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Exercise 2 (biomass)

A solid fuel (rice husks) is burned in a non-adiabatic furnace. Knowing that dry air and fuel enter in
standard conditions (25°C and 1 atm) and the flue-gas leaves at 727°C. The heat released to the
environment is approximately 12502.7 kJ/kg of fuel.

Decide:

a) Excess air coefficient assuming rich combustion
b) Excess air coefficient assuming poor combustion
¢) Dry and wet combustion products

d) Dew point temperature of combustion products
e) Calorific powers

f) Efficiency

g) Irreversibility

h) Ostwald diagram

i) Kissel diagram

Solution by means THERMOCombustion:
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AIR

Heat (released or absorbed)

v IExuthermic 'I
| 12502.7 kikafuel @)

‘ PRODUCTS

FLEL selection

Solid fossil fuel

Coal sample

Wood and woody biomass

Herbaceous and agricultural biomass * Grasses
Animal biomass Straws
Mixture biomass |:
Waste fuel
Biodiesel (FAME]
Liquid fuel

Empirical formula

Fuel
|:| Rice husks j
Palm fibres-husks N
Palm kernels
Pepper plant
Pepper residue
Pistachio shells

Plum Eits

Soya husks
Sugar cane bagasse
Sunflower husks -

Biomass is used as a renewable solid fuel on power plants to provide CO,-neutral electricity and heat, where
mainly woodand, in some cases, also straw have been applied in recent years. Biomass combustion has
mainly been performed in grate boilers; however, wood and straw are used as fuels in suspension-fired
power-plant boilers.
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) - - [ Toestimate
| 30.0ss50 | 4399371 | 36.1369 = C |carBON =l
| 2218018 | 3243274 | 4.4713 Hs |[HYDROGEN =]
[ 020933 | 0.30809 | 0.5864 = N> |NITROGEN =l
| 1w.0w03 | 1463707 | 32,0321 = 0, |oxvGEN =~ &
| oow127 | 0072 | 0.0586 = S | SULPHUR =l
| 58833 | s.60366 | 10.6000 = H.0 |MOISTURE -

gfmol (as AF) [16.1000 =] ASH |AsH =~ &
15.99890 | g/mol (as DAF) [ 0.0880 =] cl |cHLORINE ~|

e Total (%)

IAE received

Rice husk is the main byproduct of industrial processing of rice, and is a widely used byproduct in worldwide
as hiomass in energy production, reducing environmental impacts associated with improper disposal. Rice
husk is the most prolific agricultural residue in rice producing countries around the world. It is one of the
major by-products from the rice milling process and constitutes about 20% of paddy by weight. Rice husk,
which consists mainly of lingo-cellulose and silica, is not utilized to any significant extent and has great
potential as an energy source.

The ash generated in rice husk combustion has potential economic applications in a variety of sectors.
However, the properties of rice husk ash are strongly dependent on the combustion method used. Rice is
the second most consumed food item worldwide, with annual global demand of approximately 471 million
tons and mean per capita consumption around 57 kg year. Accounting for roughly 20% of the bulk grain
weight, rice husk is the most representative byproduct of industrial processing of rice.

EMPIRICAL FORMULA

C_H_O N S

3.009 4.436 2.002 0.042 0.002

Number of times the propartion is repeated: I 1 3: [+ Unknown I Rounding

Moleoulzr formulz | Mormalzed form | Formulz known I_l
Solid fuel "I
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Hydrogen in the products [~ REFUSE

PRODUCTS 1 3‘ 2 [ There is hydrogen ﬂ Uncoked Coal
[ Incomplete Combustion (1) I Water gas shift reaction Uncoked Coal

CO + H:0 2 COz+ Hz I = lm o
Equilibri
C User o mmre €| ASH[ 00 o

Ko= WM 0.0 E|: 3,

[ Molar ratio H2/C0O
Total (%) —-

Through an iterative process applied to the energy balance, previously determined the enthalpy of biomass
formation, the software determines that variable not defined in the initial menu (coefficient of excess air,
heat exchanged, temperature of combustion products), in this case the coefficient of excess air. It is
necessary to know a priori if the air-fuel mixture is rich or lean (both cases have been done in this problem).
Air Fuel mixture
[ Lean, A=1

[+ Rich, A=1

wait please

C ]
Abort

Excess Air Coefficient

’r il 0.00000

Equivalence Ratio 1.11111
{Relative Ratio, Fr) -

Flue gas (combustion products) composition is significantly affected by the combustion conditions. Where
combustion takes place in complete, oxidizing gas species such as CO,, 02, SO, and H,O. Neutral complete
combustion is termed here when carbon and hydrogen in fuel is totally oxidized to carbon dioxide and water
vapor, and no additional oxygen is present in the flue gases. In contrast, when combustion reactions proceed
in air-deficient conditions, reducing gas species such as CO and H.. This last situation can also occur even
with extra air in the combustion
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~FLUE GAS (Combustion Products) 7 Onwetbass [ Ondrybass
mol/kgfuel | kofkg fuel Mole % Mass %
(€0 | 2384962 | 104962 | 145448 | 223542
€0 | 62388 | o0a7ar0 | 38036 | 37207
'H:0 | 2805165 | o050536 [ 171074 [ 107629
"Ny | 10579256 | 296362 | e45180 [ 63.1175
0| | | |
80, | o8z [ ooz [ oorr [ o.0240
CH | | | |
A | | |
"HO | o.o2468 | owooso | o015t [ oo1e2
rorar | 163.9736) [ 4.6054) (100.00)% (100.00) %
Water Dew Point T (and Psx) WO (fquid) () molimol fue
(s673)oc | 1711 ka | ) ( ) kajkg fuel

The dew point is the temperature where air is no longer capable of holding the water vapor that is contained
within it. At the dew point temperature, water vapor condenses into liquid water. At all times, the dew point
temperature is equal to or less than the air temperature. We can observed that this temperature is 56.73°C.
A thorough knowledge about dew point temperature is very important in various industries because moisture
can affect corrosion rates.
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~FLUE GAS (Combustion Products) I Onwetbass |7 Ondrybass
mol/kgfuel | kofkg fuel Mole % Mass %
[€0;| | 2384962 | 104962 | 175466 | 25.0506
€0 | 62388 | o0.a7470 | 45886 | 41695
H0 | | | |
"Ny | [ 10579256 | 296362 [ 77.8333 [ 70.7308
0| | | |
'80; | ooz [ oooiz [ o134 [ o.0279
CH | | | |
A | | |
"HCO [ o.o2468 | o.oooe0 | 00182 [ 00215
rorar | 13s9220) (  4.a900) (100.00)% (100.00) %

FUEL without

[Total 02 REACTIVE) |

moisture+DR Y AIR

FUELwith moisture+WET AIR

Reactants (fual + dry air)

Jeg/ie fuel

(Assume 1 kg fuel is being combusted)

kafkg fuel

kafkg fuel

Theoretical

—Airffuel ratio {dry air)

Actual

Dy air

Dy air

[ 148.500) [ 133.649)

AIR. o

molfkg fuel

(4.28432) | 3.85588) I koo fuel
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v Experimental correlations (mass fractions)

Burnham: C,H,N,0,5 j
(Basad on the dry and mineral matter free elemental fuel composition)

Lower Heating. LHY Higher Heating, HHY
oA

F)
18095.60 k1fkg fuel 19435.16

We can checked the calculation of the enthalpy of formation of a solid fuel:

For A=1 (neutral reaction condition):

~FLUE GAS (Combustion Products) 7 On wetbass |- On dry bass
mol/kgfuel I ko/kgfuel Mol o Mass %
CO; | 30.08648 | 132410 | 171236 | 25.8427
H,0 | 2805016 | 050533 | 159647 | 0.8626
N | 11752191 | 3.20220 | 66.8872 | 64.2543
SO; | o0.01840 | 000118 | 0.0105 | 0.0230

Hiorm (kJ/moI fuel) =PCS + no Hf(liQ)Hzo + Ncoz Hf(gaS)coz + Nso2 Hf(gaS)soz =

19435.16 kJ/kg fuel + 28.05016 moles H,O/kg fuel " (-285.83) kJ/mol H.0 + 30.08648 moles CO/kg fuel’
(-393.52) kd/mol CO; + 0.0184 moles SO./kg fuel *(-296.991) kJ/mol SO, =

=19434.16 — 8017.57 — 11834.63 — 5.46 = - 427.5 kJ/mol fuel (approximate value to that obtained by
ThermoCombustion, the differences are due to the decimals used)
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Enthalpy of formation | Experimental comslations |

received,
(AR 43145) Kijkg fuel 431.44) .

(DAF) 1.5306) kkefuek @D

received,
(DAF) 18299.40 KJjkg fuel 13413.48 (As J

Standard Gibbs Free Energy of Formation

(BAF) 651.72) Kika fuel

v Energy balance

Absolute entropy IEEElmane‘taI. 1980 {cozl, char, ash) Ll (Experimental expression)

¥ Exergy balance
Standard chemical exergy |E>::-E'="E":E'm“e'eti:h"5 LI (Experimental expression)

H/C molar ratio 0/C molar ratio

mol H/mol C mol O/mol €
Carbon content Hydrogen content

kg C/kg fuel kg H/kg fuel
C/H mass ratio M/C molar ratio

o cho TTE

Oxygen content

We can check the heat transferred to the environment;
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Heat (Released or Absorbed]) ﬂ '
Em-rei" -m
i

Qf = Zhlhumﬂ“”l} - Z”‘inhinﬁinl
W ki/kg fuel ™ kw Products Reactants

[~ Reactants
-12034,12 | kK1/kg fuel -431.44
[ Products
Q= Hp(Tout: P) - He(Tio. P) = Hp{Tou, P} - Hel(Taa, P)

H = Hfprn + H(T,P) - H(25%C,1 atm)

FUEL K imol fuel Wi fuel (@D

|—5tandard Enthalpy of Formation

ENERGY BALANCE: REACTANTS ? X
Wimol Kk fuel @
0.000 | 0.000
0.000 | 0.000 A
| I
| R
0.000 | 0.000
ToTAL | 0.000 | 0.000
F
Fuel | 6309 | 43143 W
(DAF) E
Ash | 0.000 | n.ooo Mo
ToTAL | 6309 | 43143
rorar | 6.309) [ -431.438) (AIR+FUEL)
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ENERGY BALANCE: FLUE GAS ? X

i fmol i kg fuel @
CO, | -30.1150 | -8588.6064
CO | 88840 | -554.1034
H,O | 2158420 | -6054.7241
0 | 0.0000 | 0.0000
N, | 21400 | 2270.3081
Hy | 0.0000 | 0.0000
S0, | 2700 | 4,8000
HCl | 888377 | -2.1925
Ar | 0.0000 | 0.0000
orat [ 994.9047) ( -12034.1230)

Indirect Method: Heat Loss Method

ThermoSuite

Technical Software Suite

Boiler/Furnace Efficiency

Steam Outpui

Fuel Input, 100% |

Sclicgazlozs @ (1044) %
(Sensible heat) €D
Presence of H, in fuel ﬂ 7.02q| %
.
Unburned fuel, €0 @ %
Moisture infuel 0 (P %
Moisture in air, RH @ %

burned carbon ©
ﬁ"ﬁy{;# carbon @D ( o.000) %
Unburned carbon = ﬂ %
in botton ash

Surface loss (radiation, convection)

& unaccounted losses

|1ndustrial fire tube/packaged boiler ||

2

Blow dawn

| Fly ash loss

——=» Boitom ash boss

* Only for solid fuel

Dry Refuse LOST

O e i
VM
DAF =]
100 - ¥ loss % %HHY

Referred to HHV |+

)
()
C_)
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— Entropy Terms (kJ/kg fuel K)

Generated Entropy (Sg) @ 5= _?! + Z Moyt Sou — zu-insm
f

i AVAILABILITY I

Q

Products Reactants

Ent bal J [™ Reactants
oy halance I Products @ ( 1ws)( 1s) ED
ENTROPY BALANCE: FLUE GAS ? X
Jimol K K] kg fuel K ﬂ
218.009 | 6.119
193.462 | 20,426 A
| I
| R
0.000 | 0.000
411.471 | 26.545
F
Fuel | 2382 | 1531 ¥
(DAF) E
Ash | 0.000 | n.o00 ML
1oTAL | 2382 | 1.531
rorat ( 433853) [ 28.076) (AIR+FUEL)

11
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ped

Jimol K  Kf/kg fuel K
CO, | 52448 | 6.8030
CO | 2516030 | 16316
H.O | 2472778 | 6.9365
0, | 0.0000 | 0.0000
N | 2317007 | 24512
Hy | 0.0000 | 0.0000
S0, | 32118 | 0.0065
HCl |  zo7eses | 0.0076
Ar | 0.0000 | 0.0000

orar | 1e91.737) [ 39.8375)

Considering a lean mixture, with excess air:

=
S

Air fFuel mixture

[V Lean, A=1

[™ Rich, A<1

~FLUE GAS (Combustion Products)

mol/kgfuel | ko/kg fuel

[~ Onwetbasiz ¥ On dry basis

Mole % Mass %
| 30.08648 | 132410 | 14.0763 | 20.2027
| | | |
| | | |
| 16973137 | 475477 | 794107 | 72.8700
| 1387781 | 044409 | 64920 | 6.8060
| o.oie2z | o.oo117 | o.o085 | 0.0179
| | | |
| | | |
[ o0.2468 | 0000 | 00115 | 0.0138

[ 213.7386) (  6.5250) (100.00)% (100.00) %

12
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¥ Onwetbasis [ On dry basis

Mole % Mass %
€0, [ 30.08e4s [ 132410 [ 124432 [ 188339
o | | | |
'H:0 | 2805165 | 050536 | 1reo1e | 71882
N2 | [ 16973137 [ 473477 | 70978 | e7.6316
" 0: [ 1387781 [ o0a44a00 [ 57396 [ 63167
'S0, | o018z | 00017 | o.o076 [ 0.0166
CH | | |
A | | |
"HCO | [ o.o2468 [ o.oooe0 | 00102 [ o128
rorat ( 241.7903) (  7.0304) (100.00)% (100.00)%

Water Dew Point T? {and P..) H:0 (liquid) (:J molmol fuel

(_4s75)oc | 1161 kpa

)% (

) kajkg fuel

—Excess Air Coefficient

Equivalence Ratio -[] 69203
{Relative Ratio, Fr) -

We verify the heat transferred to the environment:

13
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Heat {(Released or Absorbed) ﬂ

12507.313 | KJfkg fuel

W KIfkg fuel ™ kw

¥ Reactants

¥ Products

Standard Enthalpy of Formation

b

Q.f = znuulhumﬁuu[} - Z”‘inhmﬂinl

Products Reactants

Q¢ = Hp(Tout: P) - He(Ti, P) = Hp{Tour P} - Hel(Taa. P)

H = Hgen + H(T,P) - H{25°C,1 atm)

{ FUEL (™ 5509) Wimolfuel  (43143) Wigruel (D)

EMERGY BALANCE: FLUE GAS ? b

i jmol i kg fuel @
CO; | -30.1150 | -10834.5918
co | 0.0000 | 0.0000
H,O | -2158420 | -6054.7241
0, | z227m | 3151234
N | 214800 | 38424353
Hy | 0.0000 | 0.0000
S0, | -27:0 | -4,8000
HC | sss377 | -2,1925
Ar | 0.0000 | 0.0000
roraL | -883.3536 ) [ -12938.7500)

ThermoSuite

Technical Software Suite
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Indirect Method: Heat Loss Method @@ _Boiler/Furnace Efficiency
Ociegasies @D ((z0005) %
(Sensible heat) [_] Steam Output
Presence of H; in fuel ﬂ %o Tue gas loss
— o

SIure 1k foe

Unburned fuel, CO n.ooo | % bisture in air
@ (o.o0) ot
Moisture in fuel, H.0 @ ] %
- Fuel Input, 100%
Moisture in air, RH i ] o5 ‘
Unburned carbon ™ o —
untume O Cw .
—=——3 Bottom ash boss
Unburned carbon = ﬂ % Blow dewwin
in botton ash
Surface loss (radiation, convection) * Only for solid fuel
& unaccounted losses
| ndustrial fire tube/packaged boiler [~ | Dry Refuse LOST
YelC
i) " C )
eV
DAF B [:]
100-2105s (oD% | ww ()

et [

There is a higher efficiency (indirect method), because there is no loss due to unburnt.

— Entropy Terms (kJ/kg fuel K)

Generated Entropy (S,) 26.93
[T Reactants
Entropy balance j I Products
T

AVATLABILITY
o
f
=_?f + E Mot Soar — E MinSin

Products Reactants
@

1443) B

S

12.51) (

In this case, the exergy destruction is greater than in the rich mixture case.

15
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ENTROPY BALANCE: FLUE GAS ? X
Imdk  Whgperx G
218.009 | 9.824
193.462 | 32.7% A
| I
| R
0.000 | 0,000
TOTAL | 411471 | 42,620
F
Fuel | 22,382 | 1531 ¥
(DAF) E
Ash | 0.000 | n.ooo ML
1oTAL | 22.382 | 1.531
rorat (  433.853) [ 44.151) (AIR+FUEL)

ENTROPY BALAMCE: FLUE GAS

HCl

TOTAL

? >

Jimol K K kg fuel K @
| 286.5424 | 8.6211
| 0.0000 | 0.0000
| 250.5067 | 7.0271
| 2672321 | 3.7086
| 2300081 | 33.2078
| 0.0000 | 0.0000
| 313813 | 0.0086
| 3m.e607 | 0.0077
| 0.0000 | 0.0000
( 17076023) [ s58.5789)

16
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Ash constituents and Properties of the Ash ? Pt
| Cosl iy 2sh dependent of the region | IEinmass -II_Ligniticash [¥ Bituminous ash
[T Reset
Maolecular weight Standard enthalpy Standard entropy Standard chemical
Mass ratio %o Molar ratio %U-ogfkmlj Ll (ciflamol)  exermy {kKmol)
Si0; |94.4800-H | 958610 | 60.0 | -911300 | 41.9 | 1.6400
ALO; | o200 | 01253 | 1020 | -1674400 | 5.1 | 4.4800
Fe:0: | 022003 | o.a837 | 1s0.0 | -825000 | 87.0 | 17.6600
Ca0 | o970 | 1.0545 | 56.0 | -634600 | 38.8 | 129.8800
MgO | o.ag00= | 0.2892 | 40,0 | 601500 | 26.8 | 62.4200
Tio, | cozo0 | o0.0152 | 80.0 | 045200 | 50.2 | 21.2200
Na,0 | o600 | 0.1571 | 62.0 | 418200 * | 75.0 | 296.3200
K:O | 220003 | 14831 | 94.0 | 418200 * | 1020 | 412.5400
S0; | 092002 | o7001 | 80.0 | 437900 | 2570 | 242.0000
P,Os | 054004 | 02315 | 1420 | -1505990 | 117.0 | 377.1200
Others | o.0000= | o0.0000 | 44.0 | 393520 | 2140 | 20.1400
Total ( 1oo000) ( 1o0.001) ( e0.877) ( so3ssz) | [ 444m8) | [ 1t.6%5)
kg/kmol | Ii/kmolash | I/kmolasheC |  Iijmol ash
High-temperature ash anshysis (815 °C) Enthalpy of
formation
(-14703.800) | ( 0731) | ([ 192.122)
i kg ash i /leg ash oC 1 /kg ash
R atio of bottom aszh to fly ash .
293761 TOD + 3067
i I * ((23s1803) | ( o0us) | ([ 30.932)
i /kg fuel i /kg fuel «C i /kg fuel
*Ma:0 + K0

One of the main problems of substituting fossil fuels by biomass in power-plant boilers is the biomass ash
properties. Biomass fuels usually have a high content of alkali metals, which, together with other mineral
components of the ash, give rise to severe ash deposition, thereby reducing the heat transfer and inducing
increased boiler tube corrosion.

17
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