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Since biomass is the only carbon-based renewable fuel, its application becomes more and more
important for climate protection. Among the thermochemical conversion technologies (i.e.,
combustion, gasification, and pyrolysis), combustion is the only proven technology for heat and
power production. Biomass combustion systems are available in the size range from a few kW
up to more than 100 MW. The efficiency for heat production is considerably high and heat from
biomass is economically feasible. Commercial power production is based on steam cycles. The
specific cost and efficiency of steam plants is interesting at large scale applications. Hence co-
combustion of biomass with coal is promising, as it combines high efficiency with reasonable
transport distances for the biomass. However, biomass combustion is related to significant
pollutant formation and hence needs to be improved. To develop measures for emission reduction,
the specific fuel properties need to be considered. It is shown that pollutant formation occurs
due to two reasons: (1) Incomplete combustion can lead to high emissions of unburnt pollutants
such as CO, soot, and PAH. Although improvements to reduce these emissions have been achieved
by optimized furnace design including modeling, there is still a relevant potential of further
optimization. (2) Pollutants such as NOx and particles are formed as a result of fuel constituents
such as N, K, Cl, Ca, Na, Mg, P, and S. Hence biomass furnaces exhibit relatively high emissions
of NOx and submicron particles. Air staging and fuel staging have been developed as primary
measures for NOx reduction that offer a potential of 50% to 80% reduction. Primary measures
for particle reduction are not yet safely known. However, a new approach with extensively reduced
primary air is presented that may lead to new furnace designs with reduced particle emissions.
Furthermore, assisting efforts for optimized plant operation are needed to guarantee low emissions
and high efficiency under real-world conditions.

1. Introduction

1.1. Motivation for Energy from Biomass. There
is an increasing interest in biomass utilization for
energy production worldwide.! The driving force for
biomass combustion is in most cases either the CO,
neutrality of sustainable cultivated biomass or the
utilization of biomass residues and wastes. Large po-
tentials of both—native biomass as well as biomass
wastes—are still available and enable a relevant in-
crease of sustainable bio energy utilization in the
future.22 Combustion is the most important and mature
technology available nowadays for biomass utilization.
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Improvements with respect to efficiency, emissions, and
cost are needed for further exploitation. Beside this,
alternatives such as gasification also need to be consid-
ered and also combinations of different processes are of
interest such as gasification as fuel pretreatment for co-
combustion.t

1.2. Feedstock for Biomass Combustion. Combus-
tion can be applied for biomass feedstocks with water
contents up to maximum 60%. Fuel constituents beside
C, H, and O are undesired since they are related to
pollutant and deposit formation, corrosion, and ash. The
most relevant constituents in native biomass are nitro-
gen as a source of NOx, and ash components (e.g., K
and Cl as a source of KCI) that lead to particulate
emissions. Native wood is usually the most favorable
bio fuel for combustion due to its low content of ash and
nitrogen. Herbaceous biomass such as straw, miscan-
thus, switch grass, etc., have higher contents of N, S,
K, CI, etc., that lead to higher emissions of NOx and
particulates, increased ash, corrosion, and deposits.
While wood is as well suited for household heating as
for larger plants, herbaceous biomass is dedicated for
larger plants. The same is true for urban waste wood
and demolition wood. The combustion of such contami-
nated biomass should be strictly limited to combustion
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Figure 1. Environmental impact points (EIP) for different
valuations of the greenhouse effect.”
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Table 1. Environmental Impact Points (EIP) According
to the Ecological Scarcity Method for Heating with Wood
Chips (base case for greenhouse effect)?

[EIP/GJ] [%]
NOx 13 030 38.6%
PM 10 12 600 36.5%
CO; 670 2.0%
SOx, NH3, CH4, NMVOC, primary 8 200 22.9%

energy, residues, and others

Total 34 500 100%
aRef 7.

plants with efficient flue gas cleaning for the abatement
of toxic pollutants such as heavy metals and chlorine
compounds.

1.3. Environmental Impact of Biomass Combus-
tion. Biomass furnaces exhibit relatively high emissions
of NOx and particulates in comparison to furnaces with
natural gas or light fuel oil.#~6 Hence, they contribute
significantly to particulate matter (PM), ozone, and NO,
in the ambient air. For wood combustion, a life cycle
assessment (LCA) indicates that 38.6% of the environ-
mental impact of a modern automatic wood furnace is
attributed to NOy, 36.5% to PM 10, only 2% to CO,, and
22.9% to all other pollutants (Table 1).” The LCA for
wood, light fuel oil, and natural gas also shows that the
environmental impact of wood is higher than that for
natural gas for a standard valuation of the greenhouse
effect (Figure 1). Hence, improvements in the wood
chain are necessary. However, it is also evident that the
conclusions of the LCA strongly depend on the valuation
of the greenhouse effect since the ranking changes
significantly as a result of the different CO, impacts of
the three fuels.

2. Fundamentals

Biomass combustion is a complex process that consists
of consecutive heterogeneous and homogeneous reac-
tions. The main process steps are drying, devolatiliza-
tion, gasification, char combustion, and gas-phase oxi-

(4) Nussbaumer, T. Schadstoffbildung bei der Verbrennung von
Holz, Ph.D. Thesis 8838, ETH Zurich, 1989.

(5) Marutzky, R. Erkenntnisse zur Schadstoffbildung bei der
Verbrennung von Holz und Spanplatten, WKI-Bericht Nr. 26, Braun-
schweig, 1991.

(6) Baumbach, G.; Zuberbuhler, U.; Siegle, V.; Hein, K. Luftverun-
reinigungen aus gewerblichen und industriellen Biomasse- und Holz-
feuerungen; Ecomed-Verlag: Landsberg, 1997.

(7) Kessler, F.; Knechtle, N.; Frischknecht, R. Heizenergie aus
Heizdl, Erdgas oder Holz; Swiss Federal Office of Environment
(BUWAL), Umwelt Schrift Nr. 315, Berne, 2000.
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*[min]: TGA of beech wood, mg = 100 mg, dT/dt = 100°C/min (own)
**[s]: Particle combustion with mg = 1 mg (Baxter 2000)
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Figure 2. Mass loss as a function of time (above) and
temperature (below) during combustion of wood. Our own
results from thermogravimetrical analysis (TGA) supple-
mented with data from Baxter® and Skreiberg.®

dation. The time used for each reaction depends on the
fuel size and properties, on temperature, and on com-
bustion conditions. Batch combustion of a small particle
shows a distinct separation between a volatile and a
char combustion phase with time (Figure 2). For the
design of combustion appliances, the high content of
volatiles (80% to 85%) needs to be respected. For large
particles, the phases overlap to a certain extent. Nev-
ertheless, even for log wood furnaces, a certain separa-
tion of distinct combustion regimes with time can be
found.

Since automatic combustion systems are operated
continuously, the consecutive reactions occur simulta-
neously at different places in the furnace (e.g., in
different sections on and above a grate). Hence the zones
for different process steps during combustion can be
optimized by furnace design. A distinct separation of
different process steps can be advantageous with respect
to pollutant formation.

The main combustion parameter is the excess air ratio
(1) that describes the ratio between the locally available
and the stoichiometric amount of combustion air. For
typical biomass, the combustion reaction can then be
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Figure 3. Main reactions during two-stage combustion of biomass with primary air and secondary air.%°

described by the following equation if fuel constituents
such as N, K, ClI, etc., are neglected:

CH; 440466 + 41.03(0, + 3.76 N,)
— intermediates (C, CO, H,, CO,, C_H,, etc.)

— CO, + 0.72H,0 + (A — 1)O, + 13.87N,
—439 kJ/kmol

where CH1 440066 describes the average composition of
typical biomass used for combustion, i.e., wood, straw,
or similar material.

As a result of the combustion process, different types
of pollutants can be distinguished:

1. unburnt pollutants such as CO, CxHy, PAH, tar,
soot, unburnt carbon, Hy, HCN, NH3;, and NO;

2. pollutants from complete combustion such as NOx
(NO and NO), CO,, and H,0; and

3. ash and contaminants such as ash particles (KClI,
etc.), SO, HCI, PCDD/F, Cu, Pb, Zn, Cd, etc.

3. Emission Reduction

3.1. Staged Combustion. If staged combustion is
applied, the excess air can vary in different sections.

Two-stage combustion is applied with primary air
injection in the fuel bed and consecutive secondary air
injection in the combustion chamber (Figure 3).1° This
enables good mixing of combustion air with the com-
bustible gases formed by devolatilization and gasifica-
tion in the fuel bed. If good mixing is ascertained, an
operation at low excess air is possible (i.e., excess air
A < 1.5) thus enabling high efficiency on one hand and
high temperature (Figure 4) with complete burnout on
the other hand (Figure 5). If good mixing is achieved,
the concentrations of unburnt pollutants can be reduced
to levels close to zero (e.g., CO < 50 mg/m? and CxHy <
5 mg/m?® at 11 vol % O,). However, an accurate process

) neterogencous

(8) Baxter, L. L. Figure 2.2. In Handbook of Biomass Combustion
and Co—Firing; Twente University Press: Twente 2002; ISBN
9036517737, p 26.

(9) Skreiberg, @. Theoretical and Experimental Studies on Emissions
from Wood Combustion. Ph.D. Thesis, Norwegian University, Trond-
heim, 1997.

(10) Nussbaumer, T. In Energie aus Biomasse; Springer: Berlin
2001; ISBN 3-540-64853-42001, pp 288—389.
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Figure 4. Adiabatic flame temperature for the combustion
of wood with different humidity u (u a is based on dry fuel,
hence u = 100% corresponds to a moisture content w = 50%).*
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Figure 5. Carbon monoxide emissions as function of excess
air ratio for different furnace types.*'° (a) Wood stove, (b)
downdraft boiler, (c) automatic wood furnace, d) advanced
automatic wood furnace.

control is needed to ensure optimum excess air in
practice. For this purpose, self-adjusting control systems
with use of sensors for CO and A (CO/A-controller)!! or
of CO and temperature!? have been developed.

Air staging applies air injection at two levels as well.
In addition to conventional two-stage combustion, pri-

(11) Good, J. Verbrennungsregelung bei automatischen Holzfeuerun-
gen, Ph.D. Thesis, ETH 9771, ETH Zurich, 1992.

(12) Padinger, R. Regelungstechnik fur die Hausheizung der Zukunft.
Berichte aus Energie- und Umweltforschung 5/2002, Bundesmini-
sterium fur Verkehr, Innovation und Technologie, Wien, 2002.
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Figure 6. CFD modeling for optimization of furnace design.
The example shows the velocity distribution in the combustion

chamber over a grate with secondary air nozzles and post
combustion chamber.13

mary air needs to be understoichiometric (A primary <
1). Further, a relevant residence time (and hence a
reduction zone in the furnace thus leading to an
enlarged furnace volume) is needed between the fuel bed
and the secondary air inlet.

In fuel staging, fuel is fed into the furnace at two
different levels. The primary fuel is combusted with
excess air > 1. A consecutive reduction zone is achieved
by feeding secondary fuel and late inlet of final combus-
tion air for the secondary fuel. Both air staging and fuel
staging have been developed as primary measures for
in-situ reduction of fuel NOx in biomass combustion and
are described below.

3.2. Unburnt Pollutants. The main needs for com-
plete burnout are temperature, time, and turbulence
(TTT). The mixing between combustible gases and air
can be identified as the factor that is mostly limiting
the burnout quality, while the demands for temperature
(around 850 °C) and residence time (around 0.5 s) can
easily be achieved.* Sufficient mixing quality can be
achieved in fixed bed combustion by the above-described
two-stage combustion. In fluidized bed, good mixing is
achieved in the bed and the freeboard and also dust
combustion enables good mixing.

For future improvements in furnace design, compu-
tational fluid dynamics (CFD) can be applied as a
standard tool to calculate flow distributions in furnaces,
as shown by an example in Figure 6.1® Furthermore,
the reaction chemistry in the gas phase can be imple-
mented in CFD codes.'*1%> However, the heterogeneous
reactions during drying, transport, devolatilization, and
gasification of solid biomass before entering the gas-
phase combustion need to be considered as well and
needs further improvement to enable the application of
whole furnace modeling (Figure 7).15-17

3.3. NOx Emissions. In combustion processes, NO
and NO; (summarized as NOyx) Can be formed in three

(13) Bruch, C.; Nussbaumer, T. Verbrennungsmodellierung mit CFD
zur optimierten Gestaltung von Holzfeuerungen. In 5. Holzenergie-
Symposium, 16. Oktober 1998, Zirich, Swiss Federal Office of Energy
(BFE) and ENET, Bern, 1998; pp 189—202.

(14) Schnell, U. Numerical modelling of solid fuel combustion
processes using advanced CFD-based simulation tools. Int. J. Prog.
Comput. Fluid Dyn. 2001, 1 (4), 208—218.

(15) Peters, B. Numerical Simulation of Packed Bed Combustion.
In 4th Eur. Conf. Ind. Furnaces Boilers, 1-4 April 1997, Porto (Portugal)
1997, 1-23.
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Figure 7. Basic approach for modeling the solid fuel conver-
sion during combustion of large particles in motion: particle
motion, reacting particle, and gas reactions in the void space.'’

different reactions. Thermal NOx and prompt NOx are
formed from nitrogen in the air at high temperatures
and in the case of prompt NOx in the presence of
hydrocarbons. Further, fuel NOx can be formed from
nitrogen-containing fuels. For biomass combustion, fuel-
bound nitrogen is the main source of NOx emissions,
while thermal and prompt NOx are not relevant due to
relatively low temperatures as has been shown by
theoretical and experimental investigations.*18

Fuel nitrogen is converted to intermediate compo-
nents such as HCN and NH; with i =0, 1, 2, 3. These
can be oxidized to NOx if oxygen is available, which is
the case in conventional combustion. If no oxygen is
present, intermediates can interact in the reduction
zone and form N3 in reactions such as NO + NH> = N>
+ H,0 (Figure 8). During the past 10 years, staged
combustion technologies have been developed as a
primary measure for process internal NOx reduction
based on this concept, thus leading to the above-
described techniques of air staging and fuel staging
(Figure 9).1920 Both measures enable a NOx reduction
on the order of up to 50% for wood with low and up to

(16) Bruch, C.; Peters, B.; Nussbaumer, T. Modelling wood combus-
tion under fixed bed conditions. Fuel 2003, 82, 729—738.

(17) Bruch, C. Beitrag zur Modellierung der Festbettverbrennung
in automatischen Holzfeuerungen, Ph.D. Thesis 14040, ETH Zurich,
2001.

(18) Nussbaumer, T.: Wood Combustion. In Advances in Thermo-
chemical Biomass Conversion; Blackie Academic & Professional:
London, 1994; ISBN 0 7514 0171 4, pp 575—589.

(19) Nussbaumer, T. Primar- und Sekundarmassnahmen zur Stick-
oxidminderung bei Holzfeuerungen. In Moderne Feuerungstechnik zur
energetischen Verwertung von Holz und Holzabfallen; Springer-VDI:
Dusseldorf, 1997; ISBN 3-18-990028-0, pp 279—308.

(20) Siegle, V.; Kicherer, A.; Spliethoff, H.; Hein, K. Verbrennung
von Biomasse in Staubbrennern, In 3. Holznergie-Symposium, 21.
Oktober 2001, Zurich, Swiss Federal Office of Energy (BFE) and ENET,
Bern, 1994; pp 57—74.
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Figure 10. NOx emissions as a function of primary excess
air ratio with air staging.?*

80% for bio fuels with high nitrogen content. However,
different specific conditions have to be met accurately
to exhaust this reduction potential.

In the case of air staging, a primary air excess around
0.7, a temperature in the reduction zone of 1150 °C and
a residence time of 0.5 s are needed (Figure 10).2 The
relatively high temperature can limit the application in

(21) Keller, R. Primérmassnahmen zur NOx-Minderung bei der
Holzverbrennung mit dem Schwerpunkt der Luftstufung, Ph.D. Thesis
10514, ETH Zurich, 1994.

practice due to undesired ash softening and deposit
formation. For fuel staging, similar results are achieved
at lower temperature, i.e., already at temperatures as
low as 850 °C.22 However, the furnace concept and
operation is more complex due to the need of two
independent fuel feeding systems. Nevertheless, a pilot
plant based on this concept has been successfully
realized with a combination of understoker furnace and
entrained flow reactor (Figure 11).2% For both types of
staged combustion, accurate process control is needed
to ensure an operation at the excess air ratio needed in
the different zones.

Besides primary measures, secondary measures are
available for NOx abatement. The most relevant tech-
niques are selective noncatalytic reduction (SNCR) and
selective catalytic reduction (SCR) using the same
reaction as mentioned for staged combustion, i.e.,
NO + NH;2 = Nz + H,O. However, urea or ammonia is
injected as reducing agent and as source of NH,. SNCR
has to be applied in a narrow temperature window
around 820 °C to 940 °C, thus enabling a NOx reduction
up to 90%.2* SCR is typically applied in the flue gas in
a temperature range around 250° to 450 °C and enables
a NOy reduction of more than 95%.24 However, relevant
concentrations of undesired side products such as
HNCO, N2O, NH3, HCN, and others can be formed in
both types of secondary measures under unfavorable
conditions. Hence, primary measures are preferable if
they can achieve sufficient emission reduction.

3.4, Particulate Emissions. Biomass combustion
leads to relatively high emissions of particulates, i.e.,
well above 50 mg/m3 at 11 vol % O,.#2> The majority of
the particulates are smaller than 10 um (i.e., particulate
matter PM 10) with a high share of submicron particles

(PM 1) as shown by an example from wood in Figure
12.25-29

(22) Salzmann, R.; Nussbaumer, T. Fuel Staging for NOx Reduction
in Biomass Combustion: Experiments and Modeling. Energy Fuels
2001, 15, 575—582.

(23) Fastenaekels, H.; Nussbaumer, T. Entwicklung einer kombini-
erten Unterschub- und Einblasfeuerung zur Luft- und Brennstoffstu-
fung. In 7. Holzenergie-Symposium, 18. Oktober 2002, Zurich; ISBN
3-908705-01-0, pp 89—102.

(24) Nussbaumer, T. Selective Catalytic Reduction and Selective
Non-Catalytic Reduction of Nitric Oxides for Wood Firings. In Advances
in Thermochemical Biomass Conversion; Blackie Academic & Profes-
sional: London, 1994; ISBN 0 7514 0171 4, pp 708—720.
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Figure 11. Combination of understoker furnace with en-
trained flow reactor for air and fuel staging.?® Demonstration
plant 1,5 MW. 1 = Feeding of primary fuel and primary air,
2 = Reduction zone, 3 = Injection of secondary fuel and
consecutively tertiary air, 4 = End of post combustion cham-
ber, flue gas exit to convection part and cyclone.

Figure 12. Fly ash from wood combustion.?®

The composition of submicron and supermicron par-
ticles in fluidized bed combustion is distinctive as the
fine particles are composed mainly of K, Cl, S, Na, and
Ca and the coarse particles of Ca, Si, K, S, Na, Al, P,
and Fe.?0 In fixed bed combustion, increasing mass

(25) Nussbaumer, T.; Hasler, P. Bildung und Eigenschaften von
Aerosolen aus Holzfeuerungen. Holz als Roh- Werkstoff 1999, 57, 13—
22.

(26) Kaufmann, H.; Nussbaumer, T.; Baxter, L.; Yang, N. Deposit
formation on a single cylinder during combustion of herbaceous
biomass. Fuel 2000, 79, 141—151.

(27) Nussbaumer, T.; van Loo, S. Aerosols from biomass combustion
— Overview on activites in IEA Bioenergy. 12th European Conference
and Technology Exhibition on Biomass for Energy, Industry and
Climate Protection, 17—21 June 2002, Amsterdam, Volume II, ETA
Florence (I) and WIP Munich (D); ISBN 88-900442-5-X and ISBN
3-936338-10-8, pp 917—921.
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concentrations of particulate emissions are typically
related to increasing mean diameter.3! Further, a
dependency of the particle composition on size can also
be found in fixed bed conditions, as K, S, Cl, and Zn are
mainly found in the submicron fraction, while the
content of Ca is increasing with increasing particle
size.32 If almost complete burnout is achieved by ap-
propriate furnace design, the particulates result almost
exclusively from ash components in the fuel with salts
such as KCl as main components.®® The main fuel
constituents with respect to aerosol formation are
typically K, ClI, S, Ca, Na, Si, P, Fe, and Al. Primary
measures which can safely meet a high reduction
potential, i.e., by at least a factor of 10, of this category
of aerosols are not known so far.

However, a new approach for primary particle reduc-
tion has been presented recently.3* It was shown, that
particles from wood combustion are mainly formed by
nucleation, coagulation, and condensation during tem-
perature decrease in the boiler. Further, these particles
are mainly salts and consist mainly of K. K in the fuel
is present as a salt with high melting point and
devolatilization temperature. If oxygen is available at
high temperature, a high share of K can be oxidized.
As K oxides have significantly lower devolatilization
temperatures than the K salts, they are almost com-
pletely vaporized into the gas phase and lead then to
particle formation from the gas phase. If no oxygen is
present in the fuel bed, the conversion of K to volatiles
may be reduced since the majority of K salts can be
converted into the grate ash. Since a similar behavior
for other ash components in the fuel is assumed, the
oxygen content during the solid fuel conversion is
regarded as a key parameter for aerosol formation.

According to this hypothesis, an experimental setup
was realized based on an understoker furnace that
enables a wood combustion with extremely low primary
air in the fuel bed (or glow bed) on the grate. At such
operation conditions, the glow bed height increases
significantly and hence the furnace design must be
adapted. Furthermore, combustion becomes unstable
below a certain primary air excess and hence an

(28) Huglin, C.; Gaegauf, C.; Kuenzel, S.; Burtscher, H. Character-
ization of Wood Combustion Particles. Morphology, Mobility and
Photoelectric Activity. Env. Sci. Techn. 1997, 31, 3439—3447.

(29) Johansson, L. S. Characterisation of Particle Emissions from
Small-Scale Biomass Combustion. Thesis, Chalmers University of
Technology, Goteborg, 2002.

(30) Jokiniemi, J.; Lind, T.; Hokkinen, J.; Kurkela, J.; Kauppinen,
E. Modelling and experimental results on aerosol formation, deposition
and emissions in fluidized bed combustion of biomass. In Aerosols from
Biomass Combustion; Verenum: Zurich, 2001; ISBN 3-908705-00-2,

p 31—40.

(31) Obernberger, I.; Brunner, T.; Joller, M. Characterisation and
formation of aerosols and fly ashes from fixed-bed biomass combustion.
In Aerosols from Biomass Combustion; Verenum: Zurich 2001; ISBN
3-908705-00-2, pp 69—74.

(32) Brunner, T.; Obernberger, 1.; Jéller, M.; Arich, A.; Polt, P.
Measurement and analyses of aerosols formed during fixed-bed bio-
mass combustion. In Aerosols from Biomass Combustion; Verenum:
Zurich, 2001; ISBN 3-908705-00-2, pp 75—80.

(33) Oser, M.; Nussbaumer, T.; Schweizer, B.; Mohr, M.; Figi, R.
Influences on aerosol emissions in an automatic wood furnace. In
Aerosols from Biomass Combustion; Verenum: Zurich, 2001; ISBN
3-908705-00-2, pp 59—64.

(34) Oser, M.; Nussbaumer, Th.; Mdller, P.; Mohr, M.; Figi, R.
Grundlagen der Aerosolbildung in Holzfeuerungen: Beeinflussung der
Partikelemissionen durch Primarmassnahmen und Konzept fir eine
partikelarme automatische Holzfeuerung (Low-Particle-Feuerung),
Bundesamt fir Energie (BFE), Bundesamt fur Umwelt, Wald und
Landschaft (BUWAL), Schlussbericht Projekt 26688, Zurich und Bern,
2003, ISBN 3-908705-02-9.
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Table 2. Types of Biomass Furnaces with Typical Applications and Fuels

application type typical size range fuels ash water content
manual wood stoves 2 kW—10 kW dry wood logs <2% 5%—20%
log wood boilers 5 kW—50 kW log wood, sticky wood residues <2% 5%—30%
pellets pellet stoves and boilers 2 kW—25 kW wood pellets <2% 8%—10%
automatic understoker furnaces 20 KW—-2.5 MW wood chips, wood residues <2% 5%—50%
moving grate furnaces 150 kW—15 MW all wood fuels and most biomass ~ <50% 5%—60%
pre-oven with grate 20 kW—-1.5 MW dry wood (residues) <5% 5%—35%
understoker with rotating grate 2 MW—-5 MW wood chips, high water content <50% 40%—65%
cigar burner 3 MW-5 MW straw bales <5% 20%
whole bale furnaces 3 MW-5 MW whole bales <5% 20%
straw furnaces 100 kW—5 MW straw bales with bale cutter <5% 20%
stationary fluidized bed 5 MW-15 MW various biomass, d < 10 mm <50% 5%—60%
circulating fluidized bed 15 MW-100 MW various biomass, d < 10 mm <50% 5%—60%
dust combustor, entrained flow 5 MW-10 MW various biomass, d < 5 mm <5% <20%
co-firing? stationary fluidized bed total 50 MW—150 MW  various biomass, d < 10 mm <50% 5%—60%
circulating fluidized bed total 100—300 MW various biomass, d < 10 mm <50% 5%—60%
cigar burner straw 5 MW—-20 MW straw bales <5% 20%
dust combustor in coal boilers total 100 MW—-1 GW various biomass, d < 2—5 mm <5% <20%

a Biomass covers typically less than 10% of the total fuel input.
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Figure 13. Particle emissions as a function of the excess air
in the fuel bed at different air settings according to the location
in the small graph: TA = tertiary air (curve), SAe = secondary
air early, SAl = secondary air late.3*

accurate process control is needed. As the results from
the laboratory furnace show, a reduction of particle
emissions in the order of a factor of 5 is achievable, i.e.,
from 160—195 mg/m? to 20—45 mg/m?3 (13% O,) (Figure
13). With most of the investigated fuels, particle emis-
sions below 50 mg/m?3 (13% O,) were achieved. Hence
the results are in accordance to the theory, although
other effects beside the described one may also influence
the particle formation.

Nevertheless, since fuel composition is the main
parameter for aerosol formation, secondary measures
are necessary as well for further reduction in the future.
Among those, fabric filters are regarded as most prom-
ising. However further developments and adaptations
are necessary for particle removal technologies ap-
propriate for the needs and size for typical biomass
combustion at reasonable cost.

4. Combustion Technologies

Biomass combustion is mainly used for heat produc-
tion in small and medium scale units such as wood
stoves, log wood boilers, pellet burners, automatic wood
chip furnaces, and straw-fired furnaces. District heating
systems are often in the size range from 0.5 MWy, to 5
MW, with some applications up to 50 MW,. Combined
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Figure 14. Furnace types and flow conditions: fixed bed,
fluidized bed, and entrained flow reactor.1°

heat and power production (CHP) with biomass is
applied by steam cycles (Rankine cycle) with steam
turbines and steam engines and organic Rankine cycles
(ORC) with typical power outputs between 0.5 MW, and
10 MW,.35 Stirling engines (10 kW, to 100 kW,) and
closed gas turbines are in development or demonstration
mode. Co-firing in fossil-fired power stations enables the
advantages of large size plants (> 100 MW,), which are
not applicable for dedicated biomass combustion due to
limited local biomass availability.

Table 2 gives an overview of the most frequently used
furnace types for biomass combustion. The systems can
be distinguished by the flow conditions in the furnace,
thus describing fixed bed combustion, fluidized bed, and
entrained flow or dust combustion (Figure 14). To

(35) Nussbaumer, T. Stromerzeugung aus biogenen Brennstoffen.
Brennstoff Warme Kraft 51 1999, 7/8, 51—55.
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Figure 15. Downdraft boilers with inverse combustion of log wood and with enforced air flow and air supply with primary and
secondary air. Left: 1 Primary air, 2 fuel hopper, 3 glow bed, 4 secondary air, 5 post combustion chamber, 6 heat exchanger, 7
chimney. Right: 1 Fuel inlet, 2 fuel hopper, 3 glow bed, 4 primary air, 5 secondary air, 6 ash bin, 7 mixing zone, 8 post combustion

chamber, 9 heat exchanger, 10 chimney.
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Figure 16. Understoker furnace with primary and secondary
air, mixing zone, and post combustion chamber. 1 Screw
feeder, 2 understoker zone with glow bed, 3 primary air, 4
secondary air, 5 post combustion chamber, 6 heat exchanger,
7 cyclone, 8 ash removal.

achieve complete burnout and high efficiencies in small-
scale combustion, downdraft boilers with inverse flow
have been introduced, which apply the two-stage com-
bustion principle described above (Figure 15). An opera-
tion of log wood furnaces at very low load should be
avoided as it can lead to high emissions of unburnt
pollutants. Hence, it is recommended to couple log wood
boilers to a heat storage tank.

Since wood pellets are well suited for automatic
heating at small heat outputs as needed for todays
buildings, pellet furnaces are an interesting application
with growing propagation. Thanks to the well-defined
fuel at low water content, pellet furnaces can easily
achieve high combustion quality. They are applied both
as stoves and as boilers.

Understoker furnaces are mostly used for wood chips
and similar fuel with relatively low ash content (Figure

Figure 17. Moving grate furnace with primary air in two
stages in the grate and secondary air. 1 Screw feeder, 2 moving
grate, 3 primary air, 4 secondary air, 5 post combustion
chamber, 6 heat exchanger, 7 cyclone, 8 ash removal.

16), while grate furnaces can also be applied for high
ash and water content (Figure 17). Special types of
furnaces have been developed for straw that has very
low density and is usually stored in bales. Beside
conventional grate furnaces operated with whole bales,
cigar burners and other specific furnaces are in opera-
tion.

Stationary or bubbling fluidized bed (SFB) as well as
circulating fluidized bed (CFB) boilers are applied for
large-scale applications and often used for waste wood
or mixtures of wood and industrial wastes, e.g., from
the pulp and paper industry (Figures 18 and 19). In CFB
boilers, nearly homogeneous conditions of temperature
and concentrations can be achieved, thus enabling high
burnout quality at low excess air. The choice of different
bed materials in CFB offers additional opportunities of
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Figure 18. Stationary fluidized bed combustor with staged
combustion (Lurgi).

catalytic effects. Further, the option of heat removal
from the bed allows controlling the combustion temper-
ature and hence enables an operation at low excess air
without excessive ash sintering. Since similar conditions
for nitrogen conversion as by air and fuel staging are
attained, relatively low NOyx emissions are achieved.

5. Co-combustion

5.1. Overview on Co-utilization. A co-utilization
of biomass with other fuels can be advantageous with
regard to cost, efficiency, and emissions. Lower specific
cost and higher efficiencies of large plants can be
utilized for biomass and emissions of SOx and NOx can
be reduced by co-firing. However, attention must be paid
to increased deposit formation in the boiler and limita-
tions in ash utilization due to constituents in biomass,
especially alkali metals, that may disable the use of ash
in building materials. Due to undesired changes of ash
compositions, the share of biomass is usually limited to
approximately 10% of the fuel input. Hence, other
opportunities are also of interest and the following three
options for co-utilization of biomass with coal are
applied:?

(a) Co-combustion or direct co-firing: The biomass is
directly fed to the boiler furnace (fluidized bed, grate,
or pulverized combustion), if needed after physical
preprocessing of the biomass such as drying, grinding,
or metal removal.

(b) Indirect co-firing: The biomass is gasified and the
product gas is fed to a boiler furnace (thus a combination
of gasification and combustion).

(c) Parallel combustion: The biomass is burnt in a
separate boiler for steam generation. The steam is used
in a power plant together with the main fuel.

Co-combustion of biomass leads to a substitution of
fossil fuels and to a net reduction of CO, emissions. In
many countries co-firing is the most economic technol-
ogy to achieve the target of CO, reduction and biomass
co-firing can therefore be motivated by savings of CO,
taxes.

5.2. Co-combustion or Direct Co-firing with
Coal. The main application nowadays is direct co-firing

Nussbaumer

in coal-fired power stations. The typical size range is
from 50 MW, to 700 MW, with a few units between 5
and 50 MW,.2 The majority of the plants are equipped
with pulverized coal boilers in which co-combustion can
be applied in different ways.

(@) The biomass can be burnt in separate wood
burners in the boiler. Due to the requirements of
pulverized combustion, drying, metal separation, and
grinding of the biomass is needed as pretreatment. An
example is shown in a 635 MW, power plant in The
Netherlands that burns the majority of the local urban
waste wood and demolition wood (Figure 20). Wood
replaces 3%-4% of the coal in this plant. Thanks to the
scale and the flue gas cleaning, the urban waste wood
is used with high efficiency and low environmental
impact. At an electric efficiency of the plant of 43%, the
net efficiency for wood with regard to fuel pretreatment
is estimated at 36%—38%. As comparison: a modern 25
MW, wood-based fired plant reaches ~30% efficiency.36

(b) As an alternative, the biomass can also be burnt
on a separate grate at the bottom of a pulverized coal
boiler (Figure 21). The advantage is that costly and
energy-consuming fuel pretreatment is not needed, since
biomass with high water content and large in size can
be burnt.

(c) Further applications of co-combustion with coal are
related to BFB, CFB, cyclone, and stoker boilers, which
accept a much wider range of fuel size, composition, and
moisture content than burners in pulverized coal boilers.

5.3. Effects of Co-combustion on Plant Opera-
tion and Emissions.?7:38 Co-firing can have several
effects on the emissions and the plant operation: posi-
tive effects are that SOx and NOx emissions usually
decrease due to the lower sulfur and nitrogen content
in biomass than in coal (Figures 22 and 23). Further-
more, alkali components in biomass ash can have an
effect of SOx removal. Since biomass has a high volatile
content, it can also be used as reburn fuel for NOx
reduction from the coal combustion, which gives a
further potential for significant decrease of the NOx
emissions. Besides NO and NOj, also N»O can be
significantly reduced by co-firing of biomass in coal-fired
fluidized bed boilers (Figure 24).

Negative effects of co-firing are additional investment
cost for biomass pretreatment and boiler retrofitting,
higher operation cost due to increased fouling and
corrosion, and a possible decrease of the electric ef-
ficiency (if the superheater temperature has to be
decreased due to high temperature corrosion). Besides
potential poisoning of SCR catalyst also the efficiency
of electrostatic precipitators may be reduced. Further-
more, the utilization of the ash and the residues from
the flue gas cleaning system (especially the De-SOx
installation) has to be considered when co-firing bio-
mass. The ash quality can be negatively influenced

(36) Remmers, R. 25 MW Holzkraftwerk mit stationarer Wir-
belschichtfeuerung in Cuijk (NL). In 6. Holzenergie-Symposium,
October 20 2000, Zurich, Swiss Federal Office of Energy (BFE) and
ENET, Bern 2000; pp 187—196.

(37) Baxter, L. L; Robinson, A. Key Issues when Co-firing biomass
with Coal. In Proceedings of the Sixteenth Annual International
Pittsburgh Coal Conference, October 11—15, 1999.

(38) Hein, K.; Spliethoff, H. Co-combustion of Coal and Biomass in
Pulverised Fuel and Fluidised Bed. In Proceedings of the Sixteenth
Annual International Pittsburgh Coal Conference, October 11-15,
1999.



Combustion and Co-combustion of Biomass

lime

fuel

heat exchanger,

Energy & Fuels, Vol. 17, No. 6, 2003 1519

fluid
cyclone i ﬁ
@ bed .: ’ air preheater
reactor
~ P
L o turbine
T L Jsteam
- stack
sec. . feed water
air
air
. it
L I'g}}
bed heat
exchanger - e
dust filter
air bottom
ash fly ash
Figure 19. CFB plant with steam boiler for coal and biomass (Lurgi).
%
magnetic fiter
roll
) fitter
il classifier —»
clone
” b\?:lzler —_
'eception ha::lwer screen T
hopper %
e i
h —o6

t v

silo

wood burners
in the boiler

transport
air blower

wood powder transport system, 600 m

combustion
air blower

Figure 20. Power plant in Gelderland (NL) with direct co-firing of waste wood in pulverized coal boiler after drying, magnetic
separation, and grinding of the wood (moisture < 8%, size < 1 mm). With 635 MW, in total, 60'000 t/a waste wood used in
4 x 20 MWy, wood burners cover 3%—4% of the total energy demand.?

mainly by alkali metals and chlorine contained in
biomass. Furthermore, also the content of unburnt
carbon can increase. Usually a biomass input in the
range of 5% to 10% according to the energy input is
acceptable without major influence on the residues.
5.4. Other Applications of Co-combustion. Co-
firing of biomass can also be applied in cement kilns,
which is of special interest for contaminated waste wood.
Additionally, biomass fuels can be co-fired in municipal
solid waste (MSW) incinerators. This can be advanta-
geous with respect to logistics and efficiency, since
biomass can easily be stored while municipal waste
needs to be burnt immediately. Further, the combina-

tion of biomass with oil or natural gas also offers specific
advantages. Especially the topping with natural gas
enables a significant increase of the plant efficiency,
since steam from a biomass boiler can be superheated
to higher temperatures with natural gas.

5.5. Indirect Co-firing and Parallel Combustion.
Parallel combustion enables a complete separation of
the ashes and flue gases from different fuels such as
biomass and coal. Hence, no disadvantages or limita-
tions result from undesired alkali metals or contami-
nants in the ash. Further, the flue gas cleaning equip-
ment can be optimized for each fuel. Indirect co-firing
of producer gas from biomass gasification also enables
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Figure 21. Biomass co-firing plant at St. Andrea (A).2 Wood
fuel with high moisture (10—55%) and size up to 0.5 m is burnt
on a separate grate at the bottom of the boiler.2 With 124 MW,
10 MW, of wood cover 3% of the total energy input.
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Figure 23. Influence of co-firing bio fuels on SO, emissions
(increase: sewage sludge).*°

the separation of the ashes to a certain extent, while
the flue gases cannot be separated. In comparison to
parallel combustion, investment cost can be reduced
because only one boiler and flue gas cleaning are
needed.

6. Conclusions

Biomass combustion contributes significantly to the
global energy supply nowadays. It is a proven technol-
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Figure 24. Influence of co-firing on N,O emissions in a
circulating fluidized bed boiler.*!

ogy and widely applied in the size range from a few kW
for household heating to several MW for district heating
and up to more than one hundred MW for power
stations based on steam cycles. Co-combustion of bio-
mass is applied in coal-fired power stations or cement
kilns and has reached a relevant propagation in the past
decade. The driving forces are in both cases the CO;
neutrality of sustainable cultivated biomass or the
utilization of residues and wastes.

However, there are strong needs to improve biomass
combustion in terms of environmental impact. Although
the measures for complete combustion are well-known
in principle, future efforts for improvement are needed
to implement sufficient gas mixing in commercial
furnaces and to guarantee correct operation in practice.
Combustion modeling including CFD can be applied for
further optimization of furnace design in future. Fur-
ther, conversion efficiencies from biomass combustion
to heat still have a potential for improvement. On one
hand, applications in practice have a high potential of
improvement by system optimization, improved main-
tenance, correct adjustment of fuel-to-air ratio, and
optimized management of heat distribution. On the
other hand quality assurance for the new realization of
complex heating plants is recommended.*?

However, the key parameter for high combustion
efficiency is the excess air ratio, which in most applica-
tions is far higher than theoretically and practically
needed (i.e., often >2 while 1.2 to 1.5 is possible). To
enable operation at optimum excess air and guarantee
maximum efficiency in practice, advanced process con-
trol (e.g., with application of sensors for 1, temperature,
and unburnt substances) should be adapted for the large
variety of applications and widely implemented in the

(39) Baxter, L. L. Figure 7.16. In Handbook of Biomass Combustion
and Co—Firing; Twente University Press: Twente, 2002; ISBN
9036517737, p 26.

(40) Spliethoff, H.; Siegle, V.; Hein, K. Zufeuerung von Biomasse
in Kohlekraftwerken. In 4. Holzenergie-Symposium, October 18 1996,
Zurich, Swiss Federal Office of Energy (BFE) and ENET, Bern, 1996;
pp 155—176.

(41) Leckner, B.; Karlsson, M. Emissions from combustion of wood
in a circulating fluidized bed boiler; Chalmers University, Goteborg,
1992.

(42) Buhler, R.; Gabathuler, H.; Good, J.; Jenni, A. Quality assur-
ance for planning and construction of biomass district heating plants.
12th European Conference and Technology Exhibition on Biomass for
Energy, Industry and Climate Protection, 17—21 June 2002, Amster-
dam, Volume I, ETA Florence and WIP Munich; ISBN 88-900442-5-X
and ISBN 3-936338-10-8, pp 952—955.
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future. For the combustion of biomass with high water
content, process economy can be improved either by flue
gas condensation (without heat-consuming vapor abate-
ment) and/or process integrated fuel drying with waste
heat.

The remaining issues after implementation of these
techniques are the reduction of NOx emissions and the
reduction of particles that are mainly in the submicron
size range. The most promising technology for further
emission reduction is certainly staged combustion in-
cluding air staging, fuel staging and advanced staged
combustion at extremely low primary air. However,
since both pollutants result predominantly from fuel
constituents, i.e., fuel nitrogen and ash components
respectively, there are physical limitations to reducing
NOyx and particles by primary measures, since high
temperatures as well as the presence of oxygen are
system immanent in combustion. Following, there are
two options, which have to be considered for the future
as well. On one hand, secondary measures need to be
developed for the specific requirements of biomass
combustion. Although certain technologies for NOx and
particulate abatement exist, they are not yet properly
implemented (e.g., air staging and fuel staging) or they
do not fulfill the needs for biomass for reasonable cost
in the most frequently used appliances up to 5 MW. On
the other hand, alternatives to direct combustion, such
as gasification, that have not yet reached commercial
standard, need to be considered as well for future
applications.
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By following these needs for research and develop-
ment and by introducing available knowledge in prac-
tice, biomass combustion can still significantly be
improved and has a potential for better economy,
reduced environmental impact, and increased propaga-
tion. Besides woody fuels widely used nowadays, further
bio fuels such as herbaceous biomass and bio residues
can significantly contribute to the future energy supply.
Additional challenges related to fuel constituents such
as increased emissions and corrosion need to be over-
come for these types of fuels. Further, the potential of
contaminated biomass waste such as urban or demoli-
tion wood can be utilized in plants that fulfill the specific
requirements.

If the presented requirements are met, combustion
will remain an important technology for biomass con-
version in the future and enable an increased contribu-
tion to the world’s energy supply.
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