Intergovernmental Panel on Climate Change (IPCC),
using a range of modelled simulations, indate that by the end of the 2% Century
the global surface temperature is likely to exceed a 1.5°C increase, when
compared to the meartemperatures between 18561900 [5]. A warmer climate
brings with it an array of threats. Some of these are uniqugspecific to individual
ecosystems and cultureg while others have a greater range of impact, such as
extreme weather events like heat wave and coastal flooding. Worryingly, the
distribution of these risks are estimated to greater impact those within society
who are already the most disadvantaged [6]. The acceptance by the majority of
the scientific community z that current climatic changesare primarily a result of
sustained anthropogenic emissiongEAO DBOT I POAA OEA x1 01 A0 DBI 1 |

to confront and attempt to deal with climate change.

1.2.2.1. Global Consensus

In 1992, driven by concerns over the anthropogenic influence on atmospheric
concentrations of GHGs, the United Nations Framework Convention on Climate
Change (UNFCCC) was formed. The key objective of the conventpowhich
today consists of 197 nationsz is to combat climate change, specifically by
stabilising atmospheric GHG concenéttions at a level that prevents dangerous

i ATT AAA ET OAOEAOAT AA xEOE OEA %AOOESO Al EI A<
define a longterm goal for climate change policy, the Kyoto Protocol was
adopted in December 1997, containing legally binding emission tgets for
industrialised countries, during defined commitment periods [8, 9]. Although
eventually ratified in 2005, the refusal of the United States of America to sign the
protocol raised questions over the influence it would have in combatting climate

change.



In 2016, the ratification of the Paris Agreemeng which was the culmination of

decades of workz represented a key moment in the political and global
acceptance that mankind has a responsibility to combat climate change. By
AAEEAOET ¢ OE Active ofé8utitihgt Baons] thAeEldngterm goal of

keeping the global average temperature increase well below 2°C was agreed.

This also contained further recognition that efforts should be made to limit this

to 1.5°C above prendustrial levels [10]. Donald OO D6 O AAAAOOEI 1T O]
has since prompted the United3 O A @dcl@rdtion of withdrawal from the
agreement, however the targetg and the overriding desire to combat climate

changez still remain.

1.2.2.2.  European Targets & Policy

This climate change commitnent is evident within the European Union (EU) and

EO8O -Ai AAO 3 OAOA Gaé dodésteeissiBiris tardydd i8 fo,/oh T O1 U
¢mgnh OAAOAA OEAEO #/F i ANOEOAIT AT 6 Al
of 40% by 2030, when compared to the 1990 baselelevels. Current projections

indicate that the 2020 target will be met, however to achieve their 2030 target

OEAT AAAEOQOEITT Al bDIiTEAEAO AOA OANOEOAAS
2015/16 reduced by 0.7% while their economy rose by 1.9% duringhlte same

time, solidifying the decoupling of emissions from GDP [11, 12].
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sectors of the combined EU-28 nations [11]



Figure 1.2 shows the sector breakdown of GHG emissions for the-E28) detailing
both the historical data and projections up to 2035. Since 199¢he sectors that
have achieved the largest reductions have been energy related, although they
still form a large proportion of the total GHG emissions. Projections indicate that
the emission reductions from energy supply and consumption are set to

continue, albeit at a reduced rate. The initial 20% GHG emission reductions are

PAOO T &£ OE@ 1 ACEOI AOEOA 1 AAOGOOAOR Al T
AT AOcU DPAAEAGCA68 4EEO AiEOOEIT OAAOA

objective, including a furthe two targets for 2020; to produce 20% of the EG
energy from renewable sources and achieve a 20% improvement in energy
efficiency. These, in turn, form part of a longeterm 2050 target z to reduce GHG
emissions by 8095% z with the EU policy focus on cst-effective, marketbased

mechanisms and the deployment of lowcarbon technology [12].

The EU Emissions Trading System (ETS) is at the core of European climate policy,
utilising market forces to drive emission reductions. Allocating a monetary value
to GHG emissiong before instigating an emissions limit and the option to trade
allowances z incentivises companies to reduce their emissions, while also
allowing them to financially benefit from the sale of the superfluous allowances
[13]. Asa result, this @p-and trade system has prompted coséffective anission
OAAOAOQET T Oh AOOOAT 61 U AAAT O1 OET ¢ =& O
figure which has gradually decreased since the inception of tHeU ETS [12]In
addition to utilising markets to drive emission reductions, the EU has also been
a leader in the dissemination of technological innovationz demonstrated with
their encapsulation of this in legislation, offering longterm stability to the
business sector. The Renewable Energy Directive (Directive 2009/28/EC)

I 001 ET AO OEA wpbférhcrdading hé dpiaide arll iprorfiofion of
renewably sourced energy, specifically to help meet their 2020 targets. The
renewable sources defined in the directivez wind, solar, hydropower,
geothermal, tidal and wave power and biomasg represent opportunities for
technology developments, helping phase out fossil fuels. Within the directive,
Annex | details the individual renewable energy generation target for each
member state; for the UK, the mandatory target is tachieve 15% gross final

consumption ofenergy from renewable sources, by 2020 [14].
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Figure 1.3z The share ofthe EU-c ¢y AT A OEA 5+80 AT AOcCU &OT i
and their GHG emissions per capita [15]

As highlighted by Figure 1.3, the Ed y6 O AT T OA1 OEAOA 1T & Al
attributed to renewable sources has continued to increase, reaching 16.7% in

2015. Consequently, the EU is set to meet its 20% renewables target by 2020.

During this same period, their annual per capita GHG emissions decreased by

~20%, reducing to less than 8 tonnes & #/ F b A O G& réliganseson 4 E A
renewables has increased considerably, growing from just 1.5% in 2006 to 8.2%

in 2015. This trend continued in 2016, achieving 8.9% of gross energy
consumption, with biomass proving to be the dominant renewable fuelairce

[16]. Sincec mmte OEA 5+60 1 AAT ET AOAAOGA 1T £ OAIl
however to achieve the 15% target by 2020 this needs to double to 1.5% for the

OAT AETET ¢ & 600 UAAOO8 !'1 OEi OCE OEA 5+60
than the majority of the remaining EU28 nations, they have reduced their per

capita emissions at a greater rate. Indeed, as shown in Figure 1.3, the UK eclipsed

the per capita GHG emissions of the E28 in 2015, having continually reduced

the gap over the previous decade.

The European Commission, as part of its Energy Union Framework Strategy,
have announced plans for an updated renewable energy package, containing a
new renewable energy directive (RED II). While the EB current policies are

predicted to achieve the 2020 enewable energy target, without additional policy



mechanisms the Commission will fall short of its 2030 target; to achieve 27% of
the gross energy consumption from renewable sources. In addition to an
improved renewable energy policy framework, the new pakage will also
contain regulations to Land Use, Lantse Change and Forestry (LULUCF), which
is set to include reinforced sustainabilitycriteria for biomass z placing a legal

requirement for proper carbon accounting of the resource [17].

1.2.2.3. UK Climate Chang Policy

AEA 5+80 AiiiEOIi ATOO O AT i AAOOEI

legislation, specifically the Climate Change Act 2008. This not only commits the
UK to a long term GHG emissions reduction target, but it also defines the
intended policy dreAOET 1T OANOEOAA Ol
term reduction commitment is to reduce GHG emissions by at least 80% by 2050,

compared to the 1990 baseline figures [18].
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AAEEAOA EOS

300
Business ( — — - Predicted)
Energy ( — — - Predicted)
250 Industry ( Predicted)
== LULUCF ( — — - Predicted)
—
o 200
&)
s
— 150 —
%]
= 4
2
.g 100 —W/ - ~
L% ] B h\—q"\-—\-..’__’_:- 7
O 50— -
T
o)
0+ e ——
-50 T T T T . I , :
1990 2000 2010 2020 2030

Figure 1.4z Historic GHG emissions from key UK sectors and predicted emi ssions
considering the continuation of current climate change  policies [19]

The Act sets legally binding carbon budgets each spanning a 5 year periog
designed to keep the UK on track to meet its 2050 emission reduction targets.

The 2nd budget period, 2013 to 2017, set a combined emission cap of 2,782 Mt



#/ F h OAPOAOGAT OET ¢ A OAAOGAOEIT 1T &£ opb 11
met, with the release of the 2016 figures indicating a reduction of 42%. The

targets and carbon caps for the remaining ir@rmediate budget periodsz taking

the UK up to 2032z can be foundird AAT A p8p frpwh ¢m¥Y8 &ECO
progress in reducing the emissions in some of its key sectors, also detailing the
predicted reductions, by 2035, if current policies were ontinued. Since the 1990

baseline year, the UKs emissions from its energy sector have reduced
significantly, but are still responsible for the largest proportion of GHG

emissions.

Table 1.17 Legally-binding UK carbon budgets and percentage reductions [20 ]

Intermediate Periods
Period Carbon Budget! % Reduction?

1st 2008-12 3,018 25
2nd 201317 2,782 31
3rd 201822 2,544 37
4th 202327 1,950 51
5th 202832 1,725 57

8 -0 #/ 7 8 AlTIPA

If the UK is to continue reducing its emissins, meeting the intermediate and
long-term targets, then additional policies will be required. The governmerd
long awaited Clean Growth Strategy published in late 2017z outlines the UK&
key policies, required to further drive emission reductions ovethe next decade.
Yyl AAAEOEIT O DBOITiTOET ¢ AT A AAAAI AOAOE
broken into six policy areas; 1) improving Business and Industry efficiency, 2)
improving the housing sector, 3) aiding the uptake of low carbon transportation
4) continuing the reduction of emissions from the energy sector, and 5)
improving the nations natural resources [20]. There are a myriad of policies
contained within these areas, however a key policy aims to improve the energy
efficiency of both the nav and existing building stockz in both the commercial
and residential sectors. This includes the continuation to existing schemgsuch
as the Energy Company Obligation (ECQ@)and the promotion of innovative
technological advancements. In the energy sex the use of coal for electricity

production will be phased out by 2025, to be instead replaced with increases to



offshore wind and nuclear power. TheClean Growth Strategglso contains the
intention to increase forest cover within Englandz via a new retwork of forests

and woodlandsz with an additional commitment to increase the amount of UK
grown timber used within construction [20]. Figure 1.4 also indicates that the
development of LULUCF can result in negative emissigneowever new and

coherent policy will be required to achieve and maintain this.

1.3. Biomass & Bioenergy

The term biomass refers to the organic materials sourced from either plant or
animal origin. Plantbased biomass is produced via the process of
photosynthesis; where the reaction betwd 1 #/ Fh xAOAO AT A O

necessary carbohydrate building blocks required for growth. Solar energy, a key

O

driver of photosynthesis, is stored in the chemical bonds that exist within the
structural components of biomassz energy which can be utilsed at a later date
[21, 22]. From early civilisation to the Industrial Revolution, biomassz
predominantly in the form of wood z had been the main fuel utilised for heating
and cooking. However, by 1850 the majority of Great Britain and Europe had
replaced wood with fuels that contained a greater energy density, in particular
coal [2, 22]. Today biomass plays an important role in global energy production,
providing 10.2% of the annual global primary energy supply in 2008, equating
Ol uvum8o %* figwe) maredthan WEIf €k e Gittributed to developing
nations, whose poorer populations utilise traditional methodsz similar to those

pre-industrialisation z for cooking, space heating and lighting [22, 23].

The role of biomass in energy generatiop dubbed as bioenergy has undergone
a renewed interest in recent years; this has been driven by increases in fossil fuel
prices, a desire to attain security of supply and, most prevalently, climate change.
When used within efficient systems and sourced sustaably, bioenergy has a
significant potential for GHG mitigation. Currently, the main biomass sources for
electricity and heat generation are those from forestry, agricultural and

municipal residues and a variety of wastes [22, 23].
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1.3.1.Types of Biomass

Biomass can be obtained from a wide array of feedstocks, both from natural and
man-made sources. Naturally produced biomass originates from either lardr
water-based environments where it has grown, or alternatively, it can be
produced from naturally occurring animal and human bodily functions. Waste
streams of formerly natural products, which have undergone a level of human
processing, can also be used as a source of biomass for bioenergy production
[24].

Table 1.2z Sources and classification of biomass fee dstocks [24]
Biomass Group  Sub-Group Examples

Wood/Woody! Hardwoods  Birch (Betulaspp.)

Softwoods  Scots pine Pinus sylvestris
Herbaceous/ Grasses  Sweet sorghum Sorghum bicolorL.)
Agricultural Straws Wheat straw (Triticum aestivumL.)

Residues Olive (Olea europaep
Micro-algae Chlorellaspp.),

Aquatic Macro-algae Fucus vesiculosis
Animal -based - Chicken litter
Contaminated - Waste woods, Sewage sludge

1 can include stemwood, bark and residue

Examples of the varied sources of feedstoskcan be found in Table 1.2,
highlighting how differing resourcesz both visually and from their fundamental
characteristicszA AT OOEI 1 AA Al AOGOEZAZEAA O1 AAO OE,

1.3.2.Biomass & Climate Change

The versatility of biomass means that it conhues to be a potential solution for

an array of globat and nationatlevel policy objectives z particularly those

related to energy production and climate change mitigation. One of the key

benefits is the role it can play in carbon sequestration; the pra@ss of

AAAOI OI ACET ¢ AOI I-terd cahad Birks [22/ 25]. Thd Earthihds C

a naturally occurring carbon cycle where, through the processes of
photosynthesis and respiration, carbon is exchanged between the atmosphere

and vegetation. The transfef £ #/ F E1 OT OEA 1 EOET C 1 OCA’
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with terrestrial ecosystemsz such as forests, woodlands and wetlands means

they represent an important constituent of stored carbon. From different tree

species to grasses and plants, woody and hertx@ous terrestrial biomass sources

AOA AAPAT AAT O OPI1T #/F & O cOi xOEh O0O1 OET C
polymeric carbon compounds. In addition to carbon storage, terrestrial

sequestration has further environmental and economic benefits, making their

increasez through schemes such as afforestatiopa mitigation strategy with an

almost complete consensus [25, 26].

Forest policy and its consequent impact on management decisions have the
potential to affect sequestration, both negatively and positively. Aie carbon
O0i OAA xEOEET & OAOGOO AT A x11 Al ATAO AGEOO EI
the timber, the wood residues, the soil and the myriad of herbaceous and other
woody species located on the forest floor. This diverse distribution exacerbates
the challenges in understanding the impact of forest management measures on
climate change mitigation [2528]. The cessation of harvesting processes, and
the other silvicultural measures practiced within the forestry industry, would
normally prompt increases to the carbon stockz particularly over a shorter
period. However, this will subsequently result in a decrease in the amount of
carbon stored in harvested wood products, while there would also be major
economic repercussions for the industries dependentpon the sales of extracted
wood [28]. There is clearly a fine balance in the relationship that exists between
climate change mitigation and biomasg particularly the industries that are
reliant on it as a resource. It is important that the existing stockef sequestered
carbon are maintained and, where possible, increased, but this should not be

harmful to the sectors that are actively working to maintain the balance.

1.3.2.1. Global Biomass & Bioenergy Potential

The existing global terrestrial and oceanic biomassesource represents more

OEAT ynmn' O T £ OOAT AET ¢ AAOCATITh xEOE *x wnb I A&
and woodlands. Considering the large quantities of existing biomass feedstocks

Z particularly from virgin sourceszE 06 O AOOEI AOAAeditioéss AU ¢mum OE

for bioenergy could total 100300 EJ yr 1, representing somewhere between 2

12



and 6 times the amount of energy produced from biomass today [23, 26]. With
the global forest cover estimated at ~4000 million ha, accounting for 30% of the
likely form an important part of the future bioenergy supply. However,
considering the importance of the existing forest resource as a carbon sink, the
IPCC suggest that the additional woodiomass should be sourced from
reforested degraded land; this alone could attribute as much as a third of the
predicted bioenergy supply in 2050 [23, 26]. If biomass is to continue its
prominent role in climate change mitigation and energy policy, then dgeving a
secure supply of resource is vital. A sustained increase in demand for woodfuel
could, for example, place strains on the existing woodfuel supply chain as well as
the markets for other forest products. Consequently, security of supply can be
achievedz in principle z by either importing sustainably-sourced wood biomass
from other nations, or by increasingz and best utilising z the current natural
resources. As this demand increases, additional factors such as transportation

and other environmenta impacts require consideration [29-31].

The potential for biomass to replace fossil fuels in the shortto mid-term z
helping reduce GHG emissions, while transitioning to a decarbonised energy
systemz is a key driver in their continued interest. However the use of wood
biomass in power and heat generation has caused contention, specifically around
EOO AAOAITT TAOOOAI EOUN OEAO OEA #/F
wood biomass are effectively absorbed through further forest growth [32]. The
impact of differing forest management practices and the emissions produced
throughout the supply chainz from the harvesting, extraction, comminution and
transportation processesz are important factors when successfully quantifying
the carbon neutrality of wood biomass. Considering the proposed inclusion of a
robust sustainability criteria within RED Il and the Clean Growth Strategythis

shows that carbon neutrality is very much under consideration.

1.4. UK Forest & Woodland Resource

3ET AA OEA Aefe®ds beerpasignifidadt reGuEtion in the management

Al E ¢

I £ OEA 5+80 | AOOOZAa rédstiofipdstwAripblidies aided At A O
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replacing broadleaved woodlands with conifer species to increase timber
production. This was especially prevalent for priately owned woodlands where,
less than 10 years ago, just 30% of the private forests in England had felling
licences or participated in woodland grant schemes [33]. The continued lack of
active management in broadleaved woodlands has been associated with a
depressed timber market and, as a result, the structures of broadleaved forests
have altered significantlyz moving from coppice systems to high forest regimes

with much larger rotations [33, 34].

1.4.1.UK Forest Policy
)T pwwch OEA 5. 80 &&Ax@var8sBisiaifadlé for&sO1 | D OA
management; maintaining the ecological, economic and social functions
associated with forests and woodlands. As a result, sustainable forest
management is now a fundamental principle within UK forestry today, with its
objectives focused on the overlapping areas of sustainability; the environment,
the economy and society [35]. In addition to focusing on afforestation and timber
production, UK forestry z especially within the public sectorz now includes
aspects such as bidiversity, forest services and the people and communities that
management decisions may impact upon. As detailed in Figure 1.5, these

objectives converge around the core driver of mitigating climate change [35].

S

s 5 Forest
B?Wé';gﬁ':]\’ g Profection Forest Products

Ecology & Services

Climate
Change

Recreation Income &
& Access Employment

Communities
& People

Socia\

Figure 1.5z Sustainable forest managemen t policy in the UK; environmental,
economic and social benefits [35 ]
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The Clean Growth Strateggetails the UK g OAOT I AT 0066 ET OAT OEIT 1

coverage of woodlands and forests; this includes the creation of 130,000 ha of
new woodland cover in Englan, proposing incentives for farmers to plant trees
on marginal land. This forms part of a larger desire to better utilise the growth
potential that exists in forestry, increasing security of supply by using home
grown wood [20]. When coupled with a cohereh planting and restocking
programme, the felling of treesforms part of a sustainable cycle. Therefore the
intention to create and manage new woodlands and forests combined with
appropriate governmental supportz could result in increased wood availabiliy,

particularly for use in bioenergy production.

1.4.2.Woodfuel for Energy

10 1T &£ ¢npxh OEA CcOl xET ¢ OO0O1 AE 1T £ OEA
million green tonnes of standing timber, located across more than 3 million ha of
forested area. The demandor UK-sourced woodfuel has continued to grow
during the last decade, with the deliveries of homgrown wood to woodfuel
industries increasing by 290% since 2007. Indeed, in 2017 the wood biomass
used for woodfuel represented ~17% of the total removalg equating to 1.95
million green tonnes [36]. The utilisation of wood biomass continues to form a
key part of renewable energy deployment in the UK; in 2016, domestic wood
combustion accounted for half of the heat produced from renewable sources,
with logs being the most commonly used fuel. Wood biomass has also become a
significant constituent of renewable electricity generation. In the form of wood

pellets, the UK imported 6.8 million tonnes in 2016, forming a key component of

5+

the 45 TWh of electricity gegn© AOAA AOT 1 Obi AT O AET 1 AOOS

1.5. Conclusions

The technological progression of mankind since the beginning of the Industrial
Revolution is testament to our ability as a species to develop and innovate,
however these benefitsz of which there are undouliedly many z have come at a

cost. Our actions have prompted a significant increase in the concentration of

AOi T OPEAOEA ' (' 806N OEEO Al Ol A OAOAOAI U
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who are at greatest risk the most. Following the Paris Agreemenhdre is now a
comprehensive consensus that universal action is required to reduce the

potential impacts of climate change and avoid irreversible damage.

The proposed solutions for climate change mitigation are diverse, however it is

clear that biomass wil continue to form a key part of global policy, particularly

in the short- to mid-term. This is especially prevalent for the UK, whose

transition from fossil fuel dependence during the last decade has been driven

through the increased utilisation of biomas for bioenergy, particularly imports

of wood pellets. Forests represent a significant global resourcgnot just as a

potential feedstock for energy generation, but also for their role in sequestering

carbon. The balance between these two factors is impint; if wood biomass is

to continue as a prominent renewable fuel source then this should not be at the

expense of the existing stored carbon. Therefore, increases in the amount of

wood resource used in energy generation should correlate with defined, Ige

scale tree planting programmes. With nationalevel support, the outcomes from

AEEI OAOGOAOCET T AT A OAAE OAGGABDIES T O OAEARADRIOOX T OF .
forest industry would benefit, it would help establish supply security for

bioenergy feedstocksx EE1T A Al 01T ET AOAAOET ¢ OANOAOGOAOAA A
stated desire to increase its national forest cover, highlights the importance of

first understanding our existing resourcez a key motivation for the work to be

conducted in this thesis. This knowedge would not only help the decision

making process in how best to utilise what we have, it could also help inform

future approaches to planting and resource utilisation.

#1171 OANOGAT O1l uh OEA AEI | £ OEEO OEAOEO EO O E
current forest resource determining its potential to supplement the existing fuel

sources for domestic heatingAlthough discussedurther i n the next chapter, an

appreciation of the issuedhat surround the woodfuel marketz in addition to the

fundamental characterisation of UKwood samplesin the context offeedstocks

for use as fuelsg will not only increase our knowledgeof the existing resource

but it should alsoprovide valuableinformation for improving energy conversion

technologiesand howtobeOO OOEIT EOA OEA 1 AOEIT 1 08 A OAOGOO 4
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Chapter 2. Aims & objectives

O!'ill 1T 060 xEOAT I zantoenXaeh A ET OEA OOAAODS

#1 1 OEAAOET ¢ OEA 5+80 OAI EATAA izinthdET T AO
form of imported wood pellets z the recognition of afforestation as a potential

i EOECAOQEIT T ADPDOI AAE hClearEGddwth Btra®gsisicer@inyd A OT 1 A
understandable. MMAAAh A@PAT AET ¢ OEA TAOQEI T80 4
increased carbon storage, while potentially creating additional wood supplies

for use in bioenergy. However, before embarking upon any major tree planting

project, it is important to first understand the established resource. Therefore,

OEA OAOAAOAE bDPOiI AOAAA xEOEET OEEO OEAOE
feedstocks, determining their potential to supplement the current reliance on

imported wood fuels for use in energy generation.

Forest research is truly diverse, incorporating a range of disciplines thag

although inherently linked z differ considerably in their application. As a result,

the aims of this research can be broken down into three distinct research areas;

1) to increase the krowledge of current forest feedstocksz both globally and
xEOEET OEA 5+h ¢q O AAOAOIiETA OEA bl OAl
established energy generation processes, and 3) to assess how the distribution

AT A AAPAAEOU 1 £ Oo&lhnds influghceshis Qcdeddbility ahd A
economic viability. To achieve these aims, the following objectives have been

proposed,;
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Knowledge of Forest Resource

To produce a conclusive review of the literature, giving details on the

diverse disciplines offorestry; this will include the known fundamental

AEE£ZEAOAT AAOG T £ xT1 T Ah OEA 5+80 A@GEOOEI C A& O

harvesting practices employed in the forestry sector and their associated
environmental impacts (Chapter 3).

To collate and anafse wood characterisation values from the literature,

completing statistical analysis on the produced dataset. This will allow for
the creation of global forest resource reference values for comparison with
other work (Chapter 4).

To complete experimentalanalysis on Ukgrown wood samples, producing

a major characteristic dataset. This will include proximate, ultimate and
lignocellulosic analysis. Additional statistical analysis will be completed,
comparing the data to produced literature reference valuesGhapter 4).

To determine potential relationships between different tree sections and
the elemental, chemical and structural data; this includes methods for

illustrating correlation and varying levels of homogeneity (Chapter 4 & 5).

Feedstock for Energy Generation

To determine the combustion characteristics, burning profiles and reaction
rates for UK-grown wood z sourced from different species and different
tree sectionsz quantifying the differences and similarities. This includes
establishing the role oflignocellulosic compositions (Chapter 5).

To complete additional characterisation on a subset of the Ugrown wood
samples, considering their macronutrient contents; this will comprise of
nitrogen partitioning and establishing the potassium content (Chapteb).
To explore and infer relationships between the determined combustion
characteristics and the additional characterisation results; specifically the
impact of potassium on the initial reactivity of wood (Chapter 5).

To estimate the potential volumes ofwood biomassz and its subsequent
energy contentz OEAO AT O1T A AA OOOOAET AAIT U
and woodlands (Chapter 3 & 6).
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I OOAOOET ¢ OEA o1 OAT OEAI 1 &£ OE
I. To combine existing datasets of forest resource, published by different
nAOETT Al AAIT ET EOOOAOQEIT T Oh [ APPET ¢ OEA
and softwood feedstocks (Chapter 6).
II. To develop a framework for combining different geospatial data sourceg
specific to the UKz for use in a decision support system that could aid
uptake of smallscale energy generation systems, using Ugtown wood
biomass (Chapter 6).
lll. To establish the costs of accessing wood biomass in the gKom standing
timber to roadside sawlogs and woodchigg including the felling, extraction
and comminution processes. This will combine different wood harvesting
i AOET A0 xEOE OEA 11T AAOEIT 1T 4& OEA 5+38
impacts of the existing road infrastructure and terrain (Chapter 3 & 6).
IV. To utilise data produced throughout the thesis in combination with the
developed framework z determining potential areas within the UK that
could facilitate an increased uptake of local sources of wood, for use in

energy generation (Chapter 6).

These stated aims and objectives will form the core of the search completed
xEOEET OEEO OEAOEOh EAIPETC AOOAAI EOE O
sustainable energy generation. Although inherently linked with one another,

each of the following chapters focuses on individual research areas; a brief

overview of their content can be found below.

N~ s A A~ X

Chapter 3 contains an inrAADPOE | EOAOAOOOA OAOGEAXx 1 E
current forest resource, different forest management practices and an array of

issues and considerations associated with the discipline dbrestry. The work
contained within this chapter is utilised throughout the thesis, helping to inform

the conducted research and analysis.

Chapter 4 focuses on the extensive characterisation of wood biomass, collating
large amounts of data from literature sources and experimentally produced

methods. Critical statistical analysis has been conducted to produce conclusive
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fundamental reference values for an array of characteristics, both globally and

from UK-sourced wood biomass.

Chapter 5 builds upon the work completed in the previous chapter, using a
refined subset of the UKgrown wood samples, focused on the stem, root and
branch wood of birch and Sitka spruce. Their combustion characteristics have
been determined, in addition to potential relationships betveen macronutrient

content and the reactivity of the feedstocks.

Chapter 6 utilises previously published literature to produce productivity and

cost values for the different methods of felling and extracting timber from within

forests, specific to the UK5 OET ¢ CAT OPAOEAI AAOAh OEAOA
current forest resource, considering the impact of slopes and extraction distance

on the costs of harvesting wood in the UK. Finally, this is combined with energy

content values z produced in Chapter 4z estimating how much additional

woodfuel can be produced from UK forests, while identifying specific areas that

can be utilised as local forest feedstocks.

Chapter 7 addresses the defined research aims and objectives contained within
this chapter, drawing conclusions from the combined work and proposing

potential opportunities for expanding upon the results of this thesis.
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Chapter 3. Literature review

0! DPAOOIT xEOQOEIT 0O ElTiI x1 AACA 1T &£ OEAEO DPAC
x EOET O Q@MadudGare@y

3.1. Introduction

As outlined in the previous chapter, one of the main aims of this research is to
AAOOAO O1 AAOOOAT A OEA 5+60 &I OAOGO xIT T A
current bioenergy production. Undoubtedly, the production and analysis of dat

will form a major component of this research, however it is important to first

consider the work that has previously been completed. Just as a tree requires

roots to grow, an appreciation of the existing literature will offer support and

focus to the andysis of the data, produced throughout the thesis. This chapter

will therefore consider an array of issues and attributes related to wood and the

forest industry, helping to form the foundations of this research.

3.2. Chemistry of Wood Biomass

Plants are compicated and intricate organisms, characterised by properties such
as their reliance on photosynthetic nutrition and the presence of polysaccharides
Z like cellulose z within their cell walls. This complexity, apparent between
different plant types, makes tle understanding of their functions and structure
imperative [1]. The intricate chemistry of plants extends to tree species although,
when considering their simplest categorisation, they can be separated into two

defined taxonomical categories; angiospermsand gymnosperms. Of these,
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angiosperms represent the larger species group, containing a diverse number of
hardwoods. These are most evident in the northern hemisphere, typified by
deciduous broadleaved species and woodlands, located predominantly in colder
climates. In contrast, gymnosperms contain a much smaller collection of species
that are dominated by softwoods. Although smaller in species number, conifer
trees hold global importance, both ecologically and economically, representing
more than 39% of thA x| O1 A & Gp]. A5 a®ebuli OfGhe vispial differences
existing between hardwood and softwood tree speciespredominantly through
their form and foliage z the identification of the two taxonomical groups is often
uncomplicated. However, the distictions between hardwood and softwood tree
species also exists at basic chemical and compositional levels, highlighting the

heterogeneous nature of wood [6].

3.2.1.Constituents of Wood

The major functions of wood are to transport water, store temporary reserves
and to structurally support the continual growth of the tree. Although these roles
are applicable to all trees, the composition of their produced wood is distinctly
non-uniform. This variation is predominantly due to differences between
species, however aditional variability is evident within species; influenced by
genetic factors or external conditionsz such as weatherz which affects the
growth process [6-8]. Produced seasonally, the term wood refers to the
secondary xylem, formed within the vascular cabium of the trunk. Derived
from the procambium, the vascular cambium is a secondary meristem which
originates from the apical meristem, found at the tip of the plant. In its most
simple form, the woody tissue consists of heartwood and sapwood, while outks

the vascular cambium are the inner and outer layers of bark [7, 8].

The anisotropic nature of wood prompts the physical properties of species and
cell types to differ, specifically when considering the transverse, radial and
tangential dimensions. This three-dimensional structure of wood cells is

illustrated in Figure 3.1, specific to a typical hardwood species, highlighting its
three main cell types; its vessels and fibres, which are visible in the vertical

tangential and radial sections, and its horiantally situated ray parenchyma [8,
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9]. Hardwoods rely on their vessels enlarged cells with thin walls and large

pore space, shown in Figure 3.% for fluid conduction throughout the wood,

while its box-shaped parenchyma help transport materials laterayl. Unlike the

other two cell types, the fibres give structural support to the wood, accounting

for 35-70% of the cellular arrangementz the consequent ray parenchyma

content is reduced, ranging from 1632%. The cellular types within softwoods

differ; they consist predominantly of elongated tracheids, offering both

structural support and a pathway for fluids. Tracheids resemble 885% of a

Ol £#Ox1T 1T A OPAAEAOGSE AAI 1 Oh xEOE OdioAng OAl AE
ray parenchyma. The discernible differenes between cell structures prompts

softwoods to be considered more homogenous than hardwoods [3, 4.97.

Figure 3.1z Three -dimensional association of different cell types; example of the
transverse, radial and tangential planes in a hardwood species [ 7]

3.2.1.1. Wood Formation

The production of wood, and its consequent chemical and component structures,
is a complex developmental process, incorporating a wide range of different
subject areas. Occurring seasonally, wood formation involves five main steps; 1)
cell division from the vascular cambium, 2) cell expansion, 3) secondary cell wall

deposition, 4) cell death, and 5) heartwood formation [/9]. Within the vascular
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cambiumz which remains intactz the cells differentiate, changing shape to form
the seconday cell wall. The expansion of these cells, occurring over a period of
about 3 weeks, includes cell elongation and radial enlargement. Secondary wall
formation results in the biosynthesis of cellulose, hemicellulose, lignin, cell wall
proteins and minor soluble and insoluble compounds. Following lignification,
the programmed cell death prompts the degradation of cellular content, leaving
just the secondary walls. Once dysfunctional, the parenchyma ceflsvhich act
as temporary winter reservesz die and release phenolics, ultimately aiding in

the formation of heartwood [7-9].

The heartwood is the most internal part of the trunk, taking on a much darker
colour than the sapwood. This is a result of the released phenolics; these are a
diverse group of aromatic substances, characterised by phenolic hydroxyl
groups. Comparatively, the sapwood is lighter in appearance, located closer to
the bark. Unlike the heartwoodz which acts as mechanical support to the tree
the sapwood is still physiologically active, contiuing to support processes such
as liquid transport and resource storage. The heartwood characteristics and
aesthetics of timber will often determine its final usez dark coloured wood is
often more robust and durable, while the released phenolics can patgally

increase the woods longterm resistance to pathogen attack [3, 7, 8.

The taxonomical categorisation of wood speciezand the cellular variation that
exists between hardwoods and softwoods; establish good foundations for
differentiation, however the variability that exists in wood is much more
complex. Considering the characterisation of wood, there are structural, physical
and chemical differences evident, both between species and individual trees
within a species [7]. The composition of wood cabe separated simply into two
component groups structural, containing components with a high molecular
weight, and nonstructural, which have low molecular weights. This is presented
in Figure 3.2, identifying the distinction between the principal structual
components z lignin, cellulose and hemicellulosez from the non-structural
compounds. Although species dependent, the structural components attribute
for ~90% of the dry matter content of wood, with the remainder comprising of

extractives and inorganiccompounds [3, 4, 6].
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Wood

Extractives Extractive-free
[ I
[ | | I
Soluble Insoluble Lignin Holocellulose
Extractives, Resins, Inorganics
etc
Cellulose H
D-glucose
Hemicellulose |-

Acetyl groups,
Pentoses, Hexoses,
etc

Figure 3.2z Outline of wood components; distinction between structural and
non-structural [4, 6]

Of the structural components, the polysaccharide constituentg cellulose and

hemicellulose z are the most prominent which, when couped with the lignin,

form the cell walls and the basis of wood¥hysical structure [6].

3.2.1.2. Cellulose

Within the plant kingdom, cellulose is the main structural fibre, differing by its

volume fraction between species. Forming the framework material of woodhe

fibrous, tough and waterinsoluble polymer exists within a rigid cell wall which,

in addition to the cell membrane, encompasses the plant cell providing strength.

Cellulose, a welldefined long-chained unbranched polysaccharide, is composed
of ;-D-C1 OAT PUOAT T OA OTEOO 1 ETEAA AU

chains that exist in wood have a high degree of polymerizatiop calculated at

i po1Q

around 10,000 glucopyranose unitg aiding in its increased mechanical strength

[1-4, 6, 9, 10]. The singlar cellulose chains accumulate within the woods cell

walls, collectively referred to as microfibrils, which in turn comprises between

40-50% of the total material. The differing lengths, widths, numbers of, and

degree of crystallinity of the individual ellulose microfibril (CM) strands results
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in their heterogeneous classification. Although the cellulosic content of wood

increases with age, differences are also apparent within the annual rings; the

latewood, which is formed slowly during the winter, conAET O 1 T OA #-860 OEAI
earlywood, which is produced in the spring [3, 4, 7, 10]. Wood cell walls consist

of four individual layers z a primary layer and three secondary layerg with the
AOOAT CAI AT O T £ OEA #-60 AEAEZAOEHegINnAAOXxAAT AA
Figure 3.3. The microfibril orientation clearly differs between the individual

layers, distributed randomly in the primary wall while winding in differing

helical patterns in the three secondary layers [9, 11].

Inner layer (S3)

Middle layer (S2)

Outer layer (S1)

Primary wall

Figure 3.3z The distribution and orientation of cellulose microfibril (CM) within
the cell wall of wood; primary wall, S1, S2 and S3 [9, 11]

AEAOA AOA Ox1 A1 O0I O T £ AAI 1 Ol 1QppesGEAO AQGEOO
and Ir z however, unlike with other biomass species such as algai is difficult

to distinguish between the two in wood. The two forms of cellulose contain the

same atom skeleton as one another, differing by their hydrogen bonding

patterns. The ratio of || and Ir differ between species; increased contents of |

are asociated with more primitive species, while } is found in greater

concentration in softwoods [4, 10, 12].
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3.2.1.3. Hemicellulose

Hemicellulose is an important component of both the primary and secondary

walls, helping maintain the physical properties of the cell. Although the

structural details of hemicellulose differ between species and individual cell

types, their primary role is the samez OT OAOEAO #-86Oh ET AOAAO
the cell wall. Unlike cellulose, which is weltlefined, hemicellulose is a comix

mixture of heterogeneous soluble polysaccharides that account for ~25% of the

dry weight of wood, and is more abundant in hardwood species [3, 4, 7, 13].

Equatorial

.

Bfl1—4

é::ixz;ff .

B1 — 4 glucan B1 — 4 xylan

TS TR

B1— 4 glucomannan 1 — 4 mannan

Figure 3.4z Definition and identification of hemicelluloses; a) characterised by a
-4 p dinged backbone with an equatorial configuration at C1 and C4, and b)
examples of typical repeating disaccharides [13]

This complexity has resulted in difficulties in defining the term hemicellulose
often grouped as the remaining norcellulosic polysaccharidesz however, they
can be characterised by p-j p © -tinked backbone with an equatorial formation

at C1 and C4 [13], as depicted in Figure 3.4. This also identifies some of the main
disaccharides that are included within hemicellulose; other plysaccharides that
are often grouped with these include galactans, arabinans and arabinogalactans,
which are closely associated with pectin molecules. Establishing the structures

of polysaccharides requires detailed informationz relating to factors suchas
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which individual sugars are present and the number of free hydroxyl groupz
meaning that only the most important polysaccharide systems have been studied
extensively [6, 7, 13]. Figure 3.5 details some of the common monosaccharides
that are found within wood-based hemicellulose, combining to produce an array
of different polysaccharide chains. A typical example is Galactoglucomannan,
often associated with softwood species, which is located within the woods cell
walls [13].

a
C} D-Glucose 5 D-Galactose
‘ D-Xylose @ D-Mannose
@ L-Arabinose
b

Figure 3.5z Schematic illu strations of hemicellulose; a) typical monosaccharides
found in wood, and b) Galactoglucomannan, often found in softwoods [13]

The hemicellulose content differs between hardwood and softwood species, not
only in their combined total, but also the composibn of specific polysaccharides.
Indeed, the monosaccharide composition of softwoods is typified by a mixture of
the five stated in Figure 3.5, with BGlucose (6265%) the most prominent and
L-Arabinose (<3.5%) the least. In comparison, hardwood species main a
greater total volume of hemicellulose, with a large proportion of this dominated
by glucose (5573%) and xylose (2039%) sugars [6]. Pectinsz a group of
polysaccharides that are rich in galacturonic acid unitg have previously been
grouped with hemicellulose, due to thei close structural relationship. However,
this is no longer the case as they do not share the linked backbone configuration,
demonstrated in Figure 3.4 [9, 13, 14].
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3.2.1.4. Lignin

The third major structural component within wood is lignin which, unlike the
carbohydrate-based polysaccharides attributed to cellulose and hemicellulose,
is a complex phenolic polymer that denotes the irreversible end product of plant
metabolism. Representing between 188% of the total dry matter of wood, the
lignin gives rigidity to the wood tissue, embedding the carbohydrate materials in
the secondary cell wall. In addition to enhancing the cells physical properties, the
lignin gives mechanical strength to the treg allowing it to support the weight of
its crown z while also providing a hydrophobic surface that allows for the water
transportation required in photosynthesis. Finally, the chemical and physical

properties of lignin act as a barrier to evasive pathogens and pests [6, 9, 15, 16].

OH OH OH

OH OH OH

Figure 3.6z Hydroxycinnamyl alcohol monomers found within lignin;
a) mcoumaryl, b) coniferyl, and c) sinapyl [16, 17]

Lignins are derived principally from three different hydroxycinnamyl alcohol
monomers, detailed in Figure 3.6; these argxcoumaryl, coniferyl and sinapyl.
The composition and total lignin contentz varying between species and cell
types z is also influenced by other factors, such as the natural environment or
other developmental cues [16, 17]. The variability of lignin is evident étween
softwood and hardwood species, dictated by the three alcohol monomers.
Softwood lignin consists predominantly of guaiacyl (G) units, produced from the
coniferyl monolignol, with a small amount oivwhydroxyphenyl (H) derived from
the mcoumaryl. In comparison, hardwood species contain syringyl (S), formed

from sinapyl alcohol, which alongside guaiacyl are the main constituents of its
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lignin; the ratio between the G and S units differ between indivigal hardwood
species. Additionally, there are also trace amounts of H units contained within
hardwood lignin [15-17].

The total lignin content of wood differs, not only between specieg softwoods
contain approximately 10% more lignin than hardwoodsz but also in different
aged wood tissue; older wood has an increased lignin content, when compared
to that of new shoot growth. This is a result of the irreversible lignification of the
secondary cell wall, occurring seasonally. Representing a substantial carbo
sink, lignin has an energy content similar to coat a result of the high bond
energies contained in its aromatic monomerg which is ~30% larger than that

of cellulosic carbohydrate [3, 15]. Effectively, wood with a greater lignin content
will have an increased gross calorific value (GCV). This increase in energy
content however comes at a cost, specifically on the volume of wood produced;
a negative correlation exists between the lignin content and the accumulation of

biomass, with an increase in lignircoinciding with reduced overall growth [15].

3.2.1.5. Extractives & Inorganic Content

As discussed, the structural components of woog accounting for more than
90% of the dry matter contentz dominate the composition of both hardwood
and softwood species. The maaining non-structural constituents represent a
smaller proportion of the content, however the variability between and within
species is sizeable, greatly impacting the homogeneity of wood. This variation is
dictated by a broad spectrum of compounds; thoséhat can be extracted by
neutral solvents are referred to as the extractives, while the remaining matter
consists chiefly of mineral constituentsz requiring acidic extraction z denoted
as the inorganic content [6, 1&1]. As illustrated in Figure 3.7, tle extractive
components of wood represent a diverse group; more commonly this will
include a variety of saccharides, proteins, phenols and aromatics, while gums,
tannins and flavonoids are less frequent. As with the structural elements of
wood, the prevalence and mixture of the extractive contents found within wood
are dictated by a number of factors, ranging from species choice and the differing

tree sections, through to specific external environmental conditions. Indeed, the
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volume of extractive content @an be controlledz to a certain degreez by changes

in management practice; reducing the stocking density and rotation age within
forest stands can reduce the extractive content of the trees. These differences are
evident within individual tree specimens, with their bark typified by larger
extractive contents than its wood [6, 18, 20]. As with lignin, the energy content
of the combined extractives can be as much as twice that of the carbohydrate
based structural componentsz the increased lignin and extradwve contents,
found in softwood species, often results in them having larger gross calorific

values [21].

Most
Common
Various saccharides, carbohydrates, proteins,
hydrocarbons, oils, aromatics, lipids, fats,
starches, phenols and waxes
Chlorophyll, resins, terpenes, terpanoids,
acetyls, uronic acids, organic acids, sterols
and glycosides
Alkaloids, gums, mucilages, dyes, saponins,
tannins, flavonoids, others
Least
Common

Figure 3.7z The extractive components of wood [6, 20]

The inorganic materials contained within wood are predominantly mineral
based, a number ofvhich are important for plant growth; these are dominated
by calcium (Ca), potassium (K) and magnesium (Mg) salts, however an array of
other elements can also be found, including silicon (Si), phosphorous (P), sodium
(Na), as well as other minor elementsdq, 19-23]. As with the extractives and
other structural components, the concentration of inorganics can differ greatly
between species and the alternate tree sections. Most studies utilise the biomass
ashz produced as part of the proximate analysig to determine the feedstocks
inorganic composition and total. Within the stem wood the ash content is often
~1% of the total, which is at the lower end when compared to other biomass

feedstocks. Wood bark however contains a much larger ash content, ranging
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between 2.58.0% resulting in the sections of the tree with higher bark contents
Z the roots and the branchesz having larger inorganic concentrations. The
elemental constituents of ash, and their consequent concentrations, differ
between species. As a resulhardwoods tend to contain more potassium and

phosphorous than softwood species, but less calcium [6, 18,-2B]. Although ash

EO Ali1 00 AgAi OOEOAI U A& Oi AA A£OI i ETT OCAT EA

of the total content; the combustion process, tilised for producing ash, can

result in the release of inorganic constituents during the gas phase [19, 20, 24].

The inorganic concentrations of wood are directly influenced by localised
environmental conditions, in particular the soil; minerals are passiely absorbed

by the roots and transported throughout the tree via transpiration [6, 25]. Both
potassium and calciumz obtained from the soilz are essential macronutrients,
influencing the physiological roles that dictate the development and continued
functioning of individual tree specimens. Potassium is crucial for processes such
as osmoregulation and cell expansion, while calcium is important for cell wall
synthesis and cell division. Consequently, potassium has been investigated as a
potential fertilis er, demonstrating a positive influence on the abowground net

primary production of wood during field trials [25].

3.2.2.Fuel Characteristics

As discussed in Chapter 1, the Industrial Revolution coincided with a growing
reliance on fossil fuels for energy gemation, prompting the move away from
wood as a fuel. However, the desire to reduce the emissions of manmade carbon
dioxidA | # AsFadlattempt to lessen the impacts of climate changéas been
the key influence to again utilise biomass as a fuel. The exploitation of wood as a
fuel z specifically during the combustion procesg AT EOO A OEI E1 AO
as fossil fuels although, the time it takes to recapture the carbon through forest
growth pales into insignificance when compared to thenillennia it takes to form
coal, oil and gas [1, 280]. Though the replacement of fossil fuels with wood is
relatively simple on a domestic scale, especially when compared to retrofitting a
large-scale energy generation facility, a thorough understanding of the fuel

properties of wood is important for ensuring its successful deployment.
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3.2.2.1. Moisture & Energy Content

One of the most signittant properties of a fuel is its moisture content, which can
directly limit the amount of energy that can be generated from its use. During the
combustion process, energy is required to first evaporate the water, impacting
its net calorific value; the greder the moisture content, the bigger the reduction

in the produced energy. Accordingly, the water existing in wood can be separated
into two categories; free moisture, which exists in the cell cavities and
intercellular spaces, and the cell wall moisture hat is found within the cells
themselves [31, 32]. The moisture content of a fuel should range betweefl8%,
however a newly felled tree often far exceeds this, containing approximately 50
200% moisture when compared to its dry matter weight. This large ariation is
potentially a result of several different parameters, including climatic conditions,
the tree species and the season a tree is felled. The high moisture content,
synonymous with newly felled forest wood, is one of the most important and
controllable factors for increasing transport efficiency, reducing the consequent
costs. As a result, when considering energy generation as the end use, there are
two main processes for reducing the moisture content of woacdhatural drying

and mechanical drying B1-34].

Of these, the most cost effective method is natural drying, often referred to as
seasoning. This process, beginning immediately following the felling of a tree,
requires the delimbing of the felled timber before being stacked into piles; in
addition to these stacks, the removal of bark may also help reduce the moisture
content. Once drying begins, the loss of the free moisture occurs firstwhen
removed, the resulting wood has reached its fibre saturation point. The removal
of the free moisture ha no structural impact on the wood, however the drying
of the cell walls can cause the tissue to shrink, resulting in the development of
potential defects. Natural drying is most effective during the spring and summer
months, with some form of stack coverrequired during the wetter winter
periods [31-34]. Although mechanical dryingz most commonly by kilnz is a
quicker, more regimented process than natural drying, this incorporates
additional processing which increases the supply chain costs. The removdl o

moisture using a kiln is conducted at a wide array of temperatures, with low to
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moderate drying ranging between 2182°C, and a more intense drying process
occurring over 100°C [32, 34, 35].

Table 3.1z Published moisture and energy contents of a selecti on of wood
species, taken from the literature

Species Moisture (Wt.%) "#6 | - * Ref
Fir 6.5 21.0 [27]
Danish Pine 8.0 21.2 [27]
Willow 60 20.0 [27]
Poplar 45 18.5 [27]
OET A 4.0 20.2 [29]
TEITT x 7.0 18.7 [29]
Ash - 18.8 [30]
Birch - 18.0 [30]
Hazel - 18.8 [30]
7ET T 1T % - 18.0 [30]

xI'TA AEEDPON OEI OO0 OI OAOQE

The energy content is often reported on a dry basis, referred to as the gross
calorific value (GCV); calculated at 0% moisture, the GCV is ideal domparing

fuels but is not useful for real world application. Unlike the GCV, which is the
enthalpy of a fuels complete combustion with the moisture in a liquid state, the

net calorific value (NCV) incorporates the moisture. Consequently, the NCV
represents the amount of useful energy that can be achieved from the fuel,
considering its moisture content [31, 36]. As with the other wood characteristic
data, differences exist between the energy contents of alternate species; Table
3.1 details the published GE8 O T £ AEAEAOAT O OPAAEAOR

fundamental energy contained within softwoods, when compared to hardwoods.

3.2.2.2. Proximate & Ultimate Analysis

Although reasonably simple, two of the most important forms of fuel analysis are
the proximate amalysisz which determines the fixed carbon (FC), volatile matter
(VM), ash content and moisture and the ultimate analysis, establishing the main
elemental composition [19, 31]. The proximate analysis of a fuel gives its basic
constituents, with the greaest amount of variation occurring between the ash
and moisture contentsz two factors which have already been discussed within

this chapter. The moisture component of wood is determined by the weight
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difference between the initial sample, as received, anthe sample once it has
been dried at 105°C. Alternatively, the ash content is calculated following the
combustion of the sample at 558600°C, with the weight of the residual inorganic
matter taken as a percentage of the initial sample weight. In additiorotgiving
basic, but important, information on a fuels characteristics, the moisture and ash
data is often applied to other analytical datg adjusting these to either dry or dry
ash-free valuesz which improves the comparison of chemical compositions

between fuels [19].

This can be applied directly to the values of the ultimate analysis of a fuel, which
are usually reported on a dry or dry asHree basis. Focused on the principal
elemental components of a fuel, the ultimate analysis establishes the carbdp)(
hydrogen (H), oxygen (O), nitrogen (N) and sulphur (S) that exist within the
feedstock. Of these, the C, H and O are the most desirable elemental components
contained within biomass, with othersz such as the N and gcausing issues with
pollutants, deposition and corrosion [19, 2628, 37]. The standard method for
attaining the C, H, N and S contents uses gas chromatography, quantitatively
measuring the reation products following combustion over 900°C; these are the
DOl AOGAAA #/ Fh (F/h .F AT A 3/ F8 4EA 1 @UCA
by difference [21, 36]. The main elemental compositianof wood are similar
between species; the contents for the €| and O are usually around 50%, 6% and
44%, respectively. However, while the differences tend to be small, previously
published elemental characterisation results indicate that softwood species are
typified by larger carbon contents than hardwoods, whichnstead contain more
oxygen [18, 30, 31]. Although nitrogen is the fourth most prevalent element in
wood, its content is relatively small; N usually represents between 0:1% of the
total content, which is low when compared to other biomass feedstocks. As
macronutrient, N stimulates productivity within the plant, helping to increase its
growth. This is particularly evident for trees grown in soils containing large
concentrations of available N, however this can often result in the accumulation
of the nutrient within the wood tissue. As with the other stated characteristics of
wood, heterogeneity is apparent within the nitrogen contents, both as a result of
environmental conditions and between species [26, 31, 381]. Unlike coal and

peatz which often contain large concentrations of sulphurz its existence within
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wood biomass is minimal, often falling well below the 0.05% limits of standard
gas chromatography elemental analysers [19, 29, 31]. The results from both the
proximate and ultimate analysis have important impacts on the combustion

process, which will be considered in the next section.

3.2.3.Wood Biomass Combustion

Although combustion is still one of the most well established and important
foomsT £ AT AOcU CAT AOAOET T h OEA AAOGEOA O OAAOQA!
move away from fossil fuels. With wood as the main constituent, the combustion
of alternative biomass fuelsz which also includes straws, residues and wastes
has continued to grow.Indeed, the global energy consumption from renewable
sources totalled 79 exajoules (EJ) in 2017, with wood combustion integral in
achieving this [28, 29, 42, 43]. Incorporating a mix of consecutive homogenous
and heterogeneous reactions, the combustion dfiomass is a complex process
that can be reduced into five main steps; drying, devolatilization, gasification,
char combustion and gagphase oxidation. These steps often overlap, dictated by
factors such as particle size, temperature and combustion conditis. Indeed,
within a continuously operated combustion system these complex reactions

occur simultaneously within different sections of the furnace [26, 28].

The methods for utilising biomass in energy generation are diverse, containing a

variety of different technologies that vary in size and suitability. Often adapted

from existing solid fuel technologies, namely coal and coke, these range from

small scale open fires and stoves (10kW) z suitable for domestic usez to larger

ET AOOOOEAIT £l GrdAoAEAOETiCSymnmg 7q -BdOOAT O fr cwY
systems are one of the simplest and most widely used combustion technologies,

with combustion taking place in a single chamber that contains a fixed grate and

primary and secondary air supplies. Although thigprocess is employed within

domestic stoves, larger fixeeA AA AT T AOOOT OO0 jsuv-7q OOEI EOA
principles; the biomass fuel is fed into the chamber, decomposing to produce

volatile gases and char [29, 42, 44]. Assuming the complete combustion of a

simple biomass fuel, the following equation details the reaction of the fuel with

I gUCAT j/FQqh DPOT AOAET C xAOAO j (F/ qh AAOATT Al
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600 0 900 00 0OQWo (3.1)

Unlike the simple fuel detailed in Eqg. 3.1, theomposition of a typical biomassg
such as woodz is much more complicated, containing a variety of additional
elemental components. Their presence within a fuel can cause issues during
combustion, not only forming airborne pollutants but also causing isstgewith

fouling and corrosion of the combustion apparatus [26, 280, 42].

3.2.3.1.  Airborne Pollutants
YT AAAEOET 1T Of as Betailed 0 A& B.§ a Humlber of airborne
pollutants can also be formed following the combustion of biomass; this includes
nitrogen and sulphur oxides, hydrogen chloride, volatile organic compounds
(VOC), polyaromatic hydocarbons (PAH) and additional organic and inorganic
aerosol particulates. These pollutants are formed either as the product of the
reactions that occur during combustion, as unburned species or as the emission
I £ OOAAT A OPAAEAO ric@hAT & &llective @ f®O | GE
T EOOEA 1T @EAA ./ qQ ATl Zarelinpp@tént @olliicts éf the I E A A
combustion reactions; a result of their impact on the ozone layer and air quality,
respectively. Their production is dependent upon a number ofoperating
conditions, however the combustion temperature is one of the most important;
AO 1T xA0O OAI BAOAOOOAOG OEA AIEOOEITO 1T &
emissions are caused at higher temperatures. In addition, the fubbund
nitrogen content of the fuel directly impacts the produced nitrogen oxides.
Indeed, biomass species with lower nitrogen contentgsuch as virgin stem wood
ZxEI1T T1T1U POl AGAA Oi Ai1 NOAT OEOGEAO 1 £
feedstocks [4446].
Another key pollutant z which has become prevalent following the increased
popularity of domestic stove usg44, 47] z is fine particulate matter (PM), often
coil OPAA ET O1T OxI 1 AET DAOOEAI A OEUAON OE
particles between 25p m t I AT A Segt®aly. Tihd garticlladieOnatter
produced during biomass combustion differs throughout the combustion cycle,

as shown in Figure 3.8, which is also dependent on the fugh feedstock with a
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large volatile matter content will produce greater concentrationsof smoke
during the flaming stage. The main constituents of the produced PM are large
polyaromatic hydrocarbons and oxygenated aromatic compounds. In addition to
these, PM also contains pyrolytic PAH materials which have been derived from
the residual unbuned char particles, the aromatic compounds and other

condensed products [29, 44].

Mag* 899 KX WO = 80 2000wV

Mage S0OKX WO=S80mm  2000%V sE1

Figure 3.8z Physical differences of wood soot; SEM images of soot samples taken
during a) flaming combustion, and b) smouldering combustion [47]
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Particulate matter canhave major public health impacts, relating specifically to

air quality; the existence of PM can cause issues with cardiovascular and
respiratory systems, even after just shorterm exposure. The composition and
consequent health impacts of PM vary, diffeng not only geographically, but also
seasonally. When considering the combustion of wood using a domestic stove,

the inorganic composition of the fine particles found within PMs predominantly

bl OAOOEOI AEI T OEAA j+#1q AT A bl OAOOCEODI

concentration of alkali salts differs between wood species [480].

3.2.3.2.  Fouling, Slagging & Corrosion

The advancement of largescale biomass combustion has resulted inhe
occurrence of problems within the used applianceg particularly grate-fired
boilers z which can experience major issues with fouling, slagging and corrosion
that affects the equipment. Biomass combustion results in the partitioning of
inorganic components z including potassium (K), calcium (Ca), sulphur (S) and
chlorine (Cl) z which are either released into the vapour phase or retained in the
ash. Those that are released can condense in the flue gases, before depositing
within the combustion appliance. This can result in the fouling, slagging and
corrosion, which can be costly and hinder the use of the combustion equipment
[20, 24, 29, 51]. The release of inorganics into the vapour phageand their
consequent negative impactg can be dictated by factos such as the type of
biomass and the combustion temperature. Reducing the undesirable effects
attributed to the inorganics that exist within biomass feedstocks, can be
accomplished by either the addition of additivesg mitigating their release z or

by reducing their concentration before their use in the combustion process. This
can be achieved by first washing the fuel, removing some of the minerals that are
water soluble [24, 51, 52].

3.3. UK Forest Resource
3ET AA OEA AAOI U p wymnd Ged@toA iDhe ntada@emdnd AT A
I £ OEA 5+80 | AOOORAa rdsitioffpdstwhripllidies aihed Atl A O
replacing broadleaved woodlands with conifer species to increase timber
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production. The reduced management is especially prevalent for privately
owned woodlands where, less than 10 years ago, only 30% of the private
forested areas in England had felling licences or participated in woodland grant
schemes [53]. This continued lack of active management in private woodlands
has been associated with a degssed timber market and, as a result, the
structures of broadleaved forests have altered significantly these have moved

from coppice systems to high forest regimes with long rotations [53, 54].

Prior to the creation of the Forestry Commission, the UK haab collective state

forest policy, instead relying on adhoc responses to particular issues if, and

xEAT h OEAU AOT OA8 4 EAniaeshcOer foloEngiiet 5+86 0 ET AO.
World War has been predominantly on softwood species, achieved through

implemented afforestation programmes in upland areas; these were sites that

were typified by low soll fertility, holding little agricultural use. Indeed, between

1950 and 1970 more than 90% of all new tree planting within the UK involved

restocking with softwood species [5558].

Table3.27$ EOOOEAQOOEITT 1T &£ OEA 5+80 EAOAxT T A AT A OI £0x
constituent nations [60]
SPAAEAO &1 OAOO #1 ¢
Hardwoods Softwoods

England 74 26
Wales 51 49
Scotland 26 74
Northern Ireland 41 59
UK 49 51

as of 31 March 2017

3.3.1.Species Composition

4EA AT 1 DPiI OEOGEIT 1T &£ OEA 5+80 A& OAOGO AT A xI1TAI
between hardwood and softwood species, often referred to as broadleaves and

conifers, respectively. This is evidenced in Table 3.2, v also outlines the

OAOEAOQEIT ET EAOAxTTA AT A Ol £#Ox1 T A OPAAEAO A
constituent nations. England is dominated by broadleaved species, while

A A oz z o~
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species nclude ash, birch, beech and oak species, while the softwood forest cover
is comprised of firs, larches, pines and spruces [59, 60]. These will be covered in

greater detail in the nexttwo sections.

3.3.1.1. Hardwoods

Hardwood tree species, or broadleaves as theye also referred to, are members
of the angiosperm family and have historically been a major feature of the British
landscape. Throughout history they have been utilised in a variety of ways,
specifically as building materials, for fencing and as a fuebsrce. As a result,
broadleaved specieg many of which are nativez £ Of A | AET O DPAOO
ancient and native woodlands. Key native species include oaRyercusspp.), the
common beech Fagus sylvaticg ash Eraxinus excelsigrand birch (Betulaspp.),
which differ greatly in their appearance, growth rates and timber quality [6%
63]. Most of the broadleaves found in the UK are deciduous; their growth period
occurs during the spring and summer, before dropping their leaves in the
autumn to protect their shoot tips from the cold. The dropped leaves still contain
important nutrients and minerals which, once decomposed, return into the soil

system [61].

The Forestry Commissiory in partnership with Natural Resources Wales and the

Northern Ireland Forest Servicez publish annual updates on the current state of

OEA TAOEIT60 &I OAOOO AT A xI1 1Al AT AG8 4EAC
5+80 & OAOO OAOT 6OAAh ET AAAEOEITT O1 OE
market figures [60]. The existing spedh O AT | BT OEOET T 1T £ OEA
woodlands can be found in Figure 3.9. Oak species are the most dominant
hardwood species in the UK, accounting for 28.4% of the standing volume of
broadleavesz ash and beech are the next two most prevalent speciescaunting

Al O pe8ub AT A pg8¢chb OAODPAAOGEOAI U8 4EA
dominated by five native species, as evidenced in Figure 3.9; these are oak, beech,

ash, sycamore and birch, which account for 76.2% of the total volume. Figure

3.10 details thecurrent volumes of standing hardwood species, specifying the
differences in their ownership. Other than small amounts of oak, beech and birch,

OEA [T AET OEOQU 1T &£ OEA 5460 AOT AAT AAGAA x11
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Figure 3.9z The speciescompoOEOET 1T 1T £ OEA 5+8 OAER)OAOO AT A
2017; a) broadleave d (hardwood), and b) conifer (softwood) species [60]

The quality of British- and Irish-grown hardwoods can be extremely variable, a
factor which prompts significant differences betweenthe values achieved for
low- and hightquality produced timber. The quality of the wood dictates its end
use, with lower grade hardwoods more likely to be used as fuel instead of higher
value products. Species such as pedunculate odBuercus robuy and sesile oak
(Quercus petraep are prone to experience poor form, knots, rot and other
symptoms which are detrimental to their value. Ash trees are also susceptible to
defects such as forkingz occurring following poor management and negleci

and canker, whitd is caused by evasive bacteria or fungus and requires the
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OAI 1T OA1 T &£ OEA AEEAAOAA ODPAAEI AT OEA OE
woodlands have experienced a considerable shift over the last century, resulting

in clear visible changes to their struture. Wytham Woodsz which is dominated

by species such as sycamoreA¢er pseudoplatanus oak, birch and common

beechz has chronicled clear changes to its wooded environment. The woods

have experienced decreases in the canopy and understorey cover, white

remaining specimens have achieved large increases to their total basal arga

evident for all the resident specieg and increases to the mean diameter of the

biggest trees [66]. The historical impacts are also species specific; within the
canopyofEA 5+60 | E@AA AOT AAT AAGAA xT1 1T Al AT AO
specimens have increased in frequency. This has come at the expense of oak
which, although still remaining as the dominant hardwood species, has seen its
numbers significantly decrease. Ahough both oak and beech trees appear less

often within a woodland, they will most often be the largest tree [54, 66].

3.3.1.2. Softwoods

Softwoods, or alternatively conifers, are widely revered for their adaptability to
extreme and stressful environments whichwhen coupled with their high growth
rates, has resulted in their preference as a feedstock for the forest products
industry. In total there are just three native softwood species found within the
UKz Scots pine Pinus sylvestrit..), yew (Taxus baccataand juniper (Juniperous
communis).However, of these, Scots pine is the only native species utilised for

timber production. Scots pine is slower growing than other softwoods and is also

Qu

sensitive to particular site conditions; this has resulted in the buld £ OEA 5+
conifer stock composing of imported species from Europe and North America

[57, 67, 68]. The main imported softwood species found in UK forestry are Sitka
spruce (Picea sitchensi@Bong.) Carr.), lodgepole pineRinus contortaDouglas ex

Loud.), Douglasfir (Pseudotsuga menzieqMirb.) Franco), Corsican pine Pinus

nigra var. maritima Ait. Melville) and several variations of larch arix spp.). Of

these, Sitka spruce is the dominant commercial species utilised within the UK,
accounting for morethan half of the total volume of sawn timber produced. The
5460 xAO AT A TEIA Al EI AOA AOA EAAAT AT}/
growth. However, the produced wood is of poor qualityz a result of its wide
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growth rings and low densityz making it unsuitable for a lot of the more valuable
traditional timber markets [69-71]. The quality of Sitka spruce timber is also
dependent upon the size and frequency of knots contained within the wood. This
directly impacts the timbers value, while also incresing the consequent
harvesting costs; the greater the number of branches, the greater the processing

time to remove them [72].
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Figure 3.10z The standing volume and ownership of different UK species, in
2017; a) broadleaves (hardwoods), and b) conifers (softwoods) [60]
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Softwoodsz a diverse and ancient member of the gymnosperm familyare often

easily recognisable by their narrow needle or scaléke leaves, uniformed

branch development and resinous fragrances. Their significant increase within

O E A s mresBcover, achieved following the ® World War, can be attributed to

extensive planting regimes of conifer species in upland areas. These plantations

are predominantly homogenous in nature, consisting of single species stands

that are evenraged and uiformed in appearancez the planted seedlings have

been cultivated in nurseries, specifically for improved growth. As a result,
softwood plantations on strict 40-60 year rotations contain very little structural

variety or biodiversity within their stands [69, 70, 73]. The dominance of Sitka
OPOOAA ET OEA 5+60 AiTEZAO OAOI OOAA EO A
at ~180 million m3 of over-bark standing timber, it accounts for 51.3% of the

conifer resource. In total, nonnative species account for~85% of the total

Ol £Ox1T T A OOATAET C O110i A8 511 EEA OEA 5+
OAAOT O T x1 0 A [ OAE 1 AOCAO DOl PT OHETT 1

extending across a more diverse number of species.

3.3.2.UK Forest Growing Stocks

4 EA 5 redisGandloodlands in 2017 account for an estimated 13% of the

total land cover, a figure that has gradually increased since 1945. Details of the
5+480 COI xET ¢ 001 AE AAT AA &£ O A ET 4AAI A
are ~520 million green tonnes (m.g.t) of wood resource, apportioned as 42% and

58% for hardwood and softwood species, respectively [60, 74, 75]. For 2016/17

OEA xT 1T A OAiT OA1 O &£Oii OEA 5+80 A& OAOGO O
of the extracted wood sourced from softwood secies. The reliance on softwood

species for timber within the UK has remained constant during the last decade,
maintained between 9496%. During this period wood removals have steadily
increasedz for 2016/17 the total volume of wood removals was 23.4% lager

OEAT ET c¢mmnx8 4EA | AET OEOU 1T &£ OEA 5460 (
Al OAOOOh AAAT 61 OET ¢ Al Oltshould be nbteB thatthe x 8 O C
forecasted availability figures, found in Table 3.3, have been derived from Forest
Researt statistics publications [74, 75], using their stated growth model figures

to estimate annual mean wood increment values.
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Table3.3z4 EA 5+80 COI xET ¢ OO1T AEh OAI T OAT 6 AT A bi OAT C
resource, 2017 [60, 74, 75]
Hardwood Softwood Total

Growing Stock (million m3) 245.1 366.9 612
Growing Stockj i 8¢80Q 220.6 300.2 520.8
Privately Owned (%) 92 55 73

2017 Removals 0.59 10.73 11.32
2017 Woodfuel Production 0.40 1.55 1.95
Mean Forecasted Availability (yr ?) 1.16 16.60 17.76
Potential Net Growth (yr 2) 0.56 5.87 6.44
Estimated Root Biomas s 0.13 2.15 2.28

#Al AOI AGAA xEOE &# AT 1 OAOOEkal foreEdsis

Logging residues and other low quality timberz which is unsuitable for high
value timber marketsz can instead be utilised within the bioenergy industry The
ET ACAAOAO ET OEA 5+60 xI T A AGOOAAOEIT Al OOAI /
sourced woodfuel, resulting in an increase of 290% for deliveries to woodfuel
production, since 2007 [60]. The sustainable potential of commercial forests can
be calculatedfrom the net increment of the forests growth and the current levels
of felling experienced. In an established forest, when the net increment exceeds
the current felling levels, the difference is considered its net growtty this
represents a theoreticallyavailable resource for bioenergy, one which will not
impact the current levels of sequestered carbon [76]. However, this approach
requires a thorough understanding of the annual total wood growth; this is
important, helping to avoid unintentional negative consequences such as

deforestation.

The collated data in Table 3.3 indicates that there is potential to increase the

O 1 6 A T &£ OEA 5+80 x1 1 AZEOAT DOT AOGAOGETT A&OT I I
on other current timber industries or inducing deforestation. Increased wood

extraction could however impact future wood growthz any additional tree that

is removed for woodfuel can no longer grow. This must therefore be considered

if the longOAOI OOOOAET AAT A 1T AT ACATATO 1T &£ OEA 5+8C
achieved Therefore, the utilisation of forest residueg including branches and

tree tops, which represent ~20% of the aboveground biomass of softwoodsy

avoids the need to fell additional trees, instead utilising the bproducts of the
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forest felling industry. In addition to these residues, the stump also denotes a
significant amount of the treegentire biomass content; for softwood species the
roots represent between 2040% of the total, while for hardwoods this is slightly
larger, estimated at 2245%. As a reult, the interest in removing and utilising
tree stumps for fuel production z in addition to the harvesting residuesz has

grown, particularly in Scandinavia [7#80].

3.3.3.Impacts on Growth

Tree growth z as detailed in Section 3.2.1.% and the consequent effct on its
form can be impacted by a number of external influences; the wood quality and
its properties can be affected by site factors, the genetic quality of the tree, and
perhaps most pertinently, the applied silvicultural practices. Forest management
utilises silviculture to indirectly alter the growing environment within a forest
stand, influencing the growth of the trees crown and roots. These are practices
which are aimed at individual or groups of treeg such as thinning, initial spacing

and pruning z or they can focus on improving the site [72, 81].

3.3.3.1. Silvicultural Practices

One of the key impacts on wood quality is the rotation length of a forest starzd
the allotted time from planting through to the final felling. As discussed in Section
3.2.1.1,the heartwood (hardwoods) or the mature wood (softwoods)z which
both increase gradually with timez are vital components of a tre& mechanical
strength. Longer rotation times therefore promote wood growth with better
strength and dimensional stability, which are important attributes for high value
timber markets [72]. The initial spacing, which is directly linked to the stocking
density of a stand, affects the allocation of the resources required for growth; the
available sunlight, moisture and nutrients.Trees with a greater allotted space
will often achieve quicker diameter growth, while a reduced space will supress
branch growth, encouraging the tree to grow straighter and taller. The growing
stock within an area, often expressed as stems ha ! (hectgrayually decreases
with time; a result of either competition-induced mortality, death as a result of

pests or disease, windthrow, windsnap or intentional harvesting operations [72,
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81, 82]. One of the most important operations, occurring during the rotatin, is
thinning. This is the removal of preidentified trees which creates additional
space within a stand, allowing the remaining trees to increase their mean size. In
addition to the growth benefits of thinning, the process also provides an early
sourceof revenue while maintaining canopy cover, helping to reduce soil erosion
[72, 83].

3.3.3.2. Site Conditions

The sustainable management of forest resourcesmaintaining the growth and
form of the woodz requires a thorough understanding of the productivity of eab
individual site. Indeed, sitedependent variability of forest stands are often
dictated by the topography and soil conditions, which can have either a positive
or negative influence on wood growth. The influence of site quality on potential
productivity of tree growth is often species dependarg certain species are more
robust than others under specific conditions. By using the known site conditions,
tree species and existing management regimes, the expected productivity and
wood growth can be establishd from a yield class index; this gives a predicted

annual increment value (m3 ha * yr 1), specific to the site conditions [79, 81, 84].

The productivity of soil relies on several important functions; these include the
aeration and porosity, nutrient contert and biological capabilities, which relate
to the existence of invertebrates and microbes within the soil [79, 84]. Site
modifications z focused predominantly on soil improvementsz utilise practices
such as cultivation and fertilizer application to improve areas with poor growth
conditions. The cultivation of land aerates the soil, improves the drainage while
also reducing the weed numbers; as a result, cultivation, in combination with
appropriate spacing, can prompt quick and vigorous initial wood growth
Alternatively, on sites that are nutrient deficient, fertilizers can be applied;
these usually consist of nutrients such as nitrogen, potassium and phosphorus.
The requirements for fertilizer vary at specific points during the different
development stages of tree growth. During the early growth periods, large
nutrient quantities are required, particularly for crown development. However,

later in the trees life, growth nutrient cycling becomes dominate, reducing the
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need for nutrients from the soil. The @plication of additional nutrients can
promote increased height and girth wood growth, however this can be at the
detriment of timber density [72, 85, 86]. Although benefiting the growth process,
fertilization can lead to issues with eutrophication; where excess nutrient
availability, such as nitrogen, can prompt acidification of soils and freshwater
systems [41, 78].

3.3.3.3. Invasive Species

The existence of invasive species within an ecosystem can cause dramatic
change, prompting a reduction in biodiversity, enironmental degradation and a
loss of native species. The term invasive can be applied to a variety of species,
ranging from plants and insects through to larger mammals and birds. As a
continuation of the site conditions, the establishment and growth of ges species
xEOEET OEA 5+60 & OAOOAA AOAAO AAT- Al OI
forest vegetation. These include rhododendronRhododendron ponticun{L)),
heather (Calluna vulgaris(L)), and variations of both bracken Pteridium spp.)
and bramble (Rubusspp.) [79, 87]. Of these, rhododendroiz a nonindigenous
evergreen shrubz has been one of the most problematic for UK forestry. In
addition to aggressively establishing itself, while supressing the regeneration of
tree species, it is also diffiult and costly to remove. The desire of forest managers
to remove rhododendron was further increased following the discovery that the
species could act as a host to the funguPliytophthera ramorun), responsible

for sudden oak death in trees [88, 89].

Further to plant species, UK forestry has also been affected by other taxonomical
species. In the last decade, evidence of the Asian longhorn beetd@plophora
glabripennis) has been found in Britain which, unlike other species of beetle,
attacks healthy trees; preferring hardwood species, the beetle causes extensive
damage which can result in tree mortality. Natural regeneration and tree growth
within the UK are also impacted by bigger invasive species, such as deer, which
are a particular problem in Scotlad. In addition to their consumption of fallen
acornsz before they establishz and browsing on advanced seedlings, deer also

strip bark from trees, suppressing their growth and cause their death [90, 91].
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3.3.3.4. Pathogers & Fungi

The evolution of different treespecies, and their geographical dispersion, can be
directly linked to their relationship with invasive plants, pests and pathogens.
(EOOI OEAAI 1T U OEAU EAOA EAI PAA EAOEEIT OEA 0O
their threat to biodiversity and tree growth have continued to increase. Trees

are resilient, regularly coping with a number of biotic threats; however, the

appearance of aggressive diseases and fungi can devastate the tree numbers

within an area [92]. During the last decade the disease bleedingrdaer z caused

by a pathogenic bacterium Pseudomonas syringapv. aescul) z has dispersed

across large sections of Britain, infecting a number of horse chestnut8gsculus

hippocastanun). Consequently, the disease causes necrotic phloem and dieback

of the wood which, if not dealt with, can lead to the trees death [93].

The existence of mycorrhizal fungg and their symbiotic relationship with other

plant species, particularly with root systems benefits tree growth, aiding in the

increased uptake of nutrents. Although helping to maintain the biodiversity and

functionality of an ecosystem, evasive fungi species can be detrimental to tree

growth and survival. The ascomycete fungusiymenoscyphus fraxineysalso

referred to as ash dieback or Chalara, has beattributed to the large losses of

ash trees across Europe, including the UK. Chalara causes the infected trees to

develop lesions and a reduction in their crowns, damaging the timber, which

ultimately leads to the death of the tree [65, 94, 95]. Currently OEA 5+8 0 AOE OOA,
account for ~40 million m3 of standing timber, accounting for 16.5% of the

T AOCET160 EAOAxTTA £ OAOOO § &ECOOA 08w AT A o8
OAPOAOGAT O OEA 1100 1T &£ A OECIEZEAAT O POl BT 00

prompting Chalara to be the subject of current interest.

3.4. Harvesting & Extraction

AEA 5+830 £ OAOGOO POT OEAA A OAOEAOQU 1T &£ Cci1TAO |
environment and local economies. These include recreational activities and the

preservation of habitats and biodiversity, however their economic sustainability

often depends upon productive and actively managed forests [86]. As discussed
in Section 3.3.2, the wood removals from UK forests for 2016/17 totalled 11.32
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m.g.t which, when considering foest cover totalling more than 3 million hectares
(ha), equates to an annual removal rate of 1.22 t ha * yr 1 [60]. The conversion of
standing timber z existing within a forest standz to a useable natural resource,
first requires the felling and then the etraction of the wood. The efficiency and
productivity of this depends on a multitude of spatial factors, however the choice

of harvesting technologies is one of the most important.

3.4.1.Felling Technologies

Within forest management, the more traditional methals of manual fellingz
using chainsawsz have gradually been replaced by more mechanised processes.
Nevertheless, chainsaws are still considered an important harvesting tool,
attaining acceptable levels of felling productivity that are not restricted by tee
size or site conditions [9698]. Although practiced across Europe, particularly on
steeper sites, conventional chainsaw felling tends to result in uneven cuts and
felling defects, impacting upon the timbers value. As a result, chainsaws are used
predominantly in pre-commercial thinning, selective harvesting and salvage
operations [96, 98]. During the felling process, the productivity of chainsaw use
can be dictated by a number of factors. These include the size of the trees within
a standz both their diameter at breast height (DBH) and total heighg and the
distance between the harvested trees. Chainsaw productivity is generally
impacted positively by increases in the size of the felled tree, while larger
distances between harvestable trees reduces feily productivity. Across a series
of chainsaw field trialsz completed in both hardwood and softwood forestg the
calculated mean productivity ranged between 9.483.63 m3 hr 1, felling trees
xEQOE $" (60 GREMPEM|C pt18p

The profitability and economic viability of forestry, particularly large-scale tree
felling, is dependent upon reducing the costs of harvesting this is especially
prevalent when timber prices are low. One of the main options for reducing costs
when increasing the scale of haresting operation is by the mechanisation of
forest processes; this focuses on the use of specific forest machines, such as
harvesters, which increase felling productivity. This productivity is affected by

factors including tree size and form, machine typand operator experience, the
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terrain conditions and even weather variations [100, 101]. Harvesters achieve
their best felling productivities when utilised during clearcutting operations;
where the harvesting regime results in the complete removal of sedaearing or
shelterwood trees. As a result, numerous singlgrip harvester time studies have
been conducted previously; their determined productivities range from 42.2
64.6 m3 hr 1, which includes both the felling and the processing of the timber
[102, 103].

In comparison, shelterwood systemg in which trees are retained within a stand
to shelter new growth z offer certain advantages over clearfelling; this includes
an increased control over competing species, nutrient availability and ground
water, while also reducing the costs of regeneration. The increased stand density
results in a reduction for singlegrip harvester productivity, ranging between
25.4-47.7 m3 hr 1, Again, this also includes the processing of the timber which
involves the removal of bra$ and the crosscutting of the stems into logs [102,
103]. The work elements associated with selective thinning using a harvester

Z require more time to undertake, when compared to shelterwood or clearfelling

I DAOAGEIT 1 68 /| £ OE A OA &Avhidh tefers 10 théharestér® A
movement between chosen trees, before extending its harvesting armis the
most time-consuming aspect of mechanical harvesting. Selective thinning results
in fewer trees being felledz when compared to other felling sysemsz increasing
the travel time between trees, reducing the productivity. This ranges between
9.2-20.0 m3 hr 1 [100, 104]. A typical example of a singlgrip harvester,

operating within a forest stand, can be found in Figure 3.11.

An additional benefit to using a mechanised harvester for felling, instead of a
chainsaw, is that the process includes the delimbing, crogsitting and bunching
of each harvested tree [100]. Although the literature indicates that chainsaws
offer acceptable levels of felling prodativity z in addition to their versatility for
use on difficult sites or the removal of larger trees their use requires the

additional steps of branch removal and bucking.
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Figure 3.11z Examples of forest machines, utilised in the felling and extractio n
processes; a) John Deere 1470G wheeled harvester, b) John Deere 1510G
forwarder, and c) John Deere 948L grapple skidder [105]
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3.4.2.Extraction Technologies

The extraction of the felled timber represents one of the most important phases
of the forest wood suppy chain; this requires the accumulation of the felled
wood products in one place. Historically, wood extraction was completed by a
variety of animal speciesz ranging from oxen to horses and muleg however,
the mechanisation of the process has now beconprevalent, even from smakl
scale operations. The extraction process can be very expensive; this is often a
result of large extraction distances, between the standing timber and the
roadside, where it is stacked and stored before being sold. Once at thadside,

logging trucks transport the wood for further processing [106, 107].

Skidding, the simplest and most frequently used extraction method, involves the
felled wood being dragged from the forest stand to the roadside. Due to its
versatility, skidding can be completed by using animals or, more commonly,
mechanised technologies. These range from tractors fitted with winches to
purpose-built skidders, such as the example illustrated in Figure 3.11. The
productivity of the skidding process is dictated by aaumber of factors, including
the size and volume of each load, the winching distance and the site conditions,
although the main influence is excessive skidding distance [106, 1480].
Skidding operations are planned in advance particularly the location and the
planned routes of skid trails and temporary roadsz ensuring that the ground
disturbance from heavy machinery is minimised. This is vital, considering that
the physicality of mechanised processes can cause ecological degradation to the
soil and understory of a forest site [108]. The use of skidders for extraction has
previously recorded productivities ranging between 14.522.4 m3 hr 1, across
distances of 211289m [108, 109, 111].

One of the main drawbacks of skidding is the potential damage that rcdbe
incurred from dragging the wood through the forest stand. This, coupled with an
increased used of mechanised cub-length (CTL) systems, has resulted in a
growing used of forwarders for wood extractions. As highlighted in Figure 3.11,
instead of dragging the wood, forwarders pick the felled, delimbed and bucked
logs off the ground, carrying the timber out of the forest in loads. This allows the
forwarder to work in tandem with harvesters, collecting the processed wood

with its attached hydraulic crane A medium sized, purpose built forwarder can
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carry a payload of 1012 tonnes, which is much greater than that of skidders
[107, 112, 113]. As with skidding, the forwarding distance is vital, with increased
extraction distances resulting in reduced produavity. Forwarding productivity

is also dependent upon the chosen felling process; forwarder use after chainsaw
felling, when compared to mechanised processes, can result in productivity
reductions of nearly 50% [114]. Across extraction distances of 12450m,
previous field studies for forwarders recorded productivities between 9.017.2
m3 hr 1[104, 113, 114].

Purpose built skidders and forwarders achieve high levels of productivity an
ideal attribute for commercial forestry z but, this can have environmatal and
ecological implications. Mechanised wood extraction can cause large amounts of
damage to the soil substrate, particularly by compaction, shearing and rutting,
which can be exacerbated by large, heavy machinery [115]. As a lomwpact
alternative, modified farm tractors have been used extensively in sma#icale
forestry, although these can also be susceptible to causing damage. The demand
for sensitive extraction methods has resulted in the production of small, tracked
Ol ET E8 OEEAAAOOGheiA ower giBlund pragduvied @eOuge the
environmental impact within forest stands [106, 116]. Although benefitting the
ecological and environmental elements of a forest stand, the use of srstlale
extraction methods is detrimental to productivity. Extracting timber across
distances ranging from 103736m, the achieved productivity is only 2.56.2 m3
hr 1106, 113, 117].

The decision of which felling and extraction technique to employ is often driven
by site-specific terrain factors, such as slope gradiegnwhich can prove to be a
limiting feature for mechanised processes. This will be detailed in Section 3.5,
however on sites that are too steep for mechanisation, the only effective
extraction techniques are either gravity slidingz which is labour intensive z or
AAAT A UAOAET C rppoh ppyh ppwy¥Ys8 #AAIA
referred to, is used in mountainous regions, due to its suitability on steep sites.
Although the process has a reduced impact on the forest stands environment, the
process takes a considerable amount of time to plan and rig the cables before any

wood extraction can take place. This subsequently affects the productivity of

57

UA



cable yarding, achieving between 7:00.7 m3 hr 1. These were achieved over a
distance of 106440m and slopes ranging from 1738° [106, 120, 121].

3.4.3.Comminution & Transportation

The felling and extraction of wood transferring the standing timber from within
the forest stand to the roadsidez are important components of the forest wood
supply chain. Omre successfully removed, the processing or comminution of the
wood z in addition to its transportation z are also crucial for achieving the
economic sustainability of forest wood as a natural resource. Although differing
physically, the comminution and transportation processes are inherently linked;
altering the bulk density z and therefore the energy contentz of forest wood

products, increases the transport efficiency [34].

3.4.3.1. Forest Wood Processing

The initial processing of the felled tree includes its dehbing and crosscutting,
which removes the branches and reduces the stem length to produce roundwood
logs. While the mechanisation of tree felling utilising a single-grip harvester z
incorporates this operation, chainsaw use requires additional processg; this is
time-consuming, affecting the overall productivity and costs. When required for
softwood species the delimbing operation is the most timeonsuming while,
alternatively, the crosscutting is the most laborious procedure for the additional
processing of hardwoods [122]. Within traditional timber markets, the produced
roundwood logs are transported directly from the roadside to sawmills; for the
bioenergy market the wood often requires further comminution, reducing its

particle size [34].

One ofthe simplest forms is chipping, which produces wood chips that exhibit a
large variation in shape and size. Wood chipping by the end usegrat the
combustion facility or terminal z will result in reduced chipping costs, however
the increased bulk of transmrting logs compounds the costs of handling and
transportation. In addition to this, there are also potential issues with noise and
dust emissions. Consequently, the chipping of wood at the roadsigedirectly

into the truck z has increased in popularity,resulting in the development of a
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range of mobile chippers. Chipper productivity is dictated by working conditions
and the intended physical properties of the produced woodchips; this includes
the initial volume of the material to be chipped, the load sizef the chipper, the
employed chipper technology and the desired chip size and homogeneity of the
final output [34, 123-125]. Using a lower powered disc chipper can result in a
productivity of 20.6-27.7 m3 hr 1, while this increases for larger drum chippes,
ranging between 66270 m3 hr 1. This productivity diminishes with a reduction

in the desired chip size, decreasing by as much as-88% when producing chips
Souvil ¥pc¢th pguyY8 Y1 AT I PAOGEOIT O xI11TA
a refined, highervalue and higherdensity product. Their production requires
the drying and milling of the woodz resulting in a fine powderz which is then
pressed into pellet dyes under high temperatures and pressures. Although this
produces a highly desirable biomassukl, its process is energy intensive,
impacting its ability to reduce greenhouse gas (GHG) emissions. Representing
6.9 million tonnes of imported wood pellets in 2017, they are the dominant
source of biomass fuel within the UK [126, 127].

3.4.3.2.  Wood Transportation

The distance of the forest feedstock from the processing facility locatiansuch
as a terminal or the enduse energy generator is an important variable, greatly
impacting the final cost of a product. Indeed, the transportation of wood often
requires large quantities of energy, produced from fossil fuel sources, resulting
in a costly process; the efficient use of wood biomass in bioenergy generation
therefore necessitates a welbalanced transportation strategy [34, 125, 128]. Of
the established biomas transportation techniques, road haulage continues to be
the main mode for wood; a result of the dispersed nature of forest feedstocks,
making the existing road infrastructure the most viable option for distances
under 100km [34, 126, 129]. Although thdlexibility of road haulage makes it the
most preferable option over short distances, the more costffective method of
land-based transportation is via rail, particularly for distances over 100km. The
utilisation of electric trains, powered from renewablesources, can also reduce

the GHG emissions associated with the transportation [34, 126].
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Understanding the current processes of wood pellet transportation is especially

OAl AOGAT O xEOEET OEA 5+60 AEI AT AOcUu OAAOQT Oh
sourced fom the United States and Canada [60]. Although there are time

constraints associated with shippingz a result of the typically large distanceg

its utilisation for transporting wood pellets is the most cost effective. In addition,

the corresponding GHG missions tend to be much smaller than alternative

methods. This outcome is enhanced by ship sizethe larger the cargo capacity,

the more efficient the mode of transportation [34, 126, 129].

3.5. Impacts of Harvesting

Harvesting operations, be it the final f#ing of a forest stand or an intermediate
thinning procedure, must take into account an array of outcomes and potential
restrictions. Factors such as the geographical location, terrain accessibility,
extraction distance and tree specificatiory including the volume and average
tree sizez should be taken into consideration. Indeed, larger tree sizes (DBH) or
an increased volume of timber (m?3) dictate the chosen routes for felling and
extraction; as these increase, the differences in productivity are magietl,
ultimately affecting the final costs and viability of accessing the resource [107,
116]. Though the economic viability of the forest wood supply chain is important,
the impacts of harvesting extend further than financial implicationsg there are

an array of different environmental concerns which must also be considered.

3.5.1.Forest Terrain & Site Condition

As discussed in Section 3.4.2, the terrain and site conditions are limiting factors
for mechanised processes, in particular the gradient of the slopehis is often the

key determinant of machine stability and travel speed, consequently influencing
which mechanised processes can be used safely. Mechanised felling can operate
safely on slopes up to a maximum of 14° (25%), with manual chainsaw felling
necesary on more severe gradients. This is also evident for extraction processes,
such as forwarding, which are only effective on inclines up to 17° (30%), again
with alternative methods required on steeper slopes [116, 118, 119]. In addition

to the potential degradation of the forest floor on steep sites, the utilisation of
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mechanised harvesting operations can be detrimental to the environment and
ecology within forest stands. This includes impacts to ecosystem servicesuch

as soil fertility z biodiversity, water quality and even archaeologically important
plots [116, 130]. An example of the physical damage caused by mechanised wood
harvesting on a forest site is illustrated in Figure 3.12; the weight and resulting
ground pressure associated with forest madery can cause extensive damage

and compaction of the soil.

Figure 3.12z An example of damage caused to a forest stand following
mechanised harvesting processes

3.5.1.1. Environment

The majority of commercially harvested timber is felled and extracted using
ground-based mechanised systems, however these can cause severe damage to

the forest soil. This includes issues such as compaction, shearing and rutting,
xEEAE T AAOO xEAT OEA OIEI 80 ARAAOET C AADPA
produced from the heavymechanised equipment this is further exacerbated on

saturated ground. Subsequently, these issues can impair future tree growth,
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cause waterlogging on site and potentially mobilising heavy metals; as discussed
throughout Section 3.2, this could have potgial implications on the growth and
end-use of the produced wood resource [115, 131]. Specific terrain features
particularly the grounds firmness, roughness and slopg can cause issues
relating to soil erosion; harvesting operations that utilise largescale machinery
often depend upon the construction of forest access and extraction routes,
especially on sensitive sites. Designed to reduce the impact on the site, the
highest erosion rates will often occur on these temporary roads and extraction
routes, which is further aggravated on steeper slopes. Modern silvicultural
operations and site practiceg aimed at improving the establishment and growth
of planted treesz can result in substantial levels of soil disturbance, altering the
soils properties and tinctions. The removal of trees from a sloped site can also
aggravate the soil structure [79, 116, 132134].

Nutrient availability within a forest ecosystem is dependent upon efficient
nutrient recycling; a result of the successful decomposition and minenshtion

of the nutrient rich leaf litter. As a result, the brashz which includes both
branches and the foliagez represents a significant component of the nutrient
sink within a forest stand. Indeed, their nutrient rich tissues can contain up to
half of the available N, K, P, Mg and Ca, existing within the tree biomass [135].
The nutrients released following the decomposition of posharvest brash and
residues z which are used as important metrics for soil N availabilityz can
contribute directly to new growth. Therefore their removal could have major
implications on the future productivity and sustainability of the forest stand
[136, 137]. This relationship extends to the practices of wholéree harvesting
and stump removal, which cause both positive andagative impacts on wood
growth. The removal of the brash and stumps from a siteand the subsequently
sustained soil disturbancez improves the survival rate and establishment of tree
seedlings, however there are resulting environmental implications. Inddition

to the reduced nutrient contentz exacerbated on sites typified by nutrientpoor,
acidic soilz there is also an immediate reduction in the amount of sequestered
carbon, which is discussed in Section 3.5.2. The removal of stumps has also been
linked to a decrease in biodiversity, reducing the numbers of species dependent

upon the dead wood left within a forest stand [79, 138, 139].
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3.5.1.2. Costs

The costs attributed to forest harvesting are important limiting factors, often
prompting compromises between opimum performance and the price required
to achieve this. Broken down, the total costings include capital costs, fixed and
variable costs, labour availability, marketing strategy and the values of other
comparative products [116]. Poor timber product pricesz which can make wood
felling and extraction economically fraughtz occur as a culmination of unstable
biomass markets, low delivered biomass prices and a limited number of facilities
to deliver to. The wood bioenergy market is increasingly important todrest
owners; however, in addition to the low product prices, there are additional
obstacles. High operating costs, long transportation distances and inconsistent
demand for fuelwood limit the potential utilisation of wood in energy generation,
although the recent establishment of a UK bioenergy market has helped reduce
issues with demand [77, 140]. Meeting and adhering to environmental concerns
can also increase costs; reducing the size of timber loads during the extraction
process can lessen the physicampacts on the environment, however this

reduces the productivity and increases the financial costs [133].

Forest feedstocks that are situated in remote and isolated places often have large
associated transportation costs, influencing the economic viabiyi of the wood
resource. As described in Section 3.4.3, the efficient utilisation of transport
facilities and modes is a necessity, keeping the energy consumption and costs as
low as possible. This also includes the closely linked comminution processes of
forest wood z such as roadside chippingg which increases the bulk density,

allowing for the optimal use of a vehicles payload [129, 141].

3.5.1.3. Planting Policy
&ET Al T Uh A OECTIEZEAAT O 1 EI EOQAOETT OI
and local policydecisions that impact upon tree planting regimes. The majority
of harvesting operationsz and the consequent restocking of an arearequires
regulatory approval. There are however certain environmental exceptions, such
as the outbreak of diseases, whichllaw for the permanent removal of trees. If

planting regimes are insufficient, then potential issues with deforestation could
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arise; deforestation occurs when tree felling rates outstrip the levels of

replanting and regeneration of forests and woodlands [B, 142]. During the last

v UAAOOh OEA OAOOI AEET C 1T &£ OEA 5+830 AAT T AA xI
totalling 17,100 ha in 2017. In comparison, the planting of new forest areas in

the UK has decreased by nearly 40%, determined as just 6,500 ha in 2Q60].

#1 1 OEAAOET ¢ OEA 5+60 Ai1 OET OAA ET AOAAOA EIT C
bioenergy sectorz as discussed in Section 3.3.2 a lack of new tree planting

within the UK could increase the risk of deforestation. This looks set to change,

duetothe5 + CT OAOT I AT Cead GréwthiSate@hith proposes to

create 130,000 ha of new woodland cover in England [143].

3.5.2.Carbon Sequestration

Forest ecosystems act as carbon sinks, sequestering atmospheric carbon (C) via
photosynthesis, storing it within its trees, vegetation and other forest products;
of these, the biomass C and soil C exist in a constant dynamic equilibrium with
one another. Temperate and boreal vegetation, dominated by forests and tree
species, are one of the main global sinks foadon emissions, accounting for an
estimated 1.3 (¢0.9) petagrams (Pg) ofC J0]. The successful sequestration of
carbon within forests can be altered with intentional changes to the applied
silvicultural measures; increasing the rotation length of a foresstand will often
result in the sequestration of more C. In the shosterm, terminating forest
management practices can result in larger carbon stockscontained within the
living and dead biomassz however, this negatively affects the volume of
sequesteed carbon in harvested products [40, 144146]. Determining the
capabilities of a forest to sequester atmospheric £both in its biomass and soll

Z continues to be of great interest, driven specifically by their potential for
mitigating the negative influences of climate change. These strategies, in addition
to improved forest management, include the promotion of afforestation and
reforestation projects, the restoration and protection of secondary forests and,
most importantly, reducing deforestation [147]. As shown previouslyz in Figure
1.2 and 1.4z the GHG emission data for Land Use, Latuise Change and Forestry
(LULUCF) identify thatthese strategies have been successful in increasing the

amount of sequestered carbon.
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3.5.2.1.  Tree Mortality

Carbon sequestratio in older trees occurs at a reduced rate, when compared to
younger forests. Therefore the active management of forest standsthrough
thinning operations in forests affected by high tree mortalityz can have GHG
benefits. When a tree dies and is left tdecompose, some of the previously stored
carbon is released back into the atmosphere; the removal of a tree before its
death, particularly for use within traditional timber markets, can help maximise
the carbon storage associated with forests [14d4.48]. The rate of biomass
accumulationz and the consequent sequestration of carbog in trees tends to
peak early within the rotation, with the declining rate a result of canopy closure
within the forest stand. Causes of tree mortality are difficult to verify, asing
from endogenous factors and a number of differing external pressures and
stresses. Inherent biological features, such as the trees age or its genetic
potential, can be exacerbated by external influences including environmental
stresses like droughts z or the establishment of invasive species and pathogens,
as previously described [40, 149, 150].

Another important cause of tree mortality, particularly due to the release of
carbon back into the atmosphere, is fire; although influenced by uncontrollaél
factors, such as the climate or weather, there are management decisions which
can reduce the impact of fire on forests. An established forest fire requires fuel,
therefore most control measures focus on reducing the potential sources which
could spread he fire. The active management of forests and the creation of
fuelbreaks z which are strategically located strips of barren ground or non
flammable vegetation, between forest standg are employed to slow the spread
of fire. Alternatively, the use of delilerate burning under controlled conditions is
used to remove the potential for larger, more devastating fires [15153]. During
severe forest fires, the single largest loss of stored carbon is from firelated
mortality of trees, which can be significantjn the Canadian boreal forests, the
annual loss of carbon is estimated at between 180% of the average net primary
production. The longterm impact of forest fires on the soil carbon is dictated by
both the distribution of the carbon within the soil profile, and also the duration
and temperature of the fire [40, 145, 151].
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3.5.2.2. Forest Soils

The forests located in the northern hemisphere especially those at mid to high
latitudes z have been in a constant state of change, resulting in the accumulation
of large quantities of carbon over the last 10,000 years. As a result, the soill
carbon stock differs between forest types; the soil found in boreal forests,
typified by softwood species, contains around 85% of the C within its ecosystem,
while this is reduced in rardwood-dominated temperate forests, estimated at
60% [40, 145]. Further to the differences in forest types, there are also a number
of anthropogenic and natural factors which dictate the volume of C stored within
soil. Influences from natural occurrencesinclude climatic factors z such as
precipitation, wind and the temperature z and biological destructive events,
often related to invasive insect and disease establishment. In comparison, the
bulk of the anthropogenic factors relate directly to the harvestig management

practices, covered extensively in Section 3.4 [145].

The sequestered soil carbon can be categorised into two main forms; labite
which regularly fluctuates in carbon content, a result of its shorterm nature
and stable, which is much mordong-term. Disturbances to these can prompt an
increase in heterotrophic respiration, leading to losses in sequestered carbon. As
discussed previously in this chapter, the roots and stumg left following the
felling process, as illustrated in Figure 3.1% represent 20-45% of the total
volume of the tree, depending upon the species and the chosen felling process
[79, 80]. The majority of this is located below ground, resulting in a reduced
decomposition rate of the remaining biomass, with large amounts ¢he carbon
retained within the soil. This is important when considering the increased
interest in utilising stumps as a feedstock for bioenergy, particularly observable
across Scandinavia. The method of stump removal is primitive, using unrefined
physical processes that are detrimental to the forest stand and its carbon stock.
As a result, the immediate influence of stump harvesting on the stored carbon is
not only contained to the removal of the increased volume of biomass, but in its
severe disturbance b the soil. The accepted view, albeit one containing a degree
of uncertainty, is that stump removal has a negative impact on the carbon stored
within soil. However, recent field studies have indicated that soil disturbance
AT AOT 60 ET AOA Aathdn barkidio tielaimdsphera [79, 1¥89].A
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Figure 3.13z Example of a tree stump left in a forest stand, following mechanised
harvesting [139]

3.5.2.3.  Life Cycle Assessment
(EOOI OEAAT 1T Uh OEA 5+80 A OAOGOO AT A xI11A
natural resource, producing timber for a number of different markets. Although
OEA 5+80 &I OAOO AT OAO EO EdreAsoriige2901 1 OE
of the total forested area in Europe it still constitutes a significant feedstock for
biomass resource. Dring the last decade, the bioenergy sector has established
EOCATl £ AO A EAU ATiBPITATO 1T £ OEA 5+60
prompted a notable increase in homegrown woodfuel production; evidenced by
the increased deliveries of UK grown wood toreergy producers, as discussed in
Section3.3.2[60B )1 AAAEOEI1T Ol OEAEO bi OA7T OEAI
could also help form GHG mitigation strategies; a result of their capability to
AADOOOA AT A OOT OA AOdDI T Ob EthcarBon itensive Al 1 A

sources. Biomass production is however limited by the availability of land and
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the existing resource, while the need to fulfil sustainability criteria also restricts
access to particular feedstocks [60, 144, 154, 155]. The effecti@OA 1 £ A

forest resource, for reducing GHG emissions, must balance against the carbon

implications of their management and the different processes associated with

producing bioenergy from wood sources.

An important tool for quantifying the costs and benefits associated with forest

1T AOET 1680
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evaluate the carbon implications that occur throughout the entire life cycle of the
resource. Assessing a process and its potential futureitwomes can be difficult,
resulting in differing levels of uncertainty which should be considered; for GHG
emissions these range from uncertainties with the specific data and subject
knowledge, through to other external natural factors. Within a forest syem, the
uncertainty stems predominantly from the sequestered carbory for both the
biomass and soilz the local climate and, as discussed extensively, the specific

management decisions [144, 155, 156].

The utilisation of biomass in energy generationpro OOA O OAT AAGAO #/ Fh ET :
AG A MEOAT O1 BOAA EO EO 1T £#O0AT AAAIT AA OAAOAIT I

from fossil fuels, which are produced over millennia, the atmospheric carbon
released from biomass feedstocks can be captured again, through adaiital
plant growth [144]. The assumption of carbon neutrality for wood biomass is
however flawed z there are a range of emissions associated with the different
processes of forest harvesting, each containing their own levels of uncertainty.
. 01 AOT O Oave Beendc@npleted previously, covering different aspects of
the bioenergy sector and forest procedures, however their methods often differ
and lack the continuity required for proper comparison. Indeed, within the
forestry sector there is yet to be a defied z and commonly accepted approach
for conducting an LCA, patrticularly lacking clarity on the system boundaries,
functional units and management assumptions [144, 15160]. For example,
uncertainties corresponding to the selected felling and extractiotechnologies
used during forest harvestingz particularly the achieved productivities, as

discussed previously in this chapterz can have a considerable impact on the

Z A N = o~
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3.6. Conclusions

The number of differing disciplines and inherent complexities, associated with
forestry and forest research, have been highlighted within this literature review.
This is pertinent when considering the utilisation of wood biomass for energy
generation, particularly with the specific aim of reducing the impacts of climate
change. Increasing the volumes of extracted wood used in bioenergy would
cause additional consequenceg such as the potential reduction in produced
timber products or changes tathe carbon balance within the forest stand itselg
which could affect the sustainability of the process. The UK is typified by a variety
of native and norrnative hardwood and softwood tree species, distributed across
four constituent nations, within forested areas that contain unique individual
OEOA AT 1T AEOQOEI T 08 4EEO OAOEAA&iNdEtCoth ET OF
between- and within- speciesz will directly impact its suitability as a fuel, thus

its detailed characterisation would be undoubtedly leneficial.

The heterogeneous nature of biomass resource clearly extends to its analysis

using LCA methodg this is especially apparent within forestry. Indeed, for truly
AEEAAOGEOA , #1860 OI AA Aiipl AOAAh OEAO AC
on the numerous existing uncertainties is first required; the assumptions of
harvesting process productivity require an understanding of the individual site

conditions that directly affect it, while the assumptions of carbon sequestered

within wood biomass first require the detailed understanding of the resource.

Although the work completed within this thesis will not include a life cycle

AT AT UGEO T £ OEA 5+60 £ OAOO OAOI OOAA £ (
number of the uncertainties that suround the feedstocks utilisation. As a result,
theinrAADOE AT AT UOGEO 1T £n pq O Ethradetistic§ 2)AO0OO0AT
their fundamental combustion, and 3) the impact of terrain and infrastructure

on the different harvesting processes, will givdboth a detailed insight into the
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Chapter4. # EAOAAOAOEOAOEI

forest wood resource

~

Ve have nothing to fear and a great deal to learn from trégsVlarcel Proust

4.1. Introduction

Forest research incorporates a wide array of scientific disciplines thatpgn a

number of topics; from the role of forests as a key global resource, to their
management and the consequent issues that can arise. This variation is not just
specific to the different forms of forest research, it can also be found throughout
theworlA6 O AGEOOET ¢ xI T A EAAAOOI AEO8 "A EO
OEA OEAAO O1T1OIA T2/ A TAOGETT60 OOAT AET ¢

from country to country.

Table 41 7z Global Forests; Current resource and recent changes,1990-2015 [1]

Global Forest Cover
2015? % Change?

Boreal 1,225 +0.5
Temperate 685 +10.8
Tropical 1,770 -9.9
Sub-tropical 320 -1.5

1 Forested area (M ha), Between1990-2015

The global forest cover in 2015 was estimated to be @9 million hectares (M
EAQh OADPOAOGAT OET C xopb 1T &£ OEA x1 01 A8O O

current distribution of global forests between the four main forest domaingg
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boreal, temperate, tropical and subtropical z as well as the changes thehave
occurred over the last 25 years. Tropical forests account for the largest forested
area but have suffered a sustained decrease in forest cover, while alternatively
temperate forests have flourished in recent years [1]. As discussed in the
previouscEADOAOR OEA 5 +zdotateddh KOt kibfeal &nd Bripéraid A
biomes z has increased in coverage since the®®World War. By 2016 this had
reached an estimated total area of 3.16 M ha, representing ~13% land coverage.
AEEO COI xOE [ stiresddried] drigen gredomiBan@yloy an influx of
introduced, non-native softwood species, has increased the availability of

potentially useable wood resource.

Wood biomass contains a variety of components which can differ between

species; this can rangdérom the basic chemical composition of individual trees,

to the more complex carbohydrate and aromatic polymer contents [2]. For the

5+860 &I OAOOO O AA pOiI PAOI U Agpi T EOAAR AEOE
potential source of bioenergy, the fundamentalcharacteristics of its wood

resource must first be fully understood.This chapter will therefore characterise

OEA 5+60 AQGEOOEI ¢ &I OAOO xi T A OAOI OOAAh NOAI
while offering a point of context in how it compares to otheisources ofwood 7

we do indeed still have a great deal to learn from trees.

4.2. Methodology

Global forests represent a significant amount of wood resource; a factor which

has prompted a large number of published studies to characterise a variety of

softwood and hardwood species from around the world. With more than 30% of

OEA AAOOEGO T AT A [ AOO Al OAOAA Au £ OAOGOOh OE/
and potential uses of woodz intensified by the significant role of biomass in

energy generationz is understAT AAAT A8 &1 O OEA 5+60 AGEOOET C
be properly understood, it is important to consider the existing published data

on wood characterisationz this will, importantly, allow for the evaluation and

validation of any completed experimental work. his chapter will subsequently

focus on two main tasks; 1) to collate and analyse existing published data,

qualifying the fundamental areas of wood chemical analysis and, 2) to
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extensively characterise a variety of wood biomass samples sourced from

different species and sites across the UK, using fundamental experimental and

analytical methods. The data attained from the literature and the completed

experimental work will then be analysed using statistical analysis techniques,
forming detailed conclusionsad AT | PAOEOI T O

I £ OEA 5+60

Table 42 z Reviewed sample data; types and published sources

Reference Samples Proximate

[37Y
[38]
[39]
[40Y
[41]
[42v
[43Y
[44]
[45]
[46]
[47v
[48Y
[49]
[50]
[51Y
[52
[53Y
[54]
[55]
[56]
[57]
[22]
[58]
[59]
[60]
[61]
[62
[63Y
[64]
[65]
[66]
[67Y
[68Y
[69]
[70]
[71]

Data Types
Ultimate  Lignocellulosic GCV

6 + + +
2 + + + +
1 + + +
1 + + +
1 + + + +
1 + + +
2 + + + +
4 + + + +
4 + +
5 + +
3 + + +
3 + +
1 + + + +
2 + + +
1 + + +
1 + + +
1 + + +
1 + + + +
1 + + + +
1 + + + +
1 + + +
5 + + +
5 + + +
2 +

2 + + +
3 + + + +
2 + + + +
2 + + +
2 + + +
12 + + + +
1 + + +
2 + + +
2 + + +
1 + + +

+

Gross Calofic Value (GCV) calculated using Friedl et al (20@%ee Section 4.2.3.
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4.2.1.Literature Review Analysis

There are, in one form or another, an extensive number of published, peer
reviewed studies investigating wood resource. Although the research interests
and enduse of the biomass samples often differ between projects, the initial data
DOl AOGAAA AOOET ¢ OEA x11A380 Aii bl OEOET T AI

42.1.1. Fuel Properties & Sample Choice

Compositional wood data extracted from 36 published journal articlefias been
considered in this section, resulting in a total of 86 separate stem wood samples

being assembled for analysis. Table 4.2 details these samples, the publications

they were taken from and the specific data that was extracted. This includes
fundamel OAT AEAOAAOAOEOOEAO OEAO AEAOAOA A
particularly proximate, ultimate and lignocellulosic data, as well as the Gross

Calorific Value (GCV). These fundamental characteristics are covered in greater

detail in Section 4.2.3.

The 86 samples identified from the literature represent a wide array of species
from different global locations, therefore to enable an affective comparison they
have been classified into two broad groups; hardwoods (48 samples) and
softwoods (38 sample$. As the data has been obtained from different published
sources, the format of the reported data tends to differ between publications. To
ensure that each individual sample is comparable with one another, the data has
first been standardised; proximateshave been reported on a dry basis (db),
ultimate data has been reported both dry and dry ash free (daf), where required,

and the lignocellulosic data has been adjusted on a db and extractive free (EF).

4.2.2.Statistical Analysis

Although it is possible to identfy and express the relationships and differences
between datasets visually, it is important that these visual representations are
supported quantifiably. The mathematical discipline of statistics allows for the
analysis and interpretation of data, resulthg in a quantified explanation of the

results, especially when considering levels of uncertainty. Statistical analysis can
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be divided into two categoriesz descriptive and inferential z both of which are
utilised within this research. Descriptive statistics offer basic, yet fundamental,
numerical summaries, presenting an overall impression of the data in a sensible
way. Inferential statistics are used in an attempt to infer conclusions that extend
beyond the considered datasets [3, 4]. Put simply, descript statistics describe
what we initially see from the data, whereas inferential statistics conject how
this can be expanded uponAlthough simple, the forms of statistics used within
this chapter arepowerful, giving an excellent foundation to compare impdant

fuel parameters;both collated from the literature and produced experimentally.

4.2.2.1. Descriptive Statistics

When considering large sets of data, the use of descriptive forms of statistics
allow for the simplification into something more manageable. Althogh simple,
they can offer a powerful form of analysis, both when considering a singular
variable of a dataset referred to as univariatez or multivariate, which examines
more than one variable. Descriptive analysis can itself be separated into two
general areas; 1) as a measure of central tendency, including the mean, median
and mode, or 2) as a measure of variability, which includes the variance and the
an expression of how asample setdiffers from its calculated mean valuez is

given as the square root of the calculated variance;

" E— (4.1)
where:
w is an individual value
w is the mean value
£ is the total number of values

In addition to giving comparable values for the central tendency and variability
of a dataset, these can be combined to give a standardised dispersion measure,

referred to as relative standard deviation {Y "Y)O
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Y'Y - (4.2)

Given as the ratio between the standard deviation and the mean, the calculated
RSDshows how the variability of a population relates to its arithmetic central
point. In effect, the smaller theRSDz often given as a percentage the greater

the confidence that a calculated mean is representative of a population.

One of the most basic, yet robust, methods for measuring scale and variability is
the interquartile range (‘00 )¥a trimmed estimator which is calculated as the
difference between the 75 and 25" percentiles, or the upper 0 ) and lower

(0 ) quartiles as they are also referred to.In addition to their use for
representing the spread of data, both numerically and visually, thBQRcan also
be used to identify the ouliers within a specific dataset. The outliers are

observed data points which fall aboveé +1.5*IQRand below?d -1.5*IQR

00 YD O (4.3)

42.2.2. Inferential Statistics

As outlined above, inferential statistics are used to produce more geradised
conclusions that can be applied to a larger population, than that considered
within the initial dataset [3]. The inferential statistical analysis of population
characteristics can be separated into two further categories; 1) estimates of
magnitude, and 2) tests of hypotheses. Estimatiofbased statistics utilise a
combination of factors, such as confidence intervals and metmalysis, to
analyse and interpret data. Hypothesis testing is used to compare data sets with
one another, proposing a hypotheis (‘O) for a particular statistical relationship,
which is then compared to a null hypothesisQ) that represents no relationship
[5]. The inferential statistics undertaken within this research focus on two
separate types of hypothesis testingnidependentt-test and analysis of variance
(ANOVA). Although they are conceptually similar to one anotheg both being
used to determine significant differences within sets of data they differ in their

application.
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The independent t-test z a parametric test, drawing assumptions from the
defining properties of a datasetz is designed to determine any statistically
significant evidence that the means of two independent groupdiffer [3]. The

hypotheses of a-test can be described as;

"0 D : (4.4)
O D : (4.5)
where:
is the population mean of group 1

is the population mean of group 2

As shown by Eq. 4.4 and 4.5, the independettest is designed purely for the
comparison of means ktween two independent groupsz so in this chapter for
example, between hardwoods and softwoods. For an equal variance, where both
populations are assumed to have identical population variances, the following

equations are used to conduct the independerittest;

and:;
" (4.7)
where:
w is the mean of the ¥ and 2d samples
€ q is the sample size of the 2and 2vd samples

is the standard deviationof the 1stand 2nd samples

>5¢

is the pooled standard deviation

In addition to producing a value fort, the t-test also identifies the degrees of
freedom (df); a figure which depicts the numberof independent pieces of
information used when conducting the hypothesis test, minus the number of
parameters used during the estimation. Together these give a probability value
(p-value), ranging between 0 and 1, which is used to determine the statistical

significance of the results. The smaller the value, the greater the association with
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"O resulting in the rejection of the null hypotheses;O. A significance level of
S t 8ha®v been chosen, indicating that when thp-value falls below this, it can
be assumed that a statistically significant difference between the means exist.
Additionally, to establish if the variance of a population is equal or unequal, a test
for equality of variance is conducted alongside the independertttest. In this
AAOAh OEA , AOGAT A5O0 OAOO EAOttéshiddroduted Dl EAA ET /
a value, gien asF, and its correspondingp-value. Again the significance level
OOAA EO Sm8mu

In cases where more than two populations exist, an alternative analysis to the
independent t-test is necessary. Analysis of variance (ANOVA) is an alternate
hypothesis test, used for comparing the means of three or more different groups
of data. As a result, the hypotheses of a oiweay ANOVA test differ, instead
expressed as;

0 D : : 8 (4.8)
OD GOi QQEdAD 0 O (4.9)
where;
" RE is the population means of groups 1, 2 an8, respectively
€ is the number of independent comparison groups

is the population mean of théQ group (Ep h ¢y oh 8h

ANOVA testing is a widely used process, applying a range of inferential statistical
procedures that are designedd compare the mean differences across numerous
conditions. In its simplest form the ANOVA hypothesis test considers the
variability between groups z which includes the variability related to the
independent variables and/or random factors z against the rardom factor
variability found within the groups themselves [6]. TheANOVA test is conducted

using inbuilt tool within the utilised software, based on the following equation;

0 — (4.10)
where:
0 Y'Y is the regression mean square
0 "YO is the mean square error
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The results from the above ANOVA equation, given as tkeatio, provide an

estimation for the relationship of betweengroup and within-group variability.

The independent variablesg contained within the calculated values for MSR and

MSEZz correspond to the different categories of groups, such as the variety of
hardwood and softwood species or specific tree sectiorglike the stump, roots

or branches. The larger the~ratio, the stronger the argument for rejectingO,

accepting there are statistically significant differences between their means.

Unlike the significance level of the-test, the statistical significance of the ANOVA

test is accepted when th&~OA OE | 6 O A Ipodud iS Bds than®. 00T <

0.001).

In addition to establishing the existence of significant statistical differences

between all of the groups combined, it is possible to complete additional past

hoc analysis which identifies specific differences between each group, when
compared aganst one another. There are several different procedures for
conducting these multiple comparisons, however as some of the sample sizes
OOAA ET OEEO OAOAAOAE AOA O1T ANOGAI h 40EA
test has been utilised. This test basedupon a studentized range distributionz

has been selected as it compares the mean of each independent variable against

the mean of every other independent variable. As with thetest, to be deemed
statistically significant, thep-OAT OA8 O fAaATADABEA 4 O0EAUB6O (

must achieve a significancé AOAIl 1T £ Sm8mnvu

4.2.2.3. Regression Analysis

Regression, in the context of statistical analysis, considers the relationship
between a single dependent variabley) and one or more independent variables
(x); specifically, how the value of y can change with a variat in one of the
guantitative x values [7]. As a form of inferential statistics, regression analysis is
used to explore the nature of the relationship between the dependent and

independent variables and infer causality.

The simplest and most widely useddrm of regression are simple linear models,
which can be used to predict values for the dependent variable by utilising the

independent variables. Figure 4.1 shows a straight line summary of a given
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bivariate plot, highlighting the relationship between the two continuous
variables. Although the line passes through only two of the points, it shows
clearly that the data has a positive correlatiorg as the independent variable

increases, so does the dependent variable.

X
Figure 4.1z Example of Simple Linear Regression between two variables
The relationship of a bivariate dataset containing numerous data points(fw),

such as that shown in Figure 4.1, can be approximately described in the form of

a simple linear function, as shown in Eq. 4.11;

w | wi - (4.11)
where:
| is the y-intercept
) is the independent variables of the’Q group (Ep h M h 8h
f is a vector of unknown parameters

- is an experimental error term related to the deviation

The desired output of using a linear regression model is to identify values for
and?l , producing a line thatbest fits the points within a dataset. This is achieved
using ordinary least squares (OLSY an approach which sums the squared
distances between the regression line and each data poipestablishing the line
that results in the smallest sum, via minimiation. Once this line has been

established it is important to calculate the coefficient of determination, denoted
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as'Y , which is a measure of how well the regression model fits the data. This is

also calculated using the squared distances of the data points and can be defined

generally as;
Ykp — (4.12)
where:
YUY is the residual sum of squares
YUY is the total sum of squares

4 EFgbodnéss of i EO CEOAT AO A OAlI OA AAOxAAI
indicating that the regression model fits perfectly. It should be noted that the

value for 'Y depicts the level of correlation between data points; it is not a
definitive indication that changes to the independent variable cause the
dependent variable to change. For cases where more independent variables are
included within the regression, an adjustedY approach can be usedY ) which

incorporates the degrees of freedomd(f);

Y p (4.13)
where:
Q'Q is the df of the population error variance
QQ is the df of the dependent variables population variance

Linear regression is ideal for depicting a visible relationship between two
variables. However, in cases where the data is groupgdwith no clear linear

relationship z other methods should be pursued. These nelinear methods of

regression analysis include quadratic, exponential and logarithmic functions,
each with different applications, dependent upon the original data set. Fitting
circles and other geometrical shapes to datg either by use of algebraic or
geometric methods z can offer alternative forms of regression which best fit the
observed data [8]. These are often highly complicated with many different
methods and algorithms for fitting the curves. To simplify this, in cases where
bivariate data is clustered tagether, the following equations have been

developed to display and compare individual data sets with one another;
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N oo 6o i (4.14)

and:

. B B

i c B 5 R (4.15)
where:
) is the independent variables of theQ group (Ep h M h 8h
W is the meanof a specific independent variable
® is the dependentvariables of the'Q group (Ep h m h 8h
(%) is the meanof a specific dependent variable

i is the calculatedradius

In essence, using Eq. 4.14 and 4.15 produces a circular limeich represents the
dispersion of the data from the mean, in relation to both the andy variables.
AEA AEOAI AED ardd thd @ea poipts of thex and y data sets,
respectively, while the calculated radius value is the mean distantetween the
individual points and the centre point of the circle. As a result, the greater the
spread of the original data points from the calculated mean values, the larger the
radius and, ultimately, the larger the circle. A smaller circle would therefar

indicate that the data points are clustered closer together.

4224, Standard Error & Confidence Bands

In any type of statistical analysis there will always be a level of uncertainty and
error that should be appropriately reported. One of the most important ighe
OOAT AAOA AOOiI Oh OEI x1T ET %N8 18poh xEEAE EO (

sampling distribution, usually relating to the mean;

YO e (4.16)
where:
YO is the standard error of the mean
R is the sample standead deviation
€ is the number of observations in the sample
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The "Y'O incorporates the number of samples included within the analysis,
inferring how farthe OAT B1 A6 O A A is ikéli tob® ko thé phpulation
mean. As a result, a larger maber of observations will reduce the size of the
standard error. This also plays an important role in the production of confidence
bands; used to display the uncertainty of lines and curves, produced during
regression analysis. Confidence intervalg closdy associated to confidence
bands z depict the uncertainty related to individual points. Upper 6 P and
lower (6 "P95% confidence intervals, reflecting significance levels of 0.05, can

be calculated using the following equations;

00 pd @ YO (4.17)
00 w pe YO (4.18)

Pointwise confidence band, when estimated for a functionf(x) instead of the
mean, are produced from individual confidence intervals calculated for separate
x values. These are combined to produce upper and lower 95% confidence

bands.

4.2.2.5. Statistical Software

The previous sections lave discussed the basic principles and theory behind
statistical applications, however in practice there is a wide variety of statistical
software available. These packages are designed specifically to undertake the
discussed analysis. Of the software adable, this research has used IBM SPSS
statistics v21. Although originally designed for use in social sciences, the
versatility and wide range of statistical analysis packages available in SPSS make
it suitable for use in other branches of science and enwgering [3]. In addition,

the visual representation of dataz coupled with additional data analysisz has
been completed using OriginPro 9; a software package that is specifically used
for scientific graphing.) 06 O Al O EI bl OOAT (ated tlataseisOA OE
utilised within this chapter are larger than anything producedreviously, they
still represent just a small sample of what is an extensive natural resourgeany
established relationshipsand values should not automatically be assumed as

definitive.
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4.2.3.Experimental & Analytical Characterisation

The heterogeneous nature of biomasg consisting of a complex mix of organic
and inorganic materialz makes the initial identification and characterisation of
the chemical composition one of the most iportant steps for its utilisation.
Wood biomass is of no difference; its fundamental composition directly impacts
the quality, properties and enduse applications as a fuel, as well as any
consequent environmental issues [9]. In addition to the statisticahnalysis of
data from the literature, fundamental characterisation of wood biomass has been

undertaken, using different analytical methods.

Sample Species
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Figure 4.2z Geographical locations of samples used in experimental work

4.2.3.1. UK Wood Samples & Sample Preparation

The characterisation experimental work considered a total of 145 wood samples,
sourced from 14 sites located across the British Isles. The location of these
samples is depicted in Figure 4.2, with the associated site data found in Table 4.3.
There are 12 sies situated in England; located in the Northeast of the country
and in regions in both the Southeast and Southwest. In addition to these, there

are two sites in Scotland; one in the North and one in the South.
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These samples, which were part of a largeollaborative investigation into wood

fuel, aretypicall £ OEA 5+80 AEOAOOA A Apecxiiald E h
account for a significant amount of forest cover. Although the samples are by no
means definitive, they have been sourced from a numbef sites z typified by

different conditions z resulting in a unique dataset, giving a valuable insight into

OK=0ak, BI=Birch, SP=Scots pine, SS=Sitka sf
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Table 4.3z Site data for experimental samples
Site Name Species Longitud e Altitude  Planting Soll
& Latitude (m) Year
51.153716,
Frith End, Bordon OK 1935 Gley
-0.86180801
50.61937,
Haldon, Exeter Bl 220 1953 Podzol
-3.5435727
50.75155,
Whitestone, Exeter BI 110 1950 Brown
-3.6117105 Earth
50.75155,
Whitestone, Exeter oK 110 1950 Brown
-3.6117105 Earth
52.335002,
Wordwell, Suffolk BI 50 1952 Bro""h”
0.6873772 Eart
53.919369,
Wheldrake, York Bl 15 1960 Podzol
-0.98743347
-~ 52.544361,
Didlington, OK 65 1927 Brown
Thetford 0.66777721 Earth
52.06447D,
Hazelborough, OK 150 1930 Acidic Loam
Brackley -1.0532434
52.415999,
Thelzford Forest sp 40 1991 Salr(lldy
Parl 0.8757002 Breckland
54.269404,
Wykeham, sp 205 1980 Acidic Loam
SC&FbOFOUgh -0.57621976
54.251828,
Dalby Foresr:, SS 195 1974 Iron pan
Scarboroug -0.64694118
; 50.643443,
partmoor National ss 475 1950 Acidic Peat
ar -3.9205897
_ _ 55.173172,
Ae Village, Dumfries SS 155 1970 Peaty Gley
-3.5935832
_ _ 58.133985,
Lairg, Highlands SP 175 1959 Peat
-4.4795303



The samples consist ofwo native hardwood species, oak Quercus robuy and
silver birch (Betula pendulg, and two softwood species, the native Scots pine
(Pinus sylvestrisand the nonnative Sitka spruce Picea sitchensjs As shown by
the planting year of the stands in Tabld.3, the samples were taken from mature
trees that were close to final felling, ensuring that they were representative of
the wood material likely to be utilised in the woodfuel market. In addition to the
species variation, the sample set also includes wd from different sections of
the tree; namely the stem, the roots and the branches. The stem wood has been
OAEAT &EOI I OEA EAI £A&xAU DI ETO 1T &£ OEA OOAAGO O
mixture of mature and juvenile wood. The root samples were takerrdm the
primary root, located >30cm below the ground level, while the branch wood was
Ol OOAAA m£OT i OEA T EAAI A OEEOA 1T £ OEA OOAABO |
The tree documentation, felling, sample removal and initial processing of the
wood was undertaken by Forest Researchh& stem wood was removed as a disk
using a chainsaw for the initial crosscutting, before being recut to remove any
potential contamination. Once removed from the ground, the root wood was
chipped; to be consistent with this type of material, there is ligly to be
contamination in the wood chip as a result of the residual soil. The branch wood
was also chipped on removal. All the samples were placed in individual, dight
containers and labelled before being transported for cold storage. The second
phaseof processing was undertaken by thénstitute of Biological, Environmental
and Rural SciencgdBERS) at Aberystwyth University. This involved oven drying
the individual wood samplesat 103°Cbefore being chipped, using a cutting mill,
reducing the partide size to ~1mm. These were then stored in labelled vials,

each containing around 23g of the wood samples.

Before any analytical experiments were undertaken, the coarsely chipped
samples required further processing, in line with EN 1478Q10]. This was to
ensure that each sample was consistent with the next and that they were an
appropriate size for analysis. The samples were individually milled using a
Retsch CryoMil(see Appendix A). The cryomill utilises liquid nitrogen, in an
integrated cooling system cooling the milling vessel before and during the
milling process. Once at temperature, the entirety of each sample was placed in

the grinding jar before undergoing two, tweminute grinding cycles. The milled

96



samples were then passed through &0 pm siewe to ensure homogeneity of
particle size, between the different wood samples. This produced finely milled
Ox1T T A Al 1608 OAI I AOGh xEEAE xAOA OOAA EI

low nitrogen analysis.

4.2.3.2.  Proximate Analysis

The proximate analysis of &uel determines its basic composition, separating

into four basic constituents; moisture, volatile matter (VM), fixed carbon (FC)

and ash. Identifying these components gives an initial understanding of a

OAi b1l A0 OEAAEI EOU Oi AA OOEI EOAA AO A ¢/
The moisture content of a given sample, which can differ greatly between

biomass species, refers to the amount of water contained within the material

[11]. The standard method for determining the moisture content of a solid

biofuel, given in EN 147743, entais the sample being oven dried at 105°C for an

extended period, before being weighed [12]. The moisture content of the sample

is calculated from the following equation;

06 p — (4.19)
where:
00 is the mass fraction of moistureof the sample
a is the mass of the dried sample
a is the initial mass of the sample

The VM component of biomasg released during the devolotilisationphasez can
vary between samples, usually consisting of light hydrocarbons, hydrogen,
carbon monoxide, carbon dioxideand tars [13]. The standard method for
determining the VM content of a solid biofuel is given in EN 15148 [14]. The
previously dried sampe is heated in a furnace at 900°C for 7 minutegout of
contact with ambient air z until the devolatilisation process has completed
before then being weighed. The VM content of the sample can therefore be

calculated from the following equation;
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Y — (4.20)

where:
@O is the mass fraction of volatile matter on a dry basis
a is the massof the sample following devoldilisation

Once the devolatilisation phase has finished, the remainingustituents of the
sample are the FC and the ash. Tlsandard method for determining the ash
content of a solid biofuel is given in EN 14775 [15]. The devolatilised sample is
heated in a furnace with a suitable air flow, first at 250°@r an hour, and tren
at 550°Cfor a further two hours. The remaining inorganic residual is weighed,
giving the mass of the samples ashThe ash content of the sample can be

calculated using Eq. 4.21;

wiQ — (4.21)
where:
wiQ is the mass fraction of ash on a dry basis
a is the mass of the samples ash

Consequently, the FC content of the sample can be derived using the following

equation;
06 p b O (4.22)
where:
"00 is the mass fraction of fixed carbon on a dry basis

The standard procedures, as described above, require ~1g of sample for each
analysis. Considering the relatively small amount cdvailable sample (2-39), it
would be a misuse undertakingthe proximate analysis via conventional
methods; it would not allow for any further fundamental analysis. Therefore the
proximate data will be produced using thermogravimetric analysis (TGA), which
requires significantly less sample per run.TGAis a characterisation method
which utilises a predsion balance and a furnace to measuréhe changes in
weight of a given sample, as a function of increasing temperature over time [16].

Although it is accepted that the proxinate values determined by TGA can differ
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from standard procedures, it is still considered a suitable method for producing
a comparative set ofproximate data for biomass samples [17]this is a result of

the high precision balance and temperature controlassociated with TGA.

The analysis was undertaken using &A Instruments TGA Q5000 therme

gravimetric analyser (see AppendixA). The proximate analysis of each sample
used ~10mg of finely milled wood flour z sieved O 1 S asrdesgribed in

Section4.2.3.1z which was spread evenly, in a thin layer, on a platinum sample
pan. The TGA instrument was programmed to simulate the method for
proximate analysis, in line with the standard procedures described above. In a
ntOT CAT AOI T OPEAOA OEA OAi BI Ah EAI A
heated at 10°C min ! up to 105°C andtept isothermal for 15 minutes. The

temperature was thenincreased at 10°C min * up to 900°C and held for 15
minutes, before reducing quickly to 40C. The nitrogen atmosphere was then
replaced with air and the temperature held at 40°C for 5 minutes. The
temperature was thenfinally increased at 10°C min * up to 550°C and held for

10 minutes. This was completed in duplicate for each wood sample.
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Figure 4.3z Temperature profile and mass lo ss curve for proximate analysis,
using TGAmethodology

The simulated temperature profilez and the mass loss curve associated with the
processz can be found in Figure 4.3. The initial mass value of a sampte () is

taken once the balance has settled, before any temperature increases occur. As
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shown in Figure 4.3 the mass value of the dried samplé () is taken at point A,
the mass of the sample following devolatilisationd ) is taken at point B aml

the mass of the samples ashii( ) is taken at point C. The moisture value of each
sample is calculated using Eqg. 4.19, while the volatile matter, fixed carbon and
ash contents are determined on a dry basis using Eqg. 4.20, 4.22 and 4.21,

respectively.

4.2.3.3. Ultimate Analysis

Originally designed for the characterisation of coal, the ultimate analysis of
biomass determines the content of individual elementg namely carbon (C),
hydrogen (H), oxygen (O), nitrogen (N) and sulphur (S existing within the
feedstock. Of these, the key elemental constituents of biomass are C, H and O
which make up >97% of the feedstocks total content, on a dry ash free (daf) basis
[18]. Although the N and S content of biomass is relatively small, their existence
in fuels can result in the formation of nitrogen oxides and sulphur dioxide during
combustion z atmospheric pollutants which can cause an array of detrimental

impacts [19].

The standard procedure for determining the C, H, N and S content of a solid

biofuel can be found n EN 15104 [20]. Using an automated organic elemental

CHNS analyser, a known mass of a sample is combusted in an oxygen
atmosphere, at 900C. The resultinggaseous productsz #/ Fh (F/ h T @EAAO
nitrogen and oxides of sulphurz are passed through a gashromatography

column, where they are separated from one another. At the end of the column

the changes to the gases thermal conductivity is detected, givinbet relative

volume fraction of the elemental contents. This allows for the absolute masses of

C, H, N and S within a sample to be calculated. Using the previously calculated

moisture content (see Section 4.2.3.2.), the following equations can be used to

edablish the principle elemental composition on a dry basis.

SMRY  6WAY — —— (4.23)
where:

00 is the mass fraction of moisture of the sample
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o RY is the mass fraction of carbon, niogen & sulphur on a dry basis
6 RY is the determined carbon, nitrogen & sulphur content
O O - (4.24)
where:
O is the mass fraction of hydrogen on a dry basis
O is the determined hydrogen content

Following the determination of C, H, N and S, while also accoung for the mass

of ash in the sample, the oxygen content was determined by difference;

0 pTiT O 0 Y O ©iQ (4.25)

where:
0 is the mass fraction of oxygen on a dry basis
wiQ is the mas fraction of ash on a dry basis

The ultimate analysis in this research was undertaken using @E Instruments
Flash EA1112 elemental analyser (seAppendix A), in line with the described
standard procedure. Before analysing the wood samples, the analysaust first
be calibrated using appropriate calibration substances. Table 4.4 details the
principle elemental contents of the standards utilised within the calibration

process.

Table 4.4z Principle elemental contents of calibration standards

Elemental Constituents (%)

C H N S
Atropine 70.56 8.01 4.84 0
BBOT 72.36 6.11 6.84 7.44
Oatmeal 41.59 5.85 1.90 0.16
Olive Stone 47.50 6.30 0.20 0

Each calibration standard had ~2.5mg placed in a small pressed tin capsule,
having the precise weight logged befa being folding to remove any air. The
same process is applied to the cryomilled wood samples, with ~2.5mg placed in

the tin capsules before being weighed and folded. In addition to the calibration
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substances and the samples, it is important to include lalpatory control samples

during the analysis, to ensure the continued performance of the instrument. The

procedure in EN 15104 insists that the control should have a similar C, H and N

content to the samples undergoing analysis, therefore the Olive Stoneastard

xAO OOAA8 4EA AAI EAOAOEIT OOAT AAOAO xAOA 11,
sampler, followed by the wood samples. After every 10 wood samples a control

sample was run to ensure the validity of the wood sample results. In total, each

wood sample wasanalysed in triplicate.

4.2.3.4. Low Nitrogen Analysis

A common trait with biomass fuels, in particular wood, is the low nitrogen
content z a factor highlighted throughout the literature. The nitrogen content of
wood biomass reportedly ranges from <0.40.6%, whichis often less than that of
sources such as grasses, straws and other biomass residues [9, 19, 21, 22]. With
the nitrogen content of wood falling way below 1%, any differences in the
reported values, as a result of instrument performance, are exacerbateddcan
result in high errors. In addition, the nitrogen detection limits of the Flash
EA1112 elemental analyser is ~500ppm, which means that woods with a
nitrogen content below this limit are not registered. Therefore, to ensure that the
correct nitrogen contents are reported in this research, additional low nitrogen
analysis has been undertaken using arnalytik JenaMulti 5000 elemental
analyser (see Appendix A)z an instrument with superior detection limits,

specifically designed for samples with low cotents of principle elements.

A sample with a known mass is placed in an individual sample boat, positioned

on the instruments auto sampler. The sample is then fed into a furnace, heated

to 1050°C, where it is first pyrolysed in an argon atmosphere and then

combusted in an oxygen atmosphere. Following the combustion, the reaction

AAOxAAT .1 AT A | DOI ACAAOG ./ F ET A OAiI PT OAO

emits a visible light [23], as shown by the following equation;

60 6 00F060 DO (4.26)
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The light is directly proportional to the chemiluminescent species, allowing for

OEA OAiI PI A5O Al Al AT OA1 . O1F AA AARAOAAOAA
detector.

The low nitrogen analysis of the 145 wood samples considered in this gbigr

was conducted in duplicate, using between -3mg of sample per run. Each

OAi PI A xAO xAECEAAh xEOE OEA Ai OOAAO «x
software. The instrument was calibrated to 0.5% N and then, in a similar fashion

to the elemental analysera control sample of olive stone was used after every

10 runs to ensure acceptable instrument performance.

4.2.3.5. Calorific Values

The energy content of a fuel, referred to as its calorific value, is a vital parameter

when considering its potential end use, espeglly within thermal systems [24,

25]. In academic literature the energy content is often reported as a gross value,
however in real world applications the net value is the most important figure.

The gross calorific value (GCV), or higher heating value dss also called, is

reported on a dry basis and refers to the enthalpy of a fuels complete combustion

xEOE OEA 11T EOOOOA ET A 1ENOEA OOAOA8 4
moisture content and any additional moisture produced from the oxidation oits

hydrogen content. In comparison, the net calorific value (NCV), or lower heating

value, includes the moisture as a gaseous product [226]. In effect the NCV

OAElI AAOO Ei x A MEOAI 60 I TEOOOOA AAT EI PA
ultimately prod uced.

The standard experimental procedure for calculating the calorific values,

detailed in EN 14918, utilises adiabatic bomb calorimetry. This procedure

requires a bomb calorimeter, within which a weighed portion of the sample is
combusted in highpressure oxygen. The observed temperature changes, before

and after, allow for thecalculation of thespecific energy required to increase the
temperature [26]. The value produced as a result of this procedure is the GCV at
constant volume (OO0 «), which can then be calculated on a dry basis, using the

following equation;
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06 ¢ 08¢ — (4.27)

Once the GCV has been calculated, again using equations derived from EN 14918,
the net calorific values of a fuel can be calculated, thoon a dry basis and with

moisture content, respectively.

00w O0w g T8t 1T YD 0 (4.28)

where:

00w is the net calorific value on a dry basis

00 w is the gross calorific value on any basis

" ) is the mass fraction of hydroga, oxygen and nitrogen
00w 06w p 006 gTTAO (4.29)

where:

00 ® is the net calorific value, including the moisture

Bomb calorimetry of solid biofuels, whichrequires the production of a pellet for
analysis, is a longserved and widely used technique, utilised in the
characterisation of both hardwood and softwood species [2@8]. In keeping
with standard procedures, the pellet produced for use in bomb calorimey
should have a mass of ~1g which, if completed in duplicate, would require
significantly more sample than is at the disposal for this research. Considering
the other analysis to be undertaken, the size of the sample set and the time
consuming nature of the process, an alternative method for calculating the

energy content for each individual wood sample is necessary.

The use of empirical formulae to calculate the GCV from basic analysis data has
been extensively investigated, using the determined proximat ultimate or
lignocellulosic values of a sample to estimate its energy content [24, 25]. The
following linear empirical equation, produced by Friedlet al (2005), utilises
elemental composition data to predict theGCVof plant-based biomass samples

on adry basis;

"00 w (4.30)
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where:
06 W is the gross calorific value in MJ/kddb)
6 Ra is the mass fraction of carbon, hydrogen and nitrogeub)

Friedl et al (2005) reported a strong correlation (Rt=0.935) between predicted
GCV values, using theiequation and experimental values [24]This method of
estimating the energy content of biomass hapreviously been widely utilised,
with their produced wood GCV values (18-49.6 MJ/kg) representtive of the
resource. The GCV othis chapterssamples willtherefore be estimated using Eq.

4.30 and ther corresponding proximate and ultimate experimental data.

4.2.3.6.  Lignocellulosic Analysis

The proximate and ultimate analysis of fuels are both fundamentanalytical
processes for characterising solid biomass fuels, allowing for the comparison of
basic compositions and principle elemental contents between samples. Another
key form of characterisation, particularly prevalent for biomass fuels, relates to
the biochemical composition of a sample. Lignocellulosic analysis considers the
organic and inorganic constituents of biomass, which can be separated into two
basic groups; 1) structural components, which are the lignin, cellulose and
hemicellulose, and 2) wn-structural components, such as the extractives and
inorganic compounds. The lignocellulosic dataused in combustion analysis,

differ s between biomass sourcessuch ashardwood and softwood species [29].

The process for determining the lignin, celluloseand hemicellulose contents

within biomass utilises a series of digestion and filtration techniques;
established methods stemming from agricultural and animal husbandry
research [30]. As a result, standard procedures exist to determine a sam@acid
detergent fibre (ADF), acid detergent lignin (ADL), neutral detergent fibre (NDF)
andacidET OT 1 OAT A 1T ECTET h xEEAE E33). TOdNBAOOAA
method, utilising a gravimetric process, is used to determine the total fibre in a
feedstock. ADF utilises an acid detergent, leavinthe least digestible components

of a biomass; namely the lignin, cellulose and acidsoluble ash. The results of

the ADF and NDF methods are then used in combination to establish the

hemicellulose content of the seple, as shown by the following equation;
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0Q $ 00 H00 — (4.31)

where:

0Q is the mass fraction ofhemicellulose on a dry basis
000 is the determined NDF content

000 is the determined ADF content

The ADL procedure utilises the previously produced ADF solution, which is
crude lignin content. As shown in Eq. 4.32, the mass values from both the initial
ADF lution and the consequent ADL method can be used to determine the

cellulose content;

6Q 0600 600 — (4.32)
where:
0Q is the mass fraction of cellulose on a dry basis
000 is the determined ADLcontent

A4EA DPOI AAOGO &I O AAOCAOI ETEIT ¢ OEA O1 OAI
requires a separate acid digestion that digests the wood sample in 720F 3,/ 1

without undergoing any previous digestions.

0Q 00 — (4.33)
where:
0"Q is the mass fraction of total lignin on a dry basis
00 is the determined Klason lignin content

The described methods, in line with standard procedures, determine the mass%
of the wood samples structural components, onary basis. Finally, the extractive

content (O w 0) hasbeen determined by difference using the following equation;

Owo pnmm0Q 0Q 06Q wiQ (4.34)
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The lignocellulosic analysis on the 145 wood samples osidered within this
research was completed externally, keeping to the above standard procedures,
by the Institute of Biological, Environmental and Rural SciencBERS),

Aberystwyth University.

4.2.4.Calculating Experimental Error

All of the experimental work contained within this chapter has been performed

in duplicate, as a minimum, with the reported values for each sample given as
the calculated mean. Completing each experimental procedure multiple times
increases the confidence in the stated values, whibdlowing for the calculation

of errors related to the utilised analysis methods. The margin of uncertainty
associated with a measurement can be expressed as absolute error, which is
equivalent to the standard deviation. As a result the relative standard detion
(RSD)z calculated using Eqg. 4.2 is also referred to as the relative error, usually

given as a percentage.

Experimental methods of analysis often involve different procedures which each
have their own attributed error. Therefore, when combining &perimental
values z such as adjusting elemental data on a dry bas it requires the
propagation of errors. When the propagation requires the addition of error

values, this is achieved by using the following equation;

(0] B Q (4.35)
where:
0O is the total relative experimental error
Q is the individual error of theQ group (Eph M h 8 h

For cases where the multiplication of error is required, the errors must first be

converted to percent relative errors before ugng Equation 4.36;

PO B bQ (4.36)

where:
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PO is the total percent relative experimental error

PQ is the individual percent error of the’Q group (Ep h M h 8 h

4.3. Results

The following results section can be broken awn into three focused areas; 1) a
comparison of the data collated from the literature, in the context of hardwoods
and softwoods, 2) how this compares with the experimental data again in the
context of hardwoods and softwoodg and 3) how the experimentl data differs

between individual species and the different tree sections.

4.3.1.Statistical Analysis of Literature

Data acquired from a total of 86 samples collated from 36 published journalsz

has been evaluated in this section. As a result, the mean vadugnd additional

descriptive statistical data has been calculated for an array of analytical wood

characteristics, which can be found in Table 4.5. In addition to the descriptive

statistics, Table 4.6 contains the results of the hypothesis testing undertak on

OEA OAOOI OO 1T &£ 4AAT A 18un OEEO EIT AI OAAO OEA
independent t-test, undertaken between the defined hardwood and softwood

COl 6p08 4EA OAOGOI OO 1T &# OEA |, AOGATA60 OAOGO OE
differences in the varation of the hardwood and softwood variables considered

in this section.

The calculated proximate data indicates that hardwood species have a larger
volatile matter (VM) content than softwood species. As a result, their fixed
carbon (FC) content is reducd while their ash mass is also lower. From the 31
hardwood samples considered, the mean values of the VM and FC contents were
calculated as 83.97% and 14.99%, respectively. In comparison, the calculated
means of the VM and FC softwood sample contents we82.53% and 16.26%.
The results of the independent samples-tests, given in Table 4.6, indicate that
although there are differences in the mean values for the hardwood and

softwood proximate data, none of these are shown to be statistically significant.

Although the calculated VM and FC means do not differ significantly, the spread

of the data within the interquartile range (IQR), which ignores extreme values,
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Table 4.5z Characterisation of hardwood and softwood resource; descriptive statistics, based on  existing published literature

Hardwood Softwood

n Mean Std. Dev. RSD (%) IQR n Mean Std. Dev. RSD (%) IQR
VM (Wt.% db) 31 83.97 5.59 6.7 8.40 30 82.53 5.80 7.0 3.36
FC Wt.% db) 31 14.99 5.33 35.5 7.65 30 16.26 5.60 34.4 3.67
Ash (Wt.% db) 31 1.07 091 85.6 0.90 30 1.19 1.17 98.7 1.44
FC:VM Ratio 31 0.18 0.08 42.2 0.02 30 0.20 0.09 43.9 0.03
N (Wt.% db) 38 0.27 0.19 70.5 0.15 33 0.21 0.22 104.5 0.13
Atomic H:C Ratio 38 1.48 0.15 10.1 0.10 33 1.48 0.12 8.3 0.12
Atomic O:C Ratio 38 0.70 0.07 9.7 0.06 33 0.66 0.06 8.6 0.06
GCV (MJ/kgdb) 46 19.14 1.02 5.3 0.53 36 19.85 0.85 4.3 0.74
L:H Ratio 35 0.35 0.10 28.8 0.16 19 0.43 0.11 24.7 0.14

Table 4.6z Characterisation of hardwood and softwood resourcenl , AOAT A8 O 4 A O Ot-tdst ahalyyid (b AAT O

Levene's Test t-test
F Sig. t df  Sig. (2tailed)
VM (Wt.% db) 0.238 0.628 0.985 59 0.328
FC Wt.% db) 0.155 0.695 -0.910 59 0.367
Ash (Wt.% db) 1.599 0.211 -0.443 59 0.659
FC:VM Ratio 0.000 0.984 -0.915 59 0.364
N (Wt.% db) 0.001 0.971 1.205 69 0.232
Atomic H:C Ratio 0.508 0.478 0.030 69 0.976
Atomic O:C Ratio 0.745 0.391 2.749 69 0.008
GCV (MJ/kgdb) 0.091 0.764 -3.354 80 0.001
L:H Ratio 0.015 0.903 -2.743 52 0.008
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shows that differences exist between the hardwood and softwoodpgcies. The
IQR for the hardwood samples VM and FC contents, calculated at 8.40 and 7.65
respectively, are more than twice the size of those for the softwoods (3.36 and
3.67); this indicates that the hardwood data has a larger spread than the
softwood spedes. This is visualised in Figure 4.4, which plots the collated FC
values against their corresponding VM contents. The hardwood data points show
a relatively even distribution while, for the softwoods, there is a more defined

grouping around the mean valus.
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Figure 4.4z Linear relationship between VM and FC (on a dry basis); comparison
between hardwood and softwood resource, based on published literature

In addition to the distribution of hardwood and softwood data points, Figure 4.4
also displays thelinear relationship between the two dominant proximate
variables. Naturally, there is a strong negative correlation between the VM and
FC contents for both the hardwood and softwood data; as the VM content
ET ACAAOGAOh OEA &# Al 1 ©driot®thak thelFG BoAtentgO 8
on a dry basisz are derived from the determined VM and ash contents, adjusted
for moisture; the FC is therefore inherently linked to the other proximate values.
The hardwood and softwood'Y values are calculated as 0.976 and 0.955,
respectively, inferring that the ash content of stem wood has very little impact
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on the VM and FC contentg if there is a change in ash volume then this could
yield varying FC contents. There is also venttlie difference in the slope and y
intercept values of the hardwood and softwood linear regression models,
supporting the results of the independentt-tests; that there is no significant
difference in the proximate values of hardwoods and softwoods. Consgently,
the produced linear models will act as a reference point for the experimental

data later in this chapter.

When considering the elemental data of fuels, a useful tool for comparing
biomass sources is the Van Krevelen diagram. This utilises the atan®:C and
H:C ratios of a feedstock to ascertain its position on the diagram and its resulting
suitability; the lower the ratio, the greater the materials energy content [34]. The
Van Krevelen diagram in Figure 4.5 shows the atomic O:C and H:C ratios @ th
hardwood and softwood samples, calculated from the elemental data taken from
the literature. As shown by the data plotted in Figure 4.5, the key elemental
constituents of hardwoods and softwoods clearly differ from that of various
medium- to high-rank coals. Fuels which are closely packed on the diagram are

expected to behave similarly in thermal conversion processes.

2.0
Hardwoods
Softwoods
1.8 4 o Coal
- 95% CB (Hardwoods)
. 1.6 - 95% CB (Softwoods) dpg, O
‘g DQAQ"E\@DDD 8
4,80
S 1.4 ol %R o
:: o ~=
-2 1 2
g
o
-—
<
1.0
084 @ °
0-6 l T ] ¥ ] T I T ] T l T ] T ] T

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Atomic O:C Ratio

Figure 4.5z Van Krevelen diagram of hardwood and softwood samples (daf),
sourced from published literature
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The calculated mean valuesfahe hardwood O:C and H:C ratiagfound in Table
4.5z are 0.70 and 1.48, respectively, while for the softwood data these are 0.66
and 1.48. The consequent independeittests, given in Table 4.6, show that there
IS no statistically significant differenee in the H:C ratio of hardwoods and
softwoods. However, in relation to the O:C ratios of hardwoods and softwoods,
there is a statistically significant difference evidentt(69)=2.749, p=0.008. The
distribution of the hardwood and softwood data within the \an Krevelen
diagram z specifically the distance of the data points from the calculated means
Z has been represented by circular functions, with the associated parameters
located in Table 4.7. The softwood sample points are more tightly clustered
together than the hardwoods, suggesting a greater level of homogeneity. This is
shown by the difference in circle areas; the hardwood circle is 47% larger than
the softwoods. Similar to the proximate linear functions, the literature
parameters in Table 4.7 will actas a basis of comparison in the experimental

analysis.

Table 4.7z Calculated circular function parameters; derived from Van Krevelen

data (Figure 4.5 & 4.7)
Literature Experimental
Hardwood Softwood Hardwood Softwood
oL 0.697 0.656 0.748 0.725
L 1.477 1.476 1.580 1.618
r 0.110 0.091 0.046 0.030
SE 0.019 0.017 0.005 0.003
Area (1x10%a.u.) 3.81 2.59 0.65 0.29

The results in Table 4.5 indicate that hardwoods (M=0.27, SD=0.19) have a larger
nitrogen content than softwoods (M=0.21, SD=0.22), although the resulting
independent t-test shows there is no significant difference;t(69)=1.205,
p=0.232. There is however a statistically significant difference between the GCV
values of hardwoods (M=19.14, SD=1.02) ansbftwoods (M=19.85, SD=0.85),
found within the literature; t(80)=-3.354,p=0.001.

In addition to being published predominantly on an extractive free (EF) basis, a
lot of the available lignocellulosic data combines the values of cellulose with

hemicellulose, under the collective term of holocellulose. Therefore to ensure
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comparability z while increasing the amount of usable datg the cellulose and
hemicellulose values have been combined, resulting in the production of lignin
and holocellulose (L:H) ratios. An increased L:H ratio indicates a greater

existence of noncarbohydrate aromatic polymers, compared to carbohydrate

based polysaccharides; these have been discussed in greater detail in Chapter 3.

As a result, hardwoods (M=0.35, SD=0.10) have a statigtily significant increase
in carbohydrate contents when compared to softwoods (M=0.43, SD=0.11),
which contain more lignin;t(52)=-2.743,p=0.008.

4.3.2.Comparison between Experimental & Literature

The literature review results in Section 4.3.3 focus on assendadl stem wood
samples, grouped under hardwood and softwood categories. Before any of the
experimental data can be compared to the literature results, it must first be
considered in a more comparable form. Of the 145 samples used during
experimental analysis 80 of these were sourced from the stems of Ugtown
OOAAOG8 4EAOA xEI1 OEAOA&E OA & Oi OEA
and have been assigned as either hardwood or softwood, grouping into 32 and

48 samples, respectively.

Table 4.8 displaysthe descriptive statistics z the mean, standard deviation,
relative standard deviation (RSD) and interquartile rangez of the experimental
data, in the context of hardwoods and softwoods. The corresponding variance
and independentt-test data can be foundn Table 4.9. Unlike the literaturebased
data, which show homogeneity of variance between its data samples, some of the
experimental data characteristics have unequal population variances; put
simply, the variance of an affected characteristic is unlikglto have occurred due

to random sampling. This is an important consideration when interpreting the

produced t-test data and has been accounted for in the stated results. The

D -

ET AEOEAOAT |, AOAT A60 OAOOO ET AEAAOA OEAO

homogeneity of variance, while the remaining characteristics have differences in

their population variances. These have been adjusted as appropriate.

From the 32 hardwood samples analysed, the VM and FC contents were

determined as 88.60% and 11.12%, respesftely. In comparison the softwood
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Table 4.8z Characterisation of hardwood and softwood resource; descriptive statistics, based on experimental data

Hardwood Softwood

n Mean Std. Dev. RSD (%) IQR n Mean Std. Dev. RSD (%) IQR
VM (Wt.% db) 32 88.60 2.43 2.7 5.06 48 88.16 0.92 1.0 0.86
FC Wt.% db) 32 11.12 2.38 21.4 4.87 48 11.57 0.86 7.4 0.80
Ash (Wt.% db) 32 0.27 0.16 59.3 0.25 48 0.27 0.15 55.6 0.19
FC:VM Ratio 32 013 0.03 23.1 0.06 48 013 0.01 7.7 0.01
N (Wt.% db) 32 012 0.02 16.7 002 48 0.09 003 33.3 002
Atomic H:C Ratio 32 158 0.05 3.2 0.09 48 162 003 1.9 0.04
Atomic O:C Ratio 32 0.75 0.02 2.7 0.02 48 0.73 0.03 4.1 0.04
GCV (MJ/kgdb) 32 18.56 0.22 1.2 028 48 18.86 037 2.0 058
L:H Ratio 32 0.31 0.05 16.1 0.10 48 0.41 0.05 12.2 0.07

Table 4.9z Characterisation of hardwood and softwood resourcel , AOAT A6 O 4 A O Ot-tést ahaly}id (éxpebrdehta)AT O

Levene's Test t-test
F Sig. t df  Sig. (2tailed)
VM (Wt.% db) 71.058 0.000 0.974 37 0.336
FC Wt.% db) 77.991 0.000 -1.012 36 0.318
Ash (Wt.% db) 0.387 0536 0.129 78 0.898
FC:VM Ratio 71.056 0.000 -0.885 37 0.382
N (Wt.% db) 0.051 0821 7.075 78 0.000
Atomic H:C Ratio 24.080 0.000 -3.867 41 0.000
Atomic O:C Ratio 8.620 0.004 4.641 78 0.000
GCV (MJ/kgdb) 11.546 0.001 -4.655 77 0.000
L:H Ratio 0.600 0441 -8.449 78 0.000
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values, calculated from 48 samples, are 88.16% and 11.57%. As per the literature
results, the calculated means for the experimental proximate datg in the
context of stem wood sampleg are shown © have no statistically significant
differences from one another. The individual VM and FC data points for both
hardwood and softwood categories have been plotted in Figure 4.6. In addition
to the data points, Figure 4.6 also displays the calculated linedunctions,
between the VM and FC contents. The differences in the hardwood standard
deviation, RSD and IQR values, when compared to the softwoods, can be visually
seen in Figure 4.6; the hardwood data points are spread out, while there is clear

grouping of softwood data points, indicating increased homogenity.

As previously demonstrated in Figure 4.4, the’Y values of the hardwood
(Y =0.996) and softwood (Y =0.975) linear regression models indicate thag for

the stem wood sampleg the inherently-linked FC contents of wood are dictated
by the VM, with little influence from the ash due to its redced mass. This,
coupled with the comparable calculated slope and-intercept values, gives

validity to the experimental results and the methods that have been utilised.
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Figure 4.6z Linear relationship between VM and FC (on a dry basis); comparison
between hardwood and softwood resource, based on experimental results
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Figure 4.7z Van Krevelen diagram of hardwood and softwood samples (daf),
based on experimental stemwood data

The experimental mean values of the hardwoods O:C and H:C ratios, found in
Table 4.8, are given as 0.75 and 1.58, respectively, while for the softwood data
these are 0.73 and 1.62. Unlike the results from the literature, both of the ratios
have statistically significantly differences between the hardwood and softwood
samples; forthe O:C ratiot(78)=4.641, p<0.001 and the H:C ratid(41)=-3.867,
p<0.001. The resulting Van Krevelen diagram in Figure 4.7 plots the calculated
O:C and H:C data produced from the experimental work. Visually, there is a clear
difference in both the locaton and the spread of the results for the hardwood
and softwood samples. As with the literature data, the clustering around the
mean value has been qualified via the creation of circular functions, with their
parameters given in Table 4.7. In addition tohte contrast in calculated meang
depicted as the centre points of the circular functiong the differences in the
clustering is represented by the circles areas. The hardwood data points are
more widely dispersed from the mean than for the softwood samp# reflecting
the findings from the literature. Subsequently, the calculated area of the
hardwood circle is ~124% larger than that of the softwood. The relationship
between the experimental and literature Van Krevelen data is shown in Figure
4.8, comparingthe experimental results against the circular functions produced

from the reviewed literature.

116



As evidenced in Figure 4.8, there is a clear difference in the experimental and
literature circular functions, both in size and location. This is supported byhie

additional independentt-tests, located in Appendix C, which show that there are
statistically significant differences between the experimental and literature

based calculated means for both hardwoods and softwoods. Considering the
experimental hardwoodresults, a large amount of the data points fall within the

literature -based 95% confidence band. This indicates that although there are
AEAEZEFAOAT AAO EiI OEA 5+860 EAOAxT T A OAOI OOA
currently published. Again, this isimportant, giving validity to the data and the

methods employed in producing it.
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Figure 4.8z Van Krevelen diagram of hardwood and softwood samples;
comparison of experimental and literature data

This is further demonstrated by the box plots in Figure4.9b and 4.9c, which
highlight the spread of data and how this differs between the experimental and
literature sources. The box plots for the atomic H:C and O:C ratios show that the
data collated from the literature has a greater distribution than the exgrimental
results, evident for both hardwoods and softwoods. The compact nature of the
experimental data, specifically the lack of defined outliers, suggests that the

experimental methods employed are replicable, increasing the confidence in the
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given resuts. The majority of the experimental results fall between the upper

quartile and upper whisker for both hardwoods and softwoods alike, indicating
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Figure 4.9z Comparative box plots between literature and experimental data , for
hardwood and softwoods; a) Nitrogen content, b) H:C Ratios, and ¢) O:C Ratios
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that although the mean results differ from the literature, the data points are still

AT 1 DAOAAT A xEOE T1TA ATTOEAO8 | AAEOET T Al
hardwoods have a greater variation in the H:C ratios than the softwood species,

while Figure 4.9c shows that the O:C ratios of softwood have a larger

distribution.

Tables 4.8 and 4.9 show that the nitrogen contents of the hardwood (M=0.12,
SD=0.02) and softwood (M=0.09, SD=0.03) samples aretgtically significantly
different from each other; t(78)=7.075, p<0.001. This is illustrated by the box
plots in Figure 4.9a which not only show the difference in the experimentally
determined nitrogen content, but also how these compare to the results tiie
literature. As with the other elemental data, the literaturebased results have a
much larger distribution than the experimental results. The data sourced from
the literature represents a diverse number of studies, each analysing wood
obtained from different species, located in different parts of the world. In
comparison, the experimental data is focused on just four species, collected
exclusively from Ukgrown trees. This heterogeneity of feedstock may go some
way to explaining the differences in reslis, although these may also have been
exacerbated by the chosen analytical method. The N contents of the UK species
were produced using a low nitrogen analyser; other methods, using equipment
with less accurate detection limits, may have resulted in the nintentional

overestimation of stated N contents within the literature.

The distribution of experimental and literature-based GCV results are
represented by the box plots in Figure 4.10a. The results in Tables 4.8 and 4.9

show that there is a statisticayOE CT EAEAAT O AEAZAOAT AA A,
hardwoods (M=18.56, SD=0.22) and softwoods (M=18.86, SD=0.37), which

mirrors the results of the literature analysis;t(77)=-4.655,p<0.001. As with the

previously discussed fundamental wood characteristics, ther are statistically

significant differences between the experimental and literature mean GCV

results (Appendix C). However, as displayed in Figure 4.10a, the hardwood and
softwood data points fall within the distributions of the collated literature

results.

The data in Tables 4.8 and 4.9 show that there are statistically significant

differences between the experimental L:H ratio mean values for hardwoods
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Figure 4.10z Comparative box plots between literature and experimental data

for hardwood and softwoo ds; a) Gross Calorific Values (MJ/kg), b) Fixed Carbon
and Volatile Matter Ratios, and c) Lignin and Holocellulose Ratios

(M=0.31, SD=0.05) and softwoods (M=0.41, SD=0.0%)78)=-8449, p<0.001.

The comparison of the experimental L:H ratios with that offte literature show
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that there are statistically significant difference between the hardwoods but not
for the softwoods. The box plots in Figure 4.10c display the relationship between
the experimental and literature data for the L:H ratios. Although thereare
differences in the mean values for hardwoods, the experimental data for both the

hardwood and softwood groups fall within thespread of the literature data.

4.3.3.Species & Tree Section Experimental Data

4EA E£ET Al DPAOO 1T £ OEE GusdsEpebifedly0dnOhe OAOOI
individual species within the wood sample set. This divides further, considering

the variation between different sections of the tree; namely the stem, the roots

and the branches. The proximate, ultimate, GCV and lignocellulosesults for

each individual samplez calculated following the experimental analysisz has

been collated and can be found in Appendix B. In addition to these, statistical

analysis between this data has be completed and can be found in Appendix C.

4.3.3.1. Proximate Results

The results of the proximate analysis can be found in Table 4.10, dividing

between the four tree species and the individual tree sections. Consequently,

Table 4.10z Experimental proximate values and standard deviations for the UK-
grown oak (OK), birch (Bl), Scots pine(SP) and Sitka spruce (SS)samples.
Comparison between their stem, root and branch wood
Mean Proximate Analysis Values (mass% db)
n Volatile Matter  Fixed Carbon Ash

Stem 19 86.8(+1.23) 12.9(+1.25) 0.34(z0.17)
OK Root 5 83.5(+2.56) 12.9(+0.95) 3.68(+2.34)
Branch 16 86.1(+1.27) 12.5(0.95) 1.43(0.59)
Stem 13 91.3(+0.43) 8.6(0.38) 0.20(+0.11)
Bl Root 8 86.9(+1.41) 12.6(+1.35) 0.54(+0.15)
Branch 16 88.8(+0.60) 10.5(+0.45) 0.77(0.37)
Stem 19 88.1(+0.73) 11.6(+0.76) 0.27(+0.12)
SP Root 5 85.4(+0.87) 13.2(+0.41) 1.32(+0.63)
Branch 3 85.3(+0.40) 14.2(+0.35) 0.51(0.07)
Stem 29 88.2(+1.03) 11.5(+0.93) 0.27(+0.17)
SS Root 7 86.7(+0.86) 12.9(+0.65) 0.40(=0.26)
Branch 5 85.3(0.39) 14.4(z0.33) 0.32(0.21)
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Figure 4.117 Calculated experimental mean values of a) Volatile Matter, b) Fi xed
Carbon, and c) ash contents (on a dry basis). Comparison between oak, birch,
Scots pine and Sitka spruce species, including their stem, root and branc h data

Figure 4.11 illustrates the mean proximate results, displaying the differences
between both the species and tree sections. When considering the proximate
values for the stem wood, there is a visible difference between the hardwood
species; the bird has the largest VM and smallest FC contents of the four species,
at 91.3% and 8.6%, respectively, while the oak has the smallest VM content

(86.8%) and the largest amount of FC (12.9%). In comparison, both softwood
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species have almost identical VM and F€ontents, indicating a clear increase in

homogeneity between species, when compared to the hardwoods.

As previously stated in this chapter, the FC content is a derived value, dependent
upon the determined VM and ash contents. The variation between the Véand

&# 1 /&£ OEA ODPAAEAOG OOAI xgiad the agh@ontlritsA A Ol U
show no clear, discernible differenceg the stem wood can be typified by the
same proximate relationship; as the VM decreases, the FC content increases. This
highlights two important details for consideration when using stem wood in
thermal conversion processes. Firstly, the small ash content of all four species
indicate that species choice should not exacerbate the negative impacts
associated with the ash constituents, with result in fouling and slagging [9, 19].
Additionally, avoiding stem wood sourced from species with larger VM contents

Z such as the birchz should coincide with a larger FC content; a feature often

associated with fuel sources typified by higher calon€ values [13].

Compared to the stem wood, each species displays a reduction in the VM content
contained within their roots, maintaining the visible contrast between species.
However, when considering their FC contentg unlike the stem woodz the clear
link between FC and VM disappears, with all four species grouping close together
at ~13%. The ash contents of the roots differ between species, displaying a
detachment from one another when compared to the stem wood; at 3.7%, the
oak roots ash content is thdargest, measuring nearly 3 times that of the next
nearest root value. Meanwhile, though the birch and Sitka spruce species are
from different genetic families, their roots have very similar ash contents to one
another. The specieshased separation in astcontents is also evident amongst
the branch wood, although to a lesser extent, as illustrated in Figure 4.11. Again,
this is essential when considering the potential of nostimber products z such as
harvesting residues, stumps and rootg in bioenergy gereration. The increased
ash content of certain specieg EIl PAAOET ¢ OPI 1 Al OE OEA
between VM and FC, while also indicating an increase in inhibitory elemental

constituents z can limit their suitability as an additional fuel [9, 19, 50, 58

The individual VM and FC data points for each sample have been plotted in
Figure 4.12, displaying the differences that occur between the individual tree

sections of the four specieg indicating the increasing influence of ash content
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Table 4.117 Calculated linear and circular function data; Comparison between species and different tree sections

n
df
Intercept
Slope

:

1

il
3
¢l
a

ars A

-

SE
Area (1x103a.u.)

Stem Root Branch
OK Bl SP SS OK Bl SP SS OK Bl SP SS
Linear Functions
19 13 19 29 5 8 5 7 16 16 3 5
17 11 17 27 3 6 3 5 14 14 1 3
100.1 87.1 102.7 89.9 25.6 95.4 43.2 76.9 70.7 61.6 87.0 73.8
-1.005 -0.860 -1.033 -0.889 -0.153 -0.953 -0.351 -0.738 -0.676 -0.576 -0.853 -0.696
-0.991 -0.973 -0.988 -0.991 -0.412 -0.995 -0.741 -0.981 -0.898 -0.769 -0.993 -0.835
0.980 0.942 0.976 0.980 -0.107 0.989 0.399 0.954 0.793 0.562 0.972 0.596
Circular functions
0.738 0.762 0.713 0.733 0.743 0.681 0.726 0.721 0.712 0.713 0.707 0.701
1.550 1.624 1.605 1.627 1.546 1.543 1.580 1.586 1.558 1.587 1.591 1.614
0.023 0.040 0.027 0.026 0.019 0.022 0.016 0.022 0.026 0.026 0.008 0.016
0.003 0.008 0.005 0.004 0.005 0.007 0.004 0.006 0.005 0.005 0.003 0.005
1.64 494 2.28 2.16 1.18 1.53 0.78 151 2.10 2.16 0.22 0.84
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throughout the tree. In addition, Figure 4.12&lisplays calculated linear functions,
depicting the different relationships between theVM and FC; the parameters of
these functions can be found in Table 4.11. Of the four species, the-gfgwn oak
Z found in Figure 4.12az displays the largest amount of variation between the
different tree sections. The linear function for the oak stem wootias a strong
negative correlation (Y =-0.991), which reduces slightly within its branches
('Y =-0.898). This suggests that there is still a soundonnection between the
branch VM and FC contents, but that the ash is more influential than in the ste
wood. As illustrated, this clearly differs when considering the oak root data; the
correlation is greatly reduced (Y =-0.412), indicating that the FC content

cannnot be directly inferred z with any real confidence z solely from the

determined VM conA T 68 & ODOOEAOI T OAh OEA 1T AE8O OI 1 DPA Al

in Table 4.11, both decrease in value as the ash content becomes more prominent

within the sample.

This is important when considering oak as a potential fuel source, particularly if
utilising the whole tree; the data and inferred relationships indicate that fuel
homogeneity would be severally hindered by using oak stumps and residues.
Although a member of the same genetic family (angiosperms), the increased
heterogeneityz evident throughout oak treesz is not apparent for the birch data,
shown in Figure 4.12b. Their calculated¥ values demonstrate a reduction in the
ash content variation, when compared to the oak, limiting its impact on the VM
and FC in the different parts of the tree. Thisicreased homogeneity between
tree sections z an important attribute for a fuel and its subsequent use in

conversion technologies is also evident for the UKgrown Sitka spruce.

4.3.3.2. Ultimate & GCV

The ultimate analysis and GCV dataproduced as a result of he experimental
work z can be found in Table 4.12, depicting the elemental and energy content
differences between the four species and their tree sections. These differences
have been visualised in Figure 4.13. Of the three tree sections, the carbon (C)
content of the roots, on a dry basis, show the largest amount of variation between
species. The C content of the oak roots, measured at 45.2%, is the smallest value,
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Table 4.12- Experimental ultimate and GCV values with standard deviations for
the UK-grown oak (OK), birch (Bl), Scots pine(SP) and Sitka spruce (SS)samples.

Comparison between their stem, root and branch wood

Mean Values (mass%) on a dry basis (db)

n C H N O GCV
Stem 19 47.1(x0.39) 6.1(x0.09) 0.14(+0.02) 46.3(x0.37) 18.68(0.16)
OK Root 5 45.2(+1.14) 5.8(x0.18) 0.34(x0.07) 44.9(x1.21) 17.93(+0.45)
Branch 16 47.3(x044) 6.1(x0.08) 0.27(x0.05) 44.9(x0.74)  18.77(x0.18)
Stem 13 46.3(x0.35) 6.3(x0.21) 0.11(x0.01) 47.1(x0.44)  18.38(0.16)
Bl Root 8 48.7(x0.79) 6.3(x0.08) 0.27(x0.05) 44.2(x0.91) 19.42(+0.37)
Branch 16 47.5(x1.00) 6.3(x0.15) 0.22(x0.04) 45.2(x1.05)  18.91(+0.47)
Stem 19 47.8(x0.83) 6.4(x0.07) 0.09(x0.02) 45.4(x0.82) 19.04(0.37)
SP Root 5 46.9(x0.55) 6.2(x0.06) 0.17(x0.02) 45.4(x0.57) 18.61(+0.23)
Branch 3 47.9(x0.28) 6.4(x0.06) 0.13(x0.02) 45.1(x0.24)  19.06 (+0.13)
Stem 31 47.2(x0.75) 6.4(x0.07) 0.08(x0.03) 46.1(+0.80) 18.75(+0.33)
SS Root 7 47.5(x0.53) 6.3(x0.06) 0.14(x0.02) 45.7(x0.58) 18.89(0.23)
Branch 5 48.1(:x054) 6.5(x0.07) 0.17(x0.03) 45.0(x0.83)  19.18(+0.26)

L calculated by difference, MJ/kg (calculated using Eq.4.30

while the mean birch root content (48.7%) is the largest. As shown in Figure
1t8pocAh OEA 1T AES O EUAQ@ihaAll other p@cie) AvidéA O A O,
throughout all sections of the tree; these have been calculated as 6.1%, 5.8% and

6.1% for the stem, root and branch, respectively. The largest H content can be

found in the Sitka spruce branches, measuring at 6.5%, whiier all four species

the H content is larger in the branches than in their root wood. Previous research

has suggested an association with the hydrogen and carbon contents of biomass

Z a result of the hydrocarbons and carbohydrates that exist within plantissues

[9]. The data illustrated in Figure 4.13 is in support of this; the carbon and
hydrogen contents of the species and their tree sectiornsexcept the birch root

wood z mirror one another, suggesting that a decrease in carbon often correlates

with reduced hydrogen content. The birch anomaly might be a result of larger

bark ratios existing in the roots, a feature potentially specific to the species.

' 1 OET OCE EO60O OEA &£ OOOE 11 0060 AEOANOAT O A
is usually small, most ften ranging between 0.11% of the total content [19, 72].

Figure 4.13c highlights the difference in N content that exists between species

and the different tree sections. The stem wood displays the lowest specibased

difference, ranging from 0.080.14%,with the oak and birch samples containing

larger contents than the softwoods. Considering the three analysed tree sections
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Figure 4.13z Calculated experimental mean values of a) Carbon, b) Hydrogen, c)
Nitrogen, and d) Gross Calorific Values (db) . Conparison between oak, birch,
Scots pine and Sitka spruce species, including their stem, root and branch data

within this research, oak has the largest N contents throughout; their root and
branch wood contains 0.34% and 0.27%, respectively. As shown in Brg 4.13c,
the hardwood species have a higher N content in their roots than in their
branches; an attribute that is not apparent for both softwood species. The largest
N content observed for Sitka spruce was in their branches, determined as 0.17%,
while the Scots pine root wood contained its highest N contents (also 0.17%).

Nitrogen is an essential macronutrient, with its increased access stimulating
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improved productivity and growth of the tree [73]. As discussed in Chapter 3,

although N is an important conponent for the successful establishment of a tree,

it can often accumulate in the wood tissue during its formation. These results

ET AEAAOA OEAO A OOAAGO COI x Ghoutsie RO | AL
constraints of genetic familiesz with the Sitka spruce favouring growth within

its canopy, while the remaining three species focus on their roots.

When considering the potential of different biomass feedstocks as prospective
fuels, a key factor is their energy content. Figure 4.13dand the data in Talke
4.12 7 show the differences in GCV between the samples. On a dry basis (db),
Scots pine has the largest energy content compared to the other stem wood
samples, calculated as 19.04 MJ/kg, while the birch has the smallest (18.38
MJ/kg). Unlike the stem wad samples, the birch roots have the largest energy
content between all the species and tree sections, given as 19.42 MJ/kg. Finally,
at 17.93 MJ/kg, the oak roots have the smallest calculated GCV. The increased
energy content, displayed by the birch rootsmay be a result of a larger content

of phenolics and other secondary compounds. Indeed, plants grown in nitrogen
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Figure 4.14z Van Krevele n diagram of UK grown oak, birch, Scots pine and Sitka
spruce stem wood; experimental data and calculated circul ar functions , based
on 95% confidence bands

129



deficient soil will assign any additional carbon to the production of secondary
compoundsz AEAET C OE A e O@ahkrdi®OfochsBingAn iB\growth; a

feature demonstrated previously in birch species [74]

Figure 4.14 plots the O:C and H:C values for the stem wood of the four species
considered within this chapter, calculated from the completed experimental
work. In addition to the raw data, Figure 4.14 also shows the calculated circular
functions, which show the dispersion of the samples from their calculated mean
values; the parameters for these can be found in Table 4.11. Considering the
circular functions of the softwood species, their location and area values
calculated as 2.28 and 2.1§1x103a.u.) 7 suggest a considerable level of
homogeneity between the Scots pine and Sitka spruce stem wood. Figure 4.14
shows a visible difference between the hardwood species, supported by the
parameters of their calculated circular functions. The oak stem wood redslare
the most tightly clustered of the four species, with an area of 1.64x10%a.u.),
while the birch values are the most dispersed; shown by a calculated area value

of 4.94(1x10%a.u.), more than three times the size of the oaks.
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Figure 4.15z Van Krevele n diagram of UK grown oak, birch, Scots pine and Sitka
spruce root wood; experimental data and calculated circular functions , based on
95% confidence bands
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Figure 4.15 plots the O:C and H:C values for the root wood of the oak, birch, Scots
pine and Stka spruce samples, calculated from the completed experimental
work. Again, the circular function data can be found in Table 4.11. The
experimental results and subsequent circular functions show that the Scots pine
roots are grouped together the closestyith a calculated area of 0.7§1x103a.u.).
Although the mean O:C and H:C values for the Sitka spruce are similar to that of
OEA 3A1 660 PET Ah OEA AAI AOI AGAA AOAA
spruce roots have a greater variation than tbse of the pine. Again, the birch has
the largest spread of values, however this is not to the same extent as its stem
wood samplesfound in Figure 4.14. Feedstocks with smaller O:C and H:C ratios,
thus featuring towards the lower left hand side of a VaKrevelen diagram, are
considered to have a greater suitability as a fuel. The centre point values for the
birch root circular function (w =0.681,w=1.543) 7 dictated by the mean O:C and
H:C values, respectively are smaller than the root values for any of the other

species, as shown in Table 4.11.
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Figure 4.16z Van Krevele n diagram of UK grown oak, birch, Scots pine and Sitka

spruce branch wood; experimental data and calculated circular functions , based
on 95% confidence bands
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The calculated O:C and H:C ratios for the experimental branch data can be found
in Figure 4.16, with the subsequent circular parameters located in Table 4.11. As
illustrated by Figure 4.16, there is very little difference in the calculated values

for the four species, however this is not the case for thei values; the oak
branch samples have the smallest mean H:C ratioo£1.558), while the Sitka
spruce have the largest®=1.614). The positioning of the birch and Sits pine
circular functions are similar, however the clustering of the data points differ
greatly. Although there are only three Scots pine data points, these are all close
to one another resulting in a calculated area of 0.22x103a.u.). The birch branch
samples are more widely spread, resulting in an area of 2.1&x103a.u.) which

is nearly an entire order of magnitude larger than that of the Scots pine.

The Van Krevelen diagrams in Figure 4.17 contain the calculated circular
functions, depicting the rehtionships between the stem, root and branch data for
each individual species. The location of the root and branch functions, for both
the oak and the Scots pine sampleg depicted in Figures 4.17a and 4.17c,
respectively z indicate very little difference in the clustering when compared to
the stem wood. However, as shown in Figures 4.17b and 4.17d, the location of
the branch and root wood samples for the birch and Sitka spruce is closer to the
bottom left of the Van Krevelen diagram. This suggests they ddu potentially,

have an increased suitability for use as fuel.

4.3.3.3.  Lignocellulosic Analysis

The final set of experimental analysis contained within this chapter relates to the
lignocellulosic content of the wood samples, with their calculated mean results
and standard deviations found in Table 4.13. In addition, Figure 4.18 shows the
lignocellulosic contents on an extractive free (EF) and dry basis, highlighting the

differences between the individual cellulose, hemicellulose and lignin contents.

As shown bythe data in Table 4.13, the most sizeable cellulose content for all
four species is found in the stem wood, with both their branches and roots
containing less. Of the species considered in this research, the Scots pine samples
showed the smallest amount ofvariation in their results, evidenced by the

calculated standard deviations, while the largest variation in cellulose content is
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found in the Sitka spruce roots, which have a calculated relative error of 14.7%.
When considering the hemicellulose within tle wood samples, the birch stems
have the largest contentz measured at 23.8%y while the Scots pine roots have
the smallest (11.5%). This concurs with existing published research, in that
hardwood species are typified by larger hemicellulose concentrationf2, 75].
Instead of the increased polysaccharide contents attributed to hardwoods, the
softwood stems contain a greater concentration of lignin; the Sitka spruce and
Scots pine samples have mean lignin values of 26.8% and 28.1%, respectively,
while for the oak and birch they are 24.7% and 20.1%. These lignin contents fall
comfortably within an accepted range of 1838% for wood [36, 76], giving
validity to the results and the utilised methods. Of the four species, in respect of
the different tree sections,the birch stem wood contains the smallest lignin

contents, while the Scots pine branches have the largest (32.9%).

The mean extractive results in Table 4.1% which have been calculated by
difference z highlight that both of the hardwood species have smakxtractive
contents within their wood, when compared to their remaining structural
components. Furthermore, the extractive content of the birch and oak show very
little difference in their distribution within the tree. This is, however, not the case

for the softwood species; the extractive contents of both the Sitka spruce and

Table 4.13z Experimental lignocellulosic values with standard deviations for the
UK-grown oak (OK), birch (Bl), Scots pine (SP) and Sitka spruce (SS)samples.
Comparison between their stem, root and branch wood

Mean Values (mass% db)

N Lignin Cellulose  Hemicellulose Extractives:

Stem 19 24.7(x1.41) 50.8 (+1.56) 20.3(+0.84) 3.9(+1.88)
OK Root 5  26.8(+2.65) 47.6 (£2.47) 18.3(+0.86) 3.7 (+3.71)
Branch 16 29.6(+2.01) 46.5(+3.14) 17.9(+1.55) 4.5 (+2.49)
Stem 13 20.1(+x0.94) 54.0(+1.42) 23.8(+0.64) 2.0(+1.11)

Bl Root 8  30.6(+3.99) 46.9(+3.38) 18.9(¢2.51) 3.0(1.80)
Branch 16 26.0(x2.64) 49.7 (+2.21) 21.4(£1.22) 2.1 (+1.49)
Stem 19 28.1(+x2.14) 50.6 (+1.69) 14.6 (+0.82) 6.4 (+1.02)
SP Root 5  29.4(+0.95) 49.8(+1.07) 11.5(¢1.04) 8.0(1.43)
Branch 3  32.9(x0.32) 45.2 (+0.93) 13.6(+1.21) 7.8 (+0.64)
Stem 29 26.8(x2.13) 53.2 (+2.73) 14.3(+1.72) 5.4 (+2.33)

SS Root 7  30.2(+2.98) 46.6 (+6.87) 13.2(¢1.27) 9.7 (x4.54)
Branch 5  31.8(x0.84) 42.0(+1.09) 13.6(+0.95) 12.3(+1.69)
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Figure 4.187 Calculated experimental mean values of a) Cellulose, b)
Hemicellulose , and c) Lignin on an extractive free (EF) basis . Comparison
between oak, birch, Scots pine and Sitka spruce species, including their stem,
root and branch data

Scots pine stem wood is larger than that of the hardwoods, with further increases

to their concentration evident within the branch and root wood. Of these he

variation in extractive contentz existing throughout the treez is greatest for the

analysed Sitka spruce. Its root and branch extractives, determined as 9.7% and

12.3%, respectively, represent a clear increase on those found within the stem

wood (5.4%). Although influenced by an array of external factors, the extractive
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content z representing a diverse group, discussed in detail in Section 3.2.1z%s
greater in the bark than the wood [76, 77]. This indicates that the roots and
branch wood of Scots me and Sitka spruce may have a larger bark content,
although increased stocking density a common feature of softwood plantations

Z canalsoresult in greater quantities of extractives [77].

Figure 4.18 shows the cellulose, hemicellulose and lignin comtts z calculated

on an extractive free basis (EFy demonstrating the differences between the
structural components of the wood samples. A comparison of the hemicellulose
contents, given in Figure 4.18b, shows there are visible differences between the
hardwood and softwood species; the birch and oak samples have an increased
content of hemicellulose throughout the tree which, as discussed above, is in
accordance with the literature. For the two hardwood species, the hemicellulose
content of their roots arevery similar, however there are visible differences in
the stem and branch wood, with birch containing a larger content than oak.
Alternatively, the hemicellulose contents of the Sitka spruce and Scots pine stem
and branch wood are similar, while a differace exists between their roots. For
all four species, the lignin content of their branch and root wood is higher than
that of their stem wood. Wood production is a complex set of processes, with the
programmed cell deathz and consequent lignificationz representing the end
product of plant growth [29, 36, 7678]. As both the roots and branches, which
£ o A EAU ATiIBPITATO T £ A OOAAGO AATT PURh AO
growth process, the increased lignin contents found within these sections are

unsurprising.

In general there is a relationship between the lignin and cellulose contents of the

oak, birch and Sitka spruce, as shown in Figure 4.18; an increase in lignin content

result in a decreased cellulose content. However, this is not the case for Beots

pine z when considering its root wood, both the lignin and cellulose content

ET ACAAOAR xEEI A EO8O EAI EAAI T OIT OA AAAOAAOAC
carbohydrates that characterise hemicellulose, cellulose is instead a well

defined polysaccharde [76, 78]. This would therefore suggest that the structural

components of Scots pine root wood may actually be more homogeneous than

those found within the rest of the tree. Finally, the smallest lignin concentrations

exist within the stem of the treez evident for all four of the analysed species. The
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oak, Scots pine and Sitka spruce all display an increased lignin content within
their roots, which increases again in their branches. Although the birch roots and
branches both contain more lignin than itsstem wood, it is their roots which
contain the largest concentrations of lignin within the tree, indicating that this is
where its growth is focused. Indeed, the success of birch as a pioneer spegies
one that can naturally regenerate on poor quality sész may be directly linked

to its preference for root growth [79].

4.3.3.4. ANOVA Results

In addition to the determined experimental values given throughout this section,

AT AT UOEO 1T £ OAOEAT AA ! :héceanhalysishbshbeenr OE A U
completed on the da#, establishing the variation evident between species and

their different tree sections. The resulting data matriceg detailing the posthoc
analysis between tree species and tree sections, in their entiregyrepresent a

large volume of data, located ilAppendix C. However, a concentrated version
cataloguing some of the important statistically significant differences, contained

within the data zisin Table 4.14! CAET h EO06 O EIi T OOAT O OI

on a relatively small sample set, when copared to the total forest resource.

Table 4.14z A selection of the calculated statistically significant differences
between tree species and their different tree sections, applied to the produced
experimental data (adapted from Appendix C)

Statistically 3 ECT EAEAAT O $EAAEAOAI

Between Sections Between Species
OK(VMJ, 2 ERSIE NE3 E' VM(RY,/ + E"BdR 3 £B 0
Proximate BI(FQL 2 E 3 SRFQN3 E 2 | FQsd,/ +E")h30h
Ashy 3 EQSE@®, 3 E2 h " Ash(Rd,/ +E" ) h30l

_ OK(NG 2 E3 E" qF N(R’B};'/C(;f/ "+)EI?‘(B)"0%h:’EBC?3FE
Ultimate & GCV BI(N,HC,OC@{ 2 E3 E" OQSRL" ) E/ +h30]

SANG 3 ESSA3 E2 R " 5o ey ) E argfi 3 &1 +

OK(Ce,He,ld, 3 E" Qh Ccosd,/ +EBYLY RE" ) h

Lignocellulosic ~ BI(He,Li, 3 E 2 SRHedh3 E He(SB) E/ +h30h3
Lid 3 ESSQEL 3 E2 h» R/ *h" ) BBONE/3HN
: Li(SBL" ) E/ +h30f

OK=0ak, Bl=hirch, SP=Scots pine, SS=Sitka spruce, S=stem, R=root, B=branch, VM=volatile
FC=fixed carbon, N=nitrogen, HC=atomic H:C ratio, OC=atomic O:C ratio, GCV=gross calorific
Ce=cellulose, He=hemicellulose, Li=lign
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As shown in the posthoc data found in Table C.2 summarised in Table 4.14
the increased number of statistically significant differences, evident between the
experimentally-determined characteristic values ofthe stem, root and branch
wood, are most prevalent in hardwood species. This is particularly noticeably for
the analysed birch wood; the calculated VM, FC, nitrogen, gross calorific values
(GCV), hemicellulose, lignin and the H:C and O:C ratio data foe thirch stem,
root and branch wood are all statistically significantly different from one
another. The number of statistically significant differences for oak is not as
pronounced as the birch, however both its nitrogen and ash contents differ
significantly throughout the different sections of the tree. Considering the
importance of nitrogen and ash as fuel characteristics, in particular their
propensity to cause issues during the combustion process [13, 69], a lack of
homogeneity between the stem, root andbranch wood of oakz which has been
shown to be significantly differentz could severely limit the use of the entire tree
as a fuel. In comparison, both softwood species display increased heterogeneity
when considering the analysed fuel characteristics, gticularly between their
branch and root wood. Observable in both the Scots pine and Sitka spruce data;
there are no calculated statistically significant differences between their branch
and root wood, for any of the 10 classified characteristics. Thisdiicates that the
combined use of their residues, stump and root wood would culminate in a
potentially homogenous fuel.

4AAT A #8c Ai 1T OAET O OEA OAOOI @ arasis,OEA AT 1 Bl A
displaying the statistically significant differences betwen the four species.
Again, a range of these relationships have been condensed into Table 4.14.
Similarly to the different tree sections, understanding the parallels that exist
between-species is also important; this can help establish the potential for
combining two, or more, different wood types together as a fuel source. As
discussed previously in this chapterz and extensively in Chapter ¥ biomass
contains a number of potentially inhibitory inorganic constituents, which can
cause problems during thernal conversion processes [9, 69]. These are mostly
concentrated in the ash, produced following their combustion, therefore an
appreciation of the ash contentz and how this differs between specieg is

important. The debarked stem wood of the four speciesdve minimal ash
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contents, with their mean values ranging between 0.20.34%. The completed
statistical analysis indicates that there is no significant difference between any
combination of species, suggesting that in terms of their ash contentz using
any mixture of oak, birch, Scots pine and Sitka spruce wood would not be
prohibitive. In addition, there are no significant differences between the mean
FCcontents z or the carbonrich lignin z contained within the roots of the four
tree species. This is amotable result, not only when considering the use of the
stumps and roots as a fuel, but also when defining how their removal may impact
the volume of carbon sequestered within a forested site. There is an acceptance
that the contents of both the lignin amnl carbon contained within hardwood and
Ol £#Ox1 1T A OPAAEAO AEEEAOOh xEOE OEA 1 AOGO
sink for carbon [36, 46, 80]. Indeed, the experimental resultg and consequent
statistical analysis z completed in this chapter are in ageement with the
literature, establishing statistically significant differences between the stems of
the hardwood and softwood species. This therefore gives validity to the stated
root results which, if correct, could prove important in improving the accuray

of carbon accounting for belowground biomass, located within forests.

4.4. Discussion

4EA x1 Ol AGO &I OAOOO APEOI I EOA AEOAOOEOU
visually-distinct tree species, located across a range of biomes, representing
different social, environmental and economic benefits to those that utilise them.
Maintaining diversity is important, however this can only be achieved by first
establishing a detailed understanding of what makes forestg and the wood

contained within them z different. This has been the central focus of Chapter 4,

utilising the vast array of available resourceg in combination with extensive

lab-based characterisation workz to better appreciate our forest feedstocks.

Extracting and reviewing previously published wad characterisation data
allows for the creation of a base set of results, forming an initial point of
comparison for the completed experimental work. This has the additional
benefit of giving an insight into the current global wood resource, as reportedyb

the scientific community. The results contained in Section 4.3.1 are in consensus
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with those previously published, establishing the differenceg existing between

the fundamental chemical and elemental characteristics of hardwood and

softwood specieswe El A EECEI ECEOET ¢ OEA ETT x1

wood resource. Of the two main geneticalkgefined tree categories, softwoods
are more homogenous than hardwoods, a feature relating predominantly to their
cellular constituents. This is a widely acepted characteristic of softwoods; one
which has been further enhanced through the cultivation of seedlings in
nurseries, resulting in the expansion of singlespecies forest stands that are
evenaged and uniform in appearance [29, 35]. The collection andilssequent
statistical analysis of data, obtained from published literature, has demonstrated
increased homogeneity between softwood species. This specifically concerns
differences in energy content, atomic O:C ratio and the volume of lignin
contained within the stem wood. Although these differences are previously well
documented, the creation of tangible valueg based on extensive sources of
referenceable dataz are invaluable, allowing for the direct comparison and

validation of the experimental work with the literature.

Further to the in-depth analysis of the literaturesourced data, this research has
also produced a substantial dataset (located in Appendix B), detailing important
characterisation values that are specific to WH§rown wood species. Againthe
statistical analysis resultsz completed using the experimental datg support the
assertion of increased homogeneity in softwoods, specific to Udgown species.
Evidenced by their larger standard deviations, relative standard deviations
(RSD) and intequartile ranges, the increased heterogeneity of Wg§rown
hardwoods is apparent for all the variables, except the calculated nitrogen
AT T OAT OO0 AT A '#660 1 &£ OEAEO OOAIT xI
between softwoods and hardwoods, evident for dth the experimental and
literature -based data, gives credence to both the stated results and the employed

analytical procedures.

Although the experimental workz based entirely on Ukgrown wood samplesz
displays the same characteristics as those estasiied in the literature, there are
also important differences which should not be ignored. The literature data
utilised published results, collated from a variety of different wood species

sourced from countries around the world. In comparison, the experim#al
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results were produced from a total of four specieg consisting of two hardwoods
and two softwoodsz which were all grown within the UK. Therefore, the range
of results is understandably greater for the literaturesourced data, representing
a considembly larger genetic pool of species and differing examples of growth
conditions and analytical methods. The distinctions between the literature and
experimental data are best illustrated using box plots; these allow for the clear
AT T DPAOEOIT 1T | amatidhEikcorplratiogh theGkno®n hardwood and
softwood features. As a result, all the experimental datafound in Section 4.3.4
Z is contained within the outliers of the literature box plots and, more often than
not, within their whiskers. These represer the upper and lower quartiles of the
data, highlighting that although the experimental values clearly differ, it still falls
within the spread of the literature results. This is important, indicating that the
variation between the experimental and literaure data is likely a result of
differences in the actual characteristics of the samples, instead of the
characterisation methods used. The confidence in the experimental methods,
utilised within this chapter, are further strengthened by their discernible

replicability, evidenced by the small RSD values.

Though the range of values contained within the literature are explainable, the
reduced prominence placed on the process of feedstock characterisation should
not be ignored. The wood characteristic data soced from the literature often
signified just a small part of the published research, which instead focused
principally on additional processing such as torrefaction, pyrolysis or biofuel
production [39-43, 51-57]. As recognised by the substantial amountf work
conducted in this chapter, the characterisation of biomass feedstocks can be a
laborious and painstaking process; this is a result of the countless hours required
to prepare samples and complete the experimental processes, which can often
require additional re-runs. Applying a thorough and considerate approach to
characterisation helps ensure confidence in the produced results, however this
is undoubtedly time consuming; it would therefore be unsurprising if this does
not always receive the care andattention it should. When there are outliers,
which appear to either severely under or overestimate the calculated datez
when compared to the other published valueg the legitimacy and, perhaps

more importantly, the quality of their results should be tallenged.
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During the last decade, the importance of wood as a fuel has continued to
increase z not just within the UK, but on a global scale. Consequently, the
statistically significant differences of the energy contents, calculated between
hardwoods and softwoods, is an important consideration. The completed
analysis illustrates, both visually and statistically, that softwood species have a
significantly increased energy content when compared to hardwoods. As
asserted previously in this chapter, when coridering the real world application

of wood as a fuel, the net calorific value (on a wet basis) is a more important
figure [24]. However, the moisture content of wood is dictated by a large array
of variablesz such as felling date, site conditions and itstorage z therefore the
use of calculated GCV figures, on a dry basis, allows for their comparison at a
fundamental level. This is important when considering the potential upgrading
of wood feedstocks for use in energy generation; understanding the fundamigl
energy limitations of a feedstock is a necessity, helping to ensure the viability of
a processz such as pelleting or pyrolysisz and its final product. Another key
difference between hardwoods and softwoodg linking directly to their energy
content z is found within their structural components; the softwoods display a
statistically significant increase in lignin, when compared to hardwoods. As
outlined in the previous chapter, lignin is a complex phenolic polymer which, as
a result of its embodied aomatic monomers, has a larger energy content than
carbohydrates [36]. The increased lignin content of softwoods, evidenced in the
literature and experimental data, can help explain their statistically significantly

larger calorific values.

This chapter hasidentified clear variations that exist between the two most

simply defined taxonomical categories of trees; angiosperms (hardwoods) and

gymnosperms (softwoods). However, the completed experimental analysis of

145 wood samples representing four different UK-grown species, sourced from

three separate tree sectiong goes even further, helping to highlight the species

specific differences that exist between the determined characteristics. Although

the distinction between species is observablg especially br attributes such as
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section is important when considering the deviations in wood characteristics.

This is apparent when considering the calculated proximate data, particullyr
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the FC and ash contents of the different tree sections. Indeed, the ash content of

the debarked stem wood is similar for all four species, suggesting that the

AT TAAT OOAOGETT 1T &£ ETTOCATEA Ai1T OOEOOAT OO
matter the speces. However, when examining the ash content of the branch and

root samples this variation increases considerably. The inorganic constituents

found within wood are important for plant growth, consisting predominantly of

minerals and minor elements. As a rast, the increased ash content could be
attributed to two factors; 1) an increased volume of bark associated with the

roots and branches, and 2) localised soil conditions, influencing the volume of
minerals and macronutrients that are passively absorbed bxoots [9, 76]. Of the

four species, it appears that oak is the most susceptible to accumulating the
constituents associated with ash content, within its roots and branches, while

Sitka spruce is the least. Interestingly, the statistical analysis ofthe®i B x1 T A8 O
FC contentsz which are derived, utilising the other proximate valuesg show no
significant difference between the four species. This is not the case for the other

tree sections, indicating that although there is aboweand belowground

variation apparent for certain fuel characteristics, the accumulation of fixed

carbon in the roots does not appear to be dictated by species.

Of the main elemental constituents that exist within biomass, the carbon (C),
hydrogen (H) and oxygen (O) are of great imgrtance when considering the end
use of the potential fuel. Indeed, the lower the calculated ratios of atomic O:C and
(d#h OEA COAAOAO OEA #Z£ZOCAI 60 OOEOAAEI EOU
chapter z specific to the array of species and treeestions z has identified
statistically significant differences between the individual wood sources. Of
these, the most importantz in relation to their fuel potential z concern the birch
and Sitka spruce. The results, evident for both species, indicate their root
and branch wood have greater energy contents and are more suitable for use as
a fuel, than their stem wood. Consequently, the combination of stem wood with
the remaining brash, harvesting residues and stump woogapplicable to either
the birch or Sitka sprucez could decrease their atomic O:C and H:C ratios, while
increasing the volume of biomass available for use. Indeed, blending different
biomass resources can be used to improve fuel quality, particularly the ash

composition [81]. As both tie birch and Sitka spruce samples have low calculated

143



ash contents throughout the treez especially when compared to other biomass
specieszthe potential issues attributed to inorganic content should be partially

negated.

4.5. Conclusions

The principle aim ofthis chapter was to help improve the understanding of the

AGEOOET ¢ xiI T A OAOT OOAARh 11T 0 EOOO ET NOAT OE £L
also by establishing how these compare to global sources. From the physical and

visual attributes of a tree, through 6 the composition of its producel wood, the

variation that exists between species is often easy to evidence. This

heterogeneous nature of wood is widely accepted, however quantifying these

differencesz defining comprehensive speciespecific valuesz has,to date, been

previously overlooked. This relies upon the creation of dependable experimental

data, such as that produced in this chapter; the resulizand their associated raw

data, published in Appendix Bz represent hundreds of hours of meticulous

sample preparation and experimental lab work. Considering the size of the

dataset and the evident replicable nature of the utilised experimental

methodologies, the data produced as part of this chapter could represent the

start of a major library of wood chamcterisation data, specific to Ukgrown

OPAAEAO8 4EA Ci OAOT T AT OO6 AAOEOA O ET AOAAOGA
make these results invaluable. It is however important that the processes used

for biomass characterisationz particularly those employed in larger research

projects z should receive greater care and attention. Neglecting these

fundamental procedures will only serve to reduce the confidence in stated

results, produced from technologies utilising biomass; indeed, when you put

rubbish in, you get rubbish out.

Woodlands and forests have dominated our global landscape for thousands of
years yet, even today, there is still a great deal to learn about the heterogeneity
of wood and its suitability for a variety of uses. The analysis of the diffent wood
samples has identified the potential of two prominent UKgrown speciesz birch
and Sitka spruceg for further investigation into their use in energy generation.

Focusing on combustion, Chapter 5 will consider the two specigsand their
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different tree sectionsz in greater detail, establishing their suitability for use as

a fuel while defining any potential differences or relationships that may exist.
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Chapter 5. The combustion of UK -

grown birch & Sitka spruce

O"EOAE AT A A£EO 11¢O AOOT Of fceli®cngéve Al AU/

5.1. Introduction

! O EECEI ECEOAA ET OEA DPOAOGETI 60 AEADPOAON
diverse feedstock, containing a wide array of native and nenative tree species.

This diversity is evident in the fundamental properties of its wood, not just
betweenspecies, but also in the different sections of individual trees. The results

in Chapter 4z both from the experimental work and the consequent statistical
analysis z outline differences in the proximate, ultimate, lignocellulose and

energy contents of UKgrown oak, birch, Scots pine and Sitka spruce wood.
Understanding the fundamental differences of wood properties is a vital first

step in establishing the suitability of different tree species as potential bioenergy

feedstocks, however it is important thatthis knowledge is then built upon.

The utilisation of biomass for energy generation has continued to increase,
AOEOAT AU OEA AAOGEOA O AgbpITEO DPOAOGEI O
neutrality and, where possible, use local sustainable feedstocks [1]. Combustion
technologies, particularly those devebped for use with solid fuels, are the most

mature and readily available for utilising biomass in energy generation. These

are by no means perfect; issues still exist with regards to their emissions and
efficiencies. However, as a source of shecycle cabon, the combustion of wood

biomassz using both native and nonnative speciesg offers a large potential for
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future bioenergy production, in particular domestic bioheat [1-3]. This is

evidenced itself within the UK, with wood combustion accounting for 7% of the

148 PJ associated with renewable heating in 2015. Of this total, 79.9 PJ were

attributed to domestic wood combustion and a further 32.6 PJ was used within

the industrial sector [4]. Utilising wood for renewable heating in the UK could

prompt a growth in demand for local sources of wood biomass. Indeed, as

discussed in Chapter 1, the UK governments recently publish&tlean Growth

Strategyl OO1 ET AO OEAEO ET OAT OEI 1T O ET AOAAOGA %l CI
utilising it as a resource. The fundamntal analysis completed in the previous

chapter may therefore become increasingly beneficial, particularly in helping

inform decision-makers on which species to plant for use as woodfuel. In

AAAEOCETT O1 O1 AAOOOAT AET ¢ A bEdidnibdse A£O01 AAI AT O
endOOA OAAETTITCEAO EO EO AAT AEEAEAI O1F O1 AA
combustion characteristics. Of the four species considered in Chapter 4, the

results demonstrate that Ukgrown birch and Sitka spruce are potentially

interesting sources of locally obtainable wood fuel. This is due to their reduced

ash and increased energy contents; evidenced throughout the whole tree,

including its stem, branches and roots.

W

Figure 53 z UK-grown, naturally regenerated silver  birch ( Betula pendula)

TheBetulagenus is diverse, containing around 50 species in total. Of these, there
are two naturally occurring birch tree species found abundantly across Europe;
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silver birch (Betula pendulaRoth) and downy birch Betula pubescenkhrh.). In
the UK, birch species have historically been considered worthlegsdue to the
poor form of its timber z and a competitive hindrance on other, more valuable
conifer species. Although castigated in the UK, other natiogssuch as Finlandy
utilise birch wood extensively, particularly in the manufacture of plywood,
veneer and pulp [57]. As a pioneer species, during the juvenile period silver
birch trees can display rapid growth under favourable conditions, achieving
height increases in excess dfm yr 1. This, coupled with the ability of birch to
successfully naturally regenerate, has resulted in the establishment of ~23.2
million m3 of standing timber within Great Britain [5, 8]. An example of naturally
regenerated silver birch can be found in Fjure 5.1, highlighting the commonly

occurring issues of poor timber form found in UKgrown birch trees.

The dominant conifer specieg featuring heavily in UK commercial forestryz is
the non-native Sitka spruce Picea sitchensigBong.) Carr.), which repesents
more than half of the total volume of sawn timber produced in the UK. Although
the mild climate, associated with the UK, results in the ideal growing conditions
for Sitka spruce, its subsequent rapid growth can produce poor quality timber.
This is atributed to the wide growth rings, low density and the size and
frequency of knots within the wood [9-11]. Estimated at ~181 million m3 of
OOAT AET ¢ OEiI AAOh AT OAOET ¢ 11T OA OEAI
spruce resource is significantly largr than that of the silver birchz a factor
attributed to its well established timber market [8]. There are numerous markets
for UK timber, however the most valuable of these for homgrown softwoods is
structural -grade sawn timber, which has rigorous reqgirements relating to the

mechanical properties, dimensions and dimensional stability of the wood.

@u T

4Ei ARO OEAO AT AO1I 60 1 ARO OEAOA OANOEOAI ,

products; these markets are saturatega result of the large amounts of louwgrade

timber currently availablein the UK [11].

~ s N s o~ oA

4R £O1T AAT AT OAT AEAOAAOAOEOAOEITT OAOGOI O¢

substantial volume of Sitka spruce resourcg and that Ukgrown birch wood
holds little timber value z has dictated the focus othe present chapter; namely
the suitability of these two species as fuel. Wood combustion has established

itself as a key transitional energy generation technology in the UK, however the
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interest in firewood and how it burns spans more than a century. From pee
reviewed scientific research, to literature based upon traditional folk taleg such
as The Firewood Poenpwritten by Celia Congreve in 198 [12] z there has been
a historic desire to understand and describe the properties of woodfuel.
Although there isplenty of published research on the fundamental combustion
characteristics, there is very little which focuses specifically on Ugrown wood
and, perhaps more importantly, the differences between the stem, root and

branch wood. This chapter will thereforerectify this.

5.2. Methodology

Unlike The Firewood Poemwhich based its descriptions of firewood properties
for different species upon simple visual observations, the experimental work
completed in this chapter will quantify the combustion characteristics ofwo UK-
grown species; birch and Sitka spruce. As a continuation of the previous chapter
Z building upon the work already conductedz this research will focus on a

refined section of the initial 145 samples, analysing these in greater detail.

Table 5.1z Ste data and number of birch and Sitka spruce trees analysed

Site Name Species Trees Longitude Planting Soll
(n) & Latitude Year

Haldon, Exeter Bl 4 205?1;2%7 1953 Podzol

Wheldrake, York B 2 OISy 1960 Podzol

g(r;fftone' BI 1 _g%ﬁ%igé 1950  Brown Earth

vl s SUSE w0 ey

watona ek S5 3 pojoegyy 1950 Acdcpea

5.2.1.Sample Details

The initial selection of 145 Ukgrown wood samples have bee reduced for this
chapter, concentrating the additional analysis on just 36 of these. Consequently,
the species, number of trees and site details of the refined sample set are detailed

in Table 5.1. The combustion analysis will be completed on samples ifincseven

154



individual birch trees z collected from three sitesz and five Sitka spruce trees

from a further two sites. For each individual tree there have been samples
collected from their stem, roots and branches. The birch samples have been
obtained from sites which differ from one another, either geographically York

is ~400km from ExeterzT O AU OEA OT EI Al T AEOQOEIT 1 £ (
acidic, while Brown earth is often composed of alkaline organic matter. The two

Sitka spruce sites are both ciracterised by similar wetland gley soil conditions,

however there is a significant distance of ~500km separating the locations.

5.2.2.Characterisation Overview

Although the main focus of this chapter will be the combustion analysis of the
selected samples, iis vital that their fundamental characteristics are considered.

The proximate, ultimate and lignocellulosic results that will be reported were

produced as a part of the analysis in Chapter 4, using the experimental

i AOGET AT 1T CUdO AAOA Ryladditiond btatitidhlladalydisk 1 8¢ 8
specific to the stated 36 sampleg will be completed using the techniques

outlined in Section 4.2.2.

As with the previous experimental work, the additional analysis utilises the
finely milled wood samples, sieved toS wm Al 8 ‘etCaE A2D0Y) A1l
highlighted the differences that particle size can have on both the combustion
profiles of biomass and the concentrations of inorganic and organic material
contained within the sample. Larger particle sizes contain increasl carbon and
volatile matter contents, resulting in an increased calorific value; this will
consequently impact upon the combustion behaviour of the sample 8. The
principle focus of this chapter is to demonstrate the variation that exists between
the samplesz relating either to the different species or specific tree sectiong

not in the size of particles. It is therefore important that homogeneity of particle
size is maintained for all 36 samples, ensuring the comparisons are valid.
Considering the caclusions of Bridgemanet al., (2007), it can be expected that
OOET ¢ PAOOEATI A OEUAO s wn Ai xEI1l OAOGOI O

samples beinglessthan if the particles were larger. However, the reduced size
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will aid in achieving sample homogeneity, thus increasing the validity of the

attained results.

5.2.3.Potassium Content

Biomass resourcez in all of its forms z contain an array of nutrients and
inorganic compounds, representing a key part of the variability that exists
between different feedstocks. This includes elements such as potassium (K),
phosphorus (P), calcium (Ca) and magnesium (Mg), which differ in concentration
due to changes in site and growing condition®r the time in which the biomass

is harvested [3]. Some of these elementare important aids in the successful
development and function of the plant, helping with physiological roles related
to growth; K is essential for cell expansion, maintaining water and salt
concentrations and also during photosynthesis [14]. As well asstrole in plant
growth, K is also a key inorganic constituent which can impact the ashelting
temperatures of biomassz during combustion z and the corrosive behaviour of
the gases released as a consequence [15, 16]. Although there is a limited quantity
of each sample, available for this present study, considering the importance of K
in both physiological and combustionbased processes, conducting further
analysis into the existing macronutrients of the birch and Sitka spruce specimens

would be clearly beneficial.

5.2.3.1.  Acid Digestions

Quantifying the inorganic contents of biomass can be achieved by digesting the

sample material in acid, with a standard method for determining the major

inorganic elements contained within solid biofuels described in BS EN ISO

16967:2015 [17]. Although different reagents can be used within the digestion

pOi AAOOh &£ O OEEO AT AT UGEO 1T EOOEA AAEA j (.1
AECAOOEI T O xAOA Aiipi AGAA OOETI C m8uC 1 &£ xAECE
these were placed in fit bottom conical flasksz fitted with reflux cones z and

placed on a hotplate (as shown in Appendix A). Once completed, the digested

OAi PI A xAO AOT OCEO AAAE ET OT Oi1 O00OEIT AU AAA
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deionised water the individual digestions wee diluted up to 50ml, ready for

further analysis.

5.2.3.2.  Atomic Absorption Spectrometry

Once digested, the inorganic concentrations can be detected using an array of
different methods z such as inductively coupled plasma mass spectrometry (IEP
MS)z however for this research, atomic absorption spectrometry (AAS) has been
utilised. AAS allows for the determination of chemical elements present in a
sample; this is achieved by measuring the absorption of light wavelengths
transmitted through the sample. Different eéments have their own distinct
wavelengths, allowing for their concentration within a sample to be established
[18]. The AAS analysis was completed using ®arian 240FS AA atomic
absorption system, fitted with an acetylene burner, which can be found in
Appendix A. The absorbance of the digested samples is measured against a
calibration curve, using standards with a known concentration. Using the
specific potassium lamp, each sample was analysed for its elemental content in

duplicate.

5.2.4.Nitrogen Partitioning

Nitrogen (N) is an essential component for lifeg the growth and survival of all
living organisms is driven by the successful attainment of metabolically useable
nitrogen. This is prevalent in forest growth, with increased productivity linked
to an increase in availability. The location and quantities of nitrogen contained
within wood are dependent upon both external influences, such as the nitrogen
taken up through soil solutions, and internal factors which are driven by
seasonal storage and growth necedses [19, 20]. The existence of nitrogen is
also an important factor when considering the role of wood biomass as a fuel.
During combustion, the nitrogen contained within woodfuel is released asitnic

I GEAA ./ q AT A 1 EQRTICANA GRS Ad ECA AQWhiahl CFOTA A
have associated humanand environmental-based issues. In addition to these,
combustion at lower temperatures can increase the emission of nitrous oxide

i . F/ qQh xpBtéhAgieenBdDse Aas (GHG) that is detrimental to the ozone
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layer [21-¢ o ¥8 . / AT EOOET T O AAT AA AAAOAAOAA AuU
combustion zones, impacting upon the temperatures and potential reduction

mechanisms. The partitioning of N during deolatilisation is an important

PAOAI AGAO A1 O ./  OAAOAOEF ihichOsyrddiCEAON ET AA
from the nitrogen retained in the charz EOQO AT EI BT OOAT O O1 OOAA 1T £
fraction of char-. / EO AOAIT A A bpaltitiodiig ©dn beEaitered O A O

during combustion, following changes to the temperature and residence time;

increased temperatures and residence time prompts Mdepletion in the char [23,

24]. Establishing the nitrogen partitioning that exists between different fuelsg

before they are impacted by other attributing factorsz is beneficial in optimising

AT i AOOOET T OUOOAI © O1 1T ETEIEOA ./ AT EOOEIT T O:
The most common method for calculating nitrogen partitioning is to produce a

char from the fuel, calculating the elemental contents of bothefore performing

a material balance between the two sets of results [24]. This method contains

two separate processeg the char creation, followed by the elemental analysis of

the fuels z which increases the potential for experimental error to be incured

during the process. Additionally, this method requires a significant increase in

the amount of initial sample used within the analysis, particularly since the char

yield from biomass is in the order of 1620%.

6.0E4
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Figure 5.2z Chromatogram examples of ni trogen evolution profiles produced
from an elemental analyser, equipped with a chemiluminesence detector
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In this current study, the nitrogen analysis has been completed usingna
elemental analyser equipped with achemiluminesence detector whichfurther
to giving a total value for nitrogen, also produces individual chromatograms for
each completed analysis. This iglemonstrated in Figure 5.2, showing the
nitrogen evolution profiles produced following the analysis of stem, root and
branch samples taken fron the same treez as a resultthe area under the curve
corresponds to the total nitrogen content. As described in Section 4.2.3.4, the
process for determining the nitrogen content first involves the pyrolysis of the
sample in an inert atmosphere before being combusted in oxygen. It would
therefore be reasonable to equate the two defined pealksevident in Figure 5.2
Z to the nitrogen contained within the volatile matter and the char. Consequently,
by calculating the area under the curve for each peak & possible to establish

the partitioning of the nitrogen.

5.2.5.Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a versatile procedure, utilising a precision
balance and a furnace to measure the changes of a samples weight as a function
of increagng temperature over time. Although used extensively for evaluating

the combustion performance and behaviour of coals, this form of analysis can
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Figure 5.3z Temperature profile of programmed TGA combustion process and
consequently produced mass loss cu rve
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also be applied to the large range of existing biomass feedstocks [2,-28]. In
addition to establishing the proximate values, TGA can also be used to determine
the combustion behaviour (burning profiles) of the selected birch and Sitka

spruce samples

The combustion analysis was completed using th€A InstrumentsTGA Q5000
thermogravimetric analyser, as discussed previously. The milled wood samples,
sievedOl S wnm Aih xAOA OPOAAA ET A OEEI
~5mg of sample for each individual combustion run. The TGA instrument was
programmed to increase its temperature demonstratedin Figure 5.3 simulating
the combustion process. Onc¢he furnace has been purged with nitrogen, the
sample pan is held with a supply of air, before the temperature is increased by
10°C min * up to 105°C and then kept isothermal for 10 minutes. Following this
the temperature is again increased, rising by 1@ min * to 900°C before being
kept isothermal for a further 10 minutes, ensuringthe complete combustion of
the sample. As the sample pan is held on a precision balance, the programmed

temperature simulation invokes the mass loss of the sample, shown ingtire 5.3.

Table 5.2z Lignocellulose -based standards, used in combustion analysis

, ECTTAAT 1 OI 1T OA 30AT A

Name Formula  Quality
Hemicellulose  Arabinose #w(sUn HOLOM

Glucose #d( 43 HWOL8G

Mannose (from wood) #d( 43 HBOOM

Xylan (beechwood) - H0%

Xylose #w( 4 HO O M
Cellulose Cellulose, microcrystaline -
Lignin Lignin, alkali

Ol OOAAA -ABRICH

Each of the samples were analysed in triplicate, ensuring the replicability of the
process and uniformity in the stated results. Athe lignocellulosic values for each
of the samples is known, further to the combustion analysis of the birch and Sitka
spruce samples, additional rung under the same conditionsg were completed
on different lignocellulose-based compounds. These are detad in Table 5.2.
The data produced from the TGA analysis highlights the changes in weight of the

sample, as a function of increasing temperature over time. As a result, the rates
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of mass loss (Wt.% s hat occurduring the combustion process can be déred

using the following equation;

Q4 Qo (5.1)
where:
a g is the mass at points 1 and 2, respectively
Oh is the time (s) at points 1 and 2, respectively

The derived rates of mass losgand the @lculated 2d derivative z can be utilised
to establish the peak mass loss rates and the consequenharacteristic
temperatures that these occur, for key points during the combustion of the
different samples. An example of the calculatedtiand 2nd derivatives, produced

using experimental combustion data, are shown in Figure 5.4.

0.4 R
st 1 i
1ml Derivative | 1.0E-6
...... 2" Derivative
0.3
-~
N )
T s
2 2
A | ~po £
= E
E S~
£ <
£ =
0.1
D
- -1.0E-6
E
0.0 I I . r - I r T T T T

100 150 200 250 300 350 400 450 500 550
T (°C)

Figure 5.4z Calculated 1st & 2nd derivatives from combustion data; initial mass
loss (A), peak shoulder (B), peak volatile (C), peak char (D) and burnout (E) of
the sample

As highlighted in Figure 5.4, thecharacteristic temperature for the initial mass
loss signifies the start of the combustion procesqpoint A), and is defined as
where the rate of mass loss reaches 1% min FThe burnout of the sample,
marking the end of comhustion, is taken at the point Ez once the rate of mass
loss falls below 1% min 1. The figure for determining the start and end points of

the combustion process is based upon existing combustion literature §& 29].
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The st derivative of the mass loss haswo clear peaks; the first relating to the

combustion of the volatile matter and the second, the combustion of the char. As

a result, thetemperature valuesand maximum rates of devolatilisation and char

combustion are taken at the apex of points C and espectively. Of the three

structural lignocellulosic compounds contained within biomass, hemicellulose is

the most reactive;as aresult, its decomposition occursat lower temperatures

rates than the peak mass loss of the volatiles. Therefore, the existan of

hemicellulose produces a visible shoulder on the volatilépeak [30, 31]. The
OET Ol AAO6O PAAE AAAT I PT OEOEIT OAOA AT A OAI PAC
the 2nd derivative, taken at point B in Figure 5.4, which is the lowest point in the

trough.

5.2.6.Kinetic Modelling

The analysis of experimental combustion data gives a qualitative representation

of the variation evident between samples, while allowing for the identification of

temperature and reactivity differences that exist in the derived data. Tk is

certainly valuable; however it is also vital to quantify this variation. The thermal

degradation of biomass occurs as a result of a number of simultaneous reactions.

Understanding these interactionsz between both the chemical and physical

processesz is beneficial, especially when considering biomass combustion in

001 OAO AT A AT EI AOO8 ) 060 Al 01 OOAAEOI xEAT AT
and smouldering of stored biomass [27, 3B5]. The thermal degradation of

biomass can be modelled using @&mical kinetics, which describe the

relationships that exist between physical and chemical processes.

Theserelationships often focus on the lignocellulosic components, which differ
in their reactivity and the temperatures at which degradation begins. Asr@sult,

a number of decomposition models for biomass have been produced; some
suggesting the simultaneous reactions of the three constituents, while others
suggest a level of interaction under certain conditions [3, 34]. The aim of the
experimental analysis completed within this chapter is to ascertain the
differences that exist between the wood samples and the role that hemicellulose,

cellulose and lignin content plays in this. The kinetic modelling thereforgtaking
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the chapter to its logical conclusia z will follow suit, establishing if these

differences can be directly associated with the chemical reactions that occur.

The extraction of kinetic parameters has been based upon the widely used
Reaction Rate Constant Method simple mathematicalbased pocess that
utilises TGA experimental data to derive the prexponential factor and

activation energy [33]. This follows the Arrhenius function, given in the following

equation;
N 60AOD — (5.2)
where
Q is the reaction rate constant

0 is the pre-exponential factor (s 1)

O is the activation energy (kJ mol ?)

Y is the gas constant (8.314 k mol 1. K1)
Y is the temperature (K)

Assuming that the mass loss profiles of the TGA experiments are a result of one

or more first-order reactions, then this can be described as;

Q  — — (5.3)
where:
o) is the reaction rate constant of théQ COT OBP j EEph c¢h 8h
a is the initial mass of theQ COT OP j EEph ¢h 8h 1Q
a is the terminal mass

It should be noted that the designated terminal mass value is a vital constituent,
greatly impacting the calculated value ok)Y33]. Once the reaction rate constant
has been calculated, Equation 52 taking the logarithm of theinitial Arrhenius

function z is used to determine thed and O,

I 16 — (5.4)
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This is achieved by plotting INQ againstpX"Y, before calculating a simple linear
regression; the intercept { ) and slope 1 ) values of the produced straight line

correspond to 0 and 'O, respectively.

5 Q (5.5)
0 Vi (5.6)

The kinetics model used in this chapter utilises this simple method as its basis,
however this is further developed upon to make use of theexperimental
lignocellulose data. As discussed in Chapter 3, once dried, the thermal
degradation of the structural compounds of biomassz the hemicellulose,
cellulose and ligninz occurs across two distinct phases; devolatilization and then
char combustian. Although hemicellulose is the least thermalkstable structural
component, its decomposition does not just occur during devolatilizatiorg
partially degraded hemicellulose still exists within the char especially under
rapid reaction conditions such asfast pyrolysis [36, 37]. Consequently, the
multistep kinetics model produced for use in this chapter simulating the entire
combustion process attributes the known lignocellulosic mass fraction to their

equivalent 6 and Ovalues.This is described inthe following equation;

— 0 Qun — a a ¢ (5.7)
where:
€ is the stated step, related to the structural component
3 is the mass fraction of the structural component

Using the final weightvalue recorded at the end the combustion experiments as
the terminal mass, Eq5.7 is used to model the decomposition rates of each
defined lignocellulosicbased reaction, through to burnout. By attributing the
appropriate calculated mass fraction to eacindividual model, combining these
will show how the interactions of the different structural components combine
to replicate the complete mass loss. This will act as a framework to show the
kinetic variation that exists between species, driven by the knowlignocellulosic

contents.
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5.3. Results

The following results section will be broken down into four main areas; 1) an
overview of the fundamental characteristics of the wood samples, including the
partitioning of nitrogen and their potassium contents, 2) the elationships that

exist between the different characteristics, 3) the combustion characteristics
produced from the TGA experimental work, and 4) the results of the kinetics

model, based upon the completed experimental work.

5.3.1.Wood Sample Characteristics

As stated previously, the focus of this research is on a total of 36 samples;
comprised of wood sourced from the stem, root and branches of 12 individual
trees (7 birch and 5 Sitka spruce). This is a refined selection of the samples used
in Chapter 4. Althoudn the aim of this chapter is to understand and quantify the
combustion differences that exist between different species and tree sections, it
is also vital that the elemental, chemical and lignocellulosic values are first

considered.

5.3.1.1. Proximate & Ultimate Results

The mean proximate and ultimate values for the analysed birch and Sitka spruce
samplesz and their corresponding standard deviationsz can be found in Table

5.3. The elemental and chemical results show that the characteristics of the wood
differ, not only between species, but also between the different tree sections.

This variation has been illustrated in the radar diagrams, located in Figure 5.5.

Sitka spruce stem wood has larger carbon and hydrogen contents than that of
the birch, however the amaint of nitrogen is smaller; for both species the
content is low when compared to other types of biomass feedstocks, such as
grasses and straws [3, 22, 23, 38]. The distribution of carbon within the tree
differs between the two species; for Sitka spruce the is very little difference in
the carbon contents of its stem, root and branch wood, while for the birch there
is a clear increase in the root and branch carbon when compared to its stem. This
suggests that there is a contrast in the growth focus and thecation for carbon
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Table 5.3z Experimental mean values and calculated standard deviations; Ultimate, Proximate and Gross Calorific Values from seven birch
(BI) and five Sitka spruce (SS) trees. Comparison between their stem, root and branch wood

51 OEi AOA 001 gEIi AOA

C H N / VM FC Ash "#6

Stem 46.5(+0.28) 6.4(x0.05) 0.10(0.01) 46.8(+0.25) 91.5(0.32) 8.4(0.31) 0.13(0.06) 18.5(20.12)

Bl Root 48.8(+0.79) 6.3(20.08) 0.26(0.05) 44.2(+0.92) 86.9(x1.41) 12.6(¢1.35) 0.50(x0.10 19.4(x0.36)
Branch 48.3(0.84) 6.4(x0.12) 0.23(x0.03) 44.7(x1.04) 89.0(z0.35) 10.5(+0.22) 0.47(+0.13) 19.3(+0.40)

Stem 47.8(0.52) 6.5(+0.02) 0.07(x0.01) 45.5(0.58) 88.5(0.68) 11.5(x0.62) 0.16(+0.08) 19.0(x0.23)

SS Root 47.5(x0.29) 6.3(x0.04)  0.14(x0.01) 45.8(x0.31)  87.2(x0.34)  12.6(zx0.36)  0.26(x0.09) 18.9(+0.12)
Branch 48.1(+0.48) 6.5(+0.06) 0.17(+0.03) 45.1(«0.58) 85.3(«0.35) 14.4(+0.29) 0.32(+0.19) 19.2(+0.23)

AAi Adi AGAA i1 A AOU AAOEOh AAT AC
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Figure 5.5z Calculated experimental mean values (Wt.% on a dry basis) of a) Carbon, b) Hydrogen, c) Nitrogen, d) Volatile Matter, e) Fixe d
Carbon, and f) Ash; comparison between the stem, root and branch of UK -grown birch and Sitka spruce. Corresponding data found in Table

5.3
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accumulation between different species. The ultimate analysis also highlights
that Sitka spruce has larger hydrogen and smallemntrogen contents, throughout
the entirety of the tree, when compared to birch. Of the considered samples, the

birch roots contain the largest quantities of nitrogen.

This variation is also evident in the proximate analysis results. The differences
between the volatile matter (VM) and fixed carbon (FC) of the species are most
pronounced in the stem and branch wood; birch stems and branches are typified
by larger contents of VM than that found in Sitka spruce, whilthe latter have
more FC. As shown by Fige 55 z and the data contained in Table 5.3 the ash
contents of the stem wood is similar, with Sitka spruce having slightly more than
the birch. This is not the case when considering the other sections of the trees
birch have larger ash contents. Tlsi is most apparent in the birch roots, which
have statistically significant larger ash contents than Sitka sprucé{10)=3.861,
p=0.003. In addition to the differences between species and different tree
sections, there is also a level of variation betweemdividual trees. This is
especially apparent for birch which, in most instances, has the greatest variance
between its mean elemental and chemical valugsas evidenced by the standard
deviations, reported in Table 5.3. The results indicate that the bircis more
heterogeneous than the Sitka spruce, which is supported extensively in the

existing literature [39, 40].

5.3.1.2. Nitrogen Partitioning

Nitrogen and biomass have an important association, a result of the elements key
role in the growth process and the patntial implications that can arise through
its existence within fuel. It is therefore vital to understand the behaviour of the
nitrogen content of biomass feedstocks, especially when considering how best to
utilise it as a resource. The nitrogen contentsfdhe different wood species and
tree sections can be found in Table 5.3; however, to supplement this, further
analysis has been conducted on the partitioning of fuéll between the volatile
and char phases of combustion. This data is given in Table 5.4.eTé¢alculated
fuel atomic N:C ratios of the birch are larger throughout the tree, when compared

to the spruce, indicating that nitrogen is more prevalent in hardwood species.
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Table 5.4z Calculated nitrogen partitioning data and theoretical char yields of
birch (BI) and Sitka spruce (SS); comparison between stem, root and branch
Fuel-N Partitioning (%)
FuelN:C Volatiles Char Std.Dev. 4 # 9

Stem 0.002 84.5 15.5 +2.33 8.6
Bl Root 0.005 87.3 12.7 +0.84 13.1
Branch 0.005 88.1 11.9 +1.83 11.0
Stem 0.001 89.9 10.1 +1.54 115
SS Root 0.003 88.3 11.7 +1.50 12.8
Branch 0.004 87.1 12.9 +1.73 14.7

4EAT OAOGEAAT #EAO 9EAI A j&# O A

The partitioning of fuel-N for a number of different biomass feedstocks have
previously been studied, reporting the release of nitrogeg associated with the
volatile phasez as between 72.3% and 90.97%. These values were calculated by
completing a material balance between the nitrogen contents of a raw fuel and
its subsequentlyproduced char [, 31]. The nitrogen partitioning results, stated

in Table 5.4, were produced usinghe alternative method described in Section
5.2.4 however, these are comparable to the results reported in the literature,
giving confidence to this alternativemethodology. For the Sitka spruce samples,
the partitioning of nitrogen in the volatile phase is fairly uniform throughout the
tree; calculated as 87.1%, 88.3% and 89.9% for the branch, root and stem wood,
respectively. Although the birch root and branchwood is comparable to that of
the Sitka spruce, the partitioning of nitrogen in the stem wooq calculated as
84.5% z shows a clear difference. Indeed, the difference between the birch and

the Sitka spruce stem wood is statistically significant(10)=-4.076, p=0.002.

Table 5.4 also gives values for the theoretical char yield (TCY) of the species and
their different sections z calculated as the sum of the fixed carbon and ash, on a
dry basis. This is necessary for establishing how nitrogen partitioning codl
impact upon the concentrations of nitrogen existing within a produced char,
potentially affecting the end use of a raw biomass source. Processes such as
torrefaction and carbonisation z aimed at improving the fuel quality of raw
biomass z reduce their masture and volatile contents, while increasing the
concentrations of fixed carbon 81,41]. Alternatively, biomassderived chars can

be applied to soils to improve their condition; they reduce the loss of nutrients,
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via leaching, prompting increased growthproductivity of the existing plants
[42]. Understanding how different wood feedstocks impact the partitioning of
nitrogen z in the case of this research, differences relating to species and tree
sectionsz is clearly important. Consequently, Figure 5.6 siws the differences
that exist in the nitrogen contents of the birch and Sitka spruce, highlighting how

partitioning would impact the nitrogen content of theoretically-produced chars.
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Figure 5.6z Influence of nitrogen partitioning on the fuel -N content of calculated
Theoretical Char Yields (on a dry basis); comparison between different species
and tree sections

The nitrogen partitioning results suggest that for Sitka spruce, the nitrogen
contents (Wt.% on a dry basis) of the theoretical char slightlyeduces; this is

apparent throughout the different tree sections. Although this reduction is
evident in the birch roots, the results indicate that the theoretical chars produced
from other sections of a birch tree would have increased concentrations of
nitr ogen. This is most visible for the birch stem wood which, even when
considering the associated error, shows a definite increase in nitrogen
concentration. The mean values indicate that producing chars from birch stem

wood would increase the nitrogen contem, from 0.1% to 0.18%.
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Figure 5.7z Calculated experimental lignocellulosic fractions (  EF, db) for birch and Sitka spruce; a) Lignin, b) Hemicellulose, and c) Cellulose.

Data in Table 5.5

Table 5.5z Lignocellulosic fractions ( EF, db) and standard devi ations for birch (BI) and Sitka spruce (SS)

Hemicellulose Cellulose Lignin
Stem 0.24(+0.01) 0.55(x0.01)  0.20(z0.01)
Bl Root 0.20(+0.02) 0.48(+0.03)  0.32(+0.05)
Branch 0.22(+0.01) 0.50(x0.02)  0.28(+0.03)
Stem 0.16(0.01) 0.56(x0.01)  0.29 (+0.01)
SS Root 0.14(+0.02) 0.54(+x0.02)  0.31(0.02)
Branch 0.16(+0.01) 0.48(x0.01)  0.37(+0.01)
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5.3.1.3. Lignocellulosic Content

The relationship between the structural components of biomasg its lignin,
cellulose and hemicellulosez and the combustian process is well documented,
prompting a wide range of researchers to investigate their decomposition and
the chemical kinetics that relate to this [27, 3235]. As this chapter is concerned
with the combustion characteristics of the birch and Sitka spruceamples, it is
important to properly document their lignocellulosic composition. Figure 5.7
illustrates the lignocellulosic components of the birch and Sitka spruce samples,
with the supporting data located in Table 5.5. The values have been reported on
an extractive free basis, focusing on the differences in the known structural
components; the digestive analysis, discussed in Section 4.2.3.6, did not include
lab-based extractive determination. It should be noted that, as discussed in the
previous chapter, the extractive contents of Sitka spruce which were calculated
by differencez are greater than that of birch, particularly in their root and branch

wood.

The hemicellulose contents of the two species clearly differ; the birch is
characterised by an inceased hemicellulose content, evident throughout the
entirety of the tree. The largest quantities of hemicellulose are located in the
birch stem, calculated at ~50% more than that of the Sitka spruce. Although the
quantities differ, the roots of both speags contain the smallest amounts of
hemicellulose. In keeping with the homogenous nature of the coniferous Sitka
spruce [39, 40], there is very little variation in the hemicellulose content of their
stem and branch woodz even when combined, the calculatedelative error of
the two is less than 5%. Supported by the data in Table 5.5, cellulose represents
the key structural component of both birch and Sitka spruce [ 40]. As shown,
the quantity of cellulose is similar between the two species; the stem wooaolf
both contain the largest fractions, determined as 0.55 and 0.56 for the birch and
Sitka spruce, respectively. There is, however, evident variation in cellulose
content throughout the other sections of the tree. The stem and root wood of
Sitka spruce comain similar cellulose contents, before displaying a clear
decrease in its branch wood. In comparison, both the cellulose contents of birch

root and branch wood are reduced.

172



Lignin is an important structural component of wood; the lignification of the
secandary cell wall z occurring during the seasonal growth procesg produces
cells which are both rigid and impermeable. The strengthened cells are,
subsequently, suitable for transport and supportz key attributes for growth.
Representing a major carbon sinktheir existence is species dependent, with
hardwoods containing between 20%28%, while this is slightly increased for
softwoods, 24%33% [27, 40, 43]. The lignin contents of birch and Sitka spruce,
found in Table 5.5, are comparable to those contained thin the literature,
giving validity to the stated results. For both species, the lignin contents of the
tree are smallest in the stem woodalthough this is significantly higher in the
Sitka spruce. Effectively, the birch stem wood samples are typified loycreased
hemicellulose contents, at the expense of lignin, while the Sitka spruce samples
are the inverse of this. The role of lignified cells in resource transportation and
support within the tree, indicates that higher concentrations of lignin will exst

in key growth areas. The results therefore imply, interestingly, that the growth
focus differs between the two species; new growth in birch trees will be most
prominent in the roots, while Sitka spruce focuses this in its branches and

canopy.

Table 5.6z Calculated potassium contents of individual birch (Bl) and Sitka
spruce (SS) trees; comparison between stem, root and branch

~ 7 Z Z Zz ~ 7

0l OAOGOEOI jjiCrECQ
1 2 3 4 5 6 7 Mean %E
Stem 618 1084 710 923 691 617 1138 826 24.7
Bl Root 1199 1355 1378 871 1010 1360 1005 1168 16.4
Branch 741 1201 810 1124 983 945 856 951 16.2

Stem 495 503 665 612 513 - - 558 12.3

SS Root 771 645 939 998 1127 - - 896 19.0
Branch 740 801 732 757 835 - - 773 5.0

iT A

5.3.1.4. Potassium

One of the key inorganic constituents of biomass is potassium, which plays a vital
role in both physiologicat and combustionbased processes. The potassium
contents d the two species, produced by atomic absorption spectrometry, can

be found in Table 5.6; these are comparable to previously published results,
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giving validity to the stated values [15, 16]. Table 5.6 details the individual
results for the seven birch andive Sitka spruce trees analysed; these have been
visualised in Figure 5.8, highlighting the variation between species and tree
sections. The mean potassium results, stated in Table 5.6, indicate that birch
have higher concentrations than Sitka spruce; tkiis evident throughout the
entirety of the tree. Although the values differ, comparable patterns between the
two species are apparent the stems contain the smallest concentrations, while

the roots contain the highest.
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Figure 5.8z Calculated potassiu m values (on a dry basis) for birch and Sitka
spruce; comparison between stem, root and branch wood

The calculated relative errors for the different tree sections indicate that certain
parts of the tree have larger degrees of variation, which is apparefior both
species. Adllustrated in Figure 5.8, the variation in potassium concentrations
between the Sitka spruce samples are much lower in the stem and branch wood,
while their roots have a larger spread of results. This variation in the roots can,
potentially, be explained by the geographical location of the analysed specimens;
the first two Sitka spruce trees in Table 5.6 were sourced from Dumfries, while
the remaining three (3, 4 and 5) were attained from Dartmoor. Increased
concentrations of nutrients in the soil, which are accessed via a pladt root

system, invoke improved biomass growth [4, 45]. Therefore the potassium
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results suggest that, firstly, there is a difference in the soil quality at the two
locations; the Dartmoor site is potentially moe conducive to growth. Secondly,
and perhaps more pertinently, theresults indicate that although site conditions
can influence variability in the potassium concentrations of Sitka spruce roots,
their stems and branches appear less susceptible to site catidns. This is
important when considering the suitability of the species as a fuel; homogeneity
of wood resourcez especially when sourced from different locationg will result

in a more reliable fuel.

As with the other elemental and chemical analysis gcussed previously in this
chapter, the heterogeneous nature of the birch samples is again evident, this time
in its potassium concentrations. Table 5.6 and Figure 5.8 show that, throughout
each section of the tree, there are large ranges in the stated was. There are
some siterelated similarities (Tree 1, 2, 3 and 4 were from Haldon, numbers 6
and 7 were from Wheldrake and 5 was from Whitestone), however these are
certainly not as clear as with the Sitka spruce indeed,any comparisons could
not be mace with high-levels of confidence. In addition to growth, the potassium
content is also a prominent factorduring the combustion process andhis will

be considered later in the chapter.

5.3.2.Elemental & Component Relationships

The previous section contains theesults of the proximate, ultimate, nutrient and
lignocellulosic analysis for the individual birch and Sitka spruce samples,
considered within this research. Understanding these in isolation is valuable,
however using the data to infer different relation$ips between the elemental,
chemical and structural components of the samples can allow conclusions to be
proposed, extending beyond the considered data set. This section will therefore

look to establish and clarify these potential relationships.

5.3.2.1. Fixed Cabon

Proximate analysis is one of the simplest, yet most important, characterisation
methods available for evaluating thermal conversion properties; determining

the moisture, volatile matter, fixed carbon and ash contents of a given fuel. Of
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these, the maosture and ash contents have the greatest propensity to negatively
impact the properties of biomass, either impacting the amount of useable energy
or zin the case of aslg causing issues with corrosion and slag formation [15, 22,
46]. When considering theproximate properties, the ash, volatile matter (VM)
and fixed carbon (FC) components are inherently linked; FC is a derived value,

utilising the measured ash, moisture and VM contents of a sample.
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Figure 5.9z Logarithmic relationship between fixed carb  on and ash content (on a
dry basis) within the tree; mean values of stem, root and branch data

Using the calculated mean values for the stem, root and branch data, Figure 5.9
highlights a positive correlation between the ash and FC contents of the two
species; an increase in ash content coincides with increased levels of fixed
carbon, evident throughout the tree. Although this is apparent for both the birch
and Sitka spruce, their relationships with FC and ash differ, indicating that this is
species depeneént z this is supported by the produced nonlinear regressions in
Figure 5.9. The ash and FC represent two of the four existing variables within a
known mass, therefore logarithmic functions have been used; recognition that

the pairs increased values cannatontinue indefinitely.

The slope value for the Sitka spruce which is larger than that of the birchz

demonstrates that the increases in FC content within Sitka spruce incur ash
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accumulation at a reduced rate, compared to the birch. Considering the néigae
impacts associated with ash, the results indicate that Sitka sprugeevaluating
the tree in its entirety z is more suitable for use as woodfuel, or for further
carbonisation improvements, than birch. The functions produced using the
mean values ofthe stem, root and branch dataz achieve strong correlation,
demonstrated by their calculated R2 values. However, to ensure that the
produced valuesz using the regression functionsz are representative of the
experimental data, it is important that they ae validated. As previously stated,
the samples analysed within this research are a subgroup of the larger dataset
used in Chapter 4. Applying the regression functions to the 37 birch and 41 Sitka
spruce ash values, determined in the previous chapter, wigiroduce estimations

of their FC contents. These can be used in combination with the known
experimental values to calculate theelative error. Consequently, the errors for
the modelled birch and Sitka spruce FC contents are 8.2% and 9.8%, respectively.
With the FC content being relatively low, the calculated errors are acceptable,

therefore suggesting the regressions produce a good fit for both species.
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Figure 5.10z Relationship between fixed carbon and lignin content (on a dry
basis) within the tree; mean values of stem, root and branch data

The relationship between the FC and lignin contents of biomass have been

previously investigated, considering an array of feedstocks with high and low
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lignin contents [47]. While proximate analysis is a simple proess that can be
completed relatively quickly and robustly, the method for determining lignin is
the opposite; it includes digesting, filtering and washing the sample, which is
time consuming and requires extensive lalbased expertise. The benefits of
identifying and defining a relationship between lignin and FC are twofold; it
would allow the lignin content to be confidently estimated using quick and cheap
characterisation methods, while also giving the experimentally obtained lignin
results a comparison alue, helping validate their experimental process. Figure
5.10 identifies a strong positive correlation between the FC content and the
extractive free lignin fractions of the two specieg the increase of FC coincides
with an increase in the lignin fraction of the structural components. Although
there is species variation, the produced linear function is representative of a
combined relationship that exists between lignin and fixed carbon, evidenced by
its corresponding R? value (R%=0.990). For a diverse seof biomass feedstocks
xEQOE 11 x 1TECTET AI1TOAT OOh $AT EOAAh j¢gmmoq O

function to determine lignin from the FC value;

D0 QOQMte MY p& MW ¢ ® oTTw (5.8)

Applying Equation 5.8 to the FC contents of the 36 samplgsonsidered within
this chapter z produces arelative error of 9.5%. In comparison, the linear
function in Figure 5.10 produces aelative error of 3.8% for the same set of
samples. As a result, the function produced in this chapterdetailed in Eq. 5.%

IS better constructed to model the relationship between lignin and FC for birch
and Sitka spruce. The stark difference in error values supports the extensively
documented statement that large-scale variability exists between biomass
feedstocks [3, 2, 46, 47]. Therefore, byinstead focusing on specific species it is

possible to refine the functions to best describe the experimental data.

0 "QQm8tcap T8 p (5.9)

This section has identified relationships that exist between FC and ash, and then,

between FC and lignin, evidencing strong positive correlations in both cases.
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Considering the results contained within Figures 5.9 and 5.10, it would be
acceptable to assume that there is a species dependent relationship between a
tree® ash content and itsignin. Indeed, within the cells secondary wallg which
undergo extensive lignification during growthz detectable concentrations of key
inorganic species exist, including chlorine, calcium, sulphur and potassiumdp
Additional literature also supports an interaction between ash and lignin;
particularly the existence of potassium and sodiung two important inorganic
components contained within ligninz which prompt increased char yields [8,
49]. While the FC content is derive@ dependent upon the corret measurement
of the other proximate variablesz the ash content can be easily determined
directly from experimental analysis, making it a preferable characteristic to base
modelled data upon. Individual nonlinear functions for birch and Sitka spruce
depicting the relationship between ash and lignin conteng can be produced by
combining the previously determined functions. As a result, Figure 5.11 depicts
these functions, specific to the two species considered.
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Figure 5.117 Modelled relationship betw een ash and extractive free lignin
contents (on a dry basis) for birch and Sitka spruce

Again, validating the produced models against experimental data is important,

therefore the ash contents of the 37 birch and 41 Sitka spruce samples from the
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previous chapter were used. Subsequently, the results produced from the birch
function z when compared to their expermental lignin results z have a relative
error of 5.9%. For the Sitka spruce model theelative error is slightly larger,

calculated at7.7%.

5.3.2.2. Nitro gen Interactions

Nitrogen and potassium are important constituents of biomass, both having key
influences on the growth process and during combustion. Establishing their
contents within wood biomass is clearly important on an individual basis,
however identifying potential relationships between the two would help infer
conclusions that are applicable outside this research. Consequently, Figure 5.12
highlights a negative influence of potassium content on that of the nitrogen,
contained within the stem wood d birch and Sitka spruce species. Considering
the previous characterisation results, the stem wood samples show the smallest
amounts of variation, when compared to the rest of the tree. However, the
existing relationship between nitrogen and potassium cledy highlights that

interspecies differences in homogeneity are still evident within the stem wood.
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Figure 5.127 Linear relationship of nitrogen and potassium (on a dry basis)
within birch and Sitka spruce stem wood
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The linear regressions contained wihin Figure 5.12 indicate that increased
concentrations of potassium, within the stem wood, coincide with a reduction in
nitrogen. Although there are differences in the determined values, a negative
correlation is apparent for both the birch and the Sitkapgruce samples, analysed
within this research. These results suggest that, firstly, the growth of birch stem
wood is more dependent upon nitrogen and potassium than Sitka spruce,
requiring a larger supply of the nutrients. Secondly, the negative correlatian
between the two elementsz apparent for both speciesz imply that their stem
wood may have boundaries for nutrient saturation; where increases in available
nitrogen and potassium will only increase stem wood growth to a certain level,
before depositing n other sections of the tree. This would have implications on
nutrient management practices, such as fertiliser application, which form a key
part of forest silviculture; the identification of potential areas of nutrient wastage

is vital for improving the economics of biomass [8].

This relationship is also important when considering the thermal conversion of
birch and Sitka spruce stem wood. As previously discussed, the potassium
content affectsthe reactivity of the wood and can influence fouling and slagng,
while nitrogenzAT A OEA AT 1T OA N O A 1z0as begative 6ffeciston 1
the environment and human health [B, 24, 29, 49]. The interactions between
the contents of the two elemental constituents]lustrated in Figure 5.12, suggest
that increased or reduced nitrogen contents will coincide inversely, with that of
the potassium. Previous research on domestic woazbmbustion, whichfocused
on wood with larger nitrogen contents than the species analysed in this chapter
AAOAOI ET AA OEns Were reduced] ciosd GhE lentire combustion
process, when compared to fuels such as co&ld]. Therefore,when considering
the potential use of the two species as fossil fuel replacements, the reduced
nitrogen and potassium contentsz coupled with its increased homogeneityz
make the Sitka spruce stem wood a more preferable source. Alternatively, if
utilising birch as a fuel, the linear relationship in Figure 5.12 indicates that stem
wood with an increased nitrogen contentz which is still low when compared to
other biomass sources should be preferred, as this would result in a reduced

potassium content.
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5.3.3.Combustion Characteristics

So far this chapter has established the characteristics of the two species,
focussing on how these differ between one anotlmeand within the tree itself.
Building upon this, the potential relationships and how these may impact the
combustion properties have also been considered. Consequently, this next
section will focus on the completed TGA experimental work, considering the

variations in combustion characteristics displayed by the birch and Sitka spruce.

5.3.3.1. Lignocellulosic Combustion

Offering context and a reference for comparison, the combustion characteristics
of a number of lignocellulosebased standards have also been anabd. Utilising
the same combustion conditions used for the birch and Sitka spruce, the analysed
standards include examples of cellulose, lignin and hemicellulose. Unlike
cellulose, which is well defined, hemicellulose is heterogeneous in nature and
consists of polysaccharides that differ in their structural and physiochemical
properties [51]. Consequently, a total of four monosaccharide standards and one
polysaccharide standardz all associated with hemicellulosez where analysed;
their derived rates of masdoss (Wt.% s 1), produced using TGA combustion data,

is located in Figure 5.13.

The derived mass loss data highlights the variation that exists between the
hemicellulose-based standards, particularly the reactivity characteristics that
occur between 100°Gand 300°C. This temperature range is in keeping with those
reported in existing combustion literature [32, 34]. Firstly, the initial mass loss
temperature of the standards differ; arabinose is the most reactive, initiating its
mass loss at ~125°C, whilelte mannose, xylose, glucose and xylan all begin to
decay at higher temperatures, in the region of 150°C. Once the thermal
decomposition has commenced, the standards exhibit differing peak rates of
reactivity, occurring at different temperatures. This demostrates that the
heterogeneity that exists within hemicellulose, as previously reported 1],
extends to their combustion characteristics. The thermal degradation of the
monosaccharides produce two clearly defined reactivity peaks that occur before

300°C,; this differs for the polysaccharide, xylan, which instead contains a
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shoulder before reaching peak reactivity. The stated range of temperatures

suggest that the two peaks are associated with the devolotilization phase.
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Figure 5.13z Comparison of the d erived rates of mass loss (Wt.% s 1) of different
hemicellulose -based monosaccharide standards during temperature
programmed combustion

As presented in Figure 5.13, a distinct third peak exists, occurring between 400°C
and 500°C; this is observable for &five standards, although the peak is reduced
for the polysaccharide. Unlike the previous two peaks, the third is associated
with char combustion, indicating that hemicellulose decomposition generates
both volatiles and charz albeit the remaining carbonenriched residue, left after
devolatilisation, is in much smaller quantity [36, 37]. Importantly, this gives
validity to the assumption made previously in Section 5.2.6; that the thermal
degradation of hemicellulose occurs across both the devolotilizatioand char
combustion phases. In addition to the analysed standards, a combined plot has
been produced to represent the hemicellulose group and its diverse nature. The
combination and quality of the polysaccharides that comprise hemicellulose,
differ greatly between species; the xylans found in hardwoods tend to contain
more glucose monosaccharides, while those contained within softwoods have
more mannose and arabinosenonomeric groups within the polymer [39, 51].

Consequently, different xylan compositions wi result in different profiles,
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making the production of a singleplot z representative of hemicellulosez
inherently difficult. Therefore, in this instance, an even weighting of 0.2 has

between applied to the five standards.

Figure 5.14 depicts the reativity differences that exist between the structural
components, found within wood biomass. The cellulose and lignin plots have
been produced using their combustion data, while the hemicellulose plot is the

weighted combination of the five standards, premusly illustrated in Figure 5.13.
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Figure 5.14z Combustion of structural components; derived rates of mass loss
(Wt.% s 1) for hemicellulose, cellulose, lignin and combined lignocellulose

The initial decomposition of cellulose occurs at a higher tempature than both
the hemicellulose and the lignin; a factor, again, supported in the literature,
giving validity to the combustion methodology used and its consequent results
[32]. However, unlike the hemicellulose and lignirg both typified by relatively
slow increases in reactivityz cellulose decomposes rapidly, over a short period
of time, due to its simple polymeric structure This results in the production of a
single defined peak, with its maximum rate of reactivity far exceeding that of the
other structural components. The analysed lignin standarg which has an initial

mass loss temperature falling between that of the hemicellulose and celluloge
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contains two distinct peaks ofreactivity. The degradationof the lignin is a slow
process,occurring over a larger temperature range than the polysaccharide
based hemicellulose and celluloseDuring the devolatilisation stage, the lignin
decomposition produces aromatic compounds and char. Indeed, of the structural
components existing in wood, lignin accouts for the largest fraction of the
produced char [24]. As shown in Figure 5.14he char combustion of the lignin

sampleoccurs at ~400°C

As previously evidenced in this chapter, the mass distribution between the
hemicellulose, cellulose and lignin diffes between species. For simplicity, an

even weighting has been applied to the three structural componengscombining

them into a single plotz which is located in Figure 5.14. Although produced
DOOAT U -#mdE AIGESEA OAT AAOA Ohreldiégndhipthatthd® EECE
three separate componentg and their subsequent mass contentg have during

the entire combustion process.

5.3.3.2.  Combustion of birch & Sitka spruce

This chapter has consideed the combustion characteristics of 36 samples in
total, considing of wood taken from the stem, root and branches of seven birch
and five Sitka spruce trees. The results of the combustion analysis are presented
in Figure 5.15 and Figure 5.16 for the birch and Sitka spruce, respectively. The
extracted temperature andpeak reactivity dataz accompanying Figures 5.15

and 5.16z can be found in Table 5.7 and Table 5.8, respectively.

Table 5.7z Determined mean temperatures (°C) from mass loss data for birch
(BI) and Sitka spruce (Sl); comparison between stem, root and br anch wood

Combustion Temperatures (°C) Potassium

T4 Ts Tv Tc T P11 CTE
Stem 240(+1.4) 288(+2.1) 326(+1.8) 457(x4.5) 472(3.1) 826
Bl Root 239(+2.1) 291(+1.7) 327(x1.7) 445(x4.9) 471(+2.8) 1168
Branch 233(x0.9) 287(2.1) 324(x1.4) 448(:2.6) 473(25.4) 951
Stem 246 (+1.5) 273(+x2.7) 328(+0.8) 463(+4.2) 481(+3.3) 558
SS Root 244 (+1.0) 274(+2.9) 328(+1.1) 462(+3.2) 477(+2.0) 896
Branch 240@25) 269(x6.7) 325(1.6) 457(x3.9) 478(4.5) 773

5 Y1 EOEAI - AAOG®hL 1OOORAE BEITAOEBEI AT AADAREAT H
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Figure 5.167 Mass loss profiles and derived rates of reactivity (on a dry basis)
produced from the combustion of five individual Sitka spruce trees; comparison
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Table 5.8z Determined mean peak reactivity rates for key points during the
combustion of birch (BI) and Sitka spruce (Sl); comparison between stem, root
and branch wood

dm/dt (Wt.% s 2)

Shoulder Peak Volatile Peak Char

Stem 0.12 (+0.005) 0.33 (x0.006) 0.06 (+0.005)

Bl Root 0.11 (+0.005) 0.29 (+0.026) 0.06 (+x0.006)
Branch 0.11(x0.006)  0.27(x0.010) 0.06 (+0.003)
Stem 0.06(x0.008)  0.33(+0.022) 0.06 (+0.009)

SS Root 0.06(x0.005)  0.30(+0.009) 0.08 (+0.006)
Branch 0.06(+x0.014)  0.23(0.012) 0.08 (+0.009)

The stated initial mass loss temperatures show a difference between the two
species, indicating that birch is more reactive than the Sitka spruceapparent
for the different tree sections. As a result, the most reactive set of samplevere
the birch branch wood, initiating decomposition at 233°C (+0.9°C), while the
''''' SEOEA ODPOOAA OOAI

degradation until 246°C (£1.5°C). Although the temperatures differ, there is a
comparable patternbetween the different tree sectionsg the stem wood is the
least reactive, while the branch wood is the most. Considering the burnout
temperatures of the samples, there is again a clear difference in the reactivity of
the two species; the birch achieved bunout at lower temperatures than the Sitka
spruce. Burnout for the birch occurs from 471473°Cz dependent on the tree

sectionz while for the Sitka spruce this range was determined as 47881°C.

While the birch displays greater reactivity than the Sitka gruce for both its
initial decomposition and burnout temperatures, this is not the case for the
EAT EAAT 1 0171 OA OOEI O1 AAO6h xEEAE

components overlap [Z]. The derived reactivity data in Table 5.7 indicates that

~ o~ o~ N Z

the Sitka spruce hemicellulose is more reactive. Indeed, the peak reactivity of the
shoulder, for the birch stem wood, occurred at 288°C (£2.1°C), while for the Sitka
spruce the temperature was 273°C (£2.7°C). These are comparable to previously
published reaults [27, 32, 34]. Peak decomposition reactivity rates, occurring at
the stated temperatures, can be found in Table 5.8he hemicellulose shoulder

of the Sitka spruceoccurs at a lower temperature,coinciding with its reduced
peak rate of reactionwhen compared to the birch; these are established as 0.06

and 0.12 Wt.% s ! for the Sitka spruce and birch stem wood, respectively. The
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difference between the two species igjiven in Figures 5.15 and 5.16, with a
pronounced shoulder clearly evident for the birchwhen compared to the Sitka
spruce. These results imply that the temperature difference, existing between
the two samples,are dictated by the combination of polysaccharides classified

within the hemicellulose.

The peak rates of thermal degradation associatl with the volatile componentz
and the temperatures these occur & are similar for both the birch and the Sitka
spruce samples. For the birch, this occurred between the temperatures of 324
326°C while, for the Sitka spruce, this was determined as 32%8°C. Again, these
are comparable to previously published temperature result§27, 32], and the
peak temperature of the cellulose in Figure 5.14The reactivity rates, detailed in
Table 5.8, are significantly larger than those of the hemicellulose shoulder
Additionally, the calculated mean results indicate that there is little species
based variation between the stem and root wood. There is however, intra
species variation; this is most evident with the birch root samples, which have a
large relative error associated with their peak volatile reactivity, calculated as
9%. The increased heterogeneity of the birch root wood as a fuel is visible in
Figure 5.15, especially when compared to the mass loss plots tfe other
sections and speciesFinally, the char combustion phasez observed as the
second peak in Figures 5.15 and 5.16takes place at temperatures in excess of
400°C. The validity of the stated temperatures, located in Table 5.7, aie
agreement with previously published char combustion results [2, 53]. Moving
away from the relatively homogenous nature of the volatile combustion, the
species variance reappears with the peak rates of char degradation. This is
visible in both the mass loss and derivative plots, specifically those of the birch
stem andSitka spruce branch wood. The results indicate that the birch root char
is the most reactive, with peak reactivity achieved at 445°C (x4.9°C), while the

Sitka spruce stem wood is again the least reactive, occurring at 463°C (£4.2°C).

5.3.4.Potassium & Combustin Relationship

As previously discussed, potassium is a highly mobile nutrient which, once taken

up through the roots, distributes itself around the tree and aids in its growth.
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Further to its role in cell expansiong supporting key functions, such as wateand
nutrient transportation z its impact on the combustion process is well
documented; the existence of potassium salts and other catalytic metals within
biomass affect its reactivity. Some of the potassium contained within wood is in
a more mobile state resulting in its release during combustion [29, 54, 55]. The
completed potassium resultsz completed on all 36 sampleg can be found in
Table 5.6, however their calculated mean values have also been included in Table
5.7.

In addition to increasing the fiel® reactivity, potassium can also cause issues
with corrosion. The pati tioning of K between the vapour and solid phase, during
combustion, depends on the salts and other minerals that are presef@ome of
the potassium is bound to organic structures, &ch as the hemicellulose, while
detectable levels of potassium have been established within the secondary walls
of cells, which are directly linked to a treé lignin content [39, 55]. Sincethe
thermal degradation of hemicellulose occus at lower temperatures than the
other structural components, the relationship with potassium content and the

temperature of initial mass loss can be investigated.
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Figure 5.17z Relationship between mean potassium and initial mass loss
temperature results for birch and Si  tka spruce; differences in root (R) and
branch (B), including the stem (S)
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Considering the propensity of potassium to increase reactivity, Figure 5.17 plots
the mean potassium contents and initial mass loss temperatuffer the different
tree sections. Firsly, interspecies variation is evident; the birch has an increased
potassium content and is more reactive than the Sitka spruce, visible throughout
the entirety of the tree.Since no single relationship is observed ifigure 5.17, it
suggeststhat although potassium clearly impacts reactivity, the severity of this

impact differs for different tree sections.

Observable for both species, the roots contain more potassium than the
branches, but are subsequently less reactivg this is supported by the
differences in the two produced linear regressions. The results suggest that
potential fundamental differences exist in thecatalytic availability of potassium
within the lignocellulosic components, specifically in relation to the roots and
branches. Effectively,the decreased reactivity witnessed in the roots, when
compared to the branch wood, may be a result dbwer potassium within its
hemicellulose. The bulk of the potassium would instead be located elsewhere,
particularly the lignin. Tree roots play a vital ole in accessing the essential
nutrients and water contained within soil; accordingly, to support
transportation, their cells will likely experience increased lignification. Indeed,
the results in Section 5.3.2. lemonstrate a relationship between asty of which
potassium is a key constitueng and lignin content. This, coupled with previously
published researchz which showsthe existence of potassium within lignirrich
secondary cell wallsz adds weight to the inferred conclusions on potassium and

how it differs in different tree sections [15, 39, 55].

Although the use of calculated means allow for the identification of general
correlations, their use can prompt other, more detailed, relationships to be
overlooked. Consequently, Figure 5.18 plots the pataium and initial mass loss
temperature results for each individual sample, allowing for a more thorough
analysis of the species, specific to tree sections. Again, as with Figure 5.17, the
grouping of birch and Sitka spruce results show a clear interspecevariation,
with the inclusion of individual results amplifying this. Although the relationship
between increased potassium and reactivity is clearly evident, the results
highlight that the species and tree sections have a much greater influence on

reactivity. The potential for other speciesspecific factors to impact reactivity is
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Figure 5.18z Relationship between potassium content (on a dry basis) and initial
mass loss temperature for birch and Sitka spruce; comparison between stem (a),
root (b) and branch (c) wood

best highlighted in the branch wood of the birch and Sitka spruc&he potassium
contents d the Sitka spruce branch wood varies only slightly, butheir initial

reactivity differs markedly. Inversely, the determined initial mass loss
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