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The paper is focused on the idea of a combustion modelling of a large-scale circulating fluidised bed
boiler (CFB) during coal and biomass co-combustion. Numerical computation results for three solid
biomass fuels co-combustion with lignite are presented in the paper. The results of the calculation
showed that in previously established kinetics equations for coal combustion, some reactions had to
be modified as the combustion conditions changed with the fuel blend composition. Obtained CO»,
CO, SO, and NOy emissions are located in borders of £ 20% in the relationship to the experimental
data. Experimental data was obtained for forest biomass, sunflower husk, willow and lignite co-
combustion tests carried out on the atmospheric 261 MWe COMPACT CFB boiler operated in PGE
Turow Power Station in Poland. The energy fraction of biomass in fuel blend was: 7%wt, 10%w: and
15%yt. The measured emissions of CO, SO, and NOx (i.e. NO + NO,) were also shown in the paper.
For all types of biomass added to the fuel blends the emission of the gaseous pollutants was lower
than that for coal combustion.
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1. INTRODUCTION

Coal and biomass co-combustion is one of the ways to meet the requirements for reduction of gaseous
pollutant emissions. As biomass material is considered to be a renewable source of energy it is used as
a fuel in power boilers. Biomass co-combustion in a CFB boiler takes the advantage of fluidised bed
fuel flexibility. Biomass material differs from coal with respect to many characteristics; Jenkins et al.
(1998), Werther (2009). Different from coal chemical constitution of biomass affects co-combustion
processes and makes them more complex. There are many papers dealing with coal and biomass co-
combustion: Abelha et al. (2002), Armesto et al. (2003), Armesto et al. (2008), Bahillo et al. (2003),
Hein and Bemtgen (1998), Hupa (2005), Gayan et al. (2004), Jenkins et al. (1998), Knobig et al.
(1998), Leckner (2004), Leckner (2007), Leckner (2008), Liu and Gibbs (2002), Lyngfelt and Leckner
(1999), Mcllveen-Wright et al. (2006), Nussbaumer (2003), Sami et al. (2001), Skreiberg et al. (2004),
Thunman et al. (2002), Werther (2009), Yu et al. (2009). Co-firing tests in a CFB boiler of olive cake,
straw pellets, meat and bone meal and wood pellets mixed with bituminous Colombian coal in the
proportions of 5, 15 and 25% of biomass by weight were presented by Abelha et al. (2008). The authors
noticed that combustion of biomass material takes place mainly in the combustion chamber, leading to
the temperature increase in the upper part in comparison to the dense bed zone. A decrease of CO
emissions was also observed with the biofuel fraction for all types of biomass and two reasons were
given for that: an increase of the secondary air supply, resulting from higher volatile matter and
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improved mixing in the combustion chamber, and an increase of temperature in the riser caused by
biofuel volatile combustion.

Lower NO, emissions were also observed for all types of biomass, even though meat and bone meal
had six times more nitrogen than coal. As the explanation the authors underlined the role of deNOy
mechanism, favoured by the presence of H and OH radicals from volatiles. According to this
mechanism, NH;- the main product of thermal decomposition of amino acid structures, released in the
combustion chamber, reacts with NOy forming N,. SO, emissions decreased with the increase of
biofuel fraction mainly due to lower S content for all types of biomass except that for coal.

A strong dependency of the flue gas composition on the sort of combusted fuel is discussed by Hupa
(2005). The author stated that there are no sufficient data on the behavior of fuels when they are burned
in various mixtures. Describing results of wood and bituminous coal co-combustion tests, performed by
Chalmers University of Technology in Sweden at the 12 MW circulating fluidised bed boiler the author
noticed that sulphur dioxide emissions were a linear function of the fuel composition and increased
with the bituminous coal share in the blend of fuels. Similar observation were made by Leckner (2007).
Hupa (2005) who concluded, that generally all of SO, originates in the coal as the alkaline ash in the
wood is known to be able to capture SO, released during wood combustion.

NO emissions were roughly the same for pure fuels, i.e. coal and wood, in spite of the fact that nitrogen
content in wood was about 10 times smaller than that for coal. As it was explained, NO in the lower
part of the fluidised bed, formed during wood combustion, remains roughly the same along the rest of
the combustion chamber as the bed contains less char than that during coal combustion (Hupa, 2005).
Similar observations were presented by Leckner (2007), where the author pointed out the peculiar
shape of the curve describing NO emissions. The emission of NO during combustion of wood alone
was somewhat higher than that from coal combustion. The concentrations of nitrogen oxides first
increased with the increase of coal fraction in fuel blend and then decreased. The author explained it by
the difference between char content in coal and in wood since char has the capability to reduce NO
concentration (Leckner, 2007). A similar observation was made for CO emissions. The reason for that
was the nature of volatile combustion, which takes place in the upper part of the combustion chamber,
even in the cyclone, as biomass material contains more volatile matters than coal, thus leading to an
increase of temperature and enhancing burnout in this part of the combustion chamber (Leckner, 2007).

Different ways in which co-combustion can be organised highlighting the advantages of CFB boilers
are discussed by Leckner (2008). The co-firing results of sewage sludge with coal and wood under CFB
conditions were described by Leckner et al. (2004). Investigations were carried out in a laboratory-scale
plant and a pilot scale 12MWth CFB boiler. The authors confirmed a dominant role of char in NO and
N2O reduction. A review of combustion and co-combustion of biomass technologies is also given by
Nussbaumer (2003). A decrease in SOy and NOy concentration was noticed when co-firing biomass and
coal in fluidised beds, due to lower sulphur and nitrogen content in biomass. The author noted, that a
high volatile content of biomass fuels favours NOx reduction. Sami et al. (2001) emphasised the
previously mentioned DeNOx mechanism in NOy reduction. No increase of gaseous pollutant emission
was also observed by Hein and Bemtgen (1998). The authors described the results of several co-
combustion studies performed under the EU-project “Combined Combustion of Biomass/Sewage
Sludge and Coals of High and Low Rank in Different Systems of Semi-industrial and Industrial Scale”.
Some of them were conducted using CFB facilities: 0.3 MWy, INETI, 1 MWy CIEMAT, 1 MWy RWE
Energie and 80 MWy CFB at Grenaa, ELSAM/Midtkraft. All partners involved in the project
confirmed that biomass co-combustion leads to SO, reduction. Low NOx emissions were also observed
in some cases roughly at the same biomass addition. Others found that NOy concentrations decreased in
flue gas during co-combustion, due to lower fuel-N content in biomass (Hein and Bemtgen, 1998).

Co-combustion of pine bark with lignite and bituminous coal in the CIEMAT 0.3 MWy, CFB boiler
was described by Bahillo et al. (2003). With the increased amount of pine bark in the fuel blend the
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temperature in the top of the riser increased. The emissions of CO and SO, decreased with the biomass
fraction in the fuel blend. The authors noted that higher volatile content and thus higher reactivity of
biomass fuels results in a rapid burn-out and lower CO concentrations. Lower S content in the biomass
leads to lower SO, emissions. They also observed a decrease of NOx emissions with a share of pine
bark in the fuel mixture with bituminous coal due to fast release of volatile matter from biomass
causing high levels of hydrocarbon radicals (Bahillo et al., 2003).

Armesto et. al. (2002) investigated the influence of temperature and fluidisation velocity on the
combustion efficiency and CO emissions during rice husk combustion in a 30 kWth atmospheric
bubbling fluidised bed pilot plant of CIEMAT. Combustion efficiency was higher than 97%. It was also
shown that CO emissions strongly depend on the temperature profile in the furnace.

The CIEMAT fluidised bed pilot plant was also used for co-firing of lignite and anthracite with a
biomass waste from the olive oil industry - foot cake (Armesto et al., 2003). The fuel-N conversion to
NOx increased with the rank of coal. A slight decrease of NOx emissions was noticed during co-
combustion due to higher volatile matter content in biomass. An interesting chemical kinetic model for
the oxidation of ammonia was presented by Skreiberg et al. (2004). The authors pointed out that the
model is recommended for modelling of NO reduction by primary measures during combustion of
biomass. The technical and economic aspects of coal co-combustion with biomass and plastic wastes in
CFB boilers were examined by Mcllveen-Wright et al. (2006). Their results show that fluidised bed
technology is a very suitable method for co-firing such fuels. The authors noted that co-firing had an
almost negligible effect on system efficiency.

Knobig et al. (1998) used wood, peat and coal to investigate the scale-up issue during combustion in a
lab-scale facility and 12 MWth boiler, with respect to emissions of flue gas species. The authors
determined the axial concentration profiles of oxygen, carbon monoxide, nitric oxide, nitrous oxide and
ammonia along the riser height, which were similar both in a small-scale and a large-scale CFB boilers.
Nitrous and carbon oxides were rapidly formed to high concentrations in the bottom part of the
combustion chamber and then reduced along the reactor.

A study on NO and CO emissions during combustion of wood-chips in a 12 MW CFB boiler was
published by Lyngfelt and Leckner (1999). The authors highlighted that lowering the air - fuel ratio in
the combustor through secondary air addition in the cyclone inlet resulted in a significant NO reduction
without enhancing CO emissions.

The literature contains many other interesting models of coal and biomass combustion in CFB boilers.

A model for the combustion of wood particles in fluidised and fixed-bed combustors was also shown
by Thunman et al. (2002). The model takes into account the shrinkage of a particle and demonstrates its
great influence on devolatilisation time as well as char combustion. The particle was divided into four
regions: moist, dry and devolatilising fuel, char residue and ash. A model of coal and wood co-firing,
validated on a pilot-scale 0.1 and 0.3 MWth test-rigs was presented by Gayan et al. (2004). The
existence of three zones in the riser: bottom, splash and transport zone were taken into account by the
model. It describes solid concentration profiles in the splash and transport zones with an exponential
decay model, as the splash zone constitute a region with a sharp decay of solid concentration.

A three-dimensional model of coal and biomass co-combustion in a CFB boiler with a capacity of 130
t/h is presented by Yu et al. (2009). The model uses a commercial FLUENT software. A model of NO
and N,O emissions from the biomass-fired circulating fluidised bed combustors was presented by Liu
and Gibbs (2002). The authors applied it to predict NO and N»O emissions from a 12 MWy, CFB boiler.
Observed N,O emissions were less than 5 ppmv while the NO emissions increased with the total excess
air and fuel-N content.
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Finally, a simplified one-dimensional model of coal and biomass co-combustion was shown by
Krzywanski et al. (2012). The authors proposed equations for the chemical reaction rate coefficients of
some reactions which were then used to describe the biomass and lignite co-combustion under CFB
conditions.

The aim of this work is to carry out a computational study of gaseous pollutant emissions from co-
combustion of lignite with biomass materials in a large-scale 261 MWe CFB boiler. The model
presented in this paper takes into account experiences in modelling performed for a 261 MWe (704 t/h)
COMPACT CFB boiler operated in PGE GiEK S.A. Dept. Turow Power Plant in Poland, burning both
lignite and biomass. The core of the model was based on the previously established and successfully
validated coal combustion model which was used for the study of coal combustion in a large-scale 235
MW, (670 t/h) CFB boiler and 0.1MWy, CFB test rig (Muskata et al., 2008; Krzywanski et al., 2010a;
Krzywanski et al., 2010b; Krzywanski et al., 2011). Moreover, the procedure combines also the
experience in modelling of lignite and biomass co-firing in a circulating fluidised bed (Krzywanski et
al., 2013). Therefore, the paper is a continuation and development of the earlier works on numerical
simulations of CFB boilers. The model presented in the paper constitute a simplifed instance of
previously developed model of biomass and coal co-combustion in CFB boilers presented in
(Krzywanski et al., 2013).

2. EXPERIMENTAL

The experimental work reported here was carried out on the atmospheric 261 MW, COMPACT CFB
boiler operated in PGE GiEK S.A. Dept. Turow Power Plant in Poland. The combustion chamber has
the dimensions of cross-section area equal to 21.9x5.2 m in its lower part, immediately above the grid
and 21.9x10.1 m at a height of 8.7 m above the grid level. The total height of the combustion chamber
is 42 m. The boiler is fitted with two compact separators, as it belongs to the second generation boilers
(Werther, 2005). A detailed description of the system can be found elsewhere (Krzywanski et al.,
2013). A scheme of the boiler is presented in Fig.1.

Units 4-5-6
Operated in PGE GIEK SA
Turow Power Station in Poland

Compact Boiler with
l la Circulating Fluidized Bed
=l steam capacity 704 t/h
= steam temperature t = 565/565 "C
steam pressure p = 16,65 / 3,85 MPa
efficiency =91%
Power rating: 261 MWe

Fig. 1. The 261 MW, COMPACT CFB boiler
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The co-firing study was conducted for four tests (tests 1 - 4) involving different shares and types of
solid biomass and lignite. Biomass group I (agro & energy crops: sunflower husk, willow) and group II
— forest biomass were used in the co-combustion tests. The energy fraction of biomass in fuel blend,
fed to the boiler was: 7%, 10% and 15%. An additional test was also performed when only lignite was
burned (test 0) to allow a comparative analysis.

Concentrations of the flue gas components, such as: CO,, CO, SO, and NOx were measured during
tests. The gas component measurements (SO, H,O, CO,, CO, NOyx) were performed using the existing
monitoring. The methodology of measurements can be found elsewhere (Krzywanski et al., 2013).
Studies were performed for the following fuel mass flows (lignite): test 0 — 55.04 kg/s, test 1- 65.7 kg/s,
test 2 — 64.5 kg/s, test 3 — 65.3 kg/s, test 4 — 64.7 kg/s. The fuel mass flow was adjusted to achieve 100
% of the boiler’s load. The sorbent mass flows were: test 0 — 4.1 kg/s, test 1 — 3.8 kg/s, test 2 — 4.4 kg/s,
test 3 — 3.8 kg/s, test 4 — 4.2 kg/s, Ca/S ratio: 2.8 for test 1 (7% biomass), 3.2 for test 2 (10% biomass),
2.7 for test 3 (15% biomass 1% test), 2.3 for test 4 (15% biomass 2™ test).

The properties and the size distributions of lignite, each type of the biomass and their mixtures,
limestone used during co-combustion tests, as well as the operation data of the boiler and other
conditions of the experiments are given by Krzywanski et al. (2013). A detailed description of the
biomass feeding installation can be found in Rajczyk et al. (2011).

2.1. CO, SO; and NO, emissions

The emissions of CO, SO, and NOy during test 0 coal mono-combustion as well as tests 1-4 of coal and
biomass co-combustion are presented in Fig. 2.

Cea [ppm]
= o

Fig. 2. CO, SO,, NOy emissions during combustion and co-combustion tests

A comparison between CO, SO, and NOy emissions observed during biomass co-combustion (tests 1-4)
and those obtained during combustion of lignite only (test 0) is shown in Fig. 3.

For all types of biomass included in the fuel blends the gaseous pollutant emissions are lower during
co-combustion tests 1- 4 than those for coal mono-combustion test 0. The trends in the CO, SO, and
NOy emissions are consistent with results reported in the literature (Abelha et al., 2008; Armesto et al.,
2002; Bahillo et al., 2003; Hein and Bemtgen, 1998; Hupa, 2005; Leckner, 2007; Nussbaumer, 2003).
The reason for CO reduction could be the nature of volatile combustion, which takes place in the upper
part of the combustion chamber. It leads to an increase of temperature in the combustion chamber and
enhances the burnout in the upper part of the furnace. The emission of SO, decreases due to lower S
content in biomass. Similar to the results presented in (Abelha et al., 2008; Armesto et al., 2003; Hein
and Bemtgen, 1998; Leckner et al., 2004; Nussbaumer, 2003; Sami et al., 2001) the emissions of NOy
also decreased with a biomass fraction in the fuel blends, even though nitrogen content in biomass was
about 3-6 times higher than that in coal. The decrease could be attributed to a higher char content in
biomass than that in lignite (Gayan et al., 2004) as char has a capability to reduce NO content. Another
explanation could be the DeNOx mechanism, favoured by the presence of H and OH radicals from
volatiles (Hupa, 2005; Sami et al., 2001).
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Fig. 3. CO, SO; and NOy emissions in combustion test 0 and: a) co-combustion test 1, b) co-combustion test 2,
¢) co-combustion test 3, d) co-combustion test 4.

2.2. Numerical simulations of CO;, CO, SO; and NOx emissions

The model consists of several sub-models enabling to describe crucial processes that occur during solid
fuel combustion in a circulating fluidised bed. It combines fundamental mass balance as well as
momentum equations with empirical correlations and covers 43 chemical reactions (Muskata et al.,
2008; Krzywanski et al., 2010a; Krzywanski et al., 2010b; Krzywanski et al., 2011; Krzywanski et al.,
2013). When fuel blend contains some amount of biomass the model needed to be modified. The
previous structure was developed by including additional data from experiments carried out on the co-
combustion of lignite and biomass. The model takes into account a new geometry of the system,
described in Part 1 of the paper.

On the basis of solid and gas balance distributions and concentrations of solids and gaseous component
profiles in the whole volume of combustion chamber were established. The modelling was performed
at the same temperature and the range of the oxygen excess as in the experiment.

2.3. Hydrodynamic model

A scheme of CFB’s environment established in the model is presented in Fig 4. The reaction space in
the combustion chamber was divided into NV = 84 elements, each of a height of dH = 0.5 m. A detailed
description of the hydrodynamic model, based on the Kunii and Levenspiel correlations can be found
elsewhere (Krzywanski et al., 2013). The model takes into consideration two zones in the combustion
chamber: a dense zone in the lower part of the combustion chamber and a dilute zone in the upper part,
above the secondary air feed points. Particles pass from the dense zone to the upper dilute zone and are
replaced by fresh solids.
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Three-phase submodel of Peters (Peters, 1982) was used to describe the dense zone taking into account
the existence of emulsion, bubbles and clouds in the bottom bed.

The distribution of solids concentration in the dilute zone is determined by the following equation
(Kunii and Levenspiel, 1997):

¢, = e,y =) expl-a(z—z, )+ (1)

According to the authors’ suggestions ¢, is independent of u, and ¢, < 0.02 for particles of group A and
c: < 0.01 for particles of group B, according to the classification by Geldart, whereas the constant a

could be obtained from the relationships: au, = 2-4 s’ for Geldart A solids, 5s! for Geldart AB solids
and 7s™! for Geldart B solids (Kunii and Levenspiel, 1997).

combustion
chamber

mal

Fig. 4. Scheme of CFB’s environment in the model

The hydrodynamic model enables to determine the thickness of the wall layer for a given height of the
cross-sectional area in relation to the boiler grid using the Werdermann’s correlation, given by Werther
(2005) which was obtained on the basis of suction probe measurements in large-scale combustors.

2.4. Reaction model

The hydrodynamic parameters obtained by the above described procedure enable to carry out further
calculations aimed at determination of the concentrations of gaseous components along the combustion
chamber. In spite of the fact that the same devolatilisation submodel was applied the reaction model
differs from the approach presented by Krzywanski et al. (2013), which will be described in the next
subsection. The kinetic parameters proposed by Suuberg et al. (1978) and correlations presented by Liu
and Gibbs (2002) were applied to describe the composition of volatiles released from coal and biomass
co-combustion, i.e. CO,, CO, H,, CH4 and C,Hn, fraction in the gas, where C,Hn, was modelled as ethan
C2H6.
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Similar to the earlier work (Krzywanski et al., 2013), a system of 44 chemical reactions was considered
in the model. Among them are homogeneous and heterogeneous reactions including char and volatile
oxidation and formation/destruction of NO and N,O, as they were shown to be important during co-
combustion process: Chen et al. (2001), Desroches-Ducarne et al. (1998), Furusawa et al. (1982),
Furusawa et al. (1985), Gungor and Eskin (2008), Hayhurst and Lawrence (1996), Huilin et al. (2000),
Mukadi et al. (2000), Saraiva et al. (1993), Tomeczek (1992), Tomeczek and Gardon (2003), Tsujimura
et al. (1983), Zhou et al. (2011). For the purposes of this work, substantial modifications were made
including changes in chemical kinetic equations, to make them capable to consider biomass and coal
co-combustion. Balance equations for the the i-th gaseous component in each considered cell of the
combustion chamber were also used in the model (Krzywanski et al., 2010). For the following elements
of the combustion chamber, the substance balance of the i-th compound is expressed as (see also
Fig. 4):

A=+ dn, @)
where i = 1,2,3,...p, and p means a number of substances considered in the model, p = 21,

n, =u,F,C; 3)

n,=u,F,C (4)

The change of i-th gas component flux can be written as:

dn, =dF, ) R, +(1-c,)F,dH ) R, +C§Iﬁf (5)

Ps Py v

The above equation is the sum of three terms. The first and the second terms consider changes of i-th
gaseous component flux associated with heterogeneous and homogeneous reactions, respectively. The
last term describes changes of i-th gaseous component flux during fuel devolatilization.

The bed temperature profile, for which calculations were made differed from the measured one within
5%.

All calculations were performed for 100% load. The system of balance differential equations was
solved by the Runge-Kutta method of the 4™ order using C++ language.

3. RESULTS AND DISCUSSION

To perform some preliminary model research, previously established coal mono-combustion model was
used for the study of lignite and biomass co—combustion. In order to check the developed model,
changes in reaction rates for 9 selected reactions were studied (Huilin et al., 2000; Liu and Gibbs, 2002;
Saraiva et al., 1993).

The other 35 reactions previously incorporated into the model, including char oxidation and
gasification reactions, are still taken into account as they make the model more complete. As the fuel is
mainly composed of lignite the kinetic parameters for the 35 reactions remained unchanged
(Krzywanski et al., 2010a; Krzywanski et al., 2010b; Krzywanski et al., 2011). Modifications of kinetic
parameters concern reactions R1-R9, listed in Table 1.

Reactions R1 and R2 describe CO and H, combustion and the rate expression equations for these two
reactions are given in Liu and Gibbs (2002). Reactions R3 and R4 and R5 lead to NO reduction (Chen
et al.,, 2001; Liu and Gibbs, 2002; Tsujimura et al., 1983), whereas the reactions R3 and R4 are
considered to be the most important reactions of NO reduction, because of their significant impact on
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NO emissions (Chen et al., 2001; Gungor and Eskin, 2008; Hayhurst and Lawrence, 1996; Liu and
Gibbs, 2002; Mukadi et al., 2000). Reactions R6, R7, R8 are also applied in the set of chemical
reactions as HCN is a part of fuel-N. Reaction R9 considers SO, reduction produced during oxidation
of sulphur compounds in the fuel, similar to Huilin et al. (2000) and Saraiva et al. (1993). In reaction
R9 SO is reduced by calcium oxide particles, generated by the calcination of limestone.

Table 1. Reaction network for the modelling of gaseous pollutant emissions from biomass and lignite co-

combustion
No. Reaction
R1 CO + %Oz — CO,
R2 2H,+0, - 2H,0
R3 NO+CO—>%N2+CO2
R4 C+NO—>%N2+CO
RS NO+H, —>%N2+HZO
R6 HCN +%O2 — NCO +H
R7 NCO + NO - N,0+CO
R8 NCO 4—%02 — NO +CO
R9 SO, +CaO +%O2 — CaSO,

First of all the present authors applied activation energy E of fuel blends used during the tests,
considered in this study for reactions R1 — R9. The values of activation energies of fuels taken into
account can be found in Krzywanski et al. (2013). Consequently, chemical reaction rate coefficients for
9 chemical reactions had to be also modified. The rates for chemical reactions R1 — R8 were
determined using solid dependence - type equations:

k, = 4C T exp|- (% T)+ E, | (6)

while the rate of reaction R9 was described similarly as by others (Knobig et al., 1998; Mcllven-Wright
et al., 2006) with modifications presented later in the paper.

Kinetic parameters of nine chemical reactions were obtained numerically and they are listed in Table 2.
They take into consideration the properties of fuels and limestone including activation energy, volatile
and sulfur content of fuel blends, biomass share, and limestone reactivity.

The other 35 reactions have been applied in the model making it more complete. The kinetic
parameters for these reactions remained unchanged, since the fuel mainly constituted of lignite
(Krzywanski et al., 2010a; Krzywanski et al., 2010b; Krzywanski et al., 2011).

Chemical reaction rate coefficients defined in this way allowed to achieve good agreement between
experimentally obtained and calculated gaseous pollutant emissions.
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Table 2. Reaction rate expressions and rate coefficients for reactions R1-R9

No | Rate expression A m, m, E,
RI | kC,CH08° | 3.25-107(~2.99u, +1.45)exp(1.17-10E) 1.62 817 | 04
1.5 12 -
R2 | k,C} 0, 1-10 1.08 445 | 1o 46
R3 | £Cy, 1.01-10° exp(41.83u,) 0.90 1050 | -/ s
R4 | k,Cy 1 -2.6u+0.97 | -2.06 | 20.92
R5 | k&Cy Cyo 1 -0.03 324 | -525
R6 | kCo,Cren 1 0.42 -4.44 | 46.83
R7 k7C02 CuenCro 1 -1.46 0.11 -2.32
R8 | k3Co Crey Cio 1 2.67 026 | 2676
k9 = (7[/6) desLskO exp(—E/RT)
ro | k.C k, =1.862-10* u, -1.736-10°'S,, —1.264-10% - VM, +3.015-10"
9% 50, _ 10
Fo==384T+5.6-100 T21233K g ijin et al., 2000; Saraiva et al., 1993)
F.=359T+3.67-10" T <1253K

A comparison between the measured and predicted CO,, CO, SO, and NOy emissions is shown
in Fig. 5.

=
o

9 -+
8 4
_— 71
— E
3 2 6+
g g s -
("] W Experiment w
4 1 W Experiment
W Calculations °
34 m Calculations
1+
. A 0+ : . .
a) testl test 2 test3 b} test1 test 2 test3 testd
200

Cgqz [PPM)
C now [PPM]

W Experiment
B Experiment
B Calculations
W Calculations

c) test 1 test 2 test3 testd d) test 1 test 2 test 3 testd

Fig. 5. Comparison of : a) CO», b) CO, c) SO, and d) NOx experimental and calculated concentrations
in dry flue gas
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As can be seen, the data obtained from calculation are located within the range of = 20%. Some under-
and overestimation of gaseous flue gas component emissions can be attributed to the assumed
hydrodynamics of the sub-model, averaging the concentration profiles of the bed material. There is an
indication that more experimental data are needed in order to validate the model parameters.

In order to determine the impact of the 9 reactions on CO,, CO, SO, and NOy emissions a sensitivity
analysis was carried out.

-1

The analysis consisted in calculating the ratios Ceq 4;Cco, 5 Coom Ceo o

cale CSOZHi CSOZ.calc ?
Cro. 1 Crb ... » Where the subscript Hi corresponds to the gas component emission predicted with the

particular reaction rate increased to 10 times of its previous value. The analysis was performed for tests
1 and 4.

The procedure was similar to the method described by Liu and Gibbs (2002). The closer to one the
values of the ratio tend to be, the lesser effect the reaction has on a flue gas component emission.

It was observed in the CO; case, where ratios for all the reactions are nearly equal to 1 (Fig. 6a). Some
deviations from unity, e.g. for R1 and R2 take the values in the range of 0.996 to 1.005, so they are
negligibly small. The results are consistent with the conclusions of Mcllven-Wright (2006) that
generally co-firing has an almost negligible effect on CO, emissions.

Otest 4 (15% of biomass) Btest 1 (7% of biomass) Otest 4 (15% of biomass) B test 1 (7% of biomass)
1,2 1,2
1 1
3 08 Jos
: !
g
06 Sos
3 3
504 04
5 g
0.2 0.2
0 | / A 0
R1 R2 R3 R4 RS RE R7 R8 RS
a) Reaction b) Reaction
| DOtest 4 {15 % of biomass) BEtest 1 (7% of biomass) [ Otest 4 {15 % of biomass) Btest 1 (7% of biomass)
1,2 1,2
1
3 0,8
B
Sos
3
504
[
0,2
R1 R2 R3 R4 RS RE R7 R8 R9 R1 R2 R3 R4 RS R& R7 RE R9
c) Reaction d) Reaction

Fig. 6. The effect of individual reaction rate, multiplied by 10 on: a) CO», b) CO, c¢) SO, and d) NOx emissions for
tests 1 and 4

Fig. 6b shows that the reaction R1 has a great influence while the others, especially R3 and R4, have a
negligibly small effect on CO emissions.

Only the reaction R9 affects the emissions of SO,, which is obvious (Fig. 6¢). Among all nine
considered reaction only the reaction R3 plays an important role in NOx emissions (Fig. 6d). The ratios
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Cro._mi Cro . resulting from other reactions, especially for the reaction R4 are close to 1. The obtained

results confirm the opinion that the reaction R3 belongs to the most important reactions affecting NO
emission (Chen et al., 2001; Gungor and Eski, 2008; Hayhurst and Lawrence, 1996; Liu and Gibbs,
2002; Mukadi et al., 2000). Such a behavior could be explained by the total carbon content in the fuel
blend used in the study. As fuel blends mainly constituted of lignite with a low carbon content (in the
range of 27%-29.3%) a relatively small addition of biomass with a significantly higher carbon content
of 47.13% — 48.6% (Krzywanski et al., 2013) yields the total carbon content in the fuel blends in the
range of 28%—30%. It seems to be still sufficient amount of carbon in the fuel to allow the R3 reaction
between CO and NO to play a major role in NOy reduction mechanism. The important impact of CO in
the NO reduction mechanism is also emphasised by Chen et al. (2001). The authors remarked that the
reaction of CO with NO on char could be considered as a part of the heterogeneous reaction R4
occurring in the presence of CO.

It could be seen from Fig. 6d that the NOy concentration is lower in test 4 than that in test 1. It could be
a result of about 1% higher carbon content in the fuel blend during the test 4 than in the test 1, as the
fuel blend applied in the test 4 contains more than twice of the amount of biomass as compared to test
1. It is also consistent with the literature (Armesto et al., 2003) that a slight decrease of NOx emissions
was noticed during co-combustion due to higher volatile matter content in biomass.

4. CONCLUSIONS

The emissions of CO, SO, and NOx from lignite and biomass co-combustion in a large — scale large-
scale 261 MWe COMPACT circulating fluidised bed boiler are discussed in the paper. The following
conclusions can be drawn:

e Carbon monoxide content in the flue gas decreases with the biomass share for all types of
biomass used in this work due to the nature of volatile combustion, which takes place in the
upper part of the combustion chamber, enhancing burnout there.

e SO, emissions decreased with the biofuel fraction, due to a lower S content for all types of
biomass than that in lignite.

e Lower NOy emissions were also observed for all types of biomass as compared to lignite, mainly
due to higher char content in the biofuels.

A computational model applied to calculate CO,, CO, SO, and NOy emissions during biomass and
lignite co-combustion in a circulating fluidised bed boiler was also proposed. The model covers
formation of different gaseous pollutants and their destruction paths.

The obtained results (simulated data) are located within the range + 20% for CO and NO,, and + 15%
for CO; and SO, when compared with experimental results.

A comparison of the experimental and computational data points to the need of modifying the existing
formulas for the rate constant coefficients for the formation and destruction of gaseous pollutant
emission reactions that occur during co-combustion of lignite and biomass.

The authors proposed equations for the chemical reaction rate coefficients of eight reactions which
were used to describe biomass and lignite co-combustion in CFB conditions.

The work was supported by the National Centre for Research and Development (NCBiR) as “Advanced
Biomass Combustion Modelling for Clean Energy Production” project. The support is gratefully
acknowledged.
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SYMBOLS
A constant
C gas concentration, kmol m™
Cy volume fraction of solids,
Cpa volume fraction of solids in the bottom dense zone,
c: volume fraction of solids in the upper dilute zone,
dH height of each element into which the combustion chamber was divided, m
D, hydraulic combustion chamber diameter, m
E activation energy, kJ mol™
Ey activation energy constant,
Eoi constant,
F, surface area, m’!
F, boiler cross-section area, m?
Fi external surface area of particle, m?
Ly limestone reactivity,
Hi combustion chamber height, m
k chemical reaction rate coefficient, s’
myi, Mz; constants,
m, air flux, kg s™'
m, fuel flux, kg s™*
n, i-th gas component flux, mol s™'

n; i-th gas component volatile matter flux, mol s™'

universal gas constant, ] mol 'K

Ri reaction rate, kmol s

St sulphur content in fuel blend,
T bed temperature, K

up share of biomass in fuel blend
Ug gas velocity, m s™

VM o volatile content in fuel blend,

z distance of cross-section area from the grid, m
Z4 the height of the dense zone, m
Opp thickness of the wall layer, m
Subscripts

calc. data obtained by calculations
exp . obtained in experiment

g data obtained by calculations
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