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e Thermochemistry

P#10 Following table list the results of an experiment of boiler that is used to produce
superheated vapour. The boiler is feed by natural gas trough a conventional burner.

a) The air/fuel ratio

b) The higher heating value of the fuel

c) Heat transfer to water, assuming that heat loss trough boiler walls are 3% of the
lower heating value.

Fuel rate 150 m3/h

Reactants temperature@ entrance 25°C

Products temperature @exit 227°C

Fuel composition by volume(%) CH,: 88
H,: 2
CO,:3
N,: 7

Dry analysis combustion products (%) 0,:1.1
CO,: 10.8
N,: 88.1

Carla Silva camsilva@fc.ul.pt 5
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F Ciéncias :
C |5 Thermochemistry

Qout
Fuel

" _ Products
Tin Combustion

Air Chamber >
Tout

e Maximum heat release, max Q. ,: T .=T

out’ out= in

e Maximum flame temperature, T_,:

Hreag(T,,)=Hprod (T,4)(constant pressure, e.g. Diesel engine, gas turbine, furnace)

Hreag(T;,)=Hprod (T,4)-R(N o4 TagNreag Tin) (CONStant volume, e.g. gasoline engine)

Carla Silva camsilva@fc.ul.pt
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F Ciéncias :
C |5 Thermochemistry

Qout
Fuel

" _ Products
Tin Combustion

Air Chamber >
Tout

¢ |deal stoichiometric combustion

CxH, 0, + n(0; + 3.76N,) - xCO;, + yH,0 + 3.76nN,
e Real stoichiometric combustion

C,H,0, + n(0, + 3.76N,) —» aC0O, + bCO + cH,0 + dH, + eH +
fO,+ gO + hN,+iN

Carla Silva camsilva@fc.ul.pt
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K is tabulated as a function of temperature for different equilibrium reactions

APENDICE 4
CONSTANTES DE EQUILIBRIO 24
H,+1/20, = H,0 CO0+1/20,<CO, CO+H,0+ CO,+H, OH+1/2H,=H,0 1/20,+1/2N,=NO =H,

LN L, LY .| A 200,
\ \ \ log,, K, com as pressy( parciais em atmos@/ / -
N . N oo 7 — =
T(K Ao P, ' {'jhw [(n; ;' P Bao ,9»4 L . m‘\ 3
p“:ﬁ Pro B, (8, ){Aen, ) pme,T JL?,JI)I (By) (Dg)2 (o) \$ NN
_ B | ,
298 40,048 45,066 5,018 46,181 15,171 71,232 gl202 | 159600 |
300 39,786 44,760 4974 | 45876 15,073 70,762 80,664 158,578
400 29,240 32,431 3191 33,600 11142 | 51,758 58,944 117,408
600 18,633 20,087 1,454 21,264 7,210 32,676 7046 | 76162
800 13,289 13916 0,827 15,060 5,243 23,082 26202 | 55488
1000 10,062 10221 0,159 11,322 40682 | 17204 19,612 43,056
1200 7,899 7.764 0,135 8,822 3,275 13416 | 15208 34,754
1400 6,347 6014 | 033 700 | 272 10632 | 12054 | 28812
1600 5,180 4706 | 0474 5,686 ~2,200 8534 | 0884 | 24350
1800 4,270 3603 0577 4638 1,962 6,89 7836 | 20874
2000 3540 2,884 0656 3709 | 1699 | 5582 6356 | 18092
2200 2,942 226 | 076 an3 | 1484 | 4504 5142 | 15810 |
| 200 | 2443 1679 | o784 | 2541 | 1305 | 3s02 | 410 13.908
Tabela A4.1

Constantes de equilibrio. (Dados extraidos de Rogers e Mayhew, 1994.) (continua)
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Heat Release Rate (J/°CA)
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More rpm, less combustion time!!!
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uisea Emissions

Adiabatic flame temperature NOx emissions

congested city cycle congested city cycle
cold conditions

OO QO

0,35 g/km
Euro 6 limit (NEDC) . 0,95 g/km

Carla Silva camsilva@fc.ul.pt 10
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! Ciéncias o N
Visbea  Fm1SSIONS

NOyxformation in a coal-fired boiler °

Boiler
(furnace)

1500
1000 FUEL-NO =
El:lﬂ: o
! - THERMA Transformer
15 | Condenser Cooling Water Condenser

TIME (SECONDS)

ppm © Il1!
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20

Air/Fuel Ratio
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paston 1

£ 2007 Encyclopsadia Britannica, Inc.
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Emissions

How to control combustion to lower at least NOx emissions?

r -
Prodot =
L— )
> { combustao
OIMCUS TV 2
a) Funcionamento nomma
-«
v il '
N F itos de
‘le \‘.}'Hk:"| | S_— la
b) Recirculagao (¢ 1) dos produtos de combustao

EGR-Exhaust gas recirculation

Carla Silva camsilva@fc.ul.pt 13
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Water injection

Ar -

Comioustvel .|

IMEcCaEd 02 aua oUl vYapor e élfgl Id

. Produtos de

cambustan

¢) Injeccac de agua ou vapor da agua

1
A Lo

iCombustivel —

|

Proculos de
combusian

d) Estagiamento do ar de combustan

Air introduction in 2 stages

Carla Silva camsilva@fc.ul.pt
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.

FLY S

Camibustivel .

2

| Produtos de

combustan

e) Estagiamento do combustivel

Combustival secunddno A

i

Al e
Combustivel —

—

fi "Reburning”

“Reburning”

+Non-catalytic Selective NOx reduction

Frodutos de

-
combusian

Air introduction in 2 stages
+fuel introduction in 2 stages

Poor pre-mixtures

'_L_1-

- RS0 ar
ExCassl de ar —) Produtos de

combstao

] -

Coombustivel —

g) Pre-mishras pobres

Combusivel sscuncsnio MH. A
[
.‘:".l' - L = L
" . Frocutos de
= J -

. ; combustao
Combustival -

h) “Beburming” + Redugio ndo catalilica selectiva

Carla Silva camsilva@fc.ul.pt
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Coal fire power-plants — NOx control- SNCR- Selective non Catalytic Reduction

Schematic Application Diagramofan |
SNCR Scheme in Combination with
Other Combustion De-NOx Controls

SNCR  Ammonia
Injection

4NO+4NH,+0, - 4N,+6H,0

Over-Fire Air =
\

L]
Reburning \FI_—

|
Low-NOx Burner—1— |[]

Sowce: Docsan Power Sysfems Amenca

Carla Silva camsilva@fc.ul.pt 16
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Adiabatic Flame Temperature

Constant pressure or volume

Adiabatic flame temperature

Poor, stoichiometric, rich (A influence) —

Exhaust gas recirculation

0 to 30%
Fuel , _ o Water
(gasoline, diesel, hydrogen, ethanol, biodiesel) Dissociation injection

Carla Silva camsilva@fc.ul.pt 17
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Diesel Combustion Process

No pre-mixture

HEAT FROM

INJECTION /\O\'\\\
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— - IO <
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£ o
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POLYMERISATION I |,
2 1000

ignition delay

Influence of ignition delay on emissions
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—m— 1200 187
—C— 800 148
& 800187

O
= EN— Ul Rl S SO SEETASN SR TOA L.
] | 10 13 20 25 ab a3 ar
‘ lonition Delay [ms]
Ignition Deday (ms)
000 1.0 1.5 0 2.5 30 3.5
o
&
Soh L+ |
5 ¥
=
= i s
o — F th & ffpne
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co0 L,
5 I

10 5
Ignition Delay [CAD at 900 RPA)
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uisea Emissions

No pre-mixture
Diesel Combustion Process

Visible particles

1.4
g COMBLSTION OF N=2000 pm BMEP =6bar __—
\ A":/ OXYGEN COMPONENTS ...__--
o 1af -
INJECTION 7" ™ = Smoke, FSN
; p E
- 1 -
E\yAEPIgIR'\/‘A?IéN/ é o 12 s =
IGNIFION ; 2 ’
CONDENSATION / J ® L ! ! 3
CEVEBRET POLYMERISATION [ | 1.1 /
G .' T )
i \ S?/SQTBQ';D |: | {
i FORMATION 1.0 I.' u
i o -1 i) 1
ignition delay Injection Duration - Ignition Delay, deg
2500
(& ]
§ 2000
0
c
. L] L] . L] g 1m
Influence of ignition delay on emissions 3
w1000
Q
I
g 500
m
g o

8 12 18 20 24
Ignition Delay, deg. CA
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uisea Emissions

No pre-mixture
Diesel Combustion Process

v HEAT FROM COMBUSTION OF

i COMPRESSED VOLATILE
| \CD\\A A,.:/ — COMPONENTTS 16 1400
Ol
L | mvEcon '\\ i\\\ / 7 — 1.4 - 1 1200
i ) L NN L
| HRLEN N : 12 [
i T \\ u
; IGNIFION li/éLOPkENT AN j{\ CONDENSATION / F U
é OF FLAME FRONT /'f R POLMERSATION & = T 800
il ’ Eos
; SOOT AND =
i \ CARBON =} - 600
i FORMATION 8 0.6 -
E ignition delay 0.4 + —— Soot —— NOx s

0.2 + 200

0 T T T T T T 0
12 13 14 15 16 17 18 19
Fuel Injection Timing (CA, BTDC)
Influence of ignition delay on emissions CA-Crank angle (angulos de cambota)

BTDC-Before Top dead centre (antes do
ponto morto superior)
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Diesel Engine Emissions :
formation, effect of variables and their control

HC emission from CI Engines U.S. Patent  Aug. 15,1978 Sheetiof2 4,106,702
Effect of nozzle sac volume and hole type E==_1_
. 10 16
30 - : " Minimized sac- I
i 4 volume !
- 12 ¥<114
g : L]
Y TR CoURRRCI el ! S s S | [ TIN
N
§ NI !©Izﬁ§
VCO-nozzie & g
g 22
g 0
0 ; | | E=e.2-
0 1.0 20 a0 E—
Nozzle orifice and sac-hole volume (mm?) x GOO_EE)EISS%ILOigGINE ot L _-1NO
= /7/’:' NO
(] 2
[ ] . g 4% /’/
Influence of injector nozzle 5 A
— /ﬁ’
S 2001 %
“ ol 1L
P o 1 HC
O E HC
0 20 40 60 80 100
BMEP-PSI
PRIOR ART LOW VOLUME TAPERED
NOZZLE--- SAC NOZZLE——
21
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Uisbes EISSIONS

Particles and soot formation
Lead (Pb in fuel)

—

PM1 5 Organic particles
PM2.5 (includes soot)
PM10 \

Sulfates (S in fuel)

PM

Ultra-fine
i particles
Fine particles
. Coarse particles
Deposit in the extra Deposit in deeper Pass into the
thoracic/upper tracheo- lung circulatory system

branchial region

Carla Silva camsilva@fc.ul.pt 22
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uisea Emissions

Organic particles (includes soot- carbonaceous material) H, C, O

ol 15 nm< Spherule diameters< 30 nm

Solids — dry carbon particles, commonly known as
soot,

SOF — heavy hydrocarbons adsorbed and
condensed on the carbon particles, called Soluble
Organic Fraction,

S04 — sulfate fraction, hydrated sulfuric acid
H2S04.

Polycyclic Aromatic Hydrocarbons

g

o oY
iy ¢ IH;[

Nucleation mode Accumulation mode Mapthalene  Chrysene
10Hg CrgHiz
g e ,l‘il}j b
SOF-Polynuclear Aromatic Hydrocarbons (PAH) are L, P 1§ &
. . . Pyrene Coronens Ovalene
hydrocarbons containing two or more benzene rings  cishio CaaHy2 CaaHia

Carla Silva camsilva@fc.ul.pt 23
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2012

EMISSOES ESPECIFICAS PARQUE TERMICOD

- Emissdes atmosféricas especificas e residuos radioativos associados a produgéo de NOX, S0 E PARTICULAS (G/KWH)
energia
emissoes 0o 0,94
0,80 a,75
CO2 (g/kWh) 27913 6,92 85
S02 (g/kWh) 2 56 0,74 A
NOX (g/kiWh) 1,04 —ou g0 g
Residuos Radioativos (pg/kWh) 18,75 1713 iTi4 TS iTid

2 e == Particulas

[all in mg/km]
RENAULT Clio 1.2 16V 75 M5 1149 Petrol CO HC NOx
269 49 28

CcO HC NOx PM
RENAULT Clio 1.5 dCi 88 M5 1461 Diesel 298 23 155 0.1

Carla Silva camsilva@fc.ul.pt 24
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C ULisboa EmlSSIO“S-Outdoor

low emission zones and the raising of
air-quality target

particulate matter (PM)

ozone (O,)
fw“‘%% World Health nitrogen dioxide (NO,)
%77 Organization sulfur dioxide (SO,)

Ambient (outdoor air pollution) in both cities and rural areas was
estimated to cause 3 million premature deaths worldwide in 2012

Carla Silva camsilva@fc.ul.pt 25
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Ambient Air Quality Directive 2008/50/EC

Mean Limit PM4q (Particulate Matter) Limit NO» (Nitrogen Dioxide)
24h (PMqg) 1 h 50 pg/m? not more than 35 200 pg/mnot more than 18
(NOg) violations /year violations/year

1 year 40 pg/m? 40 pg/md

PM10 and PM2.5 particulates are easily breathed in (causing lung cancer).

Carla Silva camsilva@fc.ul.pt
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low emission zones and the raising of
air-quality target

Avenida da Liberdade

B Dados da Estacao

Codigo: ({3075
Data de inicio:|1994-01-01
Tipo de Ambiente:|Urbana
Tipo de Influéncia:|Trafego
Zona:|Area Metropolitana de Lisboa Norte {a)
Rua:|Avenida da Liberdade

Freguesia:|Santo Antdnio
Concelho:|Lisboa
Coordemadas Gauss |Latitude: [195336
Militar (m) |Longitude:| 111902

Coordemadas || atitude; |38°43'13"
Geograficas
Wesaa Longitude:|-9°08'45"
Altitude (m):|44
Rede de Qualidade do Ar de Lisboa e Vale
do Tejo
Comissdo de Coordenacdo e
Instituicdo: Desenvolvimento Regional de Lisboa e vale
do Tejo
Contacto:|21 0101 300
(a) a zona é uma aglomeracao

Rede:

m Escolha uma owutra estacdo:

e | Escolha uma estacao v '_ 0K »»
Poluente Simbolo  |Data de Inicio Data de Fim

Mondxido de Azoto NO 1994-01-01 B Estatisticas:

Didxido de Azoto NOZ 1994-01-01 [ Escolha um poluente v |

Oxidos de Azoto NOx 1994-01-01 =

Particulas < 10 pm PM10 1998-02-01

Mondxido de Carbono CO 1994-01-01

Carla Silva camsilva@fc.ul.pt 27
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uwises Emissions-OQutdoor

low emission zones and the raising
of air-quality target

450 Avenida da Liberdade - Hondoxido de Carbono
400 |- =
B [an)
[ 1]
350 [ o
B =2
-
[ E.fl
300 :mﬂﬁm Eﬂ
-N M—
250 | — Ol oy o = i LA 3
20 LN Rk halnn N I i ]
" B =" o T =)
W = P ~a = v I = 1= o
T o0 L —gaﬁﬂﬂﬁgﬂﬂ ﬂgﬁﬁ
150 |
100 [ - - .
I Universal Time Cpordinated
50 |-
0' I TR T O N N |
01 23 d56 78 9101112131415 1617181920212223 0 1 2 34 5 6 7 8§ 910111215314151617181930 212225 0
Hora UTC
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Air-quality av. Liberdade

m3

3,500,000 ue/
< Oxidos de Azoto pg/m3

3,000,000 |- USRS a—

2,500,000

2000000 1 4~ Diéxido de Azoto ug/m3

—#=—Particulas < 10 um pg/m3

1,500,000

1,000,000

X
500,000 _.

01 2 3 4 5 6 7

AGENCIA
QualAr /} PORTUGUESA
Base de Dados Online sobre a Qualidade de Ar DO AMBIENTE
—_—

3-1-2015
(Saturday)

Carla Silva camsilva@fc.ul.pt

1-1-2015
(Thursday)

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

D
4,000,000 - ====Monoxido de Carbono
m3
3,500,000 --------ssmremmresseeseresnen e o TR ————
Oxidos de Azoto pg/m3
3,000,000
T8 = s o ol —#—Monéxido de Azotopg/m3________
2,000,000 ---==mssmmrrmrmr e e e g e e B

1 1, e o, WSO S

1,000,000
500,000 -

0% : 2 ==} FT
01 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
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low emission zones and the raising
of air-quality target

Estacdo |Avenida da Liberdade

Infléncia | Trafego

Ambiente | Urbana

Poluente | Dioxido de Azoto (NO2)

Ano 2015

Dados Estatisticos

e (I;?sleo rh’z:;:!ﬂ) (E:Loer?iggi?)
Eficiéncia (%) 98,7% 98,4%
Dados Validados (n.2) 8.644 359
Média (pg/m3) 58,6 38,3
Maximo (pa/m3) 247,3 128,8
Limiar de Alerta
(Decreto-lei n.® 102/2010)
Designacao (”\‘;?,!_?1;) No. de Excedencias
Limiar de Alerta
(medido em trés horas 400 0
consecutivas)

Proteccdo da Saiide Humana
(Decreto-lei n.e 102/2010)

: Base Horaria

Designacdo
In2L20 | (ug/m3)

WValor Excedéncias Permitidas

(horas)

N.? Excedéncias
(horas)

VL 200

18

20

Legenda:
WL - Valor limite: 200 pg/m3.

Proteccao da Saiide Humana: Base Anual

(Decreto-lei n.® 102/2010)

Desi - Valor Valor Obtido
S (pg/m3) (pg/m3)
VL 40 58,6

Carla Silva camsilva@fc.ul.pt
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low emission zones and the raising
of air-quality target

B Critérios

Estagao: | Avenida da Liberdade

Paluents: Particulas < 10 pym [PM10}

Ano: 2015

= Dados Estatisticos

Tt |
Eficiéncia (%) 54,3% 93,7%
Dados Validados [n.2) B.263 342
Média [pg/m3): 36,0 36,0
Maxime [pg/m3): 219,35 118,9

[Decreto-lei n.® 102/2010)

® Proteccio da Sadde Humana: Base Didria

Excedéncias

. o Valor el M.2 Excedéncias
Designagio: {wafm3) Pe:_';'!rtl::_!a: {dias)
ias)
VL 30 33 =13
Legenda
VL - Walor limita: 50 pg/m3.
B Proteccio da Sadde Humana: Base Anual
[ Decreto-lei n.® 102/2010)
I Valor Valor obtido
Designagao: (i) {pg/m3)
WL 40 36,0

Legenda
VL - Valor limite: 40 pg/m3.

Carla Silva camsilva@fc.ul.pt
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e Emissions-Outdoor sources

Stationary combustion
(limits in mg/m3)

Mobile combustion
(limits in g/km)

Carla Silva camsilva@fc.ul.pt 32
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uisea Emissions

=] Official Journal of the European Communities L 309/17

ANNEX VI

EMISSION LIMIT VALUES FOR DUST

A Dust emission limit values cxpressed in mg/Nm' {0, content 6 % for solid fucls, 3 % for Bguid and gascous furls)
to be applied by new and existing plants pursuant to Amicle 4{1) and 4{3), respectively:
Rated thermul inpa Emission lamit values.
Type of fuc
W) {mgNem
mg/Nm?3
Solid z 500 50()
< S00 100
Liquid (') all plants 50
Caseous all plants 5 a3 2 rule
10 for blast fumnace gas
50 for gases produced by the steel
industry which can be used
chewhere

{*) A lienis vadue of 100 mgfNm® may be apphed to plants with a rated thermal input of ke than 300 MWih buming liquid fud
with an wh content of mode than 0,06 %

) A lemie vabue of 100 mgfim® may be sppliad o plti boemed peraaeat 1o Aride 4(1) with o rated thermal nput greater thans
or equal to 500 MWth burning solid furl with o heat content of bess than 5 800 Lifkg (et calonific value). 8 moiture content
|n“tn4$=hw.nMMdmndﬂmmMmuby'-qhm-mmuMonm
greater than 10

B. Dust emission limit valies expressed in mg/Nm' to be applied by new plants, pursuant to Article 4(2) with the
exception of gas turbinex:

Solid fuels (O content 6 %)

50t 100 MWrh > 100 MWith

50 ]

Carla Silva camsilva@fc.ul.pt 33
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A NO, emission Emit values expressed in mgf/Nm® (0, content 6 % for solid fucks, 3 % for bquid and gascous fuels)
to be applied by new and existing plants pursuant to Asmicle 4{1) and 4(3). respectively:

e 3
Type of fuck Lm,“‘"“Ml‘a < mg/Nm
Salid (%), (%
50 to 500 MWik: 600 N=normal /standard
>500 MWk e pressure and
From 1 January 2016
Ty e temperature
=500 MWih: 200
Ligusict
50 w 500 MWih: 450
=500 MWirh: 400
Gaseous:
50 to 500 MWk o Conversion NO/NO,
>500 MWih: 200
: =(14+16)/(14+32)[1.53

(" Except in the case of the Tuwermos Regiom” where the following values dhall apply:
L in penerak 650
Solid with < 10 % vol compe | 100
Liguid: 450
Casenmn: 150
% Untl 31 December 2015 planta of a rated thermal input greater than 500 MW, which from 2008 onwards do not operate
more than I 000 howss 4 vear (rolling sverage over 3 of fve yeary), chall
— in the case of plant Boensed in sccondance with Amicle 4{¥al be subject 10 2 leit vabue for nitrogen oxide emivdons
fmeasured as MO of 600 mgfNm®;
— In the case of plant subject 10 4 national plan under Article 460 have thelr contribution 1o the astional plan ssesed on
the basis of 4 lkmit vahue of 600 mg/Nm,.
From | January 2016 such planty hﬂqﬂﬁmﬁuliﬁhﬂnlﬂlﬂkﬁmnftmlpmﬂdﬂlm
years), shall be subject 1o & Bl vabue for nitrogen oxsde emdssions (messsned as NO ) of 450 mgfNm’.
(% Untl | Jansary 2018 in the case of plants that in the 12 month period ending on | January 2001 operated on., and continoe
to operate on, solid fods whose volatile content is kew than 10% 1 200 mgfNm" shall apply.
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A NO, emission mit values expressed in mg/Nm® (0, contemt 6 % for solid fucks, 3 % for liquid and gascous fuels)
tor be applied by new and existing plants purssant to Article 4{1) and £(3). respectively:

Type of fuek l-lﬂht:ll‘.'r

Salid (3, (% o

50 1o 500 MWl Py NO,@6%02

>500 MWth: 500 /
From 1 January 2016

50 o 500 MWih: &00 f h o

5500 MWk 0 Convert for the same %0,:
Liguidd

50 1o 500 MWih: 450 . . n

Xlgoy, = X1 *

>500 MWik: 400 Ny,
Gascous:

50 o 500 MWih: 300

= : sy
M m:::n%-éihmn-:wﬁmm.mﬁuuw )

<] ]

Liguid: 450 compr o 476 x+(1+x02)z y (wet)

O e e g ™ K 200K s e oy x02=" 1-4.76x02 | ' 4

— in the case of hﬂhmﬁmﬂhﬁﬂ“hlﬂthl“ﬂlﬁhmuﬁm
fmeasuned as of 600 mgfNm*;

- hmudhﬂmn:ﬂd#-ﬁmmhﬁmﬂuhﬂﬂuﬂu
the basls of o limit value of 500 +

From 1 116 wch not more than | 500 hours & year over 4 of five

D 4 L i M o

1% Unail | Janssary 2008 in the case of plants that in the 12 month period ending on | January 2001 operated on, and continue
o operate o, solid fods whose volatile content is kews than 10°% 1 200 mgfNm" shall apply.
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ANNEX VI
EMISSION LIMIT VALUES FOR DUST

A Dust emission limit values cxpressed in mg/Nm' {0, content 6 % for solid fucls, 3 % for Bguid and gascous furls)
to be applied by new and existing plants pursuant o Amicle 4{1) and 4{3), respectively:

Ratad thermul inpat Emission it values
Ty of st W) fmg e
Solid z 500 5009
< 500 100
Liguid ("} all plants 50
Gascous all plants 5 a3 2 rule
10 for blast fumace gas
50 for gases produced by the steel
industry which can be used
chewhere

" A limis value of 100 mgfNm® may be apphed 10 plants with 2 rated thermal input of kess than 500 MWih buming biguid fud
with an sih coment of moe than 0,08 %

) A linie vabee of 100 mgfNm® oy be spplied 1o plants Boonsed porasat to Article 4{3) with a rated thermal Input greater than
or equal 1o 300 MWih buming solid fuel with & heat content of less than 5 800 Kk fpet calonific value), & mobtwe content
In.lnt';h:: 45 % by weight, 5 combined mssawre snd mb (ontens grester than 60 % by weight and & calchum oxide content
reater 1 %

B. Dust emission limit valies expressed in mg/Nm' to be applied by new plants, pursuant to Article 4(2) with the
exception of gas turbinex:

Solid fuels (O content 6 %)

50 o 100 MWih > 100 MWih

50 ]

NO, @6%02

/

Convert kmol/kmol in mg/Nm3

) nNO 1
X=fract|on—n—Total * MNO * Vroral *

nTotal

kmol kg 1 3
X=me/m3= * * * 1
g/m3 kmol kmol ™3 0
kmol

k]
8.314
rr  —— k29K

74

n 14 100 kPa
k]

8.314+——

w*zggl{

K -
100 kNm/m3 =24.8 m3/kmol

Carla Silva camsilva@fc.ul.pt
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Tahle 1

EU Emission Standards for Passenger Cars (Category M;¥)

[ [ @ = e
_

Compression Ignition (Diesel)

Euro 1t 1992.07

Euro 2, IDI  1996.01
Euro2, DI 1996.012
Euro 3 2000.01
Euro 4 2005.01
Euro 5a 2009.09P
Euro5b  2011.09¢
Euro 6 2014.09

292

(3.16)

1.0
10
0.64
0.50
0.50
0.50
0.50

= 0.97
(1.13)

% (07
= 0.9
= 0.56
s 0.30
= 0.23
= 0.23
= 0.17

0.50
0.25
0.18
0.18
0.08

0.14
(0.18)

0.08
0.10
0.05

0.025

0.005°

0.005"

0.005f

#/km

6.0x1011
6.0x101

Passenger cars

—

PM (g/kWh)
0.36

0.15

0.0

___—> oo

Truck/bus engines

0.01

EURO Il

Carla Silva camsilva@fc.ul.pt

EURO Il
EUROV | EURO IV
0 0.4 2 35 5 7 8
NOx (g/kWh)
EURO 11993 EURO lil 2000 EURO V 2008
EURO Il 1996 EURO IV 2006  EURO VI 2013
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low emission zones and the raising of air-quality target

TFuel
I

Air Exhaust Gases
Engine ———

m x1(Exhanst gases) CO
- - 2

Figure 2: Exhaunst Gas Re- circulation H 2 O CO
2
E— _— . m—— N, _, Exhaust gas H-O
L BB ) 2
ompustion aiteration not enoug CO aftertreatment \
HC 2
o Waf.er, NO
air
l" ':“ /ﬂj B_X< NO2
4 — Il e
Mixer j_b - i > PM
! >
Natural gas
E Alr prehealer E Mixing tube
Water injection system Combustion chamber
Swirler Combustion chamber (water-coolad)
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exuer

<3 STEAH TO STEAH TURBINE

Céamara de Combustéo

T

Combustivel

Compressor

Eixo

Ar

Turbina

Gases

V = Volume

p = pressure

Compressor—
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Exhaust gas aftertreatment gasoline

Assure A1l

Catalytic Converter i .

Exhaus! Pipe TWE

Gasoline engines (spark-ignition) => TWC-Three Way catalytic converter
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Exhaust gas aftertreatment

L
Exbaust gases -+ > Exhaust gases
from engine 1 tailpipe
— —
[mlet diffizser Catabyst Outlet nazle Cellichannel
Side view of catalyst assembly Front view of catalvst brick

Cleaning rate or catalytic converter efficiency,
e.g.,

NOxin,—NOx
n Outxloo%

100

Cleaning rate (%)
| S T - T = |
(=T = I = -

=]

NOx

e
B

14 15 18 1T
&F (Air-fuel ratio)
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Exhaust gas aftertreatment Diesel

https://www.youtube.com/watch?v=4VHXnIYUFxc

https://www.youtube.com/watch?v=f01Az07-bj8

Oxidation catalyst
Particle filter
Selective catalytic reduction

Rudolf Diesel engines (compression-ignition) =>
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Exhaust gas aftertreatment (with SCR)

HRSG ﬁ
S—
; T/ ! . /,//M_“.L | J'J |
co, s >1 |k S | s \]1
I 5™ 7777 . |
N,  Exhaust gas H 5 L msncg;' VL ]
CO ™ 4f 2
d tertreatment N M ——{— NH 3FEED
e Ni—l3 li
NO Siip
NO2
PM (NH,),CO + H,0 =2NH,; + CO,
Urea solution ([15% fuel consumption)
Urea 32.5% wt (+0.7%), density of 1.09 g/cm?3
4NO+4NH,+0, - 4N,+6H,0
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Exhaust gas aftertreatment (with SCR)

Central Coal Sines >= 2011
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P#11 Consider the molar composition (kmol) of flue gas of a coal furnace with a coal
consumption of 90 tonne/h. (power plant with installed power > 500 MW).

SNCR 4NO+4NH3+02 24N2+6H20
C0O,=0.052769348
H,0=0.028669893 SCR 1w B ;ﬁ%ﬁ; .
N,=0.271015989 X —
TP r s ey NOGo SCR

NO=8.2 N
0=8.20116x107-5 " &

0,=0.015355756 (NH2)2CO+H20 - 2NH3+C02
4NO+4NH3+02 =>4N2+6H20

a) Calculate the NO emissions and compare with the limit value imposed by legislation.

b) If you use SNCR (selective non catalytic reduction, 80% conversion efficiency), how
much NH3 would you add, and what would be your new NO emissions? Compare
with the limit.

c) If you use SCR (selective catalytic reduction, 80% conversion efficiency), how much
urea would you add, and what would be your new NO emissions? Compare with the
limit.

d) Discuss on weather to use SNCR or SCR.
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P#12 A mixture of methane gas and air at 25°C and 1 atm is burned in a water heater at
100% theoretical air. The mass flow rate of methane is 1.15 kg/h. The exhaust gas
temperature was measured to be 500° C and approximately 1 atm and is subjected to
exhaust aftertreatment. The volumetric flow rate of cold water (at 22°C) to the heater
is 4 L/min.

Effect of temperature on the operation of a three-way catalytic converter (Lambda= 1)

Carton Morwosds
Hyd noar Do

O=ides of Nitregen

Camersion Eficancy %

150 20} Fo ] 0 Fr} S

E xhwist Tampesalurs (50 )

(a) Determine the combustion efficiency.
(b) Calculate the temperature of the hot water if the heat exchanger were to have an
efficiency of 1.0, i.e., perfect heat transfer.
(c) Consider the following concentrations of emissions at the combustion products:
c5000:-ppreNQO. Estimate the NO exhaust gas emissions in g/h. a7
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Table: Air pollutant emission standards for coal-fired power plants in China, European Union and the United States (mg/m?)

SO, New 100 200 160
Existing 200/400' 400 160/640°

PM New & existing 30 50 225

1) 400 for four provinces with high-sulphur coal

2) 500 until end 2015; 200 as from 2016

3) 160 for plants built 1997-2005; 640 for plants built 1978-1996

4) 100 for plants built 2004-2011; 200 for plants built before 2004

5) 117 for plants built after 2005, 160 for plants built 1997-2005; 640 for plants built 1978-1996

Source: WRI (2012)
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