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Energy losses in a typical steam boiler

Energy in various forms would leak out from all parts of the boiler.
Here we would still disregard mass losses or pressure losses.
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Major types of energy loss

The most important types of energy losses in a steam boiler:

e Thermal losses with the high temperature of flue gas in the stack
released to the atmosphere (after all heat exchangers).

e Thermal losses with ash being discarded from the boiler — both as
bottom ash and flyash.

e Chemical losses with unburned solid fuel particles (soot) in the ash.
e Chemical losses with unburned gaseous compounds — mostly CO

e Thermal losses with heat radiation from boiler walls to surroundings.
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Defining the boiler efficiency

Can be done in two ways — direct and indirect:

Direct efficiency calculation: Indirect efficiency calculation:

Energy transferred to steam versus Measuring all major losses and subtracting them from unity.

Energy contained in the fuel
Advantages:
Probl ) It is often easier, cheaper and more precise to measure the
roblems. loss parameters rather than the steam and fuel flows.
Both steam flow and fuel mass flow can often be very difficult
to measure precisely!

Major losses can be defined by temperature and chemical
composition measurements, comparatively easy.

Sometimes the indirect method is the only applicable option
for assessment of old boilers or at partial load conditions.
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Indirect estimation of boiler efficiency

Ilboiler =1- I—th(gas) — I—chem(gas) - I—th(ash) — I—chem(ash) — I—radiation

{ﬁ@ These losses can be easily estimated as fractions (per unit fuel energy) and defined by

Dgﬁ = %g temperature values, specific heat capacity values, and chemical parameters.
EKTHS
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o ool Giving handy names to the above types of losses, and writing the equation in %:
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Estimation of the losses

L tack = hot flue gas released in the stack > = (c,*AT) for the
entire mixture of gas species at the measured stack temperature

Lo ~2 energy contained in the unburned CO measured in flue gas

abn (LHV o = 12.634 MJ/m,2)
¥ i

FKTHS

VETENSKAP

Sg00H oneT 2 L., = thermal value of residual ashes (total rejected ash after boiler)
Bt assumingly at the measured stack temperature

KTH Industrial Engineering

L...; = energy contained in the unburned carbon, measured in the
total residual ash (exit ash); (LHV, = 30 MJ/kg)

L,.4 = either given or measured or taken from diagrams
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Thermal loss In the stack

L.k = thermal energy contained in the flue gas if cooled down to a
chosen reference temperature, representing an enthalpy difference.

Let’s choose normal conditions (0 °C, 1 atm) as a reference point. The pressure
g does not change and plays no role for the gas enthalpy.

Dég = Q%Q . L.
FKTH: We need to know the change of temperature (AT) and the function of specific

§ verenscar g heat Cp as it also changes with temperature. For exercise 4: AT =170K

"'995‘&&3&%39‘“
KTH Industrial Enginsoring The flue gas is a mixture of different gas species. AT is the same for all of them.
For exercise 4 — we know exactly the flue gas composition (in volume parts)
after solving the combustion process in exercise 1.
Cp is different for each gas in the mixture and can be found in various tabulated
sources or diagrams. As an example - see next slides and follow the relevant
diagrams in the third help-file.
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Specific heat of common gases:
diatomic species

T

: : 40
B ..
042~ -~ v - == = - homal X
1. o i -39
keal 1L < /_ 3
mi K : _4!__. - B /./ X :38
1 / e
40— - —
g i T N - 02/ #;7’_—-—-7‘4.———'*_37
atn 1 | ap e
D‘g? = S%a ] = // N'D/'/’v L | A 5 B Sa
FKTHE ¥ A=l 2% ﬁ -
VETENSKAP 0,38 e s /
¢ OCH KONST % 11 A, Nﬂ L
“ﬁ%‘&xx&%ﬁg‘” % / A p 44 Ve 8 E
= ] 7 AW a [
KTH Industrial Engineering g ] A // = g
and Management -~ 036 B ,4//'/ [ S / 3 ﬁ
-G 7 i - 3
B 1/ /;/ \\;// 5
) A A / 33 A
V4 /) /] -
e R
03¢ : // p%
: AL 2 :
/ / // / —37
1iv/4
/4
A0
1

1500
Temperatur ¢




Specific heat of common gases:
average values for diatomic species

For example: A reading at 500 C for air (luft) gives the average c, value for air between 0 °C and 500 °C, which is ~ 30.2 kJ/kmolK
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Specific heat of common gases:
tri- and multi-atomic species

1,07 o
h | gl o I e A -t :
keal | o] - -90
m3 ; -
4 === == R e £
. — Tl r
a9 T 1A - kmol K
N S = S W
j T T L :
U,Bj -t - = : |
= T R o
4 T § v .’_—70
O ] N // = - T r %’
g 4 . &
$~ § s - Fo)
o] oy 11 F 2
s ] Y ! ‘"V L
e / . o »:
S ] B — " ShARy
s ] a / T |56 E &
= 06 v T g
1 T L P s i #
: APz T | g
; AX | PEs 50
05 - Vta 1 | [
Y VK / :
://)/ >, L w0 —
{/ ol g
0¥ 87/ [
4 A -
4 »:

T L] T T

1500

Temperafur




Specific heat of common gases:
average values for tri- & multi-atomic species

For example: A reading at 500 C for CO, gives the average c, value for CO, between 0 °C and 500 °C, which is ~ 45 kJ/kmolK
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Enthalpy of a gas mixture

For the specific case of exercise 4:

The LHV of the fuel and the composition of the flue gas after combustion are
already found, see the solved combustion table for exercise 1.

Each gas component supplies a part of the flue gas thermal loss as:
([X] in mol./1 kgfuel * Cp(x)average at 170°C in J/molK * AT in K) / LHVﬁlel(wet) inJ/ kgfuel

We know the [x] mols of H,0O, CO,, N,, SO,, O, in the total flue gas from the combustion solution.

_ 40.92%34%170+9.61%39.5%¥170+50.86%29.2%¥170+0.322%42.5¥170+3.1%29.8%170

Lya= T =0.19984 =~20%

Observation:

Using a very wet fuel, producing large volumes of flue gas and releasing it at a comparatively high
temperature in the stack, incurs a very high thermal loss for the boiler. That'’s why biomass-fired boilers
would always cool down the flue gases as much as possible, preferably below 100°C.

@@ Dept. of Energy Technology, KTH - Stockholm



e

£ 55y
FKTHE

VETENSKAP
&8 OCH KONST o%F

s os

KTH Industrial Engineering
and Management

Chemical energy loss with unburned CO

Lco =2 mass flow of CO multiplied with LHV

Or if CO is measured in ppm in flue gas and a loss fraction is desired per unit fuel energy:

Lco = (flue gas in m,/kgpe * ppmeo® 10 * LHV g in MI/m,?) | LHV gy et in MT/kg;

But in the given exercise the CO was measured per dry flue gas, therefore we first find the dry flue gas
in m,,*/kgp; - This wouldn’t be necessary if the measurements were reported per total (wet) flue gas.

~ 1.431%390%0.000001%12.634

L
co 2.86

=0.00247 =~0.25%

Observation:

The loss of energy with the heating value of unburned CO is low, if a reasonably small amount of CO
exists in the flue gas. Here we disregarded the fact that any presence of CO would change the thermal
properties of the flue gas, as this factor is far smaller and certainly neglectable.
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Chemical energy loss with unburned

solid carbon particles

Unburned carbon (soot) is entrained in both the bottom ash and in the flyash.
Soot may contain also other elements or impurities, its energy value is somewhat
lower than that of pure carbon and can be approximated to roughly 30 MJ/kg.

Soot amount in the total exiting (residual) ash is measured and reported in %.
The incoming ash in the boiler (with the fuel) is known, while the actual amount
of residual (outgoing) ash is unknown. For the data in exercise 4:

_ Ashy, _ 0.141

_ . _ % . — — —
AShln 0.141 kg/kgfue, ; Soot =0.05 AShout ; AShout T 005 095 0.14842
.05x0. *
L, = 222020230 _ 0.07784 =~7.8 %
2.86
Observation:

The loss of energy with the heating value of unburned carbon (soot particles) is large if the fuel has low
energy content and high ash content. Here we disregarded the fact that if carbon doesn t burn entirely,
the flue gas composition would change (less CO, and more remaining O,), but this factor is neglectable
in relation to the chemical energy of the unburned carbon.
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Thermal energy loss with hot ashes

L., = thermal value of residual ashes (total rejected ash after boiler) assumingly at the
measured stack temperature

The AT for the ash can, for the sake of simplicity, be taken as the difference between the
measured flue gas temperature and the chosen reference point at normal conditions. If there
m is lots of flyash (often the case in a typical biomass boiler) this assumption holds well.
o T g
& KTH % The specific heat of different types of ashes can vary anywhere between 0.4 to 1 kJ/kg.K.

g, 00H FONST 55 A good approximation is to use the Cp of sand or cement: ¢, =~0.9 kJ/kg.K, remaining
sl mostly independent of temperature.

KTH Industrial Engineering
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AShoyt*Cp*AT _ 0.14842%0.9%170
Lgy=——P—= =0.00794 = ~0.8%
LHV fyel 2860

Observation:

The heat lost with ashes is not so important even for fuels with high ash content. However, if the actual
temperature of ash disposal is much higher, the loss value will quickly increase.
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Radiation or Convection Losses

The heat emitted from boiler walls to the ambient surroundings via radiation or
convection depends on the wall insulation and on the size & type of the boiler.

More intense combustion of good fuels in a compact boiler would provide for
lower radiation loss. Using bad and wet fuels would mean large volume flows
and bulky boilers, hence relatively larger radiation losses.

&

b
& KTH ] The radiation loss can be given as percentage, or estimated from empirical
oo N EE diagrams as a function of boiler size and fuel type. The example in the next
TR . . .
slide shows one old German-language diagram, still very relevant today.
T nd Management The diagram means to tell that the radiative loss needs to be assesssed as a
variable parameter, whose relative effect grows if a boiler is only partially
loaded.

For exercise 4, the radiation loss is readily given as 0.5 %, L, 4 =0.5%
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Final result for exercise 4

b — 100-L I—CO_ I—ash_ I—soot_ I—rad [%]

stack —

1, =100-20-0.25-0.8—7.8—0.5=70.7 [%]
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