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a b s t r a c t

Biomass torrefaction was tested on pilot scale (50 kg h�1 throughput) for 3 types of wood: spruce, ash
and willow at torrefaction temperatures of 250 �Ce265 �C. Quantitative analysis of process streams was
accomplished by utilising on- and off-line analytical methods.

The data obtained from the pilot tests could be very well translated into large-scale operations. A
theoretical overall thermal efficiency of 88e89% was calculated for a large-scale heat-integrated torre-
faction process that uses wet woody feedstock containing a mass fraction of 45% moisture.

These results show that a pilot plant is most suitable not only for exploration of (new) feedstocks but
also for generating experimental data that provide valuable information for the design of full-scale
plants. The detailed mapping of the mass and energy balances presented in this work can be used
further as input for process optimisation, evaluation of commercial viability and techno-economic an-
alyses which can further help in up-scaling and commercialisation of the torrefaction technology.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In all future energy scenarios, biomass and bioenergy play a
major role in the transition to a sustainable society and to a circular
economy [1]. In these energy schemes, a renewable form of carbon
is necessary for the production of solid, liquid and gaseous fuels as
well as materials and chemicals. Biomass is the only sustainable
feedstock containing carbon that has the potential to be converted
into these valuable products.

The types of biomass feedstocks to be utilised preferably in
advanced generation of bio-products are residues and wastes, fast-
growing grasses and wood species as well as mixtures of these and,
generally, all renewable organic feedstocks that do not interfere
with the food chain on any level. These type of feedstocks are often
tenacious and fibrous, bulky, non-homogeneous, high in water
content, biodegradable and, generally, prone to issues in storage,
handling, transportation and processing.

In order to overcome these issues, torrefaction can be applied
as a biomass pre-treatment process. Torrefaction is a thermo-
chemical process that, together with a proper densification, can
produce a high-quality solid bioenergy carrier, which can serve as a

renewable alternative to coal, e.g. in coal-fired power plants [2,3].
Torrefaction in combination with densification transforms the
biomass into a more coal-like product which has a higher energy
density, is more hydrophobic and is easier to grind than the initial
raw biomass [4,5].

Torrefaction is a thermochemical pre-treatment process typi-
cally in the temperature range of 200e300 �C. The chemistry
behind torrefaction involvesmainly the removal of oxygen from the
biomass structure after exposure to a hot, oxygen-deficient atmo-
sphere [5e7]. During torrefaction, besides the desired torrefied
solid product, also by-products are formed, namely gases, con-
densable organics and water, which are all contained in the torre-
faction gas. Torrefaction gas can be combusted to generate process
heat. The torrefied product can be further processed and densified
into pellets or briquettes obtaining a solid bioenergy carrier with a
high energy density, better adjusted to logistics and end-use re-
quirements [8]. The overall process scheme of the torrefaction
concept is presented in Fig. 1. In a large-scale optimised torrefaction
scheme, the torrefaction gas can be combusted, if needed together
with part of the feedstock (e.g. bark, fines, etc.). This can provide the
necessary heat for the torrefaction reactions to proceed but also for
pre-drying the feedstock to reduce the initial moisture content.

During torrefaction, mainly the hemicelluloses in the biomass
devolatilise as is also illustrated in Fig. 2 by means of thermogra-
vimetric analysis of wood and its constituents [9]. Xylan is one of* Corresponding author.
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the components of hemicellulose. Decomposition, devolatilisation
and depolymerisation are the three major reactions that take place
during torrefaction [10]. These reactions are initiated at tempera-
tures around 200 �C [9,11].

Table 1 summarises the composition of the types of lignocellu-
losic biomass also used in this present research. Deciduous wood is
also known as hardwood and it contains more hemicellulose and
less lignin than coniferous wood (softwood). Hemicelluloses are
highly temperature sensitive and the extent of wood decomposi-
tion also depends on their amount and composition. A xylan-based
hemicellulose (present in hardwoods) is more temperature sensi-
tive (i.e., easier to decompose) than a mannan-based hemicellulose
(present in softwoods) [12].

Publications on the topic of torrefaction have increased drasti-
cally in the past decade which indicates the interest on this subject
and the significance of the steps forward that are being taken by

scientists. Most of the research on torrefaction concerns the
modelling of torrefaction reaction kinetics and mechanisms [13] as
well as process modelling [14,15] and reactor modelling [16].
However, the amount of experimental data that is available on pilot
scale torrefaction in continuous reactors appears to be limited. The
literature includes results obtained from continuous rotating drum
reactors [17e19], an auger screw type reactor [21] and a new tor-
refaction technology termed REVE (Vibrating Electrical Elevator
and Reactor) [22].

Batidzirai et al. [23] modelled mass and energy balances based
on experimental data obtained from an existing torrefaction plant.
Torrefaction experiments were performed with eucalyptus and
straw as feedstocks. However, no experimental data could be pro-
vided due to confidentiality reasons. A study by Karlsson [19] used
results of 345 kg h�1 to 364 kg h�1 (rotating drum) torrefaction
trials with a wood residue mixture to perform mass and energy
balances. Lemus and Gil [21] presented results of their 500 kg h�1

pilot plant which they use to determine mass and energy balances,
as well as process efficiencies of an integrated torrefaction process
based on cereal straw as feedstock. Doassans-Carr�ere et al. [22] also
used results of torrefaction of wood chips on pilot scale (40 kg h�1

and 80 kg h�1 throughput) to perform a brief techno-economic
analysis.

Most of the data available in the literature was generated using
small-scale lab equipment and has been further used by re-
searchers to asses torrefaction process performance. Syu and
Chiueh [24] used experimental data from the literature on torre-
faction of rice straw for their process simulations. They developed
an energy and mass flow model which they used for evaluation of
system performance. Chen et al. [25] did an energy analysis of the
torrefaction of micro-alga residues using data obtained from their
lab-scale experimental set-up. They introduced an index of relative
energy efficiency (REE) to evaluate the energy utilisation perfor-
mance in such a torrefaction system. Granados et al. [26] performed
thermogravimetric analyses (TGA) on a variety of feedstocks (sug-
arcane bagasse, banana rachis, rice husk, palm oil fibre, sawdust
and coffee waste). These data were used to perform an energy and
exergy analysis in order to calculate the respective efficiencies. Van
der Stelt in his thesis [27] uses experimental results obtained from
his lab-scale torrefaction experiments with beech wood to perform
mass and energy balances in an attempt to calculate the heat of
reaction.

The aim of this work is to aid to the expansion of publically
available experimental data on continuous pilot torrefaction pro-
cesses. Additionally, we demonstrate how process flows of a pilot
plant can be quantified by using on- and off-line analytical
methods. The detailed mapping of the mass and energy balances
presented in this work are of great significance for process opti-
misation, evaluation of commercial viability and techno-economic
analyses which can further help in up-scaling and commercialisa-
tion of the torrefaction technology.

Fig. 1. Overall torrefaction process scheme. Blue units require heat and the red unit releases heat. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. Devolatilisation pattern of cotton wood and wood constituents. Green lines
indicate torrefaction temperature regime. Linear heating rate: 15 K min�1. Adapted
from Ref. [9]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Lignocellulose composition of deciduous and coniferous biomass types [20].

Polymer, mass fraction/% Deciduous Coniferous

Lignin 18e25 25e35
Cellulose 40e44 40e44
Hemicellulose 15e35 20e32
Composition Hemicellulose, mass fraction/%
4-0 methyl glucuronoxylan 80e90 5e15
4-0 methyl glucuronoarabinocyxylan <1 15e30
Glucomannan 1e5 60e70
Galactoglucomannan <1 1e5
Arabinogalactan <1 15e30
Other galactose polysaccharides <1 <1
Pectin 1e5 1e5
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2. Materials and methods

2.1. Materials

Three different wood types were used in the pilot torrefaction
tests described in this work, namely ash, spruce and willow wood.
The elemental analyses of the raw and torrefied wood samples
along with the calculated higher heating value (HHV) are presented
in Table 2. The elemental analysis was performed with the Element
Analyser FLASH 2000 (Thermo Scientific) and the ash content was
determined using a Nabertherm LV5/11/B180 oven. CHN content
was determined according to EN 15104 and the ash content was
defined according to EN 14775. The oxygen content was also ana-
lysed and therefore, the sum of elements does not add up to exactly
100%. The higher heating value (HHV) of the wood samples was
calculated according to the Milne formula [28].

Debarked and chipped ash and sprucewoodwere obtained from
Van den Broek B.V. (The Netherlands). The wood chips were
delivered in dimensions of >2 � 2 � 2 mm to �40 � 40 � 15 mm.
The ash wood was of the family Olacaceae of the genera Fraxinus
excelsior. The spruce wood was of the Picea family of the genera
Picea abies. These two wood species were used for the torrefaction
tests in order to compare the torrefaction behaviour between a
hardwood (ash) and a softwood (spruce).

The willow wood was Short Rotation Coppice (SRC) willow of
the Salix family and the genera Salix viminalis obtained from SGB
(UK). It consisted of small chips and branches with bark of the
following dimensions: >2 � 2 � 2 mm to �40 � 10 � 10 mm.
Willow wood is a hardwood, but SRC willow was specifically cho-
sen because it contains bark and smaller particle sizes of wood and
is in general a different feedstock type compared to earlier tested
standard clean wood chips in the pilot plant.

Spruce and willow wood were torrefied in the pilot plant at
260 �C and ash wood at 250 �C and 265 �C. Initial screening tor-
refaction experiments had been performed in a TGA apparatus and
a batch torrefaction reactor in order to define the torrefaction
temperature for the pilot tests. The torrefaction temperatures in the
pilot plant were chosen so that dry mass yields would be between
73% and 79% based on these initial screening tests. The additional
test for ash wood was performed in order to record and observe
differences for this specific wood type with varying torrefaction
temperature.

2.2. Pilot plant layout and test procedures

The torrefaction pilot plant at ECN's research facilities has a
nominal production capacity of approximately 50 kg h�1. It is based
on amoving-bed reactor conceptwith direct heating of the biomass
by recycled product gas. Numerous pilot tests have been success-
fully completed with more than 10 different biomass species since
its first start-up in 2008. It has been operated for more than 2500 h,
having produced over 85 tonnes of torrefied material. The tests
presented in this work are the first tests where all process flows of

the pilot plant were analysed and quantified.
The torrefaction pilot plant consists of three main sections each

occupying one floor in a three-storey building. These sections are:
(1) the feeding and drying section, (2) the torrefaction section and
(3) the torrefied product collection section, which can all be seen in
Fig. 3.

If required, the biomass is pre-dried by a subcontractor to a
moisture mass fraction of 10e20%. The wood is contained in cubic
boxes which are hoisted by a crane to the top floor of the pilot fa-
cility where they are tipped onto a belt conveyor. The top part of the
drying section has a sluicing system which allows batches of
ingoing wood chips to be flushed with nitrogen (flow set by mass
flow controller) before being released into the drying unit. Wood
batches of 5e10 kg are fed during each cycle, depending on the bulk
density of the biomass. All operating conditions are selected based
on the moisture content and the desired torrefaction recipe for the
selected feedstock. The biomass is heated up to 150e200 �C by
direct contacting with recycled steam of a maximum temperature
of 220 �C.

Subsequently, the dried biomass enters the torrefaction section
of the pilot plant reactor. The wood is heated directly by a recycled
torrefaction gas stream at a temperature of 250e340 �C so that the
torrefied wood can reach a temperature of 240e320 �C at the
bottom of the reactor. The recycled gas streams in the drying and
torrefaction section are recirculated with use of a blower and pre-
heated in heat exchangers with an electrically heated thermal oil
system. The surplus steam and torrefaction gas are burnt together
in a combustor and the flue gas is vented to the stack. The torrefied
material is extracted from the bottom of the reactorwith a shredder
and via screw conveyors it is transported and stored in metal
storage vessels situated on the ground floor, where it is allowed to
cool down under a nitrogen purge (flow set by mass flow
controller). The solids residence time during torrefaction is regu-
lated by the frequency controller of the shredder at the bottom of
the reactor, and is typically 30 mine40 min.

In case densification (pelletisation or briquetting) of the tor-
refied material is required, the material is transported to a pel-
leting/briquetting facility. During steady-state operating
conditions, condensate samples were collected from the torre-
faction gases and produced permanent gases were continuously
analysed by on-line gas analysis. Details on the methods and
equipment used is described in the next section. A simplified block
diagram of the pilot plant along with the various sampling points
is given in Fig. 4.

Table 3 gives an overview of the pilot tests performed in this
study. The torrefaction conditions applied, average moisture con-
tent, throughputs and test durations are listed.

During the tests, raw biomass input was determined at steady-
state conditions by recording the time it takes to feed a cubic box of
known net mass of wood. Steady-state operation is characterised
by steady temperature profiles in the dryer and torrefaction reactor
accompanied by a steady pressure drop in the system. The torrefied
product output flow is controlled by calibrating the shredder
throughput using a frequency controller. The moisture content of
the fed wood was measured gravimetrically after drying samples
(obtained from different feedstock cubic boxes) overnight in an
oven at 105 �C.

The mass yield (My) expresses the mass percentage of the
original dry biomass that is retained in the solid torrefied product
and is defined as:

My ð%Þ ¼ Mdry
wood

Mtorr
100% (1)

Table 2
Elemental analysis and heating value of the tested raw and torrefied materials (on
dry basis); C, H, N, O and ash expressed in mass fraction percentages.

Type of biomass C/% H/% N/% O/% Ash/% HHV/MJ kg�1

Spruce raw 48.0 6.3 0.11 46.0 0.4 19.2
Spruce 260 52.0 6.1 0.08 42.0 0.4 20.7
Ash raw 48.0 6.2 0.15 47.0 0.6 18.9
Ash 250 52.0 6.0 0.16 41.0 0.9 20.7
Ash 265 53.0 6.0 0.15 41.0 0.9 21.1
Willow raw 48.0 6.2 0.36 44.0 2.0 19.2
Willow 260 54.0 5.7 0.42 38.0 1.9 21.3
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where Mdry
wood is the mass flow of the dry raw wood in kg h�1 and

Mtorr is the mass flow of the produced torrefied solid in kg h�1.
The energy yield (Ey) expresses the percentage of the energy

present in the original dry biomass that is retained in the solid
torrefied product and is defined as:

Ey ð%Þ ¼ My
Edrywood
Etorr

100% (2)

where Edrywood is the lower heating value (LHV) of the dry original

Fig. 3. Torrefaction pilot plant at ECN. Top: Feeding and drying section, Middle: Torrefaction reactor, Bottom: Product collection.

Fig. 4. Simplified block diagram of ECN's pilot plant including on-line sampling points. Sampling points illustrated with a dotted line (mGC (B) and mGC (C)) are not fixed sampling
point positions (optional sampling points for micro-GC analysis).
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wood in MJ kg�1, Etorr is the lower heating value (LHV) of the
produced torrefied solid in MJ kg�1 and My is the mass yield
calculated by eq. (1).

The lower heating value (LHV) of the dry original wood and
torrefied wood was calculated according to the following equation:

LHV ¼ HHV � ð2:443$8:936$H=100Þ (3)

where HHV is the calculated higher heating value in MJ kg�1 (Milne
formula) and H is the hydrogen content of the dry or torrefiedwood
expressed in mass percentage as obtained from the analyses in
Table 2.

2.3. Sampling and analysis of condensables (organic vapours and
water) in torrefaction gas

At steady-state operation of the pilot plant, sampling for quan-
tification of the condensable torrefaction products was performed
according to the technical specification CEN/TS 15439 [29].
Although this technical specification has been developed for sam-
pling and analysis of biomass gasification tars, it has been used
successfully in low temperature pyrolysis tests as well [30].

The condensables were sampled at two sampling points as
indicated in Fig. 4: (A) torrefaction gas loop and (B) torrefaction gas
flow to the combustor. One sample serves as a duplicate of the
other. Fig. 5 shows the schematic of the sampling train used. All the
impinger bottles in the set-up initially contained isopropyl alcohol
(IPA). From previous work by Neeft et al. [31] it has been shown that
IPA is a reasonably effective solvent for fresh condensates. The
impingers were weighed before and after sampling to quantify the
net amount of condensables in the gas stream.

The measurements consisted of sampling a small (2e3 L min�1)
slip-stream from the torrefaction gas and quenching it in a train of
six impinger bottles filled with a known amount of IPA at þ40 �C
(impinger bottles 1, 2 and 4 kept in a water bath) and �20 �C
(impinger bottles 3, 5 and 6 kept in an ethylene glycol bath). The
specific sequence of the liquid IPA-quench was chosen after
research performed concerning collection efficiency of tars in
different impinger trains. Collection efficiency is influenced by type
of solvent, solvent temperature, the number of temperature gra-
dients in the train, gas flow rate, wash bottle design, presence of
glass frits, pressure drop over the sampling train and tar compo-
sition. Detailed results of this research are available at ref [32]. The
specific sampling train that was utilised is very effective in
capturing both condensable volatiles and aerosols (>99%).

After sampling for about 50e90 min, the contents of the
impingers were collected, mixed and analysed off-line by a gas
chromatograph coupled to a mass spectrometer (GCeMS) for
quantification of specific organic components and by Karl-Fischer
titration for water content determination. The gas chromatograph
used was a TRACE GC ULTRA (Thermo) with a slit/splitless injector
and the coupled mass spectrometer was a TRACE DSQII (Thermo).
The Karl-Fischer titration apparatus used was a 684 KF Coulometer
(Metrohm).

2.4. Sampling and analysis of non-condensables (gases) in
torrefaction gas

Continuous gas sampling was done at two fixed sampling
points: (A) of the torrefaction gas before the combustor by micro-
GC and (B) of the flue gases by on-line gas analysis, also illus-
trated in Fig. 4. The micro-GC could be placed and moved where
needed (sampling points (B) and (C) in Fig. 4).

Neon was used as a tracer gas to quantify the gas flows in the
pilot plant. A known flow of neon gas was injected in the drying
section of the pilot plant and the downstream gas flows could be
quantified: the gas flow from the drying section to the torrefaction
section (mGC sampling point (C)), the torrefaction gas flow to the
combustor (mGC sampling point (A)) and the flow of the flue gases
after the combustor (mGC sampling point (B)).

The GC usedwas a CP4900micro-GC with four columns running
on helium carrier gas with TCD detectors [Ch1: Molsieve (@80 �C),
Ch2 þ 3: PoraPlot PPU (@60 �C), Ch4: CP-wax-52CB (80 �C)]. The
micro-GC could analyse the following gases: Ne, H2, Ar/O2, N2, CH4,
CO, CO2, C2 (ethane, ethylene and acetylene), H2S, C6H6 (benzene)
and C7H8 (toluene). The on-line gas analyser contained different
measuring cells that could detect CO, CO2, NO, NO2 and O2 in the
flue gas.

3. Results and discussion

3.1. Mass and energy yields of torrefaction products

From the measured and analysed data of the different pilot
torrefaction tests, mass and energy balances could be obtained. The
results for product mass and (normalised) energy yields are pre-
sented in Fig. 6. At the applied torrefaction temperatures, the mass
yield of torrefied wood ranged between 73% and 77% for the
hardwood species tested (ash and willow) and is 79% for the soft-
wood specie (spruce). The mass yield obtained with torrefaction
depends on applied temperature and residence time. Therefore,
different types of reactors or set-ups used throughout the literature
for torrefaction tests result in mass yields varying widely from 50%
to 97% [33]. Also, the mass yield has been reported by Prins et al.
[34] to depend on the type of biomass material.

When these results are compared to similar pilot tests per-
formed in the past with similar softwood and hardwood chips, the
mass yields of the solid products are within a standard deviation of
1.6e2%. Therefore, reproducibility of the pilot plant results is very
good and the differences discussed in this section are considered
significant.

In a closing mass balance, the product mass yields would sum
up to 100%, which is not the case in Fig. 6. Actual mass balance
closures varied between 92% for ash torrefied at 250 �Ce104% for
ash torrefied at 265 �C. The main reason for this is that process
flows slightly fluctuate during a torrefaction pilot test and average
overall values have been obtained and further used in calculations.
Biomass throughput is the parameter that can be monitored most
accurately, since wet wood input and torrefied wood output are

Table 3
Overview of pilot plant tests.

Type of
biomass

Torrefaction
temperature/�C

Torrefaction residence
time/min

Wet biomass input/
kg h�1

Average moisture mass
fraction/%

Torrefied biomass production/
kg h�1

Pilot test
duration/
h

Spruce wood 260 32 48.4 12.6 33.4 36.9
Ash wood 250 39 52.6 12.7 35.4 38.6
Ash wood 265 43 53.2 12.2 34.3 39.0
Willow wood 260 34 46.8 12.3 30.6 20.9
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constantly recorded and the torrefied solid product comprises the
largest fraction of the products. However, although the gas analysis
data (condensables measurements and flow quantification) are
measured during stable plant operation, they represent one
moment during a test and give quantitative data for that particular
moment. Therefore, outgoing flows of torrefaction gas can be
slightly over- or under-estimated. Nevertheless, this mismatch is

considered reasonable and acceptable for this scale of torrefaction
tests.

The energy yields presented in Fig. 6 have been calculated
assuming a closing mass balance and are therefore given as “nor-
malised” energy yields. The mass balance was corrected for the
over- or under-estimated fraction of products and these amounts
were ascribed to and proportionally distributed among the gas-
phase products (condensables and permanent gases).

The energy yield of the torrefied solid product generally varies
between 83% and 86%. The absolute amounts of the organics were
calculated by difference, assuming a closing mass balance. The
heating value of the sum of total volatiles (torrefaction gas)
released during torrefaction (water, CO, CO2 and organics) was
calculated by difference from the mass and energy balances and it
was found to be in the range of 12e14 MJ kg�1 (HHV basis) or
11e12 MJ kg�1 (LHV basis). This is in agreement with values re-
ported by Bates and Ghoniem [13].

During torrefaction, the loss of light volatile components causes
the O/C ratio in the solids to decrease and therefore, the energy
density of the torrefied wood on a mass basis increases. The loss
and further decomposition of the carboxyl groups from hemicel-
lulose and removal of methoxyl-type groups from lignin and (to a
lesser extent) thermal cracking of the carbonyl and carboxyl group
of cellulose are the main sources of mass loss during torrefaction
[35]. The organics that are released during torrefaction mainly
comprise acetic acid and methanol. These two components along
with water are the main decomposition products of hemicellulose.
The main permanent gases that are released are CO2 and CO. The
gas composition of the torrefaction gas product is further discussed
in Section 3.3.

During the pilot tests, no signs of exo- or endo-thermicity could
be observed.

3.2. Organics in torrefaction gas

As presented in Section 3.1, the organics constitute the most
significant fraction of the torrefaction gas from an energy content

Fig. 5. Schematic of sampling equipment used for condensables according to CEN/TS 15439. Gas washing bottles: (1) þ40 �C, (2)þ40 �C (F), (3) �20 �C, (4) þ40 �C (F), (5) �20 �C (F),
(6) �20 �C (F). F designates a glass frit to capture aerosols.

Fig. 6. Product mass (A) and normalised energy yields (B). Data from on- and off-line
measured and analysed data.
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point of view (Fig. 6). Therefore, special attention is given in this
section to the organics characterisation.

Fig. 7 shows a picture made of one of the two impinger trains
after condensables sampling from the torrefaction gas during the
spruce test at a torrefaction temperature of 260 �C. The two
impinger trains look very similar after sampling, therefore, only one
of the two is shown here.

Initially, the impingers contain equal amounts of IPA (isopropyl
alcohol) and after sampling the impingers contain IPA, organics,
water and some dust particles. As soon as the sampling was initi-
ated, a thick, white mist was visible in the first impinger and it
disappeared in downstream impingers. The IPA solvent is actually
colourless, so the change in solvent colour to brown/orange and
yellow is a result of capturing condensables/aerosols. This effect
was more pronounced for the first two bottles, in which some
black/brown light precipitatewas sometimes noted as well. Overall,
the liquid distribution over the two impinger trains at the two
sampling points was similar, which was expected since the two
sampling points serve as a duplicate of each other in terms of
condensables concentration in the gas stream.

The liquids of the six impingers were mixed and this mixture
was analysed by GCeMS, the results of which are shown in Fig. 8.
The results are expressed per kg of dry wood input. In total, 57
components could be identified and quantified by GCeMS. How-
ever, this represents only a fraction of the produced organic com-
ponents and this fraction is given in Fig. 8 as well. These values
were estimated by comparing the total amount of organics ana-
lysed by GCeMS to the total amount of organics that could be
condensed during sampling. Separation of components by GC is not
suitable for oligomeric compounds and components of high mo-
lecular mass because of their low vapour pressure. Therefore, the
components present in the torrefaction gas that could not be ana-
lysed by GCeMS are most probably heavier pyrolytic tars and other
organic compounds.

For spruce, most of the detectable fraction are C2eC4 oxygenated
compounds, mainly methanol, 1-hydroxy-2-propanone and 2-
hydroxyacetaldehyde. For the hardwoods tested (ash and willow)
the largest detectable fraction is comprised of carboxylic acids,
mainly acetic acid. All of the above components are mainly derived
from the decomposition of hemicellulose in the wood and con-
centrations are higher for hardwood species (ash and willow) than
for softwood. This finding supports the data described in Section
1.1, where hardwood is found by researchers to decompose to a
larger extent than softwood at the same torrefaction temperature,
since it contains more temperature-sensitive hemicellulose. This is
especially profound in the lower temperature torrefaction regime
which is studied in this work.

Additionally, phenols are the main decomposition products of

lignin and when comparing phenol production among the tested
wood species, it can be noted that this is higher for the hardwoods
than for the softwood tested. This signifies that in the
250 �Ce265 �C temperature range, hardwood lignin also de-
composes to a larger extent than softwood lignin. This is in accor-
dance with previous experimental observations at ECN to be
published elsewhere.

What can be noted in the case of ash wood is that a higher
torrefaction temperature leads to an increase in GC-detectable
organic compounds, probably because of more extensive decom-
position of biomass components with increasing temperature,
while the composition remains similar. An increased production of
torrefaction gas with increasing torrefaction temperature was
prominent during pilot plant operation since the downstream
combustor required a higher air flow to burn off the excess gas.
Also, the total amount of identified species derived from softwood
is much smaller than that from hardwood. These trends are in
agreement with recently published research supporting that many
terpenes and terpenoids are produced during torrefaction of pine.
These components could not be trapped by condensation but by
utilising solid-phase micro-extraction (SPME fibre) [36].

Levoglucosan is mainly a decomposition product of cellulose
and is therefore useful as an indicator of the extent of cellulose
decomposition. In our case, the small amounts detected in the
torrefaction gas for all tests indicate that cellulose probably
remained largely in an undevolatilised state in the torrefied prod-
uct. This is in agreement with results published by Lv et al. [37] and
Park et al. [38].

3.3. Permanent gases

Fig. 9 shows the results of the (permanent) gas analysis for the
four pilot tests for gas sampling points (A), (B) and (C) as thesewere
depicted in Fig. 4 in Section 2.2. Sampling point (A) gives the gas
composition of the produced torrefaction gas, sampling point (B)
gives the composition of the flue gases after the combustor and
sampling point (C) shows the composition of the gases flowing
from the drying section to the torrefaction reactor. Gas concentra-
tions are expressed on dry gas basis and these represent average
values during steady-state operation. The balance is mostly N2

(77e90% in torrefaction gas, 78e84% in flue gas and 97e98% in the
dryer gas).

The main gases produced by torrefaction are CO2 and CO. The
first is a product of decarboxylation of acid groups attached to
hemicellulose. CO is shown in the literature to be either a product of

Fig. 7. Impinger train after sampling of condensables during torrefaction of spruce
wood at 260 �C. The layout of the impingers, from left to right, corresponds to the
sampling layout shown in Fig. 5.

Fig. 8. Net amounts of analysed organics in torrefaction gas. Percentages refer to the
fraction of the total organics that could be analysed by GCeMS.
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steam and carbon dioxide reactions with char [6,26] or a xylan
decomposition product at low torrefaction temperatures [33]. The
flue gas consists mainly of O2 and CO2, since an excess of air is used
in the combustor unit of the pilot plant. The higher concentrations
of CO and CO2 in the torrefaction gas give a good indication of a
higher amount of torrefaction gas being produced. This variation in
gas composition is, on the other hand, not observed for the flue gas
because combustion air flow is regulated based on torrefaction gas
production leading to similar flue gas compositions.

Table 4 presents all gas-phase trace compoundsmeasured in the
torrefaction gas by micro-GC and in the flue gas by on-line gas
analysis. There was no CH4 or C2H2 detected in the torrefaction gas
(concentrations were below the detection limit of 0.001%) which is
consistent with a low torrefaction temperature or low torrefaction
severity [39]. Flue gas measurements indicate the presence of small
amounts of NO (in the range of 36e57 cm3 m�3) and NO2 (in the
range of 0e2 cm3 m�3). NO is formed by reaction of oxygen with
nitrogen in combustion air at high combustion temperatures

(combustion temperature during these tests was ca. 870 �C). NO2 is
formed by further oxidation of NO.

3.4. An optimised overall torrefaction system

The data presented have been obtained from pilot scale torre-
faction tests, but they can give valuable insights on how to optimise
large-scale torrefaction and densification schemes as presented in
Fig. 1. In this concept, biomass has to be pre-dried (here an initial
moisture mass fraction is assumed of approx. 45%) to a moisture
mass fraction of 15e20% prior to torrefaction. The torrefaction
reactor as well as the pre-drying unit require a substantial energy
input for water evaporation. Therefore, not only proper design of
these units, but also heat integration is essential in achieving high
overall efficiencies and, thus, contributing to the economic viability
of torrefaction.

Fig. 10 presents the calculated energy requirements and avail-
ability per torrefaction test. The calculations are based on mass and

Fig. 9. Dry (permanent) gas composition of the torrefaction and flue gases as measured during the pilot tests. Concentrations represent average values.

Table 4
Trace compounds concentrations in torrefaction and flue gas (b.d.l. ¼ below detection limit).

Feedstock Spruce wood Ash wood Ash wood Willow wood

Torrefaction temperature/�C 260 250 265 260
Torrefaction gas/cm3 m¡3

CH4
a b.d.l. b.d.l. b.d.l. b.d.l.

H2
b 600 b.d.l. 400 b.d.l.

C2H4 50 30 60 40
C2H6 30 40 90 40
C2H2

a b.d.l. b.d.l. b.d.l. b.d.l.
H2S 11 24 45 66
C6H6 129 129 199 117
C7H8 21 42 67 31
Flue gas/cm3 m¡3

NO 36 38 49 57
NO2 1 1 0 2

a Detection limit is 10 cm3 m�3.
b Detection limit is 100 cm3 m¡3.
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energy balances (for 100% balance closure) of the performed pilot
torrefaction tests and extrapolated to an optimised and heat-
integrated torrefaction system. In these calculations heat losses
are not taken into account and the given values represent only the
required and available energy streams in the process that have the
potential to be utilised for heat integration. Table S1 of the
supplementary material provides more information on the inputs
and assumptions used for these calculations.

Fig. 10 verifies that pre-drying is the process unit that requires
most energy input, amounting up to more than 70% of the total
process energy requirements. Drying is assumed to take place in a
flue gas dryer with energy requirements of 3.4 MJ kg�1 water
evaporated and the moisture mass fraction of the wood is reduced
from 45% to 15%. The energy needed for torrefaction includes
heating up of the biomass and N2 feeds to torrefaction temperature
as well as evaporation of the remaining water in thewood. The heat
of reaction for torrefaction of dry beech wood is in the range of
0.7 MJ kg�1 endothermic to �0.8 MJ kg�1 exothermic at torre-
faction temperatures of 230 �Ce300 �C [26,40]. This is quite low
compared to the other energy streams involved in the calculations
(dry wood has an energy content of about 18 MJ kg�1 (LHV)) and is
of the same order of magnitude as the error in the calculations of
the calorific values. Therefore, the heat of reaction for torrefaction
has not been taken into account in these calculations.

From the normalised mass and energy balances presented in
Section 3.1 of this paper, the amount and calorific value of the
torrefaction gas could be estimated. These calorific values were
used to calculate the energy requirements and availability and
include the incombustible fraction of the torrefaction gas, which
consists of produced water, CO2 as well as N2. These three com-
ponents can comprise a mass fraction of 56e64% of the torrefaction
gas resulting in an overall calorific content of 9e10MJ kg�1 (on LHV
basis) of the torrefaction gas stream.

In all cases shown in Fig. 10 there is additional energy input
necessary to fulfill the total energy requirements. This extra energy
input can be generated by combustion of additional wet biomass
feedstock. Expressed by a mass fraction of the wet biomass input
that is used for torrefaction it varies from 5.5% for ash wood tor-
refied at 265 �Ce8.7% for spruce torrefied at 260 �C.

Fig. 11 presents the theoretical overall thermal efficiency to
convert thewet biomass input to a torrefied product, on an LHV and
HHV basis (Fig. 11A). The efficiency definition used is as follows:

h ¼ EOUT

EIN
100% ¼ Etorr

Ewet
wood þ Einput

100% (4)

where Etorr is the energy content of torrefied wood (here either on
LHV or HHV basis), Ewet

wood is the energy content of the wet,
original wood and Einput is the energy input that has to be provided
to the system. All values are expressed in MJ kg�1 wet wood, as
presented in Fig. 10. In a heat-integrated system, this energy input
equals the amount of extra energy needed on top of the energy
content in the torrefaction gas in order to fulfill the energy re-
quirements of the system. In a system without heat integration,
where the torrefaction gases are just flared, the energy input equals
the total energy needed for both pre-drying and torrefaction.
Clearly, the latter is not attractive, but it is shown in Fig. 11B for
comparison.

The efficiency values actually express a balance between the
energy retained in the torrefied solid product and the energy that
becomes available in the produced torrefaction gas. The efficiencies
calculated for a heat-integrated system are 88e89%. This is in good
agreement with results presented by Bergman and Kiel [7] and
Koppejan [41] in papers where a similarly integrated torrefaction
concept has been examined. Therefore, experiment-based data and
analyses can provide insights on optimal torrefaction conditions for
individual biomass streams. The efficiency can be further increased
when the location of the torrefaction plant permits the utilisation
of residual heat from another process (e.g. waste incinerator or gas
engine) for pre-drying the biomass. This is valid as long as the

Fig. 10. Energy requirements (in light and dark blue) and availability (in light and dark
red) in an overall torrefaction concept. The wet initial biomass is assumed to contain a
mass fraction of 45% moisture (prior to pre-drying). The given values are calculated on
LHV basis. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 11. Theoretical overall thermal efficiency expressed on (A) lower heating value
basis (LHV) and higher heating value basis (HHV) and (B) lower heating value basis
(LHV) with and without heat integration. The wet initial biomass is assumed to contain
a mass fraction of 45% moisture (prior to pre-drying).
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residual heat can cover the otherwise extra energy input needed.
Besides heat, the overall torrefaction þ densification process

also utilises electricity, most of which is consumed in the densifi-
cation step. Electricity use is not included in these calculations.
Nevertheless, this would not significantly decrease the efficiency
values presented since electricity use for e.g. pelletisation on this
torrefaction scale would be only approx. 3.5% of the energy content
of the wet ingoing biomass. This includes electricity used for
milling, pelletisation, product cooling and steam generation. The
sensible heat of the torrefied material before densification is not
taken into account in the heat-integration calculations.

For the case of ash wood torrefied at 265 �C the data used in the
calculations are included in Fig. S1 of the supplementarymaterial in
a simplified black box approach. In this case, the data are extrap-
olated to a 31.5 tonnes h�1 torrefaction scale.

Overall, these results show that a pilot plant is most suitable for:
(1) the exploration of (new) feedstocks, since in a relatively short
time various conditions can be tested at a low price, and (2)
generating experimental data that provide valuable information for
the design of full-scale plants. Moreover, the integrated torrefaction
and densification concept shows very good potential for producing
energy-dense solid bioenergy carriers in a sustainable way.

4. Summary and conclusions

This paper deals with the methods utilised to quantify process
streams of a 50 kg h�1 torrefaction pilot plant located at ECN. The
torrefaction tests described were conducted with spruce, ash and
willow wood, which were torrefied at temperatures in the range of
250e265 �C. The experimental results were used to determine the
mass and energy balances and to translate the values obtained into
torrefaction process efficiencies of an optimised, heat-integrated
torrefaction concept. The conclusions can be summarised as
follows:

� The on- and off-line analytical methods utilised can be used
effectively to provide sufficient information to determine mass
and energy balances of a pilot test.

� The experimental data obtained from pilot scale provide valu-
able information for the design of full-scale plants and can be
very well translated into large-scale energy management and
efficiency.

� The theoretical overall thermal efficiency of an optimised, large-
scale, heat-integrated torrefaction system is 88e89% when a
flue gas dryer is used for pre-drying the wood.

� Efficiency can be further increased when residual heat can be
utilised to pre-dry the wet biomass.
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