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a b s t r a c t

A new mathematical model for the grate combustion of biomass has been derived from

physical considerations. Various models for grate combustion can already be found in the

literature. Usually their intention is to simulate the real situation in a furnace as precisely

as possible. Hence they are very detailed, typically consisting of many partial differential

equations. However, because of their complexity they are useless for control purposes. The

new model is very simple, consisting of only two ordinary differential equations, which

makes it particularly suitable as a basis for model based control strategies. To verify the

model, experiments were performed at a pilot scale furnace with horizontally moving

grate. The pilot plant is a downscaled version (180 kWth) of a typical medium scale furnace

in terms of geometry and instrumentation. Comparison of the measured and calculated

values shows good agreement.

ª 2009 Elsevier Ltd. All rights reserved.
1. Introduction a simple mathematical model of the system consisting of as
Grate combustion is a common and well developed tech-

nology for burning biomass fuels and municipal solid waste.

Present-day plants are well designed, combining high thermal

efficiency with low emissions of gaseous pollutants (CO, NOx

etc.). Contrary to the technically mature design, the

commonly used control strategies are obsolete compared to

the possibilities of modern control theory.

State-of-the-art control methods for nonlinear systems

(e.g. a biomass furnace) include differential geometric tech-

niques as well as Lyapunov-based approaches [1–4]. An

important prerequisite for these sophisticated methods is
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few as possible low-order ordinary differential equations. This

implies that the simple model describes reality more

approximatively than other models might do, but this does

not matter since inaccuracies of the model as well as distur-

bances are compensated by the controller.

Numerous models for the combustion process have been

developed and enhanced, e.g. [5–19]. Despite many simpli-

fying assumptions, these models are still very detailed and

therefore too complex to be used as a basis for model based

control strategies. The most promising attempt to derive

a simple model suitable for control design originates from Van

Kessel [20]. He started with a very simple and quite intuitive
.
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model, but had to admit that ‘‘it was not possible to receive

a good agreement between the experimental and theoretical

response’’. Subsequently, he improved his model, but had to

recognise that ‘‘a good physical fully accepted explanation is

not available’’ for his extensions.

In this article a simple model for the grate combustion of

biomass is derived from physical considerations on the basis

of a pilot scale furnace of the research centre BIOENERGY

2020þ (depicted in Section 4). An intensive literature review

(Section 2) was conducted as a basis for further model devel-

opment. It showed that experts assume two completely

different burning behaviours for grate combustion counter-

current with ignition at the top of the bed and co-current with

ignition at the bottom of the bed (see Fig. 1).

It is obvious that the dynamic behaviour is completely

different for the counter-current and co-current case. Prior to

modelling, it is therefore important to determine the present

combustion situation at the pilot scale furnace investigated

(see Section 5.1). Based on the insight gained into the basic

combustion situation, a simple model for co-current

combustion (ignition at the bottom of the bed) is derived

(Section 3). The model is based on two mass balances for

water and dry fuel, in which results of both literature search

and experiments are considered.

Finally, the model was verified by appropriate experiments

at a pilot scale furnace with horizontally moving grate at full

and partial load (Section 5.2).
2. Extended literature review

It is widely believed that the combustion process starts with

ignition on the upper surface of the fuel bed due to radiation

from the flames and the furnace walls. The generated heat is
a

b

Fig. 1 – Different combustion behaviours: (a) counter-

current with ignition at the top of the bed; (b) co-current

with ignition at the bottom of the bed.
transported against the air flow and causes drying and devo-

latilization of the moist fuel below. As a result of the different

directions of heat and air, the reaction front is very narrow

and moves slowly against the air flow (thus ‘‘counter-

current’’, see Fig. 1(a)). The papers cited in Section 1 [5–19] are

based on this assumption.

Only Thunman and Leckner [21,22] have suggested an

ignition at the bottom of the bed, for example due to heat

conduction through the grate bars. A thin layer of char is

formed on the surface of the grate. The heat produced by the

combustion of this char is transported both through the grate

bars and with the gas flow. The hot gas dries and devolatilises

new fuel above the char layer. This results in a broader reac-

tion area moving in the same direction as the air (thus ‘‘co-

current’’, see Fig. 1(b)). In [21], Thunman and Leckner

described investigations at a reciprocating grate furnace

(31 MW) as well as at pot furnaces (batch reactors). To sum up

these investigations, some arguments indicating that co-

current behaviour might be more common than previously

thought are listed:

� Very moist fuel (w¼ 50%–60%) burns without any problem

in the 31 MW furnace, but extinguishes at the same air flow

in pot furnace experiments (which force counter-current

behaviour).

� In the counter-current case, even the highest velocity of the

reaction front would be too slow in comparison to the grate

length of most furnaces (for the 31 MW furnace and wet

fuels, the grate should have a length of 18–60 m instead of

the actual 8 m).

� The temperature of the grate near the fuel inlet measured at

the 31 MW furnace was too high for counter-current

behaviour.

� Heavy evolution of ‘‘smoke’’ was visually observed near the

fuel inlet at the 31 MW grate furnace.

In co-current combustion the primary air must first pass

a char layer. Hence the burning behaviour of this layer is most

important and will control the rest of the bed. It will therefore

be analyzed in the following section.

2.1. Combustion of char

Cooper and Hallett [23] have simulated the combustion of char

particles in an overfed fixed bed using a very detailed model

and presented typical results for steady-state operation. Since

the overfed fixed bed is comparable to the lowest layer of co-

current combustion, the results are valid for it, too. Two

results in particular are crucial:

� Char oxidation is a heterogeneous reaction and hence

limited by temperature and diffusion. However, ‘‘it appears

that as long as steady combustion is achieved char oxida-

tion is substantially diffusion controlled, as assumed by

many other investigators, and therefore largely indepen-

dent of char reactivity’’ [23].

� The temperature near the bottom of the bed is nearly inde-

pendent of the primary air mass flux. At first glance this is

surprising, because more air certainly increases the

combustion rate. But on the other hand the higher airflow



Fig. 2 – Mass transfer coefficient kd as a function of

temperature T and primary air flow rate _mf (f [ 0.5,

dp [ 0.01 m, p0 [ 101,325 Pa, effective area for air flow per

grate area 0.1).
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also increases the convective heat transport and this coun-

teracts the first effect. Section 3.1 will make use of this fact.

Let us take a closer look at the first point. A typical model of

char oxidation can be found in [9]

drc

dt
¼ k0pO2

rc (1)

with the density of char rc, the partial pressure of oxygen pO2

and the overall reaction rate constant k0 (although it is actu-

ally not a constant):

k0 ¼
1

1
kc
þ RTrc

FMCAp

1
kd

(2)

with the char reaction rate constant kc, the ideal gas constant

R, the temperature T, the stoichiometric ratio of char

conversion

F ¼ 1þ CO2=CO
0:5þ CO2=CO

(3)

(with the CO2–CO concentration ratio CO2/CO), the molecular

weight of carbon MC, the specific surface area of particles Ap

and the mass transfer coefficient kd. The char reaction rate

constant kc could be modelled using an Arrhenius-type relation

kc ¼ Acexp

�
�Ec

RT

�
(4)

(with the pre-exponential factor Ac and the activation energy

Ec), but as already stated, the overall reaction rate should only

be diffusion limited (kc / N), so Eq. (1) becomes:

drc

dt
¼ kd

FMCAp

RT
pO2

: (5)

The mass transfer coefficient kd depends on various other

values and will be further investigated in the next section.

2.1.1. Mass transfer coefficient
Many different possibilities of modelling the mass transfer

coefficient can be found in the literature. One possibility is [9]

kd ¼
D2=3ug

n2=3f

�
0:765

Re0:82 þ
0:365

Re0:386

�
(6)

with the superficial gas velocity ug, the kinematic viscosity n,

the bed porosity f, the Reynolds number

Re ¼ ugdp

n
(7)

(with the particle diameter dp) and the diffusion coefficient D:

D ¼ 0:207� 10�4

�
T

300

�1:75

: (8)

Another possibility is

kd ¼
D
dp

�
2þ 1:1 Sc1=3Re0:6

�
(9)

with the Schmidt number

Sc ¼ n

D
; (10)
although the value used in [8] is slightly corrected for the

outflow of gases. A further possibility can be found in [24]

kd ¼
2:06cpgug

f
Re�0:575Sc�2=3 (11)

with a dimensionless correction factor cpg. A closer exami-

nation of the formulas reveals that, assuming a constant gas

composition, the mass transfer coefficient only depends on

the temperature and the gas flow. The mass transfer coeffi-

cient for air as a function of temperature T and primary air

flow rate _mf using Eq. (6) is depicted in Fig. 2 (other values of 4,

dp, p0 and the effective area for air flow per grate area certainly

affect the absolute value of kd, but the qualitative shape of the

function remains nearly the same).

Although Eqs. (6), (9) and (11) look completely different,

their resulting mass transfer coefficients are very similar –

which is not surprising because all three ought to represent

reality. And although all three equations are quite sophisti-

cated, the much simpler equation

kd ¼ ckT _mqk
f (12)

(with appropriately chosen constant parameters ck and qk)

characterizes the mass transfer coefficient remarkably well.

Using this simplified relation in (5) provides the simple

differential equation:

drc

dt
¼ ck

FMCAp

R
_mqk

f pO2
: (13)

A constant stoichiometric ratio of char conversion F and

constant bed porosity f are common assumptions in the

literature (e.g. [9]). The specific surface area of particles Ap is

affected by particle shrinkage, but can be assumed to be

constant, too, as the space left by diminishing particles is

continuously filled with bigger particles (otherwise the

assumption of constant bed porosity f could not be held).

Hence Eq. (13) implies the following surprising facts: the rate

of char combustion

� Depends only on the primary air flow rate and the partial

pressure of oxygen, but
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� Does not depend on temperature (using the common

assumption of negligible pressure differences across the

packed bed, e.g. [5,6,12,22,23]) and

� Does not depend on the density of char (as long as any is

left).

Section 3.2 will make use of these facts.
3. Model

It is obvious that the dynamic behaviour is completely

different for the counter-current and co-current case. Prior to

modelling, it is therefore important to determine the present

combustion situation at the pilot scale furnace investigated.

As the experiments described later (Section 5.1) will prove, the

plant studied definitely shows co-current behaviour with

biofuel and operation conditions as specified in Section 4.

Based on the insight gained into the basic combustion

situation, a simple model for co-current combustion (ignition

at the bottom of the bed) will be derived in this section, in

which results of both literature search and experiments are

considered.

3.1. Water evaporation

In the co-current combustion situation, most of the water

evaporates in a region marked ‘‘water evaporation zone’’ in

Fig. 3.

The moist fuel entering the furnace is heated up due to

heat conduction along the grate bars, but passes the ‘‘dead’’

zone nearly unchanged. The water evaporation zone begins

roughly with the first emergence of dry fuel and ends with the

disappearance of moist fuel, although the major part of water

evaporation takes place in the first half of the zone (compare

with simulation results in [22]). The energy for water evapo-

ration is mainly provided by the combustion of a relatively

thin layer of char near the surface of the grate. The major part

of the energy must be conducted through the grate bars, hence

water evaporation is limited by heat conduction in the grate.

As already stated in Section 2.1, the temperature near the

bottom of the char layer is almost independent of the primary

air mass flux. Thus the rate of water evaporation is mainly

independent of the primary air flow as well. This quite

surprising finding will be verified by experiments (see

Section 5.2).
Fig. 3 – Water evaporation zone in co-current combustion.
The formulation of the model for water evaporation begins

with a simple mass balance for the water mw in the water

evaporation zone

dmwðtÞ
dt

¼ � _mwevðtÞ þ _mw;inðtÞ (14)

with the water flow rate _mw;in entering the water evaporation

zone and the water evaporation rate _mwev at time t, respec-

tively. The water evaporation rate is assumed to be propor-

tional to the current mass of water. This is a common

approach in the literature, e.g. [8,25,26], and not a contradic-

tion to the above mentioned energy limitation since the mass

mw of water influences the length of the dead zone (this will be

discussed in the following) as well as the length and position

of the water evaporation zone - bearing in mind that in steady

state the complete energy for water evaporation must origi-

nate from the combustion process. As mentioned before, the

rate of water evaporation is independent of the primary air

flow, but experiments show that a certain dependence on the

current position of the moving grate should be taken into

account. This is done by a dimensionless scaling factor awev,

which varies with the grate movement and averages 1.

Together with the proportional constant cwev one obtains:

_mwevðtÞ ¼ cwevmwðtÞawevðtÞ: (15)

In the next step the water flow rate _mw;in entering the water

evaporation zone will be investigated, which will be the more

challenging part. Let _mw;inletðsÞ be the water of the moist fuel

flow which enters the furnace at time s. For mathematical

convenience, it is meaningful to define the cumulating water

mass

mw;inletðtÞ ¼
Z t

0

_mw;inletðsÞds; (16)

which is zero for a defined starting time and increases

permanently. Before the water can cause a major effect, it

must pass the dead zone, a process which takes some time.

This dead time is denoted by Td and will vary with time due to

different conditions in the furnace. Hence by time t the

cumulating water mass mw, inlet(t� Td(t)) has entered the

water evaporation zone. The corresponding water flow rate
_mw;in is obtained by differentiating:

_mw;inðtÞ ¼
dmw;inletðt� TdðtÞÞ

dt
: (17)

Finally the dead time Td must be characterized, which is

done by means of two theoretical considerations, assuming

a steady state condition with constant dry biofuel flow,

constant moisture content and therefore a constant dead

time.

� At first, the effect of increasing the moisture content is

investigated, leaving the dry biomass flow unaltered.

Initially, nothing will happen until the wetter fuel has

passed the dead zone. Then the water evaporation zone

becomes wetter and will shift away from the fuel inlet,

because the heat conducted through the grate bars is

already dissipated further downstream. Thus, more

water in the water evaporation zone implies a longer

dead time.
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� In the second case the dry biofuel flow is increased, whereas

the water flow is left unaltered (so the moisture content

must decrease). In steady state, the water evaporation rate,

the water in the water evaporation zone and the length of

the dead zone will be the same. But due to the fact that the

dry biomass flow is approximately proportional to the

volumetric moist biomass flow, the water will pass the dead

zone faster. So a higher rate of dry biofuel flow implies

a shorter dead time.

In summary, a simple relation for the dead time (which will

be verified by experiments in Section 5.2) would be

TdðtÞ ¼ cd
mwðtÞ

_mds;inletðtÞ
(18)

with the constant cd.
3.2. Thermal decomposition of dry fuel

In co-current combustion, devolatilization and char burnout

of the dry biomass take place in a region marked ‘‘thermal

decomposition zone’’ in Fig. 4. It begins with devolatilization

at the first emergence of dry fuel and ends with the complete

burnout of char. The major part of devolatilization takes place

in the region with overlapping dry fuel and char (compare

with simulation results in [22]). As already assumed for water

evaporation, a ‘‘dead’’ zone obviously also exists for the dry

biomass.

In the case of the furnace studied, it turned out that it is

sufficient to use only one zone for modelling thermal

decomposition. In furnaces with air staging below the grate, it

might be necessary to divide the grate into more zones for

a better modelling of the dynamic response of thermal

decomposition. In steady state, however, a model with only

one zone is always guaranteed to be correct.

The formulation of the model for devolatilization and char

burnout begins again with a simple mass balance, this time

for the dry biomass mds (ash free) in the thermal decomposi-

tion zone

dmdsðtÞ
dt

¼ � _mthdðtÞ þ _mds;inðtÞ (19)

with the thermal decomposition rate _mthd and the dry biomass

flow rate _mds;in entering the zone at time t, respectively. The

biomass must pass the dead zone first, so it is reasonable to

use the same approach as in Section 3.1:
Fig. 4 – Thermal decomposition zone in co-current

combustion.
_mds;inðtÞ ¼
dmds;inletðt� TdðtÞÞ

dt
(20)

with the cumulating dry biomass

mds;inletðtÞ ¼
Z t

0

_mds;inletðsÞds; (21)

based on the dry biomass flow rate _mds;inlet at the fuel inlet. The

dead zone is the same as that for water evaporation (compare

Figs. 3 and 4). Therefore, Eq. (18) is also advisable in this case,

which is confirmed by experiments as well.

In the next step the thermal decomposition rate _mthd must

be characterized. This is assumed to be proportional to the

current mass of dry biomass mds, and experiments again show

that a certain dependence on the current position of the

moving grate should be taken into account. This is done by the

dimensionless scaling factor athd, which averages 1. Further-

more, as the lower char layer produces the heat responsible

for devolatilization, the primary air flow rate _mpa has

a significant impact (see Section 2.1). This impact could be

investigated by simulation using Eq. (13) as a basis for

a detailed model of the thermal decomposition zone including

the dry fuel above the char. This would be relatively compli-

cated and error-prone due to potential improper simplifica-

tions. A more empirical approach is thus used here. A close

examination of Eq. (13) reveals that the influence of the

primary air flow rate is multiplicative. Hence it can be assumed

that the overall effect of the primary air flow rate on the

thermal decomposition rate can be specified with a curious,

yet unknown function fð _mpaÞ of the primary air flow rate being

multiplied by the ‘‘rest’’:

_mthdðtÞ ¼ ~cthdmdsðtÞathdðtÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
‘‘rest00

$f
�

_mpa

�
(22)

This function must be identified experimentally. For this

reason, the air flow has been decreased and increased for such

short periods of time (20 s) that the ‘‘rest’’ can be assumed to

remain constant (see Section 4). These experiments were

conducted several times at full (Fig. 11(e) and (f)) and partial

load. The averaged thermal decomposition rate _mthd for

different primary air flow rates _mpa is shown in Fig. 5. As the

‘‘rest’’ is an unknown constant (different for full and partial

load), Fig. 5 strongly suggests the affine dependence

f
�

_mpa

�
¼ cf

�
_mpa þ _mpa;0

�
(23)

for a wide range of primary air flow rates including all typical

operating conditions. With the abbreviation

cthd :¼ ~cthdcf (24)

for the constants ~cthd and cf the final equation for the thermal

decomposition rate is obtained:

_mthdðtÞ ¼ cthdmdsðtÞathdðtÞ
	

_mpaðtÞ þ _mpa; 0



: (25)

3.3. Resulting equations

In summary, the resulting mathematical model consists of

only two ordinary differential equations, which represent the

mass balances for the water in the water evaporation zone



Fig. 5 – Averaged thermal decomposition rate _mthd for

different primary air flow rates _mpa at full and partial load

(negative values of _mpa are shown for mathematical

convenience).
Fig. 6 – Furnace at the BIOENERGY 2020D.
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and the dry biomass in the thermal decomposition zone

respectively:

dmwðtÞ
dt

¼ �cwevmwðtÞawevðtÞ þ
dmw;inletðt� TdðtÞÞ

dt
(26)

dmdsðtÞ
dt

¼ �cthdmdsðtÞathdðtÞ
	

_mpaðtÞ þ _mpa; 0



þ dmds;inletðt� TdðtÞÞ

dt
(27)

with

TdðtÞ ¼ cd
mwðtÞ

_mds;inletðtÞ
; (28)

mw; inletðtÞ ¼
Z t

0

_mw; inletðsÞds; (29)

mds;inletðtÞ ¼
Z t

0

_mds;inletðsÞds: (30)

4. Experimental

All experiments were conducted at a pilot scale furnace (Fig. 6)

of the research centre BIOENERGY 2020þ. The pilot plant is

a downscaled version (180 kWth) of a typical medium scale

furnace in terms of geometry and instrumentation. It is

equipped with a screw conveyor, a horizontally moving grate

(1 m long and 0.45 m wide), two primary air zones and a flue

gas recirculation system above the grate.

The fixed bed can be visually observed through a view-

glass in the furnace door at the opposite side of the fuel inlet

(see Fig. 6). Furthermore, the bed can be partly removed

through the furnace door with a shovel, so that a cross section

(perpendicular to the centre-line of the grate) of the fixed bed

can be visually observed.

The biofuel used was wood chips (mixture of oak, chestnut

and pine) with an average moisture content of 21% (w.b.) and

a typical composition for wood (carbon 49% (d.b.), hydrogen 6%
(d.b.), oxygen 44% (d.b.) and ash 1% (d.b.)). Additionally, wet

biomass (moisture content 61% (w.b.)) was prepared by soaking

the wood chips in water for approximately 48 h. Dry biomass

(zero moisture content) was prepared by drying at 378 K for 48 h.

The experiments were conducted under steady state

conditions at full and partial load. At full load, experiments

involved a moist biomass mass flow of 47 kgh�1 (equals

182 kW fuel heat emission), a primary air mass flow of

169 kgh�1 (lpa¼ 0.79) and a secondary air mass flow (including

air leakage) of 187 kgh�1 (l¼ 1.66). At partial load, the values

were 29 kgh�1 (112 kW), 92 kgh�1 (lpa¼ 0.69) and 167 kgh�1

(l¼ 1.96), respectively. Different air distributions between the

two primary air zones were applied, but had no effect. This

might be due to insufficient sealing between the zones.

Under these steady state conditions, the major input

values (moisture content, biomass mass flow and primary air

mass flow) were changed stepwise for short periods (20, 60

and 550 s) at full and partial load. To ensure stepwise changes

of the moisture content, the automatic feeding system was

partly disabled and the wet or dry biomass was fed manually

into the screw conveyor. Biomass flow was varied (�30%) by

modifying the rotational speed of the screw conveyor. Step-

wise changes of the air flow (in the range of about �10–�50%)

were achieved by partly covering and uncovering the air inlet

of the fan (compare with Section 5.2).

Primary and secondary air flows were measured by hot-

film air mass sensors (Bosch HFM 2), the oxygen content of the

flue gas was measured using a wide band lambda sensor

(Bosch LSU 4.9), and a hygrothermal transducer (Jumo 907023/

25) was used to determine the water vapour content of the flue

gas. Precautions were taken to minimise air leakage, less than

2% and 12% was achieved at full and partial load, respectively.

Furthermore, the current leakage air mass flow was deter-

mined with a model similar to those described in [27]. The fuel

flow at the furnace inlet was not measured, but assumed to be

proportional to the rotational speed of the screw conveyor.

Additionally, the temperature of the grate at the fuel inlet was

measured by a sensor placed on the bottom side of the grate.

All values were recorded every second.
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A combustion calculation was performed to obtain the

current rate of water evaporation and the current rate of

thermal decomposition of the biomass based on the current

air mass flows, the current oxygen and water vapour content

of the flue gas as well as the results of dry fuel analysis.

Therefore, some assumptions had to be made: (i) complete

combustion achieved by proper choice of combustion condi-

tions; (ii) constant composition of the dry biofuel, which was

shown to be valid by multiple biomass sampling for dry fuel

analysis, and finally, (iii) simultaneous devolatilization and

char burnout, which is ensured in steady state and approxi-

mately achieved otherwise, as the experiments were per-

formed under steady state conditions.
Fig. 8 – Picture of the cross section of the bed 0.45 m (45% of

grate length) downstream of the fuel inlet (a. char, b. dry

fuel).
5. Results

5.1. Basic combustion behavior

At first the fixed bed was visually observed through the view-

glass in the furnace door at the opposite side of the fuel inlet

during steady-state operation at full and half load as specified

in Section 4. The picture was similar to [21]: no flames were

visible in the first part of the bed, but a large amount of

‘‘smoke’’ rose from the bed (see Fig. 7).

However, the strains seem to consist of condensed water

vapour (i.e. fog), because they disappear quickly above the

bed. But how does this ‘‘fog’’ form? The primary air must be

heated, saturated with water vapour and, most importantly,

cooled again. In the counter-current case, the primary air is not

heated until it reaches the vicinity of the reaction front, the

essential cooling is missing completely. The situation is

entirely different for the co-current case: the air is heated by

the hot grate, enriched with water from the moist fuel and

subsequently cooled down by the moist fuel (compare with

Fig. 1). Furthermore the radiation from above the bed (which

causes counter-current combustion in the first place) is

absorbed by the ‘‘fog’’ close to the surface, which then

disperses. Therefore, the radiation does not reach the surface
Fig. 7 – Picture of the fuel bed at full load through the view-

glass at the opposite side of the fuel inlet (a. first part of the

bed without flames but with water vapour fog).
of the bed and cannot ignite the bed at the top - hence no

flames are visible in the first part of the bed.

In the next step, the temperature of the grate at the fuel

inlet was measured at full and half load and was found to be

above 400 K – another indication for co-current combustion.

Finally the fixed bed was partly removed through the

furnace door (as described in Section 4) during steady-state

operation at full load and the cross section was visually

inspected. It must be remarked that the removal process takes

a few minutes, so the pictures do not show the accurate

condition at normal operation but they do give very good clues

of it. Figs. 8 and 9 show the cross sections of the bed at

a distance of 0.45 m (45% of grate length) and 0.3 m (30% of

grate length) from the fuel inlet, respectively. In both pictures

the glowing char particles at the bottom of the bed can be seen

clearly. Furthermore, the height of the char layer decreases

with decreasing distance from the fuel inlet.
Fig. 9 – Picture of the cross section of the bed 0.3 m (30% of

grate length) downstream of the fuel inlet (a. char, b. dry

fuel).



Fig. 10 – Comparison of measured and simulated water evaporation rate: (a) short increase of moisture content (at t [ 0 the

moisture content w is increased from 21 to 61% for 60 s while leaving _mds;inlet unaltered); (b) long increase of moisture

content (at t [ 0 the moisture content w is increased from 21 to 61% for 550 s while leaving _mds;inlet unaltered); (c) long

decrease of moisture content (at t [ 0 the moisture content w is decreased from 21 to 0% for 550 s while leaving _mds;inlet

unaltered); (d) increase of moist biofuel flow (at t [ 0 the moist biofuel mass flow is increased from 47 to 61 kghL1 for 550 s

while leaving w unaltered); (e) decrease of air flow (at t [ 5 and 16 min the air flow _mpa is decreased from 169 to 107 kghL1

for 20 s); (f) increase of air flow (at t [ 5 and 16 min the air flow _mpa is increased from 169 to 250 kghL1 for 20 s).
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The plant studied thus definitely shows co-current

behaviour with biofuel and operating conditions as specified

in Section 4.

5.2. Model verification

Experiments were conducted as specified in Section 4 in order

to identify the coefficients (cwev, awev, cd, cthd, athd and _mpa;0)

and to validate the model. Based on a steady state condition,

the major input values (moisture content, biomass mass flow

and primary air mass flow) were changed stepwise for short
periods at full and partial load. The coefficients of the model

were determined using a numerical optimization algorithm

with quadratic cost function.

The results for the water evaporation and thermal

decomposition rates at full load ( _mpa ¼ 169 kgh�1 and moist

biomass mass flow of 47 kgh�1 – hence _mw;inlet ¼ 10 kgh�1 and
_mds;inlet ¼ 37 kgh�1 ¼ 37 kgh�1 as w¼ 21%) are shown in Figs.

10 and 11, respectively (the charts at the same position (e.g.

Figs. 10(a) and 11(a)) always belong to the same experiment).

The first three charts – (a), (b) and (c) – show the rates for

variations in moisture content, charts (d) show the rates for



Fig. 11 – Comparison of measured and simulated thermal decomposition rate: (a) short increase of moisture content (at t [ 0

the moisture content w is increased from 21 to 61% for 60 s while leaving _mds;inlet unaltered); (b) long increase of moisture

content (at t [ 0 the moisture content w is increased from 21 to 61% for 550 s while leaving _mds;inlet unaltered); (c) long

decrease of moisture content (at t [ 0 the moisture content w is decreased from 21 to 0% for 550 s while leaving _mds;inlet

unaltered); (d) increase of moist biofuel flow (at t [ 0 the moist biofuel mass flow is increased from 47 to 61 kghL1 for 550 s

while leaving w unaltered); (e) decrease of air flow (at t [ 5 and 16 min the air flow _mpa is decreased from 169 to 107 kghL1

for 20 s); (f) increase of air flow (at t [ 5 and 16 min the air flow _mpa is increased from 169 to 250 kghL1 for 20 s).
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increased moist biofuel mass flows and the last two charts –

(e) and (f) – show the rates for variations in air flow.

The measured and simulated rates match very well, even

though some variations (especially the long variations in

moisture content – (b) and (c)) are really challenging and far

beyond normal operating conditions.

The suggested relation for the dead time (Eq. (18)) works

properly, as can be seen particularly in Fig. 10(a)–(c).

As already mentioned (Sections 3.1 and 3.2), primary air

flow has almost no effect on the water evaporation rate
(Fig. 10(e) and (f)), but a crucial impact on the thermal

decomposition rate (Fig. 11(e) and (f)).

For partial load the measured and simulated rates match

as well as in the full load case, hence they can be omitted.
6. Discussion

It has been shown that the combustion of wood chips on

a horizontally moving grate exhibits co-current combustion
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behaviour as depicted in Fig. 12. The radiation from flames

and furnace walls cannot reach the surface of the first part of

the fuel bed as it is absorbed by a layer of fog resulting from co-

current combustion. Very dry fuel results in less fog, so

a reaction front moving downwards might evolve addition-

ally, but will be much slower than the reaction area moving

upward (see Fig. 1). The combustion behaviour might be

different for other biofuels than wood chips.

Subsequently, a simple but quite accurate model for co-

current grate combustion was derived from physical consid-

erations. Although the main focus is an accurate description

of the dynamic behaviour (i.e. response to changes of input

values), the model is guaranteed to be correct in steady state

as it is based on mass balances (in steady state, the same

amount of mass enters and leaves the furnace).

Devolatilization and char burnout were modelled with only

one zone, which turned out to be sufficient for the pilot scale

plant. In the furnaces with air staging below the grate it might

be necessary to use more zones for a better modelling of the

dynamic response. In steady state, however, a model with

only one zone is always guaranteed to be correct.

The model consists of only two ordinary differential

equations specifying the rate of water evaporation and the

rate of thermal decomposition of dry biomass, hence it is

particularly suitable as a basis for model based control strat-

egies. It is the core piece of an overall model and intended to

be used together with other sub-models: a model character-

izing the correlation of pressure drop and volumetric flow rate

[27], a model describing the relation between actual temper-

atures and values measured by temperature sensors [28] and

a model for gas tube heat exchangers [29]. Finally the resulting

overall model can be used as a basis for the design of a model

based control strategy, such as differential geometric tech-

niques or Lyapunov-based approaches [1–4].

The model was validated by comparison of measured and

simulated values at a pilot scale plant (180 kWth). Since the

investigated plant is a downscaled version of a typical

medium scale furnace in terms of geometry and instrumen-

tation, the model is also applicable to medium scale furnaces.

Flue gas recirculation below the grate was not investigated

and hence is not included in the model. It is supposed that this

can be done by modifying the multiplicative function of the
Fig. 12 – Co-current combustion behaviour with dead zone,

water evaporation zone and thermal decomposition zone.
thermal decomposition rate (Eq. (23)) since recirculated flue

gas basically increases the gas mass flux and decreases the

partial pressure of oxygen (see Eq. (13)). However this should

be verified by experiments.

Preheated combustion air was also not investigated and is

not included in the model. It is supposed that preheated

combustion air mainly influences the water evaporation rate
_mwev in Eq. (15) and thus the mass of water in the water

evaporation zone as well as the length of the dead zone, but

this should also be verified experimentally.
7. Conclusions

The considerations and results presented strongly suggest the

hypothesis that the combustion of wood chips in grate

furnaces shows co-current behaviour with ignition at the

bottom of the bed. The main criteria are high grate tempera-

tures (T> 373 K) at the fuel inlet as well as water vapour fog

and the absence of flames in the first part of the fuel bed.

The work performed for the first time provides a mathe-

matical model of grate combustion based on physical

considerations, which is suitable as a basis for model based

control strategies. Model based control strategies are by far

the most sophisticated approach to biomass furnace control.

Therefore their future implementation would lead to a signif-

icant improvement in the operating performance of biomass

furnaces.

To increase the range of application of the model it will be

necessary to investigate the influence of flue gas recirculation

below the grate, preheated combustion air and air staging

below the grate. The work already performed provides

a comprehensive basis for these investigations.
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Nomenclature

Ac pre-exponential factor [Pa�1 s�1]

Ap specific surface area of particles [m2 m�3]

c rate constant [s�1]

cd dead time constant [–]

D diffusion coefficient [m2 s�1]

dp particle diameter [m]

Ec activation energy [J mol�1]

k0 overall reaction rate constant [Pa�1 s�1]

kc char reaction rate constant [Pa�1 s�1]

kd mass transfer coefficient [m s�1]

MC molecular weight of carbon [kg mol�1]

m mass [kg]
_m mass flow rate [kg s�1]
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_mf primary air flow rate [kg m�2 s�1]

p0 ambient pressure [Pa]

pO2 partial pressure of oxygen [Pa]

R ideal gas constant [J mol�1 K�1]

Re Reynolds number [–]

Sc Schmidt number [–]

T temperature [K]

Td dead time [s]

t time [s]

ug superficial gas velocity [m s�1]

w moisture content (w.b.) [%]

Greek symbols

a grate – dependent factor [–]

l air/fuel ratio [–]

n kinematic viscosity [m2 s�1]

rc density of char [kg m�3]

s time [s]

F stoichiometric ratio [–]

4 bed porosity [–]

Abbreviations

d.b. dry basis

w.b. wet basis

Subscripts

ds dry substance

in at the beginning of a zone

inlet at the fuel inlet

pa primary air

sa secondary air

thd thermal decomposition

w water

wev water evaporation
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