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that in 2050 biomass could supply 30% of the total global en-

1. Introduction ergy consumption, largely produced via thermal conversion

. - processes as combustion and gasification [1]. The biomass
1.1. Bamboo species Guadua angustifolia Kunth: a resources will be a combination of residues, various blends of
novel fuel feedstock

biomass streams, waste and cultivated energy crops.
Anticipating a maximisation of the biomass share in the

energy sector, biomass trade will become important, and

regulations must be agreed upon so that the various biomass

Biomass is expected to play a major role in the transition to
sustainable energy production worldwide. It is anticipated
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streams are produced in a sustainable way with positive so-
cial, economic and environmental impacts. Moreover, in order
to simplify biomass trade and supply, the associated logistics
and technology need to be optimised [2]. In the frame of
identifying and assessing biomass streams, recently bamboo
has received special attention because of its easy propagation,
vigorous regeneration, fast growth, high productivity and
quick maturity. Bamboo is an efficient user of land and pro-
duces more biomass per unit area than most tree species [3].

The technical issues related to the final fuel application are
of high importance in the assessment of the complete supply
chain. The quality and properties of bamboo as a potential
biomass source differ within various bamboo species,
depending on maturity stage, applied cultivation practices,
(e.g. fertilizers application) and production site, factors that
affect the specific properties of the material and hence its final
application or conversion method.

G. angustifolia Kunth is a woody bamboo species, which is
native to South America and particularly in the regions of
Colombia and Ecuador. G. angustifolia is considered one of the
three largest species of bamboo and one of the 20 most used
worldwide [4].

In Colombia an area of about 510 km? is reported to be
covered by forest dominated by the bamboo species G.
angustifolia [5] from which about 90% is natural forest and 10%
is cultivated. In the coffee region of Colombia (Caldas, Quin-
dio, Risaralda, Valle del Cauca and Tolima), located in the
Andes G. angustifolia represents an important natural resource
traditionally used by farmers to build long-lived products such
as houses, furniture, handicrafts, veneers and flooring [6,7]. A
significant amount of it is not suitable for manufacturing
products and is available from processing sites and from for-
est and plantations management. This residual material could
be used for bioenergy production.

1.2. Objective of the paper

Currently there are no studies on the application of bamboo
species G. angustifolia in the heat and power sector and the few
reported studies on bamboo as energy source [8—11] mainly
refer to other bamboo species.

This paper presents results on the suitability of bamboo
residues of the species G. angustifolia, virgin and thermally
pre-treated, as an alternative fuel feedstock for heat and
power generation, pure or in blends with coal. The evaluation
is based on the fuels’ composition and physical characteristics
and on their general combustion and ash deposition behav-
iour in a laboratory scale reactor simulating full-size burners
and equipped with specific ash sampling probes.

Combustion is a well-established commercial technology
with applications in most industrialised and developing
countries. Further development is focused on resolving
environmental problems, improving the overall performance
with multi-fuel operation and increasing the efficiency of the
power and heat cycles. Co-firing is the combustion of more
than one fuel in a power plant, a common practice to feed
biomass in currently operating power station infrastructures
at mass fractions up to 20% and in some cases reaching 50%
of the total fuel mass fed. This represents a substantial
volume of avoided CO, emissions. Co-firing coal with

biomass is a proven technology and well documented in
numerous reports and publications [12,13]. It has been pro-
moted through the EU targets for renewable energy and
power generation as a relatively low capital cost means of
increasing renewable energy generating capacity even in
harsh economic conditions and enhancing regional devel-
opment. Co-firing in fossil fired power stations exceeding
100 MW electric power output takes advantage of their high
electrical efficiencies; dedicated biomass combustion at such
scales can still be limited due to the local biomass non-
availability.

The fuels tested at lab-scale were samples of a five-year-
old bamboo G. angustifolia, virgin as well as thermally pre-
treated (torrefied), and El Cerrejon coal from Colombia. The
co-firing tests were performed in blends with a biomass mass
fraction of 20%, as this fraction represents the common
practise in co-firing power plants currently. The heat transfer
behaviour was monitored on line and ash samples were
collected and subjected to elemental analyses. The results
were evaluated comparatively to combustion data available
for woody and herbaceous biomass species.

1.3. Biomass properties and pre-treatment options

In this paper, pre-treatment refers to the techniques used to
convert biomass feedstock into biomass fuels. Besides regular
forms of pre-treatment like chipping, drying and milling, it
also includes dry torrefaction, wet torrefaction and pellet-
ising. The physical properties (particle size, density and
moisture content) as well as the chemical composition
(elemental, ash and volatile matter) and energy content of a
fuel affect its use in a thermal system. Properties such as
moisture, density and volatile matter can well be influenced
and controlled by established pre-treating options. The use of
an alternative feedstock for bioenergy applications requires
careful consideration of the effects that feedstock character-
istics and composition have on the conversion process.

The quality and properties of bamboo as an energy source
differ according to the species, maturity stage, and cultivation
practices, e.g. fertilizers application. Bamboo’s average prox-
imate analysis and heating value with a mass fraction of ash
between 1 and 4% and a Lower Heating Value (LHV) of
17—18 MJ-kg * dry base is comparable to most herbaceous
biomass feedstock as well as most agricultural residues,
grasses and even woody biomass. Bamboo data mainly other
than G. angustifolia, are presented in different sources
[3,8,11,14] while other biomass data is presented compara-
tively in Ref. [15].

In general the physical and chemical properties of virgin
bamboo differ compared to those of the fuels used currently
(wood pellets, coal) and do not comply with the stringent
specifications posed by the thermal conversion processes.
This is also the case with most biomass streams, which have
fundamentally different properties than coal.

The poor grindability of biomass is one of the limiting
factors for the introduction of biomass in thermal power
plants on a large scale. For blending biomass in pulverised
coal-fired combustion plants or entrained flow gasifiers a
small particle size is required. Bamboo, like other herbaceous
and woody biomass, is tenacious and fibrous, which makes it
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extremely energy consuming to grind to the desired specifi-
cations. Furthermore, biomass characteristics with regard to
handling, storage, degradability and energy density are not
favourable when compared with coal.

Finally, certain ash properties, such as formation of low
melting eutectics due to the high alkali content of herbaceous
materials, pose additional technical challenges in the boiler
operation, increasing the risk for slagging and fouling In
particular the high potassium (K) content of bamboo increases
these risks. The high Cl content of herbaceous and grassy
biomass increases the boiler corrosion risk.

Aforementioned problems can be partly offset (1) by
blending biomass with coal so as to neutralise the effect of
biomass in the boiler (2) applying dry torrefaction (thermal
pre-treatment) of biomass in order to enhance the fuel phys-
ical properties and finally (3) by removing the alkalis through
wet torrefaction.

Dry torrefaction, a mild temperature treatment at
250—320 °C in the absence of oxygen, is an upgrading tech-
nology that increases the biomass energy density and grind-
ability and thus enhances fuel quality and biologic stability
[15] while reduces the logistics costs related to transport and
storage per energy unit. A very detailed review on the torre-
faction technology is presented in Ref. [16].

Wet torrefaction (hydrothermal pre-treatment) is washing
at temperature 140—230 °C under pressure in order to keep
water liquid. In this way, biomass undergoes decomposition
like in dry torrefaction that opens the biomass structure. The
presence of water enables the dissolution of salts. After
cooling and pressure release, water is mechanically removed.
Together with the water, dissolved components, notably K
and Clions are removed. The partly collapsed structure of the
biomass enables very high degrees of dewatering. Typically,
the mass fraction of water in the solid residue is less than 40%.
Wet torrefaction could be an option for chemically upgrading
the fuel by removing the alkalis, benefitting from the advan-
tages of dry torrefaction as well. The wet torrefaction concept
is presented in Ref. [17].

2. Materials and methods
2.1 Origin and characterisation of selected fuels

G. angustifolia samples, not chemically treated, were obtained
from a Forest Stewardship Council (FSC) certified forest
located in La Esmeralda farm in Montenegro-Quindio,
Colombia, in October 2011. The site has the following ecolog-
ical conditions: an elevation of 1200 m above sealevel,2m-y*
average precipitation, 24 °C average temperature and slightly
acidic soils (ultisols).

A quantity of 4 t of 5-year-old bamboo culms was obtained,
between 4 and 6 m length and 20—30 cm basal diameter and
an average wall thickness of 3 cm. The cutting vertical dis-
tance above ground level was between 15 and 30 cm. The top
section of the culm and leaves were discarded. The moisture
mass fraction was an average of 30%.

The culms were transported to a pre-processing site where
chips where cut to average dimensions of 5cm x 5cm x 3 cm.
The chips where then stored and sun dried in a greenhouse for

about 6 weeks allowing the material to reach a moisture mass
fraction between 10 and 13%. The dried biomass was then
shipped to Rotterdam port in containers.

In order to compare the G. angustifolia bamboo composition
with other biomass species, a representative wood and an
herbaceous crop grown exclusively for fuel production were
considered. The herbaceous crop is Cynara cardunculus, which
was studied in the frame of a recent EU project DEBCO [18],
also identified by the European Biofuels technology platform
[19]. C. cardunculus is a perennial, herbaceous, thistle-like crop
well adapted to the weather conditions of the Mediterranean,
requiring little irrigation, with low moisture mass fraction
during harvesting (<15%) and a deep-root system that can
protect soils from erosion.

The wood samples used in this study were obtained from
the Rodenhuize power plant in Belgium, Ghent, firing 100%
wood pellets from the Pacific BioEnergy’s production facility
situated in the Canadian province of British Columbia.

Colombian coal forms the greatest portion of imported coal
to the Netherlands, reaching almost 50% of the totally im-
ported quantity. The coal samples used for the tests in this
study originate from the Cerrejon coal mine in Colombia and
were obtained from a Dutch power plant.

The samples were first subjected to ultimate and proxi-
mate analyses, and subsequently to dry torrefaction or wet
torrefaction before the actual combustion study. The stan-
dards used for the characterisations are shown on Table 1.

2.2. Description of experimental facilities and test
procedure

To determine the influence of torrefaction on the fuel prop-
erties of bamboo, an experimental program was employed
consisting of a series of lab-scale tests and associated ana-
lyses. Tests start with small-scale Thermo Gravimetric Anal-
ysis (TGA) experiments (typically 10—20 mg feedstock per
experiment), to get a first impression of the thermal behaviour
and mass yields at different torrefaction temperatures. The
results of these TGA tests then act as input for directly-heated
fixed bed batch torrefaction experiments, typically 3—5 kg per
feedstock [16].

The batch size torrefaction reactor is shown in Fig. 1. The
reactor consists of a vertical cylinder with and internal
diameter (i.d.) of 16 cm and effective length of 1 m. The bed is
divided in three sections to distinguish possible differences in
torrefaction behaviour over the bed height. A gas distribution
plate supports each section. The reactor is directly heated by
supplying preheated nitrogen through a distributor plate at
the bottom. In addition, trace heating is applied to compen-
sate for the relatively large heat losses via the reactor vessel
for this size of equipment. The off-gases are transported to an
incinerator. The gas and tracing temperatures as well as the
nitrogen flow are computer controlled and all temperatures,
pressures and flows are logged.

Bamboo G. angustifolia was also subjected to wet torre-
faction in order to compare its behaviour with dry torrefied
material. The wet torrefaction reactor is also shown in Fig. 1.
The equipment for wet torrefaction that concern prewashing
includes a UniMac industrial washing machine equipped with
a bag of 105 pm mesh that can hold 5 kg (dry weight) biomass
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Table 1 — Overview of the standards used for the fuels characterisation.

Analysis Standard

Title

Proximate analysis (CEN solid biofuels)
Ash Content EN 14775

Solid biofuels — Method for the determination of ash content. Brussels, Belgium:

European Committee for Standardisation; 2004.

Moisture Content EN 14774-1/2

Solid biofuels — Determination of moisture content — Oven dry method — Part 1:

Total moisture — Reference Method. Brussels, Belgium: European Committee for
Standardisation; 2009.

Volatile Matter EN 15148

Solid biofuels — Determination of the content of volatile matter. Brussels, Belgium:

European Committee for Standardisation; 2010

Ultimate analysis (CEN solid biofuels)

Solid biofuels — Determination of total content of carbon, hydrogen and nitrogen —

Instrumental methods. Brussels, Belgium: European Committee for Standardisation;

Solid biofuels — Determination of calorific value. Brussels, Belgium: European

Committee for Standardisation; 2009.

Determination of total content of sulphur and chlorine. Brussels, Belgium:

European Committee for Standardisation; 2011.

C, H, N Content EN 15104
2011.

Calorific Value EN 14918

S & Cl content BS EN 15289

Ash elements

Ash inorganic elements NEN 6966

& heavy metals

Environment — Analyses of selected elements in water, eluates and
destruates — Atomic emission spectrometry with inductively coupled

plasma (ICP-AES). The Netherlands:

feedstock. The actual wet torrefaction is performed in a Biichi
autoclave that can operate with 0.5, 2 or 20 L vessels. The
autoclave has pressure and temperature control, sampling,
feeder, but in the current tests feedstock and water were
sealed and only temperature was regulated. Contents were
cooled before the residual pressure was released. Substantial
removal of K and Cl was accomplished in the mechanical
dewatering, reaching up to 95% and 82% of the initial elements
concentrations respectively. The sample was air dried and
milled for testing.

Given the fact that bamboo will be co-fired in current coal
fired power plants it is important to compare its grindability
with coal, as this will give an indication of the energy
requirement for the grinding at the coal plant and related to
that, the potential downgrading of the capacity of the power

plant. Grinding experiments were carried out with virgin and
torrefied bamboo G. angustifolia and were compared with
earlier grinding experiments with bituminous coal and tor-
refied willow.

The Laboratory Scale Combustor Simulator (LCS) is sche-
matically shown in Fig. 2. It has been designed to simulate
pulverised fuel combustion and dry-fed, oxygen-blown
entrained flow gasification conditions in terms of particle heat-
ing rates, reaction atmosphere, and temperature—time history.

The reactor is equipped with a conical inlet, which de-
celerates the flue gas and char/ash particles, enabling long
residence times in spite of a relative short length. The length
of the furnace is 1.2 m. The burner consists of two concentric
sub burners, a primary inner burner of internal diameter (i.d.)
1.1 cm and a secondary outer burner of i.d. 6.1 cm. The

Fig. 1 — (a) The dry torrefaction batch reactor (b) the wet torrefaction batch reactor.
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Fig. 2 — Schematic of ECN’s Lab-scale Combustion Simulator (LCS).

resulting gas particle flow is then drawn into the alumina
reactor tube of i.d. 7.6 cm for complete oxidation of the fuel.
The ring-shaped, concentric, staged gas burner through which
solid fuels are fed is used to simulate the high initial heating
rate, resulting in a very rapid pyrolysis and devolatilisation of
particles. The outer burner is a flat flame burner that serves as
a source for the appropriate reaction atmosphere and pilots
the inner burner through which the particles enter the reactor
travelling through a premixed Bunsen-like flame. This pro-
vides adequate heating rates (10> K-s™%) to the high temper-
ature level of e.g. a solid fuel oxidation front (1400—1600 °C),
well in range with full-scale pulverised fuel boilers. The staged
gas burner provides the possibility to simulate air staging as in
low-NO, burners and also the presence of specific combustion
products such as e.g. SO,.

Typically low particle feed rates of 0.5 mg-s~'~1mg-s ' are
used in order to control the gaseous environment of each
particle by means of the imposed gas burner conditions. The
influence of either a certain percentage of replacement of the
solid fuel (coal) by biomass or the pure biomass combustion
on the total heat release fluctuation and oxygen demand is
insignificant.

Since the fuel particles are combusted in a premixed gas
flame, the flue gas stream is not generated by the combusting
fuel but mainly by the combusting gas (CH, and CO). The flue
gas composition therefore cannot be directly interpreted but
gives a trend and can be evaluated comparatively with other
tests carried out under the same conditions.

The flame temperature is controlled by the flat flame gas
burner, and external heaters control the temperature profile
in the reactor. The calculated average gas velocityis 1.1 m-s™*
in the vicinity of the conical burner, and reduces to 0.2 m-s™
when the gas enters the main reactor cylinder. Velocity cal-
culations are based on the gas inlet volume flows, assuming
laminar flow and taking into account the reactor geometry
and the axial gas temperature profile. A suction pump that
operates at a constant volume flow rate assures for homoge-
neous velocities and therefore isokinetic conditions in the
reactor.

Boiler tube fouling studies are carried out by applying a
horizontal probe placed at 85 cm from the burner. This probe,
with i.d. of 1.5 cm, simulates the gas/particles flow around a
single boiler tube in the convective section of a boiler. It is
provided with a ring shaped heat-flux sensor installed on the
horizontal tube as well as with a detachable tubular deposi-
tion substrate. The surface temperature of the probe is
controlled by an air-cooling system.

Deposition samples can be collected in either the sensor
area or the detachable probe surface. When the sensor is used,
on-line data on the influence of the deposit on the effective
heat flux trough the tube wall are collected allowing calcu-
lating the fouling factor, which is inversely proportionate to
the overall heat transfer coefficient, given in equation (2). The
ash collected on the sensor is subjected to analyses. It is also
possible to collect ash on a detachable substrate and then fix
the ash sample with epoxy for further electronic microscope

1
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analyses. The carbon-in-ash was determined in all ash
samples.
The combustion test tests include:

(1) Deposition and heat flux monitoring tests
(2) Ash sampling from the sensor and the fine ash filter

2.3.  Combustion trials with G. angustifolia

2.3.1. Test conditions and test plan

All tests were carried out under the same LCS configuration
concerning the gas burner operation, with an air stoichiom-
etry lambda () 20%, and a constant fuel feed rate of 1.1 mg-s~*
to secure proper fuel conversion. Milled biomass and coal was
used in the fraction of 90—125 pm. One test series was carried
out with a torrefied fuel fraction of 180—250 um in order to
monitor the effect of particle size on combustion and burnout
properties. The test plan shown in Table 2 was set up so as to
address the objective of evaluating the bamboo pellets as a
coal substitute in power plants.

2.3.2. Indicators for the combustion behaviour of fuels
The behaviour of fuels can be evaluated based on various in-
dicators, namely:

(a) Deposition propensity based on the ash captured on the
probe, which is linked to the ash composition but also,
depends on the reactor dynamics.

(b) Fouling factor, which is directly linked to the thermal
conductivity of the deposit.

(c) Indices based only on fuel composition and not on tests,
e.g. fouling index.

Item (c) will be discussed in Section 3.3.

2.3.2.1. Deposition propensity. The ash samples collected in
the horizontal probe during the experiments were weighed. In
order to assess the deposition behaviour of the fuel, the
deposition propensity DP is introduced, defined as the per-
centage of the ash collected on the deposit probe, mgep,
divided by the total ash content in the fuel fed, m,q,, based the
proximate analysis of the fuel and the fuel fed.

_ Mdep o
DP =2 (%) (1)

The ash mass mgyep is the ash deposited on the horizontal
probe that was collected after the end of the experiment. The
deposition propensity provides insight into the inherent

Table 2 — Overview of the tests.

Fuels Blend mass Particle size (um)
fraction %

G. angustifolia (untreated) 100 90—-125

G. angustifolia (torrefied) 100 90—125 & 180—250

G. angustifolia (wet torrefied) 100 90—125

Colombian coal 100 90—-125

Colombian coal/ 80/20 90-125

G. angustifolia (torrefied)

deposition characteristics of the different fuels, as it normal-
ises the ash deposition in relation with the fuel ash content.
The deposition propensity takes into account the fuel ash
content, but relies on experimental data as well, rather than
only the ash composition.

2.3.2.2. Fouling behaviour. Based on the heat flux data
measured on-line by the sensor probe, the fouling factor Rs of
the tested fuels can be estimated, which corresponds to the
heat transfer resistance of the tested fuel:

T,-T' T,-T°
R (- 2)_Te—Tc Ts T )
Ui U HF, HF,

R¢ — fouling factor, K-m?- W~ (heat transfer resistance)

U, — ash deposits heat transfer coefficient after time t = t;,
W-Ktem™2

Up — initial heat transfer coefficient after t = t; = 0,
W-Ktem2

Tg— flue gas temperature, K,

T. — coolant medium temperature in the deposition probe,
K,

HF; — heat flux to the sensor after time t = t;, Wem™
HF, — initial heat flux to the sensort =t, = 0, W.m™

2
2

Sub index 1 refers to the conditions after elapsed time
t = t;, while sub index O refers to the initial conditions
t=t,=0.

3. Results and discussion
3.1.  Fuel composition and characterisation

The results of the fuels’ characterisation are shown in Table
3. The proposed specifications for the industrial wood pel-
lets are given in the document Initiative Wood Pellets Buyers
(IWPB) [20] as a relevant reference concerning biomass fuels,
so a comparison within the fuels can be made directly.
These pellet specifications do not include all elements and
the proposed values are not yet binding for the users. Power
plant operators decide for every fuel separately whether
they accept to co-utilise it. For the elements Cl, S, K and Na
their oxide equivalents SOz, Na,0 and K,0 were calculated
and presented as mass fraction % in the ash, in order to
facilitate the results discussion in section 3 concerning the
limit values of EN 450 on fly ash utilisation in the cement
industry.

The chlorine (Cl) content of the untreated G. angustifolia is
higher than for wood (+150 mg-kg™), and less than for a
representative herbaceous crop. The potassium (K) concen-
tration in G. angustifolia with a value of 9.2 g-kg™* is much
higher than in wood and coal. Most other ash forming ele-
ments concentrations are lower than in herbaceous crops
and comparable to wood with a notable exception for silicon
(Si). The high K and Si content of the unprocessed G. angus-
tifolia must be kept in mind concerning their potential to
form ash deposits and reduce heat transfer in the boiler
surfaces.
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Table 3 — Proximate, ultimate and ash analysis of the tested fuels.

El G. angustifolia Dry torrefled Wet torrefied Representative Representative Initiative wood pellets
Cerrejon  (Syears) G. angustifolia G. angustifolia herbaceous crop wood Buyers: Industrial
coal (5 years) (5 years) (Cynara wood pellets
255 °C cardunculus) specification
Moisture mass 4.5 9 0.3% 0.06% 11 7.1 <10
fraction%
105 °C
Proximate analysis (mass fraction %, dry fuel basis)
Ash 10.5 5.1 6.9 4.5 5.1 1.44 =
815°C
Ash - 5.7 7.6 4.9 6.2 2.16 1-3
550 °C
Volatile 335 75 65 76 75 80
matter
HHV 26.7 18.8 20.9 20.3 19.0 20.0 >16.5
(MJ-kg™)
Ultimate analysis (mass fraction (%), dry fuel basis)
C 69 47 51 50 42 50
H 4.6 5.9 5.5 5.8 5.5 6.1
N 111 0.30 0.34 0.27 0.55 0.40 0.5-1.5
S 0.810 0.080 0.068 0.026 0.015 0.030 0.15-0.4
SOs (%)° 2.020 0.210 0.17 0.065 0.037 0.075
(6] 12 43 35 44 43 44.2
Ash composition (mg-kg ™, dry fuel basis)
Na (+7) 319 3 3.5 29.4 4100 191
Na,0 (%)° 0.0430 0.000 4 0.000 5 0.004 1 0.553 5 0.0260
Mg (+1) 916 218 169 15.9 1500 404
Al (+4) 9210 10 9 20 160 474
Si (+£90) 25712 12731 25 906 20121 650 1331
P (+15) 54 482 513 50.7 910 122
K (+20) 1588 9902 9271 510 12 000 984
K,0 (%)° 0.19 1.20 1.10 0.06 1.44 0.12
Ca (+20) 1695 252 242 396 12 000 1919
Ti (8) 470.0 0.5 0.5 0.7 8.6 96.0
Mn (+6) 42 2 2 2.1 17 66
Fe (+4) 5347 14 11 26 110 301
Zn (+1) 20 6 4 3 13 25 <200
Pb (+20) 2 0 0 0.33 4 8 <20
Sr (45) 28 2 3 1 59 11
Ba (+5) 85.0 2.5 3.5 1.3 26.1 29.0
Cl (+ 20) 236 1395 949 253 2800 153
Cl (%)° 0.024 0.140 0.095 0.025 0.280 0.015 0.03—0.1%

& Moisture measured on the final product.

b g K, Na and Cl expressed as SOs, Na,0, K,0 and Cl mass fraction in ash (%)-

The moisture content shown in Table 3 is the actual
moisture of the fuels as received in the laboratory. The
moisture of the virgin fuels (wood, G. angustifolia, coal, C. car-
dunculus) is the as-received value. The moisture content of the
torrefied (wet and dry) fuels is the content of the final product.

3.2 Lab-scale torrefaction trials

Based on the lab-scale tests carried out, a rough energy bal-
ance can be estimated. The dry torrefaction process produces
material with 90% of the original energy preserved. The 10% of
the energy input that is missing is consumed by heating and
drying. For running a full-scale installation, the process layout
is important, but this is beyond the scope of the paper. For
virgin material milling and pelleting requires about 3% of the
energy content of the material, mostly consumed by the
milling. After torrefaction, the energy is mostly consumed by

the pelleting. The significantly lower grinding power con-
sumption requirement for the torrefied material is illustrated
in Fig. 3, which shows the effect of the torrefaction tempera-
ture on the grindability of the different biomass species
expressed as the ratio of power consumed to the fuel energy
content flow. The results for coal and willow were obtained
from previous torrefaction tests at 260 °C [15,21], after which
the grindability was comparable with coal. On the basis of the
current milling tests it was decided to use 5 year old G.
angustifolia bamboo torrefied at 255 °C for the combustion
tests as at this temperature the grindability of the bamboo is
in the same range as coal [22].

For wet torrefaction, the energy balance is more complex to
estimate. About 30% of the energy in the original material is
washed out, but it is recovered by way of digestion. The biogas
can be combusted in a gas engine. The power produced is
sufficient to run all equipment and to have a surplus of
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Fig. 3 — Effect of torrefaction temperature and particle size
of untreated and torrefied bamboo on grindability.

electricity. The waste heat is enough for heating the wet tor-
refaction and subsequently the digester. Exact numbers
depend on the feedstock and the layout of the process, but this
is beyond the scope of the paper. There have been no precise
or published calculations for bamboo or reeds.

3.3. Combustion trials

3.3.1.  Fuel conversion and emission behaviour

The results on the carbon in ash in the samples analysed are
shown in Table 4. The CO, NOy, CO,, and O, levelsin the flue gas
were monitored continuously, average state operation values
are shown in Table 4. SO, emissions were not measured.

The CO levels were in all tests low, slightly higher than the
levels of CO emissions when the reactor operated on the
methane (pilot) flame without fuel, indicating high fuel con-
version. Although the carbon levels were low in all ash sam-
ples, a small difference was found between two size fractions
of torrefied bamboo, namely the carbon-in-ash was a bit
higher in the larger particle fraction, which also may explain
the higher deposition propensity, suggesting the existence of
more char in the deposit.
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Fig. 4 — Deposition propensity for the tested fuels and
blends.

The NO emission reduction due to co-firing is minimal;
practically there seems no effect due to co-firing. The
replacement of 20% of the coal mass with biomass was
probably not enough to observe considerable NOx reductions.
However the formation and emissions of NOy is a very com-
plex process not discussed in this paper. NO, emissions are
not only linked with the N content of the fuel but also depend
on the combustor design and fluid dynamics prevailing. As
NOy, emissions did not seem to be reduced by the addition of
biomass, a NOy reduction system in the power plant is still
necessary to comply with emission limits.

3.3.2. Indicators for the combustion behaviour of fuels
The deposition propensities as calculated from equation (1)
are shown in Fig. 4.

It seems that the deposition propensity of the virgin
biomass (Fig. 4) is higher compared to the treated (dry torre-
fied) biomass, however conclusions cannot be drawn at this
point. One could notice that even when subjected to dry tor-
refaction, at temperatures well below the combustion tem-
perature, the chemical composition of the fuel ash can
change, with respect to volatile species like Cl and K, as shown
from the composition in Table 2. There we can notice that K
and Cl are lower in dry torrefied material than in raw material,
despite the fact that a mass loss has occurred. In contrast, the
content of Si, an element known to be less volatile, is
increased after dry torrefaction but this tendency is not

Table 4 — Carbon in ash and flue gas composition for the test cases

Fuel/Blend Cin ash Flue gas NO, (uL-L71)
(mass fraction %, dry) (CO4/0, :volume %)

deposited ash/Filter ash (CO :uL-L7Y
G. angustifolia 1.9/2.7 10.7%/3.5%/2 90
(torrefied, 180—250 pm)
G. angustifolia (untreated, 90—125 pm) 1.4/1.3 10.5%/3.5%/3 85
Colombian coal 1.2/2.2 10.2%/3.5%/3 140
Coal/G. angustifolia 1.3/3.7 10.7%/2.9%/1 137
blend, 80/20
G. angustifolia 1.4/1.3 10.3%/3.1%/4 85
(torrefied, 90—125 pm)
G. angustifolia 1.4/1.5 8.8%/3.5%/- 80

(wet torr., 90—125 um)
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Fig. 5 — Fouling factors versus accumulated feed rate for
the tested fuels under air combustion conditions.

confirmed for Ca or Fe, also known to be not volatile. The in-
crease in total ash content in the case of dry torrefaction,
appears to be only due to Si, which may indicate that the in-
homogeneity of the material is of the same order (or higher)
than the effect of dry torrefaction. Finally, the behaviour of the
blend seems to be corresponding to the blend percentage, in
other words proportional to the behaviour of the individual
fuels that this blend consists of.

Fig. 4 gives some information on the effect of particle size on
deposition behaviour, for the size range 180—250 pm in com-
parison with 90—125 pm for the torrefied bamboo. A higher
deposition propensity can therefore come from larger char
particles, which increase the mass of deposit by adding char
particles (rather than ash particles). In addition to this, one may
notice that the carbon in ash was slightly increased in the
sampled deposited ash of this higher particle size, while its ash
composition was slightly closer to the original fuel, as will be
shown later, both facts indicating that the increased deposition
in the case of larger particle sizes could be due to char deposited
rather than larger ash particles. It has to be noted however that
it could simply be the fact that smaller particles will better
follow the flue gas flow whereas the momentum of larger par-
ticles cause more particles to bounce onto the sensor tube.

The fouling factors calculated from equation (2) are
depicted in Fig. 5 as a function of the ash accumulated on the
deposition probe. The moment at which fuel feeding started
was considered as the start of the heat flux measurement. In
all cases the heat flux, surface temperatures, cooling airflow
rate and furnace temperatures were at steady state during
measurement. In order to compare the fuel behaviour of G.
angustifolia (virgin or pre-treated) with other previously used
biomass, also the fouling behaviour of an average woody
biomass and C. cardunculus, are shown in the same graph, the
wood representing a commonly used woody biomass, and the
herbaceous biomass a novel proposed feedstock [18].

Fig. 5 indicates that the fouling behaviour of virgin bamboo
G. angustifolia is more severe than of the dry torrefied G.
angustifolia in accordance with the deposition tendency
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Fig. 6 — a & b: Element enrichment (enrichment factor) of
refractory oxides of the filter ash (fine ash) and the sensor
ash (deposited ash).

results. In relation with an average herbaceous fuel, it seems
that virgin G. angustifolia behaves similar, as the fouling factor
lines are close, however the wet torrefied G. angustifolia shows
fouling behaviour comparable to representative clean wood,
as the two lines representing the fouling factors of wood and
wet torrefied G. angustifolia are close. The coarser sample of
dry torrefied G. angustifolia seems to show the highest fouling
behaviour, probably due to deposited unburnt char particles
or larger ash particles, as discussed. It must be noted that the
absolute values depicted in this graph do not have a practical
value, however their relative position to each other gives a
comparative evaluation of the fouling behaviour of these
fuels.

A final remark is that the slope of the fouling factor lines in
Fig. 5, called Specific fouling factor, is given in equation (3) as the
ratio between the fouling factor value and the corresponding
accumulated ash value. This value can be used to give a fast
comparison of the fouling behaviour among fuels in a table
format.

Specific f.f. = (Fouling factor value)- (Cumulative ash fed in g) ' [K-m2-W*-g "} (3)
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3.4.  Chemical composition analysis: element enrichment
— ash analyses of deposited and fine ash

The behaviour and distribution of the inorganic ash elements
was defined and quantified by performing a mass balance
including the mass and the composition of the fuels and the
ash samples obtained from (1) the deposited ash and (2) the fly
ash obtained from the filter, which represents the ash that
was not deposited on the probe. The element concentrations
in the sampled ash are presented as their ratio to the element
concentration in the original fuel; this ratio is called elements
enrichment or enrichment factor (EF). Therefore, the original
fuels take the value EF = 1 for each of their elements (reference
value).

In this paragraph some main conclusions are discussed
based on the results presented in the following Figs. 6 and 7.

3.4.1. Coal and coal blend

S and Cl were depleted in the ash, indicating their release in
the gas phase, possibly due to alkali sulphation. The relatively
small S concentration and the high Si content of the fuel ash
may indicate that most of the K and Na in the deposit is ex-
pected to form alkali silicates rather than bind with S, which is
released in the gas phase. Alkalis seem to remain in the ash
instead of entering the gas phase but not to a level that they
enrich the ash compared to the original fuel ash.
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Fig. 7 — a & b: Element enrichment (enrichment factor) of
volatile oxides in the filter (fine ash) and the sensor
(deposited ash).

3.4.2. Untreated & torrefied biomass

No enrichment for K and Cl is observed, while only negligible
amounts of S were detected in the ash of untreated and tor-
refied biomass. K enters the gas phase probably due to the
chlorine (Cl) present, which is facilitating the volatilisation of
elements that would otherwise deposit. From the refractory
elements Al and Fe are present in the ash; the rest of the main
oxides are detected at the same levels as in the original fuels
before combustion (no element enrichment).

According to the standard EN 450-1 for the use of pulv-
erised fly ash in concrete (Fly ash for concrete: Definition,
specifications and conformity criteria, BS EN 450-1:2012,
Brussels, Belgium: European Committee for Standardisation;
2012), the relevant limits are Chloride < 0.1% mass fraction, S
as SO3 < 3.0% mass fraction, and Alkali as Na,O equivalent
(NayO + 0.658 K,0) < 5% mass fraction. Fig. 7 shows that their
concentration in the filter ash is less than it was in the fuel. By
comparing the values given in the standard with the SO;, Cl
and alkali oxide mass fractions (%) shown in Table 2 it can be
concluded that the fly ash from the combustion of this
particular bamboo species could be considered in the cement
industry; however a full evaluation of the fly ash according to
EN 450-1:2012 was not carried out.

The depletion of volatile elements in both the filter and the
sensor ash in the case of dry torrefied material indicates their
entering the flue gas phase, possibly ending on the econo-
miser tubes, the FGD unit or exiting in the flue gas stream. Gas
cleaning measures may have to be taken in case of using G.
angustifolia, dry torrefied or virgin, using dry electrostatic
precipitators (ESP), wet electrostatic precipitators for gaseous
acid pollutant control and fabric filters (FF) for high removal
efficiency. Removal of HCIl from flue gas may be necessary,
using hydrated lime injected into the boiler [23]. Concerning
the wet torrefied biomass, it has already undergone some
serious depletion of K and Cl in the pre-treatment phase,
therefore very low concentrations are expected in the flue gas.

3.5.  Evaluation of alternative bamboo species based on
their fuel composition

Four other bamboo species, Guadua amplexifolia, Bambusa vul-
garis, Dendrocalamus strictus, and Chusquea subulata were sub-
jected to proximate, ultimate and ash element analyses in
order to carry out a preliminary evaluation based on their
compositions. The results are shown in Table 5.

The fouling behaviour of fuels in a combustion facility is
evaluated based on indicators that conclude experimental
findings and on fuel composition indicators. It is mainly the
experimental results that can be extrapolated in the larger
scale while the indicators based only on fuel composition give
rather an overall and general estimation of the expected
fouling behaviour. We already presented and discussed the
Deposition Propensity and the Fouling Factor for the tested fuels
and blends based on lab-scale results. An evaluation of the
combustion behaviour of the bamboo species presented in
Table 5, that were not tested at lab scale, based on their fuel
ash composition is attempted here.

The fouling index (F;), referenced in Refs. [24,25] is calcu-
lated as the product of the base-to-acid ratio of the fuel ash
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Table 5 — Fuel composition of other bamboo species.

Bamboo species Guadua amplexifolia

Dendrocalamus strictus

Bambusa vulgaris Chusquea subulata

Moisture mass fraction % 11
Proximate analysis (% mass, dry fuel basis)

Ash mass fraction % 815 °C 3.8
Ash mass fraction % 550 °C 4.9
Volatile matter mass fraction % 74
HHV (MJ-kg™) 18.78
Ultimate analysis (mass fraction %, dry fuel basis)
C 47
H 6.0
N 0.8
S 0.2
(6] 43
Ash composition (mg-kg?, dry fuel basis)

Na (47) 12
Mg (£1) 290
Al (+4) 13
Si (+£90) 6209
P (+15) 1283
K (420) 16 402
Ca (+20) 380
Ti (+8) 1
Mn (+6) 7
Fe (+4) 20
Zn (+1) 22
Pb (+20) <0.6
Sr (£5) 2
Ba (£5) 1
Cl (£ 20) 859

9.6 9.3 11

5.6 2.7 6.9

6.5 2.9 7.1
75 76 74

18.73 19.05 18.56

47 48 46

5.9 6.1 5.4

1.2 0.6 0.8

0.2 0.1 0.1
41 43 42
14 5 13
1617 225 482
5 6 21
21 105 7570 20 260
1786 892 2766
3656 6907 7158
346 215 379
0 0 1
7 4 9
22 17 54
33 8 32
<0.6 <0.6 2
1 1 5
1 1 3
438 213 1205

oxides, Rp/a, and Na,O (expressed as mass fraction % in the
ash)

Rga =B/A (4)

F; = Rg/a x Na,O(%, mass fraction in ash) (5)

This index is considered to not be easily applicable to
biomass fuels, because their ash compositions form different
chemical systems compared to the coal ash. The majority of the
potassium in coal ashes is present as a constituent of the clay
minerals, and is not considered to be available for release by
volatilisation in the flame to the same extent as in most biomass
materials. In biomass, typically potassium is the dominant al-
kali metal and present in a form available for release by volati-
lisation. Therefore, it was chosen to not base our evaluation on
the fouling index, as it would lead to misleading results.

A more useful number is the alkali index [26], which has
become popular in recent years as a threshold indicator for
fouling and slagging for biomass fuels. Even though all
biomass fuels exhibit fouling behaviour, the rate and extend
differs depending on their quite variable ash composition and
ash content. The alkali index, in this paper described as A;,
expresses the quantity of alkali oxide in the fuel per unit of
fuel energy (kg-GJ~%):

A = (HHV) "W, - (Wk20 + Wyazo) (6)

where HHV is the higher heating value of the fuel expressed in
GJ-kg™! (the value obtained from a bomb calorimeter, the
higher heating value at constant volume, dry basis), w, is the
mass fraction (dimensionless) of ash in the fuel, wygoo and

Wna2o are the mass fractions (dimensionless) of the alkali
oxides K,0 and Na,O in the ash. Jenkins et al. [26] have sug-
gested that for alkali index values above 0.17 kg-GJ * fouling is
probable, and for values above 0.34 kg-GJ~* fouling is virtually
certain to occur. The threshold levels are determined princi-
pally on the basis of experience.

Other indicators proposed in literature are the so-called
critical mole ratios of the fuels: Ca/S, S/Cl, A/Cl [27].

Table 6 shows comparatively the specific fouling factors
(Specific f.f) as obtained from Fig. 5, described and explained in
equation (3) of paragraph 3.3.2, the alkali index for all tested
fuels and novel bamboo species and finally the three critical
molar ratios presented in this section. Knowing the fouling
behaviour of the tested fuels in the given experimental set-up
allows for a first evaluation of the effectiveness of the pro-
posed indicators. Based on this evaluation, some comments
for the other bamboo species can be given as to their expected
fouling behaviour.

By observing the values of the Specific fouling factor ob-
tained from Fig. 5 shown in Table 6 we can say that the alkali
index A; is in line with the fouling behaviour of the tested
fuels. The highest values of Specific f.f and A; refer to the
untreated bamboo, the values are lower for the torrefied
bamboo, and even more for the wet torrefied bamboo. We can
thus assume that a first, preliminary evaluation of the non-
tested fuels is possible based on their fuel composition.
From the untested fuels, G. amplexifolia seems to be the worst
candidate based on its A; values. Given the fact that values A;
within the range 0.17—0.34 kg-GJ! indicate low to medium
fouling, the species D. strictus may prove better than the rest.
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Table 6 — Alkali index, critical molar ratios and specific

fouling factors of tested fuels and alternative bamboo
species.

A; Ca/S S/Cl Al/Cl Specificf. f
kg-GJ! Km?>wWlg?
Tested fuels
G. angustifolia 0.67 024 0.68 0.01 2.9-1073
Dry torrefied 0.52 028 0.81 001 2.4-1073
G. angustifolia.
Coal El Cerrejon  0.09 0.17 372 506 15-1072
Blend Coal/ 0.17 0.19 299 405 1.8 -10°3
Dry Torr.
G. angustifolia
80/20
Wet torrefied 0.03 1.20 118 0.11 0.89-102
G. angustifolia
Wood 0.09 5.9 1.86 4.02 0.91-10°3
C. cardunculus 0.88 6.4 0.59 0.07 3.1-1072
Other bamboo
species
G. amplexifolia 0.94 0.16 247 0.02 =
B. vulgaris 0.41 0.32 2.75 0.04 -
D. strictus 0.21 0.18 3.77 0.01 =
Ch. subulata 0.49 0.17 116  0.02 -

However, even though B. vulgaris shows A; values that are not
very favourable, it is a promising fuel in terms of ash
composition as it conforms to the IWPB guidelines especially
concerning Cl and ash concentration (Tables 3 and 5).

Concerning the other three indicators Ca/S, S/Cl, Al/Cl [27],
a high Ca/S ratio (>3) indicates effective SO, autocapture,
which is the case in wood and C. cardunculus, probably due to
the very low S concentrations, but not in the bamboo species
under consideration. The surplus of S is available for other
reactions and potentially emitted as SO,.

In the case of the S/Cl ratio, values <4 indicate corrosion
risk, while values >4 indicate effective sulphation of alkalis,
releasing Cl in the gas phase. This the case only for the coal
and coal blend, hence Cl is not expected in the deposits,
reducing therefore the corrosion risk.

A high Al/CI ratio indicates low fouling problems because
of enough alumina silicates that bind (neutralise) alkalis to-
wards effective alkali aluminium silicate formation; this is the
case only in the coal and coal blend, thus implying, risk of
fouling for the other blends.

The analysis above forecasts that some species of bamboo
can be suitable fuels, while others are not advisable. In any
case, bamboo in general seems to be a good replacement for
clean wood when alkalis and chlorine are removed as in wet
torrefaction.

However, further detailed analysis based on fuel compo-
sition need to be carried out as a follow-up research step, such
as for example, chemical fractionation for the ash composi-
tion, in order to define more precisely which elements and to
what extend they are available for reactions, or whether they
are inert and despite the high concentrations they do not
affect the melting behaviour of ash. Alkalis and Cl are mobile
elements and are expected to be present in variable concen-
trations in bamboo feedstock. Especially biomass alkalis are
highly mobile in contrast to coal alkalis; therefore the above-
mentioned indices need to be evaluated carefully.

It must be noted that no absolute conclusions based on
these indicators can be drawn because fouling (ash deposi-
tion) behaviour also depends on boiler lay-out and dynamics
[28], on the actual combustion conditions and the particle size
distribution of the fuels, factors which are not taken into ac-
count in these indicators and that may affect final ash release
and behaviour. Finally, it is important to compare the fuel
values with pellet specifications (most relevant: Initiative
Wood Pellets Buyers — IWPB), which is a decisive factor
whether a fuel would be further considered. In that case, B.
vulgaris seems a good candidate due to low Cl and low ash
content, even if the fuel indicators at this stage seem not that
favourable. However, the IWPB criteria were developed for
wood pellets; other biomass types may need to comply with
other sets of criteria. A comparison with the IWPB criteria is
only indicative.

4, Conclusions

This paper presents the results of the fuel characterisation,
pre-treatment (dry and wet torrefaction) and combustion of
the five-year old bamboo species G. angustifolia received from
a plantation in Colombia, in blends with coal and in compar-
ison with woody and herbaceous biomass fuels. G. angustifolia
presents comparable fuel characteristics with other woody
and herbaceous biomass feedstocks, regarding heating value
and chemical composition, however the alkali content in the
virgin material is quite high. It is tenacious and fibrous which
makes it difficult and expensive to grind, handle and store.
Dry torrefaction improves the physical qualities of the fuel,
such as grindability and moisture content. Wet torrefaction
removes salts and minerals from the biomass. From the fuel
characterisation results it was concluded that wet torrefied G.
angustifolia is a high quality solid fuel concerning its elemental
composition and heating value, which are then similar to
clean wood.

Concerning the combustion simulation trials, the virgin
bamboo species show fouling potential similar to herbaceous
biomass; dry torrefaction improves the fouling behaviour
somewhat, as shown in the fouling factors and deposition
propensity results, and wet torrefaction renders a product of
high quality that minimises risk of fouling and deposition.

Therefore, despite the lower alkali and chlorine content
compared to other herbaceous fuels, the combustion of 100%
virgin but also dry torrefied bamboo is still not recommended
before extensive and dedicated assessment of the fouling and
slagging risk in pilot scale or with additional detailed lab-scale
tests, mainly due to the increased alkali content of the fuel
compared to clean wood. In any case, the material needs to be
grinded very fine, which is possible with torrefaction. Co-firing
at relatively small percentage though is an option as is the
standard practice nowadays, due to the counteracting effects
of coal ash, minimising the risks of slagging and fouling.

Finally, four other bamboo species were identified as po-
tential candidates for coal substitutes as well, but they were
not pre-treated and tested in the laboratory scale combustion
facility. Instead, a brief evaluation of their fouling tendency
was carried out based on their ash elemental composition
using the alkali index and other fuel indicators suggested in
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literature. The calculated values suggest that some bamboo
species such as B. vulgaris and D. strictus should be further
assessed to be included in the fuel portfolio of modern pulv-
erised fuel power plants.
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List of acronyms and abbreviations

LHV lower heating value

TGA thermo gravimetric analysis

ICP/AES inductively coupled plasma/atomic emission
spectroscopy

IWPB  initiative wood pellets buyers

LCS laboratory scale combustor simulator

DP deposition propensity (—)

Maep ash collected on the deposit probe (g)

Mash ash in the fuel fed (g)

R¢ fouling factor K-m?-W~?

Specific f.f specific fouling factor K-m?- W~ g~*

EF enrichment factor (—)

Rp/a base to acid ratio (-)

A; alkali index kg-GJ*
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