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Bioenergy is increasingly being used to meet EU objectives for renewable energy generation and reducing
greenhouse gas (GHG) emissions. Problems with using biomass however include high moisture contents,
lower calorific value and poor grindability when compared to fossil fuels. Torrefaction is a pre-treatment
process that aims to address these issues. In this paper four torrefaction treatments of pine were per-
formed and a mass–energy balance calculated. Using experimental data, a pellet production supply chain
incorporating torrefaction was modelled and compared to an existing wood pellet system to determine
life-cycle GHG emissions. Two utility fuels, wood chips and natural gas, were considered to provide pro-
cess heat in addition to volatile gases released during torrefaction (torgas). Experimental results show
that torrefaction reduces the moisture content and increases the calorific value of the fuels. Increasing
torrefaction temperature and residence time results in lower mass and energy yields. GHG emissions
reduce with increasing torrefaction severity. Emissions from drying & torrefaction and shipping are the
highest GHG contributors to the supply chain. All 4 torrefaction conditions assessed outperformed tradi-
tional wood pellet supply chain emissions but more land is required which increases with temperature
and residence time. Sensitivity analysis results show that emissions increase significantly where natural
gas is used for utility fuel and no torgas is utilised.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Several EU countries are endeavouring to increase the use of
renewable energy and reduce greenhouse gas emissions by 2020
with further targets set for 2030 [1,2]. In addition to the targets
set out in the European Renewable Energy Directive, the UK is also
bound by legal framework to reduce its GHG emissions by at least
80% relative to 1990 levels by 2050 in accordance with the Climate
Change Act 2008 [3]. In fulfilling these emissions reduction targets,
it is widely accepted that bioenergy will play a significant role as
outlined in the UK bioenergy strategy [4] and as a result is being
increasingly mobilised to help achieve these policy goals domesti-
cally as well as across several EU states.

The energy sector was responsible just under a third of UK GHG
emissions in 2013 [5], therefore ways in which it can be reduced
must be explored. The use of solid biomass for energy has under-
gone rapid expansion in the past few years owing to its relatively
easy and cost-effective incorporation in to existing solid fuel
supply chains (e.g. coal supply chains). In addition, when compared
with other sources of renewable energy, biomass is an attractive
option being a carbon carrier that can be stored and brought on-
line when required and so alleviates issues of intermittency
associated with solar and wind technologies, for example. Owing
to limited and competing land availability in the EU however, gen-
erous subsidies for renewable electricity and heat have led to a
rapid increase in biomass imports to the UK and EU [6–8]. Despite
this, there can be challenges associated with using biomass as a
fuel [9] with issues including high moisture content (MC), low
calorific value (CV), low bulk density, poor grindability and hetero-
geneity relative to fossil-based fuels which may cause problems
with logistics, bulk handling and transportation [10,11]. Densifica-
tion treatments are therefore normally implemented to ‘raw’
biomass to help alleviate these problems with conventional wood
pellets currently the favoured form of biomass for transportation
over long distances. Ofgem reported that in 2011–12 1.3 million
tonnes of wood pellets were imported to the UK under the
Renewables Obligation (RO), with over 90% coming from North
America [12]. Demand for wood pellets has rapidly increased over
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Table 1
Summary of the torrefaction conditions used in torrefaction experiments.

Condition name Temperature (�C) Residence time (min)

250-30 250 30
270-30 270 30
270-60 270 60
290-30 290 30
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the last decade and is projected to continue expanding due to
incentives for bioenergy in the UK and EU [3,8]. Nevertheless, con-
ventional wood pellets still retain some of the inherent problems
associated with biomass such as absorption of moisture upon
transportation and storage, which can cause pellets to become
mouldy and disintegrate [13]. Additional treatments can therefore
be considered in lieu or in combination with pelletisation.
Torrefaction of biomass is one such treatment that goes some
way to address these issues. Torrefaction, sometimes called ‘mild
pyrolysis’ is a pre-treatment process where biomass is heated in
the absence of oxygen at low heating rates (<50 �C/min) to temper-
atures between 200 and 300 �C to produce a darkened material
with improved chemical and physical properties [14]. During tor-
refaction, moisture and oxygen-rich volatile materials with low
calorific value are driven off resulting in a reduction in hydroxyl
groups (that form hydrogen bonds with moisture) and a greater
mass loss to energy loss producing a more energy dense fuel. The
loss of these volatile compounds are mainly ascribed to decompo-
sition of the hemicellulose fraction, which binds the cellulose
fibrils in the cell wall providing structural integrity and so their
partial or full decomposition results in a fuel with improved grind-
ability characteristics [15–17]. It is suggested that torrefaction
combined with pelletisation is thus preferable to untreated wood
pellets as a result of lower moisture, higher heating value,
improved bulk density and wider handling and transport benefits
[9,18]. An additional benefit is the use of torrefied pellets in exist-
ing power plants. Torrefied pellets can be ground to a fine dust
with relatively minor modifications in existing coal mills, whereas
conventional pellets require specialised mills and higher amounts
of energy for grinding [19]. A disadvantage however is the possibil-
ity of fine dust formation during handling, with associated explo-
sion risk. Durability of pellets is therefore another important
consideration.

While torrefaction improves the chemical and physical proper-
ties of raw biomass, as the process often requires drying of the fuel
prior to torrefaction, the process is overall endothermic and so
requires an energy input. Although most of the original energy
content of the fuel is contained within the solid torrefied product,
during torrefaction some energy will be lost in the volatile materi-
als evolved which can be combusted to provide some of the heat
requirements of the process. In the case where the gases produced
do not meet the heat demand for drying and torrefaction, an addi-
tional source of heat is required. It must be determined therefore
whether the benefits of torrefaction outweigh any potential energy
penalties paid.

Utilising torrefied biomass will also have other implications
along the bioenergy supply chain from the amount of feedstock
required to its impact on pellet production and energy delivered
to the end-user. These impacts become significant when consider-
ing life-cycle emissions and must remain within sustainability
guidelines [7]. To assess the potential for torrefied wood being
used as pellets, this paper combines experimental work on the tor-
refaction of North American pine with whole systems assessment
of greenhouse gas (GHG) emissions from the supply chain. In this
study, North American pine has been torrefied under 4 different
conditions to determine the changes in fuel properties and a mass
and energy balance for each process determined. Using these data,
the energy requirements for the torrefaction processes have been
modelled and incorporated in to a bioenergy supply chain in which
the feedstock is harvested, torrefied and pelletised in the United
States and transported to the UK to determine the life-cycle GHG
emissions for electricity generation. The results are then compared
with a conventional wood pellet supply chain and a sensitivity
analysis performed to assess key assumptions and data
uncertainties.
2. Methodology

The methodology described below is split into two main
sections being the experimental work and the greenhouse gas
emission assessment.
2.1. Experimental

2.1.1. Samples
The fuel used in this study was pine wood (de-barked) grown in

North America and sourced from a UK power station. The sample
was in the form of wood chips in the size range 5–30 mm.
2.1.2. Torrefaction of pine chips
The torrefaction experiments were conducted using a three

zone electrically heated horizontal tube furnace with an internal
diameter of 75 mm and 750 mm in length (Elite Thermal Systems).
The heated zone, controlled by three PID controllers (Eurotherm,
Schneider Electric), is approximately 575 mm in length. A full
description of the experimental equipment can be found in [20].
The temperature in the furnace was monitored using three ther-
mocouples at 20 cm intervals inside the reactor tube, measuring
the temperature of both the inert gas and the sample with temper-
ature profiles recorded for each experiment. In each torrefaction
experiment, approximately 100 g of untreated sample was
weighed and placed in a reactor tube 800 mm in length with an
internal diameter 60 mm, with the sample positioned within the
heating zone of the furnace. Each torrefaction experiment was per-
formed under a flow of nitrogen (1.2 L/min) controlled using a
valve and flow meter.

The samples were heated at a rate of 10 �C/min to 150 �C and
held at this temperature for one hour to dry before heating at
the same rate to the final temperature where the sample was then
held for the desired residence time. The torrefaction conditions
performed in these experiments are shown in Table 1.

The residence time in this instance begins when the gas tem-
perature has reached the desired final temperature and held for
the desired residence time after which the reactor tube was quickly
removed from the furnace and quenched with an increased flow of
N2 to ensure rapid cooling. It must be noted that during some tor-
refaction experiments, the temperature recorded from the thermo-
couples was in some cases 15 �C higher than the set temperature
indicating exothermic activity during torrefaction. Once cool, the
torrefied sample was carefully removed from the reactor tube
and weighed. The mass yields (dry basis) for each experiment were
calculated using the following equation:

gm ¼ mtreated:dry

muntreated:dry

� �
� 100 ð1Þ

where mtreated.dry and muntreated.dry correspond to the mass of the
treated and untreated biomass (dry basis) before and after torrefac-
tion respectively.
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2.1.3. Characterisation of untreated and torrefied fuels
2.1.3.1. Proximate and ultimate analysis. The moisture, volatiles and
ash contents of the untreated and torrefied fuels were determined
using the methods laid out in the following European Standards
[21–23]. The C, H, N and S contents of untreated and torrefied fuels
were measured using a CE Instruments Flash EA 1112 Series ele-
mental analyser according to the European Standard method laid
out in [24]. The oxygen contents were determined by difference.

2.1.3.2. Bomb calorimetry. The higher heating values (HHV) of the
untreated and torrefied fuels were determined using a Parr 6200
Bomb Calorimeter using the method laid out in the European
Standard [25]. Using the HHV data with the mass yield method
above, the energy yields for each torrefaction condition were calcu-
lated using the following equation:

gE ¼ gm:

HHVtreated:dry

HHVuntreated:dry

� �
� 100 ð2Þ

where HHVtreated.dry and HHVuntreated.dry correspond to the higher
heating values of the torrefied and untreated fuels (dry basis)
respectively.

2.2. Energy requirements for drying and torrefaction

2.2.1. Mass balance
To calculate the GHG emissions associated with the drying and

torrefaction process, a mass and energy balance reflecting a real-
life system was modelled based on experimental results obtained
from the torrefaction of pine under each of the conditions listed
in Table 1. Firstly, the initial mass flow in to the dryer was calcu-
lated as the mass of wet biomass required to produce 1000 kg of
torrefied product. Using the results from proximate and ultimate
analysis for untreated pine, the weight percent of each of the spe-
cies C, H, N, O and ash were interpolated at 35% moisture to deter-
mine the flow of each of these species (plus moisture) entering the
dryer. This was done firstly, to reflect the true composition of har-
vested biomass entering a dryer in a real-life system and secondly,
as 35% was considered the minimum moisture content that could
be achieved after storage in outdoor piles through natural drying
post-harvest [26]. After drying at 110 �C, it was assumed that the
moisture content of the biomass was reduced to 10% (with mois-
ture exiting the dryer system) with no other changes to the fuel
occurring. At 10% moisture, the biomass then enters the torrefier
where it is torrefied under the conditions listed above. Once tor-
refied, the mass flow of each of the species (C, H, N, O, ash and
moisture) exiting the torrefier were based on the ultimate and
proximate analysis and dry mass yields obtained for the torrefied
materials. To close the mass balance the volatile species and gases
were calculated by difference.

The elemental composition of the volatiles stream was deter-
mined from the mass balance, however the individual species were
estimated using the FG-Biomass model [27] to determine the
latent heat of vaporisation for each species as discussed below.
For this, heating rates, residence times and final temperatures
and a specific fuel file were used as inputs. This provided yields
of solids, condensable and gaseous products and their composition.

2.2.2. Energy balance
An energy balance was performed to determine the energy

flows in to the torrefaction system and the energy contained in
the torrefied product and volatiles stream. The HHVs were deter-
mined from bomb calorimetry and thus the LHVs were calculated
(using the methodology laid out in European Standard [25]) for
the untreated pine (at 35% moisture) and each of the torrefied
materials. In order to mimic a real-life system, the LHV of the fuels
were used as the HHVs account for the energy that would be recov-
ered from the condensation of steam upon combustion which is
not applicable in industrial scenarios. The energy flow into the sys-
tem was calculated using the LHV of the untreated biomass (at 35%
moisture) and the mass flow into the dryer. The energy exiting the
system was calculated using the LHV of the torrefied product (at
each condition) and the mass flow out of the torrefier. The remain-
ing energy by rule of conservation was assumed to all be contained
in the volatile stream.

2.2.3. Energy requirements
Knowledge of the energy requirements for the overall torrefac-

tion process is crucial in determining the GHG emissions associ-
ated with the process. The total energy required was split in to
two stages: drying and torrefaction and calculated as the sum of
the energies required to heat the dry biomass and moisture con-
tained in the biomass (both accounting for the sensible energy
requirements) and the latent heats of vaporisation of the moisture
and volatile species. The calculations used to determine the energy
requirements for drying and torrefaction are shown in the supple-
mentary information.

The energy contained in the volatile stream was assumed to be
all available for combustion at an efficiency of 95% to provide some
of the heat demand required for drying and torrefaction. For each
condition, the energy available in this stream was less than the
energy required for drying and torrefaction and so the additional
energy required was provided by a utility fuel: either wood chips
(WC) or natural gas (NG). It is also important to note that the tor-
refaction reaction overall becomes exothermic above 250 �C [28]
although some endothermic reactions take place.

2.3. Greenhouse gas emissions assessment

Life Cycle Assessment (LCA) studies the potential environmen-
tal impacts throughout a product’s or system’s life from raw mate-
rial acquisition through production, use and disposal [29,30]. The
purpose is to provide a holistic view of the emissions and resource
requirements of a product system. In this paper the primary focus
is on greenhouse gas (GHG) emissions which have been calculated
in accordance with the EU Renewable Energy Directive (RED) [1],
as updated for solid biomass [31]. Impacts of activities involved
in torrefied wood pellet production include biomass cultivation,
harvesting and collection, transportation, size reduction and
screening, drying, torrefaction, pelletisation, storage, distribution
and use of torrefied pellets (TP)/wood pellets (WP) to the end-
user. The comprehensive view provided by LCA allows GHG emis-
sions to be assessed on a whole system basis by life cycle stage.

To model GHG emissions for the torrefaction system it is neces-
sary to define the key parameters of the supply chain. This is done
by delineating the key resource and energy inputs and emissions
from each life cycle stage. The following sub-sections provide a
description of the TP production and use i.e. the process from pine
forest through to electricity production. A detailed summary of the
main inventory data and assumptions used in the study is provided
in Table 2. This includes key parameters for the 4 torrefaction con-
ditions considered from the experimental work (see Section 2.1).

The pine wood is assumed to be cultivated in Amory, Missis-
sippi (MS), South-East USA [32]. Results are presented as the base
case with an existing operational pellet facility chosen for the case
study to assess actual supply chains. Further details are provided in
the supplementary information.

2.3.1. Pine feedstock supply – cultivation, harvesting, chipping, and
transport

Existing pine forests are well established and managed for
wood supply. The total land required was calculated as the amount



Table 2
Summary of input data and key assumptions for modelling the GHG emissions of 4 TPs and conventional WPs.

Life cycle stage Parameter Units Value Refs.

Torrefaction condition/wood pellet 250-30 270-30 270-60 290-30 WP

Cultivation MC at collection % 50 50 50 50 50 [26]
LHV MJ/kg 8.22 8.22 8.22 8.22 8.22 a

Yield tonnes/ha 8.03 8.03 8.03 8.03 8.03 [35]
Diesel use L/ha 0.3 0.3 0.3 0.3 0.3 [43]

Harvesting Diesel use L/t of feedstock 2.96 2.96 2.96 2.96 2.96 [43]

Chipping Losses % 2.5 2.5 2.5 2.5 2.5 [36]
Diesel L/t of feedstock 1.01 1.01 1.01 1.01 1.01 [44]
MC (of output) % 35 35 35 35 35 [26]
LHV MJ/kg 11.43 11.43 11.43 11.43 11.43 a

Transport to pellet facility Density of 35% MC wood chip kg/m3 269 269 269 269 269 [45]e

Energy intensity of transport MJ(fuel)/t km 0.81 0.81 0.81 0.81 0.81 [39]
Average distance transported km 8.95 9.07 9.30 9.27 8.60 b

Drying, torrefaction & storage Losses % 1 1 1 1 1 [46]
MC after drying % 10 10 10 10 10 [26]
MC after torrefaction % 2.43 1.86 1.13 2.02 n/a c

Electricity use MJ/ton 12.1 12.1 12.1 12.1 12.1 [47]
Electricity emissions factor kgCO2e/MJ (of elec.) 0.145 0.145 0.145 0.145 0.145 [41]
Utility fuel requirement MJ(fuel)/ton feedstock 1530.6 1278.9 407.2 548.2 1134.2 a

LHV MJ/kg 18.5 19.4 20.6 21.8 16.8 d

Pellet production Losses % 2 2 2 2 2 [39]
Electricity use MJ/ton 342 342 342 342 530 [13]
Electricity emissions factor kgCO2e/MJ (of elec.) 0.145 0.145 0.145 0.145 0.145 [41]
Density of dry product kg/m3 725 725 725 725 540 [18]

Transport to port Energy intensity of transport MJ(fuel)/t km 0.81 0.81 0.81 0.81 0.81 [39]
Distance transported km 415 415 415 415 415 b

Shipping Energy intensity of transport MJ(fuel)/t km 0.13 0.13 0.13 0.13 0.13 [39]
Distance transported km 8912 8912 8912 8912 8912 b

Transport to power Energy intensity of transport MJ(fuel)/t km 0.81 0.81 0.81 0.81 0.81 [39]

Plant Distance transported km 51 51 51 51 51 b

End-use Electrical efficiency % 40 40 40 40 40 [42]

a See methodology.
b See Supplementary Information.
c Determined: see Section 2.1.3.1.
d Calculated: see Section 2.2.2.
e Calculated from density of wood chips at 30% MC which = 250 kg/m3.
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of wood required to produce 100,000 tonnes of pellets and nor-
malised to against the CV of the least torrefied fuel. This was done
to account for changes in mass loss upon torrefaction with increase
in CV. It is assumed that no fertilisers or pesticides are required, so
the main emission source is the diesel consumed in cultivation and
harvesting [33]. In accordance with the RED methodology, GHG
emissions as a result of land use change (LUC) are not required
to be calculated where a LUC has not occurred from 2008 [1,7].
Consequently, soil carbon and land-use change emissions are not
considered in the inventory, but are discussed in Section 3.6.1. It
is recognised that these are important issues for the carbon balance
of biomass supply chains [34]. However, the primary focus of this
study is the biomass processing and logistics. The feedstock supply
is a secondary consideration here, and detailed assessment of for-
estry is outside the scope.

Pine roundwood yields are given as 8.03 t/ha at a moisture con-
tent (MC) of 50%; modelled as a 70 year rotation using roundwood
only [35]. Natural drying reduces the MC to 35% so it can then be
chipped at the forest roadside using diesel wood-chippers and
incurring losses of 2.5% [36,37]. Wood chips are then transported
to the torrefaction pellet facility from the forest with a density of
385 kg/m3 [38]. Diesel is consumed for transportation assuming
an energy intensity of 0.81 MJ(fuel)/t km [39]. Transport distances
are calculated based on the feedstock input required to produce
100,000 tonnes per annum of torrefied pellets. This assumes that
80% of the circular area surrounding the processing facility is used
to supply biomass with a tortuosity factor of 1.3 and the average
transport distance being two thirds of the radius (see supplemen-
tary information).

2.3.2. Drying, torrefaction & storage
Once received at the torrefaction pellet facility, wood chip is

stored on site before being dried to reduce the moisture content
to 10%. The energy required for the drying and torrefaction pro-
cesses are modelled using experimental data (see Section 2.1).
Energy contained in the volatile species evolved during torrefac-
tion (also known as ‘torgas’) are assumed to undergo combustion
at an efficiency of 95% to provide some of the process energy
required with the remaining energy required provided by a utility
fuel. Two types of utility fuel are assessed in the results: WC and
NG. Some electricity is also required for cooling, control equip-
ment, and to meet the parasitic load.

2.3.3. Torrefied pellet production
After drying and torrefaction, the torrefied wood (TW) is cooled

to prevent combustion between the TW and atmospheric oxygen
during subsequent processing operations [17]. This can occur at
the elevated temperatures of 250 �C at which TW leaves the reactor
[15]. Once cooled the TW enters a hammermill to reduce particle
size to allow for pelleting using a pellet mill [40]. Both the ham-
mermill and industrial pellet mill processes are assumed to be dri-
ven using a USA grid electricity mix [41]. Electricity demand for the



Table 3
Results from the ultimate and proximate analysis for untreated and torrefied North
American pine chips.

Untreated 250-30 270-30 270-60 290-30

C (%)a 49.68 51.88 52.57 54.12 54.95
H (%)a 5.67 6.10 5.82 5.84 5.58
N (%)a 0.13 0.12 0.11 0.10 0.09
S (%)a 0.06 N.D N.D N.D N.D
O (%)d 44.46 41.89 41.49 39.94 39.37
Moisture (%)c 7.08 2.43 1.86 1.13 2.02
Volatiles (%)b 83.78 81.66 79.64 76.35 72.78
Ash (%)b 0.34 0.45 0.35 0.47 0.55
Fixed carbon (%)a 15.89 17.89 20.01 23.18 26.66
HHV (MJ kg�1)b 20.21 20.36 21.22 22.09 23.49
Mass yieldb – 90.7 85.0 76.7 72.2
Energy yieldb – 91.3 89.2 83.8 84.0

N.D not detected.
a Dry-ash free.
b Dry-basis.
c As-received.
d Calculated by difference.
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base case is assumed to be 15 kW h/t for the hammermill and
80 kW h/t for pelleting [13]. There are conflicting data in the liter-
ature regarding the energy requirements of pelleting torrefied bio-
mass; hence this parameter is further assessed in the sensitivity
analysis (see Section 3.5.2).

2.3.4. Transport & logistics to end-user
Once the TPs are produced they are exported to the UK using

existing transport logistics and infrastructure. Pellets are assumed
to be transported by road from Amory, MS to the port in Mobile,
Alabama (AL) over a distance of 415 km. At the port, pellets are
loaded onto an ocean-going vessel with 50 kt capacity. A product
tanker transports the pellets for 8912 km to the Port of Hull, UK.
From the port, pellets are transported to a Power Plant by road over
a distance of 51 km. Further details of the transport logistics are
provided in the supplementary information.

2.3.5. Electricity production
Pellets are assumed to be used for electricity production in a

large scale power plant with 40% electrical efficiency [42].

2.3.6. Conventional wood pellet production
For comparative assessment, a conventional wood pellet (WP)

supply chain was modelled using the same biomass as TP without
the torrefaction stage. As shown in Table 2, most of the assump-
tions for WP remain the same as TP to allow for comparability.
Key differences are summarised as:

� No torrefaction process involved, therefore all utility fuel from
external sources.

� Additional energy requirement for grinding biomass prior to
pelletisation.

� Lower calorific value and bulk density.

Key assumptions and input data for the GHGmodel described in
Sections 2.3.1–2.3.6 are summarised in Table 2 by life cycle stage.

2.3.7. Scenarios and sensitivity analysis
Some aspects of this study were not based on experimental

work or have uncertainties associated with them. To assess these
further some different scenarios are considered in the results along
with a sensitivity analysis of uncertain parameters. These can be
summarised as follows:

� Use of torgas – results for the base case are assessed when no
torgas is utilised (see Section 3.5.1).

� Electricity required for pelleting torrefied wood – low and high
values from literature (see Section 3.5.2).

� Transport type (to port) – different options for land transport
are considered (see Section 3.5.3).

3. Results

3.1. Torrefaction of North American pine

The mass yields (dry basis) for the torrefaction of pine under
each condition are shown in Table 3. It can be seen that with
increasing torrefaction severity, there is a decrease in the dry solid
mass yield ranging from 90.7% to 72.2%. This decreasing yield is
mainly attributed to loss of moisture and volatile material from
the parent fuel through devolatilisation of the hemicellulose frac-
tions which can become extensive as temperatures reach around
270 �C [14]. Under the temperatures and residence times of the
more severe torrefaction conditions, 270-60 and 290-30, devolatil-
isation of the cellulose and lignin fractions can occur too resulting
in even greater mass loss [14,48]. It can be seen that temperature
has a greater effect on the mass yield than residence time when
comparing these two parameters directly i.e. comparing 270-30
with 270-60 and 290-30, which is in agreement with other
researchers [49,50]. The loss of reaction water and CO2 during tor-
refaction results in a loss of carbon, hydrogen and oxygen, while
the light volatiles produced contain only small amounts carbon
and relatively high amounts of hydrogen and oxygen resulting in
a dark carbon enriched solid product whose lignocellulosic compo-
nents are composed mainly of cellulose and lignin [51]. The results
of the proximate and ultimate analysis shown in Table 3 highlight
this effect in more detail. With torrefaction, the oxygen weight per-
cent has decreased while the carbon content increases; with
greater disparity between the untreated and torrefied fuels shown
as the temperature and residence time increase. This effect is fur-
ther shown from the results of proximate analysis where there is
decrease in moisture content after torrefaction. The loss of mois-
ture during torrefaction occurs via two main reactions: during
the physical drying of wood (this performed prior to torrefaction)
and via dehydration reactions of the organic components. It is
worth noting that the moisture content of torrefied materials is
not related to the torrefaction temperature and is due to intrinsic
uptake of moisture after torrefaction. The results of the proximate
analysis also show a decrease in the measured volatiles content
and increase in fixed carbon content with increasing torrefaction,
the latter an indication of lignin content [52]-highlighting an
increase in this lignocellulosic component’s weight percent. There
is also an increase in the ash weight percent – this concentration
due to the loss of organic matter and decrease in the moisture
content.

The loss of oxygen and enrichment of carbon upon torrefaction
has a marked effect on the heating value of the fuels, as seen in
Table 3. For the mildest treatment, 250-30, there is a small increase
in HHV from 20.21 MJ/kg to 20.36 MJ/kg, which then increases to
23.49 MJ/kg for pine torrefied at 290-30. The HHV of fuels has great
impact when determining its suitability for power generation as a
higher HHV results in less biomass needed for a given amount of
energy, however the HHV of a fuel cannot be solely isolated as
an indicator for torrefaction optimisation. The energy yield is an
important parameter that must be factored in and takes into
account the energy lost as function of the HHV and the overall
mass loss. Table 3 shows the energy yields for each condition,
which range from 91.3% to 83.8% as torrefaction temperature and
residence time increase. The energy yields are greater than the
mass yields under each condition resulting in an overall increasing
trend of energy densification for the torrefied fuels with increased
HHVs. The increasing mass loss corresponds to a greater energy
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loss despite the increase in HHV, which becomes significant when
scaling up and economics of processes are considered. Typical
mass and energy yields for torrefaction are often cited as 70%
and 90% respectively [14] and if these criteria were to be consid-
ered as optimal, the two mildest conditions: 250-30 and 270-30
are within acceptable limits. The most severe conditions: 270-60
and 290-30 however may be considered inefficient as while the
mass yields are within range, just over 15% of the original energy
content of the fuel is lost resulting in lower energy yields despite
the marked improvement in HHV. The energy lost during torrefac-
tion has further implications when analysing the potential for util-
ising energy in the volatile stream (‘torgas’) for heat to power the
torrefaction process, which will be discussed later in the text.
3.2. Composition of volatile species determined using FG-Biomass

The composition and yields of the species contained in the vola-
tiles stream were modelled using the FG-Biomass model and are
shown are Fig. 1. It can be seen that for each species, the yields
increase with increasing torrefaction severity. Reaction water rep-
resents the highest yield for all conditions followed by carbon
dioxide then acetic acid. These results are comparable with the
volatile species quantified experimentally by Prins et al. [53] in
which the authors ascribe the formation of these species to occur
as a result of decomposition of the hemicellulose fraction. The
small amounts of carbon monoxide present, as noted by Prins
et al., cannot be explained by decomposition reactions involving
the cell wall species. The authors thus attribute the formation of
carbon monoxide to occur as a result of the reaction of carbon
dioxide and steam with char as temperatures increase [53].
3.3. Land required

The results for the amount of land required for pellet produc-
tion and additional wood for utility fuel are shown in Table 4.
Table 4
Land requirements for torrefied and untreated wood pellet production.

250-30

Mass input required to make 1000 kg of pellets (kg) 1656
Land required for wood pelletsa (ha) 26,805
Land required for WC utility fuel (ha) 2639

Total land required (ha) 29,444

a Normalised for CV.
The land required for production of torrefied pellets increases
with the trend 250-30 < 270-30 < 290-30 < 270-60. As torrefaction
severity increases there is greater mass loss which would corre-
spond to more input fuel required and thus more land to produce
the same amount of feedstock. However, as torrefaction increases
the CV of the resultant fuel, there is a compensation effect as there
is more energy contained in the most torrefied fuels and account-
ing for this increase with respect to mass loss allows the land
requirements to be calculated assuming the same energy output
in the torrefied pellets. This is evident when comparing the land
required for pellet production for conditions 270-60 and 290-30
as there is greater input mass required to make 1 ton of torrefied
pellets for condition 290-30 however less land required as a result
of higher CV (Table 3). The additional mass required to account for
using this feedstock as a utility fuel is also shown in Table 4.
Condition 250-30 requires more additional utility fuel as there is
less energy available in the volatile stream to be used for combus-
tion to heat the torrefaction process. In combining the land
requirements for pellet production and utility fuel, condition
270-30 requires the least amount of land overall. When comparing
the land required for untreated wood pellets however, it can be
seen that less land is required when compared with each torrefac-
tion condition.

3.4. Greenhouse gas emissions assessment

Greenhouse gas (GHG) emission results are presented for the
base case using the assumptions outlined in Section 2.3. For each
of the four torrefaction conditions two options were considered
for utility fuel being wood chips (WC) and natural gas (NG) to pro-
duce torrefied pellets. Results are also presented for a conventional
wood pellet (WP) for comparison purposes. Fig. 2 shows the results
for these different pellets broken down into the 9 life cycle
stages.

Fig. 2 shows that treatment 250-30 results in 29.4 CO2e/
MJelectricity delivered for WC and 43.1 CO2e/MJelectricity delivered for NG
which has the highest emissions when compared to other TPs on
a ‘per MJ’ basis. The primary reason for this is the limited amount
of torgas available from the volatiles from the less severe condi-
tions which result in a fuel with lower calorific value (CV). By
increasing the temperature by 20 �C the emissions for 270-30 are
reduced to 27.9 gCO2e/MJ for WC and 38.8 gCO2e/MJ for NG. Even
greater GHG savings are obtained when the torrefaction severity
increases to conditions 270-60 and 290-30. This trend is observed
due to an increased CV of the torgas produced as a result of longer
residence times and temperature respectively, requiring less
additional utility fuel. While the reduction in consumption of
additional fuel is desirable from a GHG emissions perspective,
the additional energy available in the torgas stream for the more
severe conditions is available at the expense of the energy con-
tained in the parent fuel as discussed above. The parameters with
which torrefaction optimisation are to be ascribed must therefore
be clearly defined when making assessments of GHG emissions.
In this instance, if the mass and energy yields are to remain within
traditional guidelines, torrefaction under conditions 270-60 and
270-30 270-60 290-30 WP

1777 1983 2086 1385
27,501 28,930 28,726 24,730
1811 577 776 1974

29,313 29,507 29,503 26,705



0.0

10.0

20.0

30.0

40.0

50.0

WC NG WC NG WC NG WC NG WC NG

250-30 270-30 270-60 290-30 Wood Pellet

G
HG

 e
m

iss
io

ns
 (g

CO
2e

/M
J o

f e
le

ct
ric

ity
 d

el
iv

er
ed

)

Transport to 
Power Plant

Shipping

Transport to Port

Pellet Produc�on 

Drying & 
Torrefac�on*

Transport to 
Pellet Facility

Chipping

Harves�ng

Cul�va�on 
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P. McNamee et al. / Energy Conversion and Management 113 (2016) 177–188 183
290-30 may be considered uneconomic as greater amounts of feed-
stock will be required, which may result in potential rejection
despite lower overall emissions. The emissions associated with
the utility fuel subsequently play a crucial role when looking at
GHG emissions – if a higher proportion of heat for torrefaction is
sourced externally. Differences in results are less pronounced
when WC are used for drying and torrefaction, showing that the
torrefaction condition is more significant (from a GHG emissions
perspective) when NG is used as utility fuel. Combustion of NG
has much higher emissions factor than WC as a fossil derived
energy carrier, whereas carbon emitted from WC is considered to
be biogenic with an emissions factor close to zero [41].

With biomass sustainability criteria becoming increasingly
important, the GHG emissions from biomass electricity are
required to meet thresholds of 79.2 gCO2e/MJelectricity delivered; a
saving of 60% against the EU fossil average for electricity genera-
tion [54]. This threshold has been implemented following recom-
mendations from the EU [31], and under current UK legislation
will reduce over time [54]. All pellets presented in Fig. 3 would
meet the existing GHG criteria, and show that using biomass rather
than fossil fuels for utility fuel is crucial to maximise GHG savings
of the supply chain.

All 4 TPs produce lower GHG emissions than conventional WP
showing that despite the additional processing step, the use of tor-
gas and increased CV of the TPs lowers their GHG emissions on a
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Fig. 3. Greenhouse gas (GHG) emissions per MJ of electricity delivered for 4 different to
⁄For wood pellets = drying only.
‘per MJ’ basis. When the different life cycle stages of production
are assessed, it is apparent that cultivation, harvesting, chipping,
and transport to the pellet plant (collectively grouped as ‘feedstock
supply’) have broadly the same emissions for all pellets considered.
Feedstock supply contributes approximately 2.9–3.8 gCO2e/
MJelectricity delivered to each pellet supply chain and is therefore not
further analysed here. It should however be reiterated that emis-
sions from biomass feedstock supply can vary substantially
depending on wider factors such as land use change, carbon debt,
soil carbon and system boundary definition, and also specific vari-
ables; for example fertiliser inputs, fuel use, processing, and trans-
portation distance [33,55–60].

The contribution of drying and torrefaction are of crucial impor-
tance when considering the life cycle GHG emissions, particularly
with regard to the choice of utility fuel. Fig. 3 portrays that emis-
sions from drying and torrefaction could be as low as 0.5 gCO2e/
MJelectricity delivered (<2% of total) for 290-30 (WC) or as high as
14.9 gCO2e/MJelectricity delivered (�34% of total) for 250-30 (NG). For
WPs the contribution from drying using WC and NG is 2.9% and
27.7% of the total respectively.

The emissions from pellet production derive from the energy
required to grind the wood to smaller particles before pelleting fol-
lowed by compression and extrusion in the pellet press. During
torrefaction, decomposition of the lignocellulosic components in
biomass occurs, with hemicellulose the most reactive under
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rrefied pellets (TP) with no torgas using wood chips (WC) or natural gas (NG) only.
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thermal treatment. As this polysugar provides structural integrity
in the pine wood cells, its full or partial degradation leads to
improved grindability and thus lower amounts of energy required
in particle size reduction. The emissions for pellet production for
the TPs range from 5.7 to 6.7 gCO2e/MJelectricity delivered while the
emissions for production of WP (with no torrefaction) are
10.8 gCO2e/MJelectricity delivered. The assumptions for electricity use
vary in the literature and are therefore assessed further in the sen-
sitivity analysis (Section 3.5.2).

Emissions from road transportation of pellets to the shipping
port reduce with higher torrefaction severity due to the increased
CV and bulk density. The contribution of road transport to the port
for WP is the highest at 4.4 gCO2e/MJ with this reducing to the low-
est of 3.4 gCO2e/MJ for 290-30. Utility fuel type influences emis-
sions up to the point of pellet production; however for the
transportation logistics it is primarily the energy content of the
fuel that determines the GHG balance. For densified biomass such
as pellets, transport is usually mass restricted whereas unpro-
cessed biomass (e.g. wood chips) with higher moisture and lower
bulk density, the volume is frequently the limiting factor.

Shipping is the biggest emission source for all scenarios, except
for 250-30 where drying and torrefaction is larger when NG is
used. Shipping emissions reduce as the calorific value of the pellet
increases therefore 290-30 has lowest emissions from transport
with WP the highest, representing one of the key potential advan-
tages of torrefaction. Emissions for drying are higher for WP due to
the assumption that no torgas is available to reduce demand for
utility fuel.

3.5. Sensitivity analysis

For the sensitivity analysis 3 main areas were highlighted for
additional assessment. Feedstock supply was considered outside
the scope for further analysis as all pellets assessed have the same
emissions up to the point of delivery to the pellet processing plant.
The sensitivity cases therefore focus on (i) the use of torgas; (ii)
electricity required for pelleting torrefied wood; (iii) transport type
(to port).

3.5.1. Use of torgas
Making use of the torgas is of key importance when assessing

the GHG emissions from different torrefaction conditions [18].
There are limits to the degree of mass and energy loss that should
occur in torrefaction that will affect the amount of energy con-
tained in the volatile stream as discussed in Sections 3.1 and 3.4.
Higher temperature and longer residence time means that
more energy is available in the torgas reducing the utility fuel
Table 5
Results for the sensitivity analysis for no torgas.

Total GHG emissions
gCO2e/MJ(electricity)

With torgas No torgas Difference (%)

Wood chips
250-30 29.4 29.6 0.7
270-30 27.9 28.4 1.7
270-60 25.9 26.9 3.9
290-30 24.5 25.4 3.7
Wood Pellet N.A 35.6 N.A

Natural gas
250-30 43.1 46.6 8.1
270-30 38.8 46.7 20.3
270-60 29.1 46.1 58.2
290-30 28.9 44.3 53.3
Wood Pellet N.A 47.8 N.A

N.A = not applicable.
requirement. Nonetheless, the more severe torrefaction conditions
presented here result in greater mass loss and consequently more
biomass is required, thereby increasing the land required and asso-
ciated economic cost. While the energy available in the torgas is
modelled in this study and assumed to be all available for combus-
tion (at 95% efficiency) its application in real-life scenarios is
accompanied with several design and process considerations
which would be factored in the event of a pilot or production-
scale torrefaction plant being built. Such considerations include
whether the combustion of torgas provides heat directly or indi-
rectly to the incoming fuel where in each case the fuel to be tor-
refied either comes in contact with the heat carrier or is heated
via a physical separation (e.g. a wall) respectively [14]. Other
design considerations could also include utilising the heat from
the torrefied product exiting the torrefier to reduce the amount
of additional utility fuel required. The design and considerations
mentioned here are beyond the scope of this study, however the
impact of using no torgas was considered as part of the sensitivity
analysis and to demonstrate its significance, emissions were calcu-
lated for a scenario with no torgas available. Fig. 3 depicts how the
calculated GHG emissions change for ‘drying and torrefaction’
when all of the thermal energy requirements are assumed to be
supplied by utility fuel (either WC or NG) with zero torgas. It is
observed that not using torgas makes results for NG drying much
higher than the base case results, particularly for 270-60 and
290-30. All torrefaction cases show similar results when no torgas
is available, with results comparable to WP when NG is used. Using
wood chips for ‘drying and torrefaction’ has less more of an impact
on results with these out-performing WPs under each condition.

Table 5 summarises how the results change for the 2 scenarios,
with and without torgas, for the different pellets.

3.5.2. Electricity required for pelleting torrefied wood
As mentioned in Section 2.3.3, there is a lack of agreement in

the literature regarding data on the electricity required for pellet
production, which will vary depending on the nature of the feed-
stock, degree of torrefaction, and type of mill and pellet pressed
used to determine consumption. It is generally known that less
energy is required to reduce torrefied wood chips to smaller parti-
cles prior to pelleting than untreated wood chips since torrefaction
can improve the grindability behaviour of fuels and so has an
impact on the overall electricity consumption of the process when
torrefaction is combined with pelleting [48]. However, uncertain-
ties lie in the energy required for compression and extrusion of pel-
lets from torrefied biomass. Some researchers, such as Stelte et al.
[61], argue that the loss of moisture (which acts as a plasticizer)
and extractives during torrefaction increase friction in the channel
Emissions from drying and torrefaction
gCO2e/MJ(electricity)

With torgas % of total (%) No torgas % of total (%)

1.1 3.8 1.3 4.4
0.9 3.3 1.4 4.9
0.4 1.7 1.4 5.3
0.5 2.0 1.4 5.5

N.A N.A 1.1 3.0

17.6 38.9 18.0 39.4
11.8 30.5 19.7 42.2
3.7 12.7 20.7 44.8
4.9 17.0 20.3 45.8

N.A N.A 13.2 27.7
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press resulting in higher pelletizing pressures and subsequent
energy uptake of the mill (which increases as torrefaction severity
increases). In agreement with this notion is the study by Li et al.
[62] who attributed reduced plasticity, and therefore increased
extrusion and compression in the pellet press, to the degradation
of hemicellulose and lignin during torrefaction thus resulting in
greater energy requirements when compared to pelleting
untreated wood. Similar trends have been reported from pilot-
scale pelletizing of spruce torrefied at 270 �C and 300 �C for
16.5 min by Larsson et al. [63], where 100% more energy was
required for pelleting torrefied material when compared to pellet-
ing of untreated fuel. Moreover, it was also found that torrefied
pellets were less durable and had only comparable bulk densities
to untreated pellets.

In contrast, Bergman et al. [64] report lower overall power con-
sumptions are required for pelleting torrefied biomass when com-
pared to untreated biomass. The authors also report higher bulk
densities for torrefied pellets compared with conventional pellets
(750–850 kg/m3 and 500–650 kg/m3 respectively) and that the tor-
refied pellets obtained showed improved mechanical strength-
with crushing tests demonstrating that torrefied pellets could
withstand 1.5–2 times more force than conventional wood pellets.
The authors attribute this to alterations of fatty structures during
torrefaction, which serve as binding agents, as well increased lig-
nin weight percent providing mechanical strength. The role of lig-
nin in WPs is very important as it acts as a binder in pellet
production and contributes to pellet mechanical strength. It is gen-
erally agreed that upon heating through compaction, the lignin in
wood particles, with aid of moisture, undergoes softening and
transitions from a ‘glassy to rubbery’ composition acting as a glue
between particles via hydrogen bonding on the surface with hemi-
cellulose [13,19]. Although there are different views on the role of
lignin in torrefied pellet production, it is known that in the case of
severely torrefied materials (i.e. T > 280 �C) the resultant pellets
have less mechanical strength than those torrefied under milder
conditions (e.g. [61]) in some cases not producing viable pellets
at all. It has been suggested that only low molecular weight poly-
mers are involved in glass transition and binding in wood pellets
and as these can degrade during torrefaction, pellets produced
under certain torrefaction conditions lack mechanical strength
and durability [62]. These problems may be overcome from
increasing the die temperature in the pellet press to encourage
the glass transition of higher weight lignin polymers or the addi-
tion of a binding agent; however these will ultimately have impli-
cations on energy consumption and subsequent GHG emissions.

Furthermore, the values for electricity consumption found in
the literature are based on laboratory-scale mills and single pellet
presses, which are not synonymous with large-scale industrials
mills. As pointed out by Jarvinen and Agar [13], industrial data
are scarce as pelleting of torrefied wood on large scale is often per-
formed internally; requiring large amounts of feedstock that are
not often produced in academic institutions. This leads to a gap
in the information available resulting in the use of laboratory or
semi-industrial scale data, which may not reflect real-life scenarios
and affect the results of GHG emissions assessments.

Due to the lack of large scale data and issues discussed above, a
sensitivity analysis for the electricity consumption for pelleting
torrefied wood was deemed necessary as any uncertainties may
have a sizeable impact on associated GHG emissions. The results
of the sensitivity analysis for the electricity required to pelletise
torrefied wood are shown in Fig. 4. The low and high case scenarios
were taken from Batidzirai et al. [65] and are 18 kW h/t and
395 kW h/t respectively. The results show little change in overall
GHG emissions for each torrefaction condition under the low case
scenarios (18 kW h/t) when WCs are used with values ranging
between 19.9 and 23.5 gCO2e/MJelectricity. When NG is utilised the
F
r

emissions range from 24.3 gCO2e/MJelectricity to 37.0 gCO2e/
MJelectricity for biomass torrefied at 270-60 and 250-30, respec-
tively. Under the high case scenario (395 kW h/t) a similar trend
is observed. However, the emissions using WC range from 42.4
to 49.5 gCO2e/MJelectricity while the NG emissions are much higher
ranging from 46.8 to 66.0 gCO2e/MJelectricity. Comparing to conven-
tional WP emissions, whenWCs are used, the low case TP scenarios
outperform the WP emissions- although under the high scenario
the reverse is shown. When comparing TP and WP supply chain
emissions where NG is used as utility fuel, the low case scenarios
for all TPs outperform WP emissions. Under the high case scenario,
only the 270-60 and 290-30 life-cycle emissions outperform the
WP emissions.

3.5.3. Transport type (to port)
The base case assumes that road transport is used for transport-

ing pellets to/from transatlantic shipping ports; however in several
locations alternative options include freight-trains or inland water
barges. In particular, the pellet facility chosen for this case study
uses inland barges [32]. The sensitivity analysis results for wood
chip (WC) only, assuming a distance of 415 km is displayed in
Table 6. Fuel use and emission factors are taken from Biograce
[39]. These results show that reductions in GHG emissions of
7.0–8.6% are achievable with rail (electric), rail (diesel), and inland
water barges. Over the distance of 415 km, the GHG emissions
from transport using alternative transport to road trucks can
reduce from 3.4–4.4 gCO2e/MJelectricity (12.4–13.9% of the total) to
1.4–1.9 gCO2e/MJelectricity (4.9–6.4% of the total).

3.6. Other aspects

3.6.1. Land use change and soil carbon
The life-cycle emissions determined in this study adopt the RED

methodology which considers the emissions associated with har-
vesting, processing, transport and combustion and consequently
do not consider the emissions associated with land use change
(LUC)/indirect land use change (ILUC) prior to 2008 [66]. The inclu-
sion of LUC and ILUC within the system boundaries is often chal-
lenging as specific data pertaining to LUC/ILUC is difficult to
determine with certainty [34]. It can also be difficult to relate
changes in LUC/ILUC with bioenergy systems being assessed i.e.
the model outputs measuring carbon stocks are not strictly related
to the functional units used for bioenergy systems; in this instance
gCO2e/MJelectricity [55].

Several studies have attempted to include changes in carbon
stock within the system boundaries of bioenergy LCA e.g.



Table 6
Results for the transport sensitivity analysis.

Transport mode Truck Rail Rail Inland water barge
Fuel utilised Diesel Electricity Diesel Heavy fuel oil

250-30
Transport emissions (gCO2e/MJelectricity) 3.9 1.5 1.7 1.6
Total supply chain emissions (gCO2e/MJelectricity) 28.8 26.4 26.6 26.5
Contribution of transport to supply chain 13.5% 5.7% 6.4% 6.0%
Change from base case – �8.4% �7.7% �8.0%

270-30
Transport emissions (gCO2e/MJelectricity) 3.8 1.4 1.6 1.5
Total supply chain emissions (gCO2e/MJelectricity) 27.9 25.5 25.7 25.6
Contribution of transport to supply chain 13.6% 5.5% 6.2% 5.9%
Change from base case – �8.6% �7.9% �8.3%

270-60
Transport emissions (gCO2e/MJelectricity) 3.6 1.4 1.5 1.4
Total supply chain emissions (gCO2e/MJelectricity) 25.9 23.7 23.8 23.7
Contribution of transport to supply chain 13.9% 5.9% 6.3% 5.9%
Change from base case – �8.5% �8.1% �8.5%

290-30
Transport emissions (gCO2e/MJelectricity) 3.4 1.3 1.4 1.3
Total supply chain emissions (gCO2e/MJelectricity) 24.5 22.4 22.5 22.4
Contribution of transport to supply chain 13.9% 5.8% 6.2% 5.8%
Change from base case – �8.5% �8.1% �8.5%

Wood pellet
Transport emissions (gCO2e/MJelectricity) 4.4 1.6 1.9 1.7
Total supply chain emissions (gCO2e/MJelectricity) 35.6 32.8 33.1 32.9
Contribution of transport to supply chain 12.4% 4.9% 5.7% 5.2%
Change from base case – �7.8% �7.0% �7.6%
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[55,56,67]. The UK Department of Energy and Climate Change’s
2014 report also considers the implication of changes to carbon
stock, foregone sequestration and indirect changes on carbon
fluxes and GHG emissions and present the life-cycle GHG emis-
sions for a range of scenarios and their counterfactuals where
bioenergy is used for electricity production [68]. The results
reported for electricity from round wood (in addition to wood resi-
dues and energy crops) under different harvesting and manage-
ment regimes and different time periods (40 and 100 years)
varied significantly (depending on whether the forests were natu-
rally re-generated or intensively managed; with the latter’s emis-
sions subsequently depending on whether demand for wood is
high or low) from negative emissions to emissions higher than coal
life-cycle emissions. Caution must therefore be administered when
including LUC and ILUC within system boundaries, as it can
severely under or overestimate emissions. As a result, while the
authors acknowledge the importance of changes in carbon stock
as a result of LUC/ILUC in life-cycle GHG emissions assessments,
as no standardised methodology is developed that accounts for
these changes in carbon stock in LCA, the RED methodology was
selected as this is the approved methodology adopted in the EU.

Changes in LUC/ILUC also have an impact on soil carbon stocks
which are not included in the REDmethodology. Similar to changes
in forest carbon, impacts on soil carbon are difficult to determine
with absolute certainty. Nevertheless, some studies have
attempted to quantify the change in soil carbon as a result of
harvesting temperate forests e.g. [57] and growth of energy crops
e.g. [69].
3.6.2. Emissions from outdoor drying
Emissions can also arise from storage of biomass that can con-

tribute to GHG emissions including CO2, nitrous oxide (N2O) and
methane (CH4). The gaseous emissions from storage are linked to
dry matter loss which occurs as a result of degradation of the
wood. The extent of degradation depends on the nature of the feed-
stock, storage environment and moisture content [70,71]. CO2

emissions from wood can occur from thermal oxidation and
aerobic and anaerobic biodegradation, while action of micro-
organisms in anaerobic conditions results in CH4 evolution [71].
N2O emissions occur as the end product of incomplete ammonium
oxidation of incomplete denitrification [70]. He et al. report on the
emissions of CO2 and CH4 from Canadian Douglas fir branches with
higher emissions for both gases at higher temperatures (35 �C
when compared to 15 �C) and peak concentrations of
138,000 ppm and 1500 ppm respectively, most likely as a results
of increased microbial activity at higher temperatures [71]. The
authors also noted a decrease in oxygen concentrations to 1–2%
after 10 days storage. Theoretical methane and nitrous oxides
losses from wood residues were calculated by Wihersaari who cal-
culated daily emissions rates of 24 g/m3 and 0.6 g/m3 for methane
and nitrous oxide respectively [70]. The conclusion of this study
was that forest residue should be utilised as quickly as possible
to avoid emissions from this source. These emissions may present
an issue when natural of drying wood occurs, particularly in the
summer months where the outdoor climate is warmer leading to
increased microbial activity.
4. Concluding remarks

The results of the torrefaction of North American pine and an
assessment of life-cycle GHG emissions for torrefied pellet produc-
tion are presented. It can be seen that torrefaction improves the
fuel properties of pine: the fixed carbon and HHV increases while
the moisture and volatiles contents decrease. These changes
become more pronounced as torrefaction severity increases.
Results of the GHG emissions assessment shows potential GHG
savings from conventional wood pellets based on the experimental
results and assumptions described in this paper. The largest emis-
sions by life cycle stage are caused by shipping followed by the tor-
refaction and drying stages while several stages of production, i.e.
cultivation, transport to pellet facility, have a relatively small con-
tribution to overall supply chains emissions. The use of torgas is
critical for emissions savings where natural gas is used for utility
fuel owing to the greater life-cycle GHG emissions and thus using
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wood chips as utility fuel is preferred to keep life-cycle emissions
as low as possible.
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