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Influence of moisture content of combusted wood
on the thermal efficiency of a boiler
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Abstract In the paper the influence of moisture content of wood on
the heat losses and thermal efficiency of a boiler is analysed. The moisture
content of wood has a negative effect, especially on flue gas loss. The math-
ematical dependence of the thermal efficiency of a boiler is presented for the
following boundary conditions: the moisture content of wood 10-60%, range
of temperatures of emitted flue gases from the boiler into the atmosphere
120-200 C, the emissions meeting the emission standards: carbon monoxide
250 mgm™?, fly ash 50 mgm™ and the heat power range 30-100%.
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Nomenclature

—  percent by weight of the ash content in wood, %

—  percent by weight of carbon in the ash,%

—  specific heat capacity of gases, kJ/(m*K)

— percent by weight of carbon in the combustible matter of wood, %
emission limit, mgm >

— percent by weight of hydrogen in the combustible matter of wood, %
—  percent by weight of nitrogen in the combustible matter of wood, %
—  percent by weight of oxygen in the combustible matter of wood, %
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— heating performance of the boiler, MW

—  temperature, °C

volume of flue gases generated by burning 1 kg of dry wood, m®/kg

— theoretical volume of combustion air for the combustion of 1 kg of wood,
m®/kg

m - mass flow of burnt wood, kg/s

N  — heating input of the boiler, MW

W - relative moisture content of wood, %

Q» — Theating value of the wood, kJ/kg

X

Y

SR
|

—  volumetric proportion of a specific element in flue gases, m®/m?
—  mass concentration of a specific element in dry flue gases, kg/m?

Greek symbols

A —  coefficient of the excess of the combustion air, m?/m?
¢ —  heat loss, %
n  — thermal efficiency, %
Subscripts
AC — carbon in ash
air — air in the atmosphere
B —  boiler
CO — carbon monoxide
CO» — carbon dioxide
d — dry, exponent
daf — flammable product
fa —  fly ash
fg —  flue gases
fg—d — dry flue gases
fg—e — flue gases cooled down to atmospheric temperature
H-0O — water vapour
i — index
nom — nominal
Nso —  nitrogen
(O] —  oxygen
D —  pressure
R — regulated power range
w — relative moisture content of wod

1 Introduction

The efficiency of heat production from biofuels-wood depends, according
to [1-14], as much on the design of the heat generator as on the energy
properties of wood and the actual operation of the heat generator. The
energy properties of wood are crucially dependent on its moisture content,
which adversely affects not only the basic energy properties, namely: up-
per heating value, @)s, and lower heating value, @),, but also the process
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of combustion in the furnace: flame temperature, generated amount of flue
gases, dew point of flue gases and emission production. The design of the
exchanger of the heat generator influences the utilisation of the heat con-
tent of flue gases — the process of cooling off before their emission into
the atmosphere and thus the flue gas loss, as well. Currently, boilers of
medium power using wood achieve thermal efficiency of ng = 75-85% and
modern boiler units burning homogenised biofuel-wood with guaranteed
energy properties achieve efficiency of 92%. According to [4,6,13,14], stan-
dard boiler heat losses include: flue gas loss, loss in the form of volatile
combustibles and combustibles in solid residues, so called chemical and
mechanical unburned carbon loss, loss by thermal radiation and convection
of heat from the surface of the boiler.

The paper presents analysis of the impact of wood moisture content on
the thermal loss of the boiler with a grate furnace fulfilling the criteria of
the best available technologies in the European Union and the mathemat-
ical dependence of thermal efficiency of the boiler on the moisture content
of wood.

2 The model

The thermal efficiency of the boiler is defined as the ratio of the heating
capacity to the power consumption of the boiler. One way to determine it
is by using an indirect method, i.e., on the basis of standard heat losses of
the boiler, &;, it is mathematically described by the relation:

P

mn

100 =100 — > & . (1)

nB =

2.1 Heat losses of the boiler

Standard heat losses of the boiler producing heat by combusting solid fuel,
according to [4,6,15,16], include the following heat losses:

Y &=+ Eco+EpatactEr, (2)

where: ¢, — loss caused by the heat loss in flue gases (flue gas loss), {co -
loss caused by the volatile combustible loss in flue gases (chemical unburned
carbon loss); £z, — loss caused by the involatile combustible loss in flue
gases in the form of fly ash and soot, {4¢ — loss caused by the involatile
combustible loss in solid residues (mechanical unburned carbon loss); g —
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loss caused by thermal radiation and convection of heat from the surface
of the boiler into the ambient space.

Flue gas loss the heat loss of the boiler caused by the abstraction of
heat in flue gases out of the boiler into the atmosphere. It is defined as
the difference between the enthalpy of flue gases emitted out of the boiler
and the enthalpy of flue gases cooled down to the ambient temperature per
amount of heat produced by 1 kg of fuel. It can be determined by the
following formula [15-17]:

Viec, (trg —tro—e

Heat loss caused by loss of combustibles in flue gases — chemical
unburned carbon loss ({co+¢ ta) represents the loss due to incomplete
combustion of combustible matter of biofuel. It relates to the presence
of: soot in fly ash, fa, carbon monoxide, CO, methane, CH4 or heavier
hydrocarbons C,H,, (tars) in flue gases emitted out of the boiler into the
atmosphere. The most commonly occurring and measurable components of
chemical unburned carbon loss from wood combustion are these emissions:
soot in fly ash, fa, (Q, = 32600 kJkg~!), and carbon monoxide, CO,
(Qn = 10200 kJkg™!). The calculation of heat loss caused by loss of
volatile combustibles is described in the following equations [15-18]

10200 Yoo Vig_a
€co = 5 f9=d 1, (4)
n

32600 Yy, Vg
Efa = QJ; f9=d 100 . (5)

Heat loss caused by the combustible loss in solid residues — me-
chanical unburned carbon loss occurs due to the overflow of solid
combustible matter (charcoal @, = 32600 kJkg~!) through the grate into
the dustbin. It only occurs in grate furnaces while burning solid fuel [15-
17]. The loss is presented in the formula

B At (1 W
£AC — 392600 100 100

) 100 . (6)
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Heat loss caused by thermal radiation and convection of heat from
the surface of the boiler into the ambient space (£z) depends
on the design of heat generator, wall thickness, material, insulation and
surface finish. To determine the heat loss caused by thermal radiation and
convection of heat from the surface of the boiler into the ambient space, in
practice we use nomograms or the empirical relationship which takes into
the account the operational heat output of a boiler [5,15,17]

4 Pnom
= 100 . 7
135 0 VP P (7)

2.2 Algorithm for calculating parameters of heat losses

The following equations describe the algorithm for calculating various pa-
rameters of heat losses dependent on the chemical composition of com-
bustible matter C4ef Hdaf Qdef Ndef  ash content in the dry matter of
wood A%, relative moisture content of combusted wood W and excess of
combustion air A:

Volume of wet flue gases from wood combustion is described in
Eq. (8). The calculation of flue gas volume does not reflect the negligible
amount of water vapour present in the combustion air within the process
of wood combustion.

Ccdaf da f daf
Vig = [1.867 S + 112 550 1+ 0.8 NG + Losr (A — 0.21)] o
. [1 100 (1 N m) 100} +1.24 45 -

Stoichiometric air volume for the combustion of 1 kg of wood (fuel
does not contain sulphur):

1 Qdaf Hdaf Ndaf Odaf‘|

Lyir = 1. . . - 0.
0.21 l 87 0+56 100 08 100 07100

(9)
Volume of dry flue gases produced by the combustion of 1 kg of wood:

Viga = [1.867 So + 0.8 55 +0.79 Lu + Lair (A = 1)]

) (10)
x 1-A5 (1= %) - 4] -
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2.3 Mean specific capacity for the gas

The value of the mean specific heat capacity of 1 m® of flue gases at
constant pressure is quantified by the relation:

¢p = Cp—c02Xco2 + p—02X02 + cp—N2XN2 + ¢p—H20XH20 - (11)

The following equations, according to the authors [15,17], describe the de-
pendence of the specific heat capacity of 1 m? of various components of flue
gases on temperature:

carbon dioxide ¢,_co2=0.0008t,+1.6473 , (12)
water vapour  ¢,_H20 = 10_7t%g+10_4tfg+1.4895 , (13)
oxygen ¢p-02=5x 10787 +2 x 107", +1.3036 , (14)
nitrogen o2 =9 X 10787 +2 x 107%5,+1.3022 . (15)

where t denotes temperature.

2.4 Proportions of the flue gases component

The volumetric proportions of the components of flue gases can be deter-
mined from the following equations [15,17,18]:
Volumetric proportion of carbon dioxide in flue gases
Ccdaf Ad W W
1.867¢5 [1 — A (1 - m) - m}

— 1
Xco, Vs (16)

Volumetric proportion of nitrogen in flue gases

(0825 +0.79Laip)) |1 45 (1 - 155) — 155]

XN, = (17)
Vfg
Volumetric proportion of oxygen in flue gases
Al wr wr
0.21 Lair (A — 1) [1 — A (1 -~ 1—00) -~ 1—00]
Xo, = v (18)
fg
Volumetric proportion of water vapour in flue gases
11,2800 [ AL (W) W g gy W
100 100 100 100 100
Xityo = (1= (1) ~ f (19)

Vfg
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2.5 Heat value of biomass

The heat value of biomass depending on its moisture content is

W
n = 18840 — 21353 . 20
Q 100 (20)

2.6 Input data

In order to make the process of analysing the impact of wood moisture
content on the operational efficiency of the boiler with a grate furnace
more effective, a program was developed in EXCEL in tabular form which
is based on the following input data:

o Cdaf pdaf (Odaf Ndaf _ chemical composition of combustible wood,

o W — relative moisture content of wood,

o A% — ash content of wood,

e )\ — excess combustion air,

¢ t. — air temperature in the atmosphere,

o tys — flue gas temperature at the boiler outlet,

e B — proportion of carbon in ash,

e Yco — mass concentration of carbon monoxide CO,

e Y, — mass concentration of ash and soot in dry flue gas,

which provide information about thermal efficiency of the boiler and the
extent of heat losses in the boiler.

3 The results

The given mathematical model of the impact of moisture content of wood
on heat loss and thermal efficiency of the boiler applies to wood with the
chemical composition of the combustible matter: C%f = 0.5+0.01 kgkg~!,
Hdef = 0.06 + 0.001 kgkg™', 0%/ = 0.44 & 0.03 kgkg™!, and with ash
content A% = 0.01 kgkg™!.

Table 1 presents values of heat losses and thermal efficiency for a boiler
burning wood with the following moisture content values: W = 10%, W =
30%, and W = 60%, at the excess of the combustion air A = 2.1, the average
temperature of the combustion air blown in the furnace of the boiler ¢, =
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10°C, the temperature of the flue gases emitted out of the heat generator
trg = 120°C and ty, = 200°C at a rated output and concentration of
carbon monoxide values Y co = 250 mgm ™3 and fly ash with level of Y’ fa <
50 mgm™3, i.e., at the level of the emission limit.

Table 1: Heat losses in the boiler due to the moisture content of the combusted wod with
the noisture content of W = 10%, 30%, and 60% and the temperature of flue
gases tyg = 120°C and ty, = 200 °C.

Parameter ‘ Heat loss of the boiler [%)] ‘
Flue gas temperature (ts4) 120 °C 200 °C
Relative moisture content (W) 10% |30% |60% |10% |30% |60%
Flue gas loss (§fg4) 8.37 | 9.09 | 12.43 | 15.19 | 16.51 | 22.55

Heat loss caused by the volatile com- | 0.13 | 0.14 | 0.17 | 0.13 | 0.14 | 0.17
bustible loss in flue gases (co)

Heat loss caused by the involatile | 0.17 | 0.18 | 0.22 | 0.17 | 0.18 | 0.22
combustible loss in flue gases (q)

Heat loss caused by the involatile | 0.18 | 0.19 | 0.23 | 0.18 | 0.19 | 0.23
combustible loss in the ash (£ac)

Thermal efficiency (1) 91.15 | 90.40 | 86.97 | 84.33 | 82.98 | 76.83

The analysis of the impact of wood moisture content on heat loss has
shown that the greatest heat loss of the boiler is the flue gas loss at both
temperatures of flue gases ¢y, = 120°C and t;, = 200 °C. Wood moisture
content causes increasing heat flue gas loss at the temperature of flue gases
trg = 120°C from &ry_ 109 = 8.37% to &ry_weon = 12.43%, ie. by AL =
4.06%, and at the temperature of flue gases t, = 200°C from &7y_y,10% =
15.19% to &ry—weon = 22.55%, i.e., by A{ = 7.36%. The other heat losses,
such as volatile or involatile combustible loss in flue gases or mechanical
unburned carbon loss, are much smaller in comparison with the flue gas
loss and the impact of moisture content does not exceed A& = 0.05%.

Figure 1 presents the impact of wood moisture on the heat efficiency
of the boiler for flue gas temperature ty, = 120°C and ty, = 200°C.
The presented dependence of a temperature of emitted flue gases into the
atmosphere ¢y, = 120°C is mathematically described by the 2nd degree
polynomial in the form:

Ny = [—0.00L W? — 0.019 W + 91.526] . (21)
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(e}
w

n =-0.001-W2- 0.019-W + 91.526
 — P § R*=0.984

——

O
o

[o2]
(6]

Thermal efficiency of the boiler n [%]

80
N =-0.0025-W2 +0.0145-W+ 84.612 \'\. et,=120°C
2
. R? = 0.9941 mt, = 200°C
70
65 T T T T 1
10 20 30 40 50 60

Relative moisture of wood W [%]

Figure 1: The impact of wood moisture on the heat loss of the boiler during combustion
at the excess of the combustion air A = 2.1 and the temperature of flue gases
emitted out of the boiler try= 120 °C and tf,= 200 °C.

The influence of increasing flue gas temperature on the decrease of thermal
efficiency of a boiler combusting firewood from value ty, = 120°C to flue
gas temperature ¢, = 200 °C is quantified by the equation

npw_y = [~0.001W?2 —0.019W + 91.526]

— [(0.001 W + 0.058) (t g — 120)] . (22)

The boiler heat loss caused by emission and convection of heat from the
boiler surface is not primarily dependent on firewood moisture content, but
the values depending on the boiler size are not negligible. Boilers with the
heat output P = 5 MW have stated heat loss £ = 2.3% and boilers with
a heat output P = 10 MW have stated heat loss g = 1.8%. The oper-
ation of boilers at a lower heat output than the rated power /within the
authorized regulation of manufacturer/ is accompanied by an increase of
specified heat loss of the boiler and the decline of overall thermal efficiency.
In the interval of the permitted control range of boilers R = 30-100% there
is the increase of heat loss of 5 MW within nominal boiler output from
a value g = 2.3% to &g = 7.8% when operating at a heat output of 30%.
A similar increase of the boiler heat loss is also observed within the boil-
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ers with a heat output of 10 MW. The heat loss of the boiler compared
to operating at the nominal output changes from the value £ = 1.8% to
Er = 6.2%.

When accepting the above facts, the dependence of the thermal effi-
ciency of boilers burning firewood with the moisture content W = 10-60%,
at a temperature of flue gas emitted from the boiler into the atmosphere
trg = 120-200°C and regulated heat output in the range R = 30-100% is
mathematically described by the equation

np = [—0.001 W? — 0.019 W + 91.526]

—[(0.001 W + 0.058)(t7, — 120)] — %\3/1330,” . (23)

4 Conclusions

The presented analyses the impact of moisture content of the combusted
firewood on the heat loss and thermal efficiency of boilers with a grate
furnace fulfilling the criteria of the best available technology (BAT) in the
European Union.

Increased moisture content of firewood has a negative influence on the
thermal efficiency of the boiler. Within combustion of firewood with mois-
ture content W = 10%, at a temperature of flue gas emitted from the
boiler to the atmosphere ¢y, = 120 °C the boiler achieves thermal efficiency
na—_10% = 91.1%, while burning firewood with the moisture content W =
60% within the same operating conditions leads to a decline of thermal
efficiency to ng_ggy, = 86.9%, i.e., in np = 4.2%.

Increasing temperature of emitted flue gas leads to an even more signif-
icant decline of the boiler thermal efficiency. The combustion of firewood
within the moisture content range W = 10-60%, at the temperature of
emitted flue gas to the atmosphere t7, = 200°C, is accompanied by a de-
crease of boiler thermal efficiency of np = 7.5%.

Based on analyses performed, the mathematical dependence of boiler
thermal efficiency is set for the moisture content of combusted firewood
in the range W = 10-60%, at the temperature of flue gas emitted from
the boiler to the atmosphere ty, = 120-200°C for boilers with a heat
output P = 5-10 MW fulfilling the criteria of emissions at the level of the
emission limit values of carbon monoxide: ELco = 250 mgm™> and the
ash: ELy, = 50 mgm 3.
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The presented dependence of boiler thermal efficiency on the moisture
content of combusted firewood in a grate furnace might be helpful for op-
erators of boilers for quick and approximate determination of effective heat
production from firewood in a form of thermal efficiency of a boiler.
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