
 

Near-Zero Emissions Oxy-Combustion 
Flue Gas Purification 
 
Task 2:  SOx/NOx/Hg Removal for High 
Sulfur Coal 
 

Final Topical Report 
January 1, 2009 to March 31, 2011 
 

 
Prepared by Praxair, Inc. 
 
Principal Authors 

Nick Degenstein (Praxair) 
Minish Shah (Praxair) 
Douglas Louie (WorleyParsons) 

 
December 2011 
 
DOE Award No. DE-NT0005341 
 
Recipient 

Praxair, Inc. 
175 East Park Drive 
Tonawanda, NY 14150 

Project Director 
Minish Shah 
Tel: (716) 879-2623 
Email: minish_shah@praxair.com 

Business Officer 
Ray Drnevich 
Tel: (716) 879-2595 
Email: ray_drnevich@praxair.com 

Subcontractors 
WorleyParsons Canada 
Foster Wheeler North America Corp. 

 



 

Topica
 

 

Dis
 
“This
State
any o
liabil
inform
infrin
proce
neces
Unite
expre
or an
 

al Report - Tas

claimer 

s report was
s Governme
of their emp
lity or resp
mation, appa
nge privately
ess, or serv
ssarily const
ed States Go
essed herein 
y agency the

 

sk 2: SOx/NOx

 prepared as
ent. Neither 
ployees, mak
ponsibility 
aratus, produ
y owned rig

vice by trad
titute or im
overnment o
do not nece

ereof.” 

Near

x/Hg Removal 

s an account
the United 

kes any war
for the ac
uct, or proce
ghts. Referen
de name, tra

mply its endo
or any agen
ssarily state 

r Zero Emissio

for High Sulfu

t of work sp
States Gove

rranty, expre
ccuracy, com
ess disclosed
nce herein t
ademark, m
orsement, re

ncy thereof. 
or reflect th

ons Oxy-Comb

ur Coal 

ponsored by 
ernment nor
ess or implie
mpleteness, 
d, or represe
to any speci

manufacturer,
ecommendat
The views 

hose of the U

bustion Flue G

Pag

an agency 
r any agency
ed, or assum

or usefuln
ents that its u
ific commer
, or otherw

ation, or fav
and opinion

United States

Gas Purificatio

ge 2 of 64 

of the Unite
y thereof, no
mes any lega
ness of an
use would no
rcial produc

wise does no
voring by th
ns of author
s Governmen

on 
 

ed 
or 
al 

ny 
ot 
ct, 
ot 
he 
rs 
nt 



 

Topica
 

Abs
 
The 
techn
comb
altern
sulfur
inves
bypro
proce
of the
of the
meth
which
proce
the a
purifi
coal, 
 
 

al Report - Tas

stract: 

goal of thi
nology for ex
bustion tech
native metho
r coal in ox

stigate a ne
oduct stream
essing. Durin
e process to 
e sulfur mus
od could no
h limits sal
ess. Given th
acid produc
fication schem

e.g. this pro

 

sk 2: SOx/NOx

is project is
xisting PC (

hnology. The
od of SOx, N
xy-combustio
w method 

ms as an alt
ng the proje
achieve the 

st be remove
ot be found t
le-ability of 
he complexit
ct would no
mes are bett

oject’s Task 3

Near

x/Hg Removal 

s to develo
(pulverized 
e objective 

NOx and Hg 
on power pl
of flue gas

ternative to 
ect two main

project goal
ed in the boi
to remove N
f the acid, a
ty and safety
ot be direct
ter suited for
3 process or 

r Zero Emissio

for High Sulfu

op a near-ze
coal) power
of Task 2 
removal fro

lants. The g
s purificatio
using a trad

n constraints
ls. 1) Due to
ler island w

NOx from th
as well as t
y issues inhe
tly saleable 
r SOx/NOx/
a traditiona

ons Oxy-Comb

ur Coal 

ero emissio
r plants that 

of this pro
om flue gas p
goal of the p
on but also 
ditional FGD

s were identi
o boiler islan

with the use o
he concentrat
the NOx re
erent in the 

and, in th
/Hg control w
al FGD and S

bustion Flue G

Pag

ons flue gas
are retrofitt

oject was to
produced by
program wa

to produce
D and SCR
ified that lim
nd corrosion
of an FGD. 2
ted sulfuric 

emoval effic
cycle it is co

his case, ot
when burnin
SCR. 

Gas Purificatio

ge 3 of 64 

s purificatio
ted with oxy
o evaluate a
y burning hig
as not only t
e useful aci

R for flue ga
mit the abilit
n issues >60%
2)  A suitabl
acid produc

ciency of th
oncluded tha
ther flue ga
ng high sulfu

on 
 

on 
y-
an 
gh 
to 
id 
as 
ty 
% 
le 
ct, 
he 
at 
as 
ur 



 

Topica
 

Tab
 
Discl
Abstr
Table
List o
Execu
Appr

Te
Pro
Ch
Su
Su
Su

Resu
Su
Su
Su
Su
Su
Su
Su

Conc
Refer
Appe

Ba
Co
Su

 
 

al Report - Tas

ble of Co

laimer .........
ract: ............
e of Content
of Figures ...
utive Summ

roach: ..........
chnology De
ocess Descri
hemistry Des
ubtasks 2.1, 2
ubtask 5.1 - P
ubtask 5.3 - C
lts and Discu

ubtask 2.1:  E
ubtask 2.2:  D
ubtask 2.3:  N
ubtask 2.4 By
ubtask 2.5 M
ubtask 5.1 Pr
ubtask 5.3 Co
clusions: ......
rences .........
endix A Bud
asis of Estim
osting ..........
ummary of E

 

sk 2: SOx/NOx

ontents:

...................

...................
s: ................
...................

mary: ............
...................
escription: ..
iption ..........
scription .....
2.2 and 2.3 -
Process Simu
Commercial 
ussion ........

Experimenta
Data Collecti
NOx Remova
yproduct Pur
ercury Remo

rocess Simul
ommercial V
...................
...................

dgetary Cost 
mate..............

...................
Estimate .......

Near

x/Hg Removal 

 

....................

....................

....................

....................

....................

....................

....................

....................

....................
 Experiment
ulation : .......
Viability of 
....................
l Apparatus 
ion in the Ga
al with Activ
rification .....
oval Researc
lation ...........
Viability of H
....................
....................
Estimate .....
....................
....................
....................

r Zero Emissio

for High Sulfu

....................

....................

....................

....................

....................

....................

....................

....................

....................
tal Work: ....
....................

f H2SO4 Proc
....................
Design and 
as/Liquid Co
vated Carbo
....................
ch ................
....................

H2SO4 Proce
....................
....................
....................
....................
....................
....................

ons Oxy-Comb

ur Coal 

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................
cess : ...........
....................
Constructio

ontactor .......
n .................
....................
....................
....................

ess ................
....................
....................
....................
....................
....................
....................

bustion Flue G

Pag

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................

....................
on .................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................
....................

Gas Purificatio

ge 4 of 64 

...................

...................

...................

...................

...................

...................

...................

................. 1

................. 1

................. 1

................. 1

................. 1

................. 1

................. 1

................. 1

................. 3

................. 3

................. 3

................. 4

................. 4

................. 5

................. 6

................. 6

................. 6

................. 6

................. 6

on 
 

2 
3 
4 
5 
6 
8 
8 
0 
1 
2 
3 
4 
5 
5 
8 

33 
35 
38 
43 
49 
59 
61 
62 
62 
62 
63 



 

Topica
 

List
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Expe
Figur
Figur
Figur
Figur
Figur
Figur
Figur
SO2. 
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur
Figur

al Report - Tas

t of Figu
re 1:  Schem
re 2:  A CPU
re 3:  Schem
re 4:  Schem
re 5:  Photog
re 6:  Plume 
re 7:  Bench 
re 8:  Compu
re 9:  Experi
re 10:  Exper
re 11:  Perce
rimental res
re 12:  NOx 
re 13:  NOx 
re 14:  NOx 
re 15:  NOx 
re 16:  NOx 
re 17:  Accum
re 18:  Equi
...................
re 19:  Perce
re 20:  Impac
re 21:  Impac
re 22:  Increa
re 23:  Effec
re 24:  SO2 a
re 25:  Absor
re 26:  Impac
re 27:  Stripi
re 28:  Relati
re 29:  Adva
re 30:  Activ
re 31:  Vapo
re 32:  Typic
re 33:  Adva
re 34:  Typic
re 35:  Pressu
re 36:  Proce
re 37:  Stream
re 38:  Stream
re 39:  US B
re 40:  Sulfu
re 41:  North
re 42:  Norfa

 

sk 2: SOx/NOx

ures 
matic of the O
U process usi
matic of the T
matic of the T
graph of the 
analysis for
Scale unit c

uter interface
mental colum
rimental colu
ent conversi
ults are com
absorption b
absorption b
absorption b
absorption b
absorption b
mulation of 
librium solu
...................

ent SO2 adso
ct of residen
ct of residen
ase in SO2 ab
t of acid flow

absorption in
rption in H2S
ct of tempera
ing performa
ive rate of N
ntages and d

vated carbon 
r pressure fo

cal Operation
ntages and d

cal selenium 
urized flue g

ess schematic
m summary 
m summary 
ureau of Lab
ric acid pric

h American s
alco Supply a

Near

x/Hg Removal 

Oxy-coal boi
ing the Task

Task 2 proces
Task 2 Bench
Task 2 expe

r a 10min rel
constructed a
e control and
mn flooding
umn stage ef
ion of NO to

mpared to sim
by H2SO4; 10
by H2SO4; 20
by H2SO4; 10
by H2SO4; 10
by H2SO4; 10
NOx in H2S

ubility of SO
....................
rption vs. in

nce time on S
nce time on S
bsorption in
wrate on SO
n H2SO4 vs. N
SO4 vs. NOx
ature on SO2

ance of N2 an
NOx removal
disadvantage
mercury rem

or Hg, HgS a
nal Paramete
disadvantage

filter arrang
gas composit
c of the final
for gas strea
for liquid st

bor statistics
ing 1989-20
sulfuric acid
and Distribu

r Zero Emissio

for High Sulfu

ler island ....
k 2 process fo
ss for SOx a
h-Scale Unit
erimental equ
lease of NO2

as part of Sub
d monitoring
g threshold ...
fficiency .....
o NO2 in at 

mulation resu
00 psia and 
00 psia and 
00 psia and 
00 psia and 
00 psia and 2

SO4 during th
O2 in 95wt%
....................

nlet gas conc
SO2 absorpti
SO2 absorpti
n H2SO4 by r
O2 absorption

NOx concen
x concentrat
2 absorption 
nd air for NO
l for various
es of the acti
moval system
and HgSe ....
ers for a Sele
es of the sele
gements .......
tion for feed
l Task 2 pro
ams of final 
treams of fin
s – producer 
009 ...............
d producers ..
ution Networ

ons Oxy-Comb

ur Coal 

....................
or SOx/NOx
and NOx pur
t ...................
uipment setu
2 through the
btask 2.1 .....
g panel for th
....................
....................
various pre

ults. .............
130 oF .........
130 oF .........
175 oF .........
195 oF .........
235 oF .........
he test camp

% sulfuric ac
....................
entration of 

ion in H2SO4

ion in H2SO4

reaction with
n. ..................
ntration in fe
tion in feed a
n in H2SO4 ...
Ox removal 
s carbons usi
ivated carbon
m .................
....................
enium Filter
enium filter .
....................

d to the Task
cess ............
process sim

nal process si
price index 

....................

....................
rk for Sulfur

bustion Flue G

Pag

....................
x purification
rification .....
....................
up ................
e fume hood
....................
he Task 2 eq
....................
....................
ssures and g
....................
....................
....................
....................
....................
....................

paign ............
cid vs. partia
....................

f SO2. ...........
4 in absence 
4 in presence
h NO2 ..........
....................
eed at 200 ps
at 150 psia ...
....................
from sulfuri

ing N2 and a
n filter .........
....................
....................
r ...................
....................
....................

k 2 process ...
....................

mulation ........
imulation ....
for sulfuric 
....................
....................
ric Acid .......

Gas Purificatio

ge 5 of 64 

...................
n ............... 1
................. 1
................. 1
................. 1

d exhauster 1
................. 1
quipment .. 1
................. 1
................. 2
gas flowrate
................. 2
................. 2
................. 2
................. 2
................. 2
................. 2
................. 2
al pressure o
................. 2
................. 2
of NOx. .. 2

e of NOx .. 2
................. 3
................. 3
sia . .......... 3
................. 3
................. 3
ic acid ...... 3

air .............. 3
................. 3
................. 4
................. 4
................. 4
................. 4
................. 4
................. 4
................. 4
................. 4
................. 4
acid ......... 5
................. 5
................. 5
................. 5

on 
 

9 
0 
1 
3 
3 
6 
7 
8 
9 

20 
s. 

21 
22 
22 
23 
24 
24 
25 
of 
27 
28 
29 
29 
30 
31 
32 
32 
33 
34 
34 
39 
40 
41 
42 
42 
43 
45 
46 
47 
48 
51 
52 
54 
56 



 

Topica
 

Exe
 
 
enabl
purifi
sulfur
techn
 
 
SOx 
powe
produ
lime/
equip
remo
and a
 
 
aims 
for p
bypro
powe
 
 
impo
be pr
reside
the pr
hydro
gas/li
indep
acid, 
 
 
NOx.
predi
not t
<5pp
acid 
stripp
indus
of th
progr
oxida
 

al Report - Tas

ecutive S

The objec
le developm

fication proce
r coals  an

nology. 

The purpo
and NOx re

er plants. In a
ucing dispos
/limestone r
pment capita
val is typica

also requires 

Instead o
to process f

production o
oducts allow
er loss. 

In the Tas
rtant for con

resent in the 
ence times b
rocess invol
olyzed to sul
iquid contra
pendently in 
2) NOx des

The NOx 
. The best a
icted in liter
take place a
mw dissolve
has a very 

ping with ac
stry, were al
he methods w
ram goals. E
ation by NOx

 

sk 2: SOx/NOx

Summar

ctives of thi
ment and de
esses having
nd, 2) to p

ose of the T
emoval from
a typical pow
sable gypsu
reagent cost
al costs can b
ally achieve
ammonia re

f processing
flue gas at h
of useful-co

wing for subs

sk 2 process
nversion of 
CPU is a ke

by increasing
ves NOx act
lfuric acid. T

acting vessel
small gas/li

orption from

absorption 
absorption pe
rature. Therm
as required 
ed NOx. Fu
strong affi

ctivated carb
so investigat
were approp

Experimenta
x was an eff

Near

x/Hg Removal 

ry: 

is project w
esign of a
g a high CO2

erform com

Task 2 progr
m flue gas pr
wer plant SO

um using a 
t, gypsum d
be substantia
ed in an SC
eagent. 

g flue gas at
igh pressure

oncentrated 
stantially red

s a number o
NOx and SO

ey feature wh
g the rates o
ting as a cata
The proposed
ls. The perfo
iquid contac

m sulfuric aci

experiments
erformance w
mal desorpti
for produci

urther experim
nity for NO

bon. Other m
ted for NOx
priate for ap

al data collec
fective metho

r Zero Emissio

for High Sulfu

were to carry
near zero e

2 recovery fo
mmercial via

ram was to 
roduced by b
Ox is remove
wet or dry-
disposal co
al especially
R which req

t low pressu
e within the 
acid which 
duced reage

of heterogen
Ox to acids.
hich enables

of important 
alyst for con
d process ch
ormance of 
ctor to evalu
id and 3) NO

s showed a g
was seen wh
ion of NOx 
ing a comm
mental resul

Ox and cou
methods, tak
x removal ho
pplication w
cted at a va
od of remov

ons Oxy-Comb

ur Coal 

y out an exp
emissions o
or power pla
ability asses

investigate
burning hig
ed by reactio
-FGD at atm
st, parasitic

y in the case 
quires subst

ures, the pro
oxy-coal CO
can potent

ent costs, dis

neous and ho
. The elevate
s the formati
reactions. T

nversion of S
hemistry take
each of the 

uate: 1) NOx
Ox catalyzed

good ability 
hen the NO
from conce

mercial puri
lts showed t

uld not be r
ken from the
owever, for a
within the T
ariety of con
ving SO2 from

bustion Flue G

Pag

perimental p
oxy-combust
ants burning 
ssment on t

an alternativ
h sulfur coa
on with lime
mospheric p
c power pla

of high sulf
tantial capita

oposed Task
O2 processin
tially be us
sposal costs 

omogeneous 
ed pressure 
ion of acids 

The enabling
SO2 to SO3, 
es place in th
three vesse

x absorption
d SO2 oxidat

of sulfuric a
:NO2 ratio w
entrated sulf
ty of sulfur
that concent
removed by
e traditional 
a variety of r

Task 2 proce
nditions show
m flue gas. 

Gas Purificatio

ge 6 of 64 

program to 1
tion flue ga
high and low
the propose

ve method o
al in oxy-coa
e or limeston
pressure. Th
ant load an
fur coal. NO
al investmen

k 2 processe
ng unit (CPU
sed as usefu

and parasiti

reactions ar
which woul
in reasonabl

g chemistry i
which is the
hree differen

els was teste
n into sulfuri
tion to SO3. 

acid to absor
was 1:1, as 
furic acid di
ric acid wit
trated sulfuri
y catalyticall

sulfuric aci
reasons, non
ess given th
wed that SO

on 
 

1) 
as 
w 
ed 

of 
al 
ne 
he 
nd 
Ox 
nt 

es 
U) 
ul 
ic 

re 
ld 
le 
in 
en 
nt 
ed 
ic 
 

rb 
is 
id 
th 
ic 
ly 
id 
ne 
he 
O2 



 

Topica
 

 
corro
remo
must 
‘air’ 
of the
as co
suitab
withi
propo
‘prod
very 
 
 
simul
mean
level 
in the
the N
can b
> 90%
waste
 
 
becau
sulfur
becau
The 
neutr
 
 
captu
and t
(FGD
concl
flue g
captu
acid 
neutr
optio
tradit
 
 
 

al Report - Tas

Results fr
osion issues w
ved using a
be removed
stream (to a
e Foster Wh
ompared to 
ble method 
in the Task 
osal version 
duct’ sulfuric
high levels o

Although 
lated remov

ning that rou
of NOx leav

e process an
NO2:NO ratio
be scrubbed 
%. However
e water.  

Extremely
use NOx can
ric acid dis
use they wo
sulfuric aci

ralized due to

As propo
ure SOx and
to eliminate

D and SCR)
lusions: 1) th
gas SOx, th

ure rate of th
product con

ralized. Due 
ns exist for 
tional atmosp

 

sk 2: SOx/NOx

from the sub
within the b

a traditional 
d from the pr
address pote
heeler simula
the proposa
was identifi
2 process, 
to reflect th

c acid. Due t
of dissolved 

the SOx r
al efficiency

ughly 120 pp
ving the  ‘N

nd the relativ
o is much gre
with water t
r, this will in

y high leve
nnot be easil
stributors an
uld be unwi
d produced 
o the NOx co

osed, the pot
d NOx impur
e or reduce 
). As a res
he boiler isl

hus reducing
he Task 2 pr
ntains very 
to these fac
removal of 
pheric pressu

Near

x/Hg Removal 

bcontracted 
oiler island 
FGD throug

rimary ‘air’ s
ntial superh
ations is that
al assumptio
fied for high
the Task 2 

he scenario w
to these pro
NOx.  

removal eff
y of NOx fr
pm of NOx l

NOx Absorbe
vely low eff
eater than 1.
to improve o
ncrease the c

els of NOx 
y removed f

nd customer
illing to con

from the T
ontaminants

tential advan
rities, with h
the need fo

sult of this 
land FGD is
g the potent
rocess is sim
high of lev

ctors, as well
flue gas SO
ure treatmen

r Zero Emissio

for High Sulfu

Foster Whe
require that 
gh processin
stream as we
eater/reheate
t substantial
n; this impa

h efficiency 
process des

where all the
cess change

ficiency of 
rom the com
leaves the T
er’ is attribu
fectiveness o
. The Task 2
overall NOx
capital inves

will be pre
from concen
rs would ac
ntaminate th
Task 2 proc
s in the acid. 

ntages of th
high efficien
or traditiona

program w
 still require

tial capital a
mulated to on
vels of NOx
l as other iss

Ox, NOx and
nt methods.

ons Oxy-Comb

ur Coal 

eeler boiler 
more than 6

ng of the re
ell as from a
er corrosion
ly less SOx 
acts the pro
removal of 

sign was ch
e captured N

es the ‘produ

the simulat
mpressed flue
Task 2 purifi
uted to the hi
of sulfuric a
2 process exi
x removal eff
stment and g

esent in the
ntrated sulfur
ccept this ty
heir storage 
cess would 
 

he Task 2 pr
ncy, convert
al flue gas p
we have ma
ed for remov
and operatin
nly be about
x so it will
sues, it is co

d Hg, such a

bustion Flue G

Pag

simulations 
60% of the f
ecirculated f
a portion of t
n issues). Th

is present in
ocess design
f NOx from 
hanged from
NOx is produ
uct’ sulfuric 

ted process 
e gas is only
cation proce
igh concentr

acid to absor
it levels of g
fficiency of t
generate add

e produced 
ric acid. It is
ype of out 
and transpor
most likely

rocess was 
t them to us
purification 

ade the foll
val of the m
ng costs sav
t 70% and 3

most likely
oncluded tha
as the Task 3

Gas Purificatio

ge 7 of 64 

showed tha
fired sulfur b
flue gas. SO
the secondar

he main resu
n the flue ga
. Because n
sulfuric aci

m the origina
uced with th
acid contain

is high, th
y about 70%
ess. This hig
ration of NO
rb NOx whe

gas phase NO
the process t
ditional acidi

sulfuric aci
s unlikely tha
of spec aci
rt equipmen
y need to b

the ability t
seful product

technologie
lowing majo

majority of th
vings 2) NO
3) the sulfuri
y need to b
at other bette
3 process an

on 
 

at 
be 

Ox 
ry 
ult 
as 
no 
id 
al 
he 
ns 

he 
%, 
gh 
O2 
en 
O2 
to 
ic 

id 
at 
id 

nt. 
be 

to 
ts 
es 
or 
he 

Ox 
ic 
be 
er 
nd 



 

Topica
 

App
 
multi
Praxa
viabi
paral
assum
amou
of va
litera
Cana
 
 
perfo
simul
high 
was 
appro
descr

Tec
 
 
and N
plant
and p
diagr
recirc
prima
pulve
may 
boiler
gener
proce
 

al Report - Tas

proach: 
Efforts fo

iple differen
air, power 
lity assessm
lel.  Initial p

mption that 
unt of SOx is
arious unit 

ature data.  
ada, to develo

In paralle
ormance data
lations to de
sulfur coal. 
developed 

oach used fo
ribed as back

hnology 

The purpo
NOx remova
s. The proce
processed fo
ram of an 
culated flue 
ary ‘air’ bei
erizing and c
be partially 
r. Combusti
ration. The 
essing unit (C

 

sk 2: SOx/NOx

or technical 
nt tasks inv
plant perfo

ment by Wo
process simu
all the sulfu
s present in 
operations 
The resulti

op an initial 

el, Praxair c
a for various
efine flue ga

 Based on t
for WorleyP

for various t
kground info

Descript

ose of the Ta
al from flue 
ess applies to
or CO2 capt
oxy-combu
gas are us

ng treated in
conveying e
treated for 

ion energy i
flue gas pr

CPU) for CO

Near

x/Hg Removal 

and comme
volving exp
ormance ass
orleyParsons
ulations of th
ur in coal is
the flue gas 
in the sulfu

ing process 
commercial

arried out e
s unit operat

as compositio
these new te
Parsons.  T
tasks.  In a
ormation.  

tion: 

ask 2 project
gas produce
o oxy-combu
ture and seq
stion boiler
ed to mode
n an FGD d
quipment. S
SOx remova
is used to g
roduced from
O2 compress

r Zero Emissio

for High Sulfu

ercial feasib
perimental t
sessment by
, Canada. 

he sulfuric a
s converted 
being sent t

furic acid pr
design pac

l viability as

xperiments 
tions and Fo
on from an o
est and simu
The followin
ddition, tech

t was to inve
ed by burnin
ustion flue g
questration (
r for this 
erate boiler 
due to mater
Secondary ai
al depending
generate stea
m the boile
ion and puri

ons Oxy-Comb

ur Coal 

bility assessm
testing and 
y Foster W
These activ
cid process 
to SOx in 

to the CPU. 
rocess were
ckage was u
sessment.  

on a bench-
oster Wheele
oxy-combus

ulation data, 
ng paragrap
hnology, pr

estigate an a
ng high sulfu
gas which is 
(CCS). Figu
application 
temperature

rial of constr
ir is shown h
g on the allo
am and a tu

er island is 
ification. 

bustion Flue G

Pag

ments were 
process sim

Wheeler and
vities were 
were carried
the boiler a
 Performanc

e fixed by 
used by W

-scale system
er conducted
stion power 

a revised pr
phs provide 
rocess and c

alternative m
ur coal in ox
to be furthe

ure 1 shows 
where two

e. This figur
ruction issue
here as not t
owable SOx
urbine is use
then treated

Gas Purificatio

ge 8 of 64 

divided int
mulations b

d commercia
conducted i

d out with th
and the entir
ce parameter
extrapolatin
orleyParson

m to develo
d power plan
plant burnin
rocess desig
the detaile

chemistry ar

method of SO
xy-coal powe
er compresse

a high leve
o streams o
re shows th
es in the coa
treated, but 

x levels in th
ed for powe
d in the CO

on 
 

to 
by 
al 
in 
he 
re 
rs 

ng 
ns, 

op 
nt 
ng 
gn 
ed 
re 

Ox 
er 
ed 
el 
of 
he 
al 
it 

he 
er 

O2 



 

Topica
 

Figur
 
 
produ
lime/
equip
all th
SCR 
 
 
usefu
paras
boiler
the f
Follo
conce
press
adsor
The p
powe

al Report - Tas

e 1:  Schemati

In a typic
ucing dispos
/limestone r
pment capita
he flue gas m

which requi

The goal 
ul products i
sitic power l
r flue gas en

flue gas is t
owing the T
entration int
ure. The ‘C
rption (VPSA
process ven
er recovery. 

 

sk 2: SOx/NOx

ic of the Oxy-c

cal power p
sable gypsu
reagent cost
al costs can b

must be treate
ires substant

of this proje
n the compr
oss. Figure 2

nters the pro
treated in t

Task 2 proc
to a CO2 p
Cold Box V
A) process t
t gas, mostl

Near

x/Hg Removal 

coal boiler isla

plant SOx is
um using a 
t, gypsum d
be substantia
ed for SOx r
tial capital in

ect was to de
ression train
2 shows hig
cess and is c
he proposed
ess the flue

product whi
Vent’ stream
to recover C
ly composed

r Zero Emissio

for High Sulfu

and 

s removed b
wet or dry-
disposal co
al especially 
emoval. NO

nvestment an

evelop a proc
n of an oxy-c
gh level diag
cooled befor
d Task 2 p
e gas is trea
ch is furthe
m is proce
O2 which is

d of O2, N2

ons Oxy-Comb

ur Coal 

by reaction 
-FGD at atm
st, parasitic

y in the case 
Ox removal i
nd also requi

cess which c
coal CPU to

gram of the e
re a raw gas

process for 
ated in a C
er compress

essed in a 
s recycled to

and Ar is h

bustion Flue G

Pag

with lime 
mospheric p
c power pla
of high sulfu
s typically a
ires ammoni

converts SOx
o reduce rea
entire CPU 
 compressio
SOx and N

Cold Box cy
sed to the 
vacuum pre

o the raw gas
heated and 

Gas Purificatio

ge 9 of 64 

or limestone
pressure. Th
ant load an
fur coal wher
achieved in a
ia reagent. 

x and NOx t
gent cost an
process. Raw

on stage. Nex
NOx remova
ycle for CO
final produc
essure swin
s compresso
expanded fo

on 
 

e, 
he 
nd 
re 
an 

to 
nd 
w 
xt 
al. 
O2 
ct 

ng 
or. 
or 



 

Topica
 

Figur
 
 

Proc
 
purifi
of thr
enter
warm
in the
NOx 
of ab
acid w
exten
 
 
to SO
opera
vesse
to co
(oleu
 
 
vesse
1) low
conce

al Report - Tas

e 2:  A CPU p

cess Des
Figure 3 

fication and c
ree main ves
s the proces

m without go
e NOx strip
from NOx l
sorbed NOx
was not ach

nt needed for

The secon
O3 and sulfu
ating temper
el because th
ntrol the con

um).  

Following
el is to absor
w NOx emi
entration wi

 

sk 2: SOx/NOx

process using t

scription 
below show

conversion o
ssels:  the N
ss on the ri
ing through 
per. The ori
laden acid, t

x. As experim
hieved and it
r production 

nd vessel is t
furic acid. T
rature of the 
he acid produ
ncentration o

g the SO2 re
rb gas phase 
ssions and 2
thin the Tas

Near

x/Hg Removal 

the Task 2 pro

ws the con
of SOx and N

NOx stripper,
ght after lea
a compresso

iginal purpo
to produce a
mental result
t was not po
of directly s

the SOx rea
The operatin

NOx strippe
uction reacti
of the produ

eactor the las
NOx from t

2) to recycle
sk 2 cycle. S

r Zero Emissio

for High Sulfu

ocess for SOx/

figuration o
NOx to con
, the SO2 rea
aving the ra
or aftercoole

ose of the N
a sulfuric aci
ts show ther
ossible to re
saleable sulf

ctor with the
ng temperatu
er, further en
ions are exot
uct acid and 

st vessel is th
the flue gas
e NOx back
Sulfuric acid

ons Oxy-Comb

ur Coal 

/NOx purifica

of the Task 
ncentrated ac
actor and the
aw gas com
er, because h

NOx stripper 
id product w
rmal desorpt
emove NOx 
furic acid.  

e primary pu
ure of this v
nergy needs
thermic. In t
to ensure th

he NOx abso
stream into 

k to the front
d has a high

bustion Flue G

Pag

ation 

k 2 process 
cids. The pro
e NOx absor

mpressor, typ
hot or warm 

was to ther
which is subs
tion of NOx 
from sulfur

urpose of SO
vessel is lo

s to be remov
this vessel w

hat no free S

orber. The pu
the liquid ac
t of the proc
h absorption

Gas Purificatio

ge 10 of 64 

for flue ga
ocess consist
rber. Flue ga
pically hot o
gas is neede

rmally desor
stantially fre
from sulfuri

ric acid to th

O2 conversio
ower than th
ved from th

water is adde
O3 is forme

urpose of th
cid stream fo
cess for NO

n capacity fo

on 
 

 

as 
ts 
as 
or 
ed 
rb 
ee 
ic 
he 

on 
he 
is 

ed 
ed 

is 
or 

Ox 
or 



 

Topica
 

gas p
coolin
treate
 

Figur
 

Che
 
impo
be pr
reacti
 
 
Conv
prese
 
2 NO

 
 
SO3 w
phase
hydro
NO2 
4, ma
alone
 
SO2

3SO 

NO3

 

Comp
flue g
strea

al Report - Tas

phase NOx; t
ng utility fo
ed flue gas w

e 3:  Schemati

emistry D
In the Tas

rtant for con
resent in th
ions.  

NOx in th
version of NO
ence of exces

)()( 2 gOgO 

The forma
which in tur
e (involving
olysis of SO
combines w
aking compl
e). 

SONO  2

2 HOH 

OHO  22

pressed
gas 
m

 

sk 2: SOx/NOx

this vessel o
or maximum

would procee

ic of the Task 

Descriptio
sk 2 process
nversion of 
e CPU is a

he flue gas 
O to NO2 oc
ss oxygen in

(2 2 gNO

ation of NO2

rn re-forms 
g some inte
3 to form su

with water, ho
lete NOx con

NOO 3  

42 SOH  
NHNO 32

Acid

N
O

x 
S

tr
ip

p
er

Near

x/Hg Removal 

operates at a
m NOx capt
ed to the cryo

2 process for 

on 
s a number o
NOx and SO

another key 

is primarily
ccurs homog
n the flue gas

)g

2 is primarily
NO, Reacti

ermediate s
lfuric acid, R
owever in th
ntainment d

 

 
NO  

 Produced

H2O

r Zero Emissio

for High Sulfu

as low tempe
ture. Follow
ogenic proce

SOx and NOx

of heterogen
Ox to acids.
feature whi

y NO (nitric 
eneously in 
s.  

 

y important 
ion 2. This 
steps which 
Reaction 3. N
his process N
ifficult in a 

 

 

 

S
O

2
R

ea
ct

or

ons Oxy-Comb

ur Coal 

erature as is 
wing the NO
essing unit o

x purification

neous and ho
. The elevate
ich increase

oxide) with
the gas phas

because it c
reaction larg
 are not sh
Nitric acid m
NO is consta
standard pro

N
O

x
A

b
s

o
rb

e
r

bustion Flue G

Pag

allowed by 
Ox absorber
of the CPU. 

n 

omogeneous 
ed pressure 

es the rates 

h small amo
se (Reaction

Reaction 

atalyzes SO
gely occurs 
hown) follo
may also be 
antly re-form
ocess (with 

Reaction 

Reaction 

Reaction 

N
O

x
 A

b
s

o
rb

e
r

Pro
to 
pu

Gas Purificatio

ge 11 of 64 

the availabl
r the Task 2

reactions ar
which woul
of importan

ounts of NO
n 1) due to th

1 

2 oxidation t
in the liqui

owed by th
formed whe

med, Reactio
water contac

2 

3 

4 

ocess gas strea
cryo unit for CO

urification

on 
 

le 
2-

 

re 
ld 
nt 

O2. 
he 

to 
id 
he 
en 
on 
ct 

am
O2



 

Topica
 

 
for p
recyc
conce
absor
Proce
 

2SOH

2SOH

 
 
may 
the g
hygro
dried
simpl
water
any H
conse
 

Sub
 
 
carry
reacti
was f
vesse
the v
feed 
vesse
colum
analy
reacti
 
 
by re
fluid 
exper
levels
temp
collec
this b
 

al Report - Tas

The impo
production o
cle which ab
entration in 
rption and d
ess for sulfur

4 NOxO 

4 NOxO 

Some val
be effective

gas leaving t
oscopic conc

d to an appr
lify the proc
r adsorbent b
Hg or Water 
equences if t

btasks 2.1

In the ov
y out the req
ion vessel to
found and th
el differ in te
vessels were 
gases and pr

el consisted o
mn contains
yzed for com
ion rates. 

In Task 2
eproducing t

temperature
rimental resu
s. Gases we
erature. Re
cted data fo
bench scale g

 

sk 2: SOx/NOx

ortant aspect 
of concentra
bsorbs and d
a central ve
desorption i
ric acid man

42 NSOH 

42 NSOH 

luable co-be
e for Hg0 cap
the entire pr
centrated su
ropriate lev
cess by elim
beds would 
into the cry

there was an

1, 2.2 and

verall proces
quired reacti
o removing 
his vessel w
erms of proc
tested sepa

reheated me
of a packed 
 roughly on

mposition to

2.2 each of t
he condition
es. Because 
ults, the exp
ere delivere
action conv

or the condit
gas/liquid co

Near

x/Hg Removal 

of the propo
ated acids. T
esorbs NOx
ssel where t
is comparab
nufacture. 

(reduceNOx

(elevatNOx

enefit can al
pture in the 
rocess has a

ulfuric acid p
el which ca

minating the 
likely be req

yogenic CO2

ny carryover 

d 2.3 - Exp

ss, three sep
ions. The or

NOx from 
was removed
cess tempera
rately in a s
tered liquid 
column mon
ne equilibriu

o determine 

the three ma
ns around ea
the conditio

perimental d
d from cyli

version and 
tions in each
ontacting sys

r Zero Emissio

for High Sulfu

osed process
The propose
x from sulfur
the Reaction
ble to that u

temperatued

temperatted

lso be expec
form of Hg

already been
product. Thi
an directly 

need for w
quired to pro
purification
into the cold

periment

parate gas/li
riginal propo
the product

d from the p
ature and le
single bench
acid (Task 2

nitored for te
um mass tr
reaction con

ain contactin
ach vessel in
ons inside th
data was coll
inders and w

reaction k
h vessel. Fig
stem. 

ons Oxy-Comb

ur Coal 

s is how the
ed process u
ric acid (Rea
n 2 takes pla
used in the 

)eur  
)etur  

cted in this 
gSO4 precipi
n dehydrated
is produces 
proceed to 

water and Hg
otect against
n process due
dbox. 

tal Work:

iquid contac
osal included
t acid (no e
process). Th
evel of SOx/
h scale unit 
2.2). The sin
emperature a
ransfer stage
nversion, ad

ng vessels w
n terms of f

he vessels ca
lected for a 
were heated
kinetics wer
gure 4 show

bustion Flue G

Pag

ese reactions
used a sche
actions 5 an
ace. The pro
 historic Le

Reaction 

Reaction 

process: 1) 
itate from g
d due to con
flue gas tha
a cold box

g beds, how
t the possibil
e to the pote

cting vessels
d an additio
ffective cata

he condition
/NOx impur
using prehe

ngle gas/liqu
and pressure
e. The efflu
dsorption, de

were tested i
feed gas com
an vary depe

range of N
d to an app
re determin

ws the gener

Gas Purificatio

ge 12 of 64 

 are manage
eme for NO
nd 6) for NO
cess for NO
ead Chambe

5 

6 

sulfuric aci
as streams 2

ntact with th
at is in theor
x. This coul
wever Hg an
lity of gettin
ential extrem

s are used t
onal, catalyti
alyst materia

ns inside eac
ities. Each o

eated cylinde
uid contactin
e. The packe
uent gas wa
esorption an

independentl
mposition an
ending on th

NOx, and SO
propriate inle
ned from th
ral concept o

on 
 

ed 
Ox 
Ox 
Ox 
er 

id 
2) 
he 
ry 
ld 
nd 
ng 
me 

to 
ic 
al 
ch 
of 
er 
ng 
ed 
as 
nd 

ly 
nd 
he 

Ox 
et 
he 
of 



 

Topica
 

 
small
 
 

 

 

Figur
 
 
 

Sub
 

al Report - Tas

As menti
l bench scale

e 5:  Photogra

btask 5.1 

 

sk 2: SOx/NOx

oned above
e experiment

Figure 4

aph of the Tas

- Process

Near

x/Hg Removal 

 potential N
tal system (S

4:  Schematic o

sk 2 experimen

s Simulat

r Zero Emissio

for High Sulfu

NOx remova
Subtask 2.3)

of the Task 2 

ntal equipmen

tion : 

ons Oxy-Comb

ur Coal 

al catalysts 
). 

Bench-Scale U

nt setup 

bustion Flue G

Pag

were tested

Unit 

Gas Purificatio

ge 13 of 64 

d in a secon

 

on 
 

nd 



 

Topica
 

 
for c
estim
of th
litera
collec
the ex
 

Sub
 
 
desig
indus
1) te
devel
curre
 
 
 

al Report - Tas

Process si
comment on
mation.  Two

e project (b
ature data av
cted and aft
xpected on t

btask 5.3 

The Worl
gning sulfuri
stry they hav
echnical fea
loping a bud
nt acid mark

 

sk 2: SOx/NOx

imulations w
 commercia
 main proce
efore experi

vailable) and
er feedback 
he flue gas c

- Comme

leyParsons T
ic acid plant
ve experienc
asibility and
dgetary cost 
ket and logis

Near

x/Hg Removal 

were comple
al viability, 
ss simulatio
imental data

d 2) at the en
was receive

composition

ercial Viab

Toronto offi
ts. Because 

ce to provide
d commerci
estimate, 3)

stical conside

r Zero Emissio

for High Sulfu

eted for feed
value of pr
n iterations 

a was collec
nd of the pro
ed from Fos
.  

bility of H

fice has expe
WorleyPars

e feedback o
ial viability
) commercia
erations. 

ons Oxy-Comb

ur Coal 

d to the Wor
roduct acid,
were compl

cted which w
oject after th
ter Wheeler

H2SO4 Pro

erience in th
sons is invo

on the Task 2
y of the pr
al acid produ

bustion Flue G

Pag

rleyParsons 
 and Task 

leted:  1) at t
was based o
he experime
r and Task 5

ocess : 

he sulfuric 
olved in the 
2 process wi
rocess, 2) 
uct viability 

Gas Purificatio

ge 14 of 64 

subcontracto
2 capex co
the beginnin

on the limite
ental data wa
5 activities o

acid industr
sulfuric aci

ith respect to
assistance i
based on th

on 
 

or 
st 

ng 
ed 
as 
on 

ry 
id 
o: 
in 
he 



 

Topica
 

Res

Sub
 
 
system
eleva
uniqu
assoc
consi
acid h
 
 
to pro
exper
which
 
 
evalu
perso
progr
and N
to ma
dilute
 
 
follow
surro
plum
variet
that t
conte
analy

al Report - Tas

sults and

btask 2.1:

Safety an
m because 

ated pressure
ue challenge
ciated with 
iderable time
heater, acid 

From a sa
ovide for rem
riment. A p
h has added 

Due to a 
uate potentia
onnel and p
ram. Due to 
NO2), it was 
ake sure tha
e to ensure th

Refer to F
wing an NO
unding the h

me. This anal
ty of potent
there was ad
ents but that
ysis the SO2 

 

sk 2: SOx/NOx

d Discu

:  Experim

nd corrosion 
the experim

e and at elev
e in terms o
high tempe

e was spent 
cooler and r

afety standpo
mote system

programmabl
some system

strong emp
al failure m

property dur
the toxic na
deemed nec

at the gas dis
hat there wa

Figure 6 for 
O2 cylinder 
hood exhaus
lysis was pe
tial cylinder 
dequate disp
t the dispers
cylinder size

Near

x/Hg Removal 

ssion 

mental Ap

were very i
ments involv

ated tempera
of materials 
erature sulfu

on the desi
eactor.  

oint a decisi
m control due

le logic con
m complexity

phasis on saf
modes and t
ring the com
ature of the g
cessary to pe
scharge plum

as not potenti

a dispersion
leak. The p

ster and the e
erformed for

leak/ruptur
persion of N
sion of SO2

e was decrea

r Zero Emissio

for High Sulfu

pparatus

important in
ve contact o
ature. The h
compatibili

uric acid. D
ign of certai

on was mad
e to the sulf
ntroller (PL
y to the proj

fety at Prax
to ensure th
mmissioning
gases involv
erform a disp
me from the
ial for injury

n analysis cas
plume show
extent of ver
r all toxic ga
e scenarios.

NO2 and NO
was not as 

ased. 

ons Oxy-Comb

ur Coal 

Design a

n physical de
of toxic gas
heated sulfur
ity due to i

Due to thes
in pieces of 

de to automa
furic acid an

LC) was use
ect. 

xair, signific
hat adequat

g and exper
ved in this ex
persion analy
e fume hood
y in the wors

se showing t
ws the gas c
rtical and tra
ases (SO2, N
 The plume

O due to the 
complete. A

bustion Flue G

Pag

and Cons

esign of the 
es with sulf

ric acid strea
increased co
se unique c
f equipment 

ate system sh
nd toxic gase
ed to contro

ant efforts w
te protection
rimentation 
xperimentati
ysis of a tox

d exhauster i
st case scena

the hood exh
concentration
ansverse mov
NO2 and NO
e analysis re

relatively sm
As a result 

Gas Purificatio

ge 15 of 64 

struction

experimenta
furic acid, a

am made for 
orrosion rate
consideration
including th

hutdowns an
es used in th
ol the system

were spent t
n existed fo
phase of th
ion (SO2, NO

xic gas releas
is sufficientl
ario.  

hauster plum
n in the are
vement of th

O) spanning 
esults showe
mall cylinde
of the plum

on 
 

al 
at 
a 

es 
ns 
he 

nd 
he 
m 

to 
or 
he 
O 
se 
ly 

me 
ea 
he 
a 

ed 
er 

me 



 

Topica
 

 
 
and c
kit. T
acid w
in a d
panel
liquid
condi
analy
 
 
 

al Report - Tas

Figure 6:  P

Figure 7 s
control conn
The experim
was stored i
dedicated ve
l used to con
d flows, and
itions and an

ysis.  

 

sk 2: SOx/NOx

Plume analysis

shows the be
ections are s
ental equipm
n the fume h
nted gas cab
ntrol the Ta

d process tem
nalyzer read

Near

x/Hg Removal 

s for a 10min r

ench scale te
shown on th
ment is locat
hood while t
binet (not sh
ask 2 experim
mperatures w
dings were m

r Zero Emissio

for High Sulfu

release of NO2

est unit cons
e left along 
ted in a fum
the toxic fee
own). Figure
mental appa
were control

monitored an

ons Oxy-Comb

ur Coal 

2 through the 

structed in su
with an eme

me hood, sho
ed gases (SO
e 8 shows th

aratus. From
lled and mon

nd process da

bustion Flue G

Pag

fume hood ex

ubtask 2.1. T
ergency spill
own on the r
O2, NO, NO2

he computer
m this interfa

nitored. Wa
ata was reco

Gas Purificatio

ge 16 of 64 

xhauster 

The electrica
l containmen
right. Sulfuri
2) were store
ized interfac

ace gas flow
arnings, alarm
orded for late

on 
 

 

al 
nt 
ic 
ed 
ce 

ws, 
m 
er 



 

Topica
 

 

al Report - Tas

Spill K

 

sk 2: SOx/NOx

Figure 7:  Be

Kit 

Elect
Pane

Near

x/Hg Removal 

ench Scale uni

trical 
el 

r Zero Emissio

for High Sulfu

it constructed 

ons Oxy-Comb

ur Coal 

as part of Sub

bustion Flue G

Pag

btask 2.1  

Gas Purificatio

ge 17 of 64 

 

on 
 



 

Topica
 

Figur
 

Sub
 
 

Gene
 
The i

 
 
 

 
 
eleva
avoid
press
press
exper
accou
 

al Report - Tas

e 8:  Compute

btask 2.2:

eral experi

initial tests c
tests to un
tests to qu
experimen
literature-

The flood
ated pressure
d flooding d
ure as a fu
ures due to
rimental res
unting for th

 

sk 2: SOx/NOx

er interface co

:  Data Co

imental, co

conducted in 
nderstand the
uantify the m
nts to inves
-reported dat

ding behavio
e with water
during exper
unction of g
o the decre
sults were u
he higher den

Near

x/Hg Removal 

ontrol and mo

ollection 

ommission

the bench sc
e flooding b

mass transfer
tigate the N
ta 

or of the co
r to determi
rimentation.

gas flowrate
ased superf
used to cal
nsity and vis

r Zero Emissio

for High Sulfu

nitoring pane

in the Ga

ning and N

cale experim
ehavior of th
r performanc

NO oxidation

lumn was te
ne the opera
 Figure 9 s
. The colum
ficial gas v
culate the f
cosity of thi

ons Oxy-Comb

ur Coal 

el for the Task

as/Liquid 

O oxidatio

mental appar
he column 
ce of the gas
n reaction k

ested at atm
ating limits 
shows the c
mn is less l
elocity thro
flooding lim
is liquid. 

bustion Flue G

Pag

k 2 equipment 

d Contacto

on reaction

ratus include

/liquid conta
kinetics in c

mospheric pr
of the syste

column limi
likely to flo
ough the co
mits of sulf

Gas Purificatio

ge 18 of 64 

 

or 

ns 

ed: 

actor 
omparison t

ressure and a
em needed t
its at a fixe
ood at highe
olumn. Thes
furic acid b

on 
 

to 

at 
to 
ed 
er 
se 
by 



 

Topica
 

Figur
 
 
SO2, 
water
the ex
Plus)
simul
and S
simul
carbo
water
 
 
numb
betwe
fixed
confi
at the
 

G
a

s
 F

lo
w

ra
te

 (
n

o
rm

a
liz

e
d

)

al Report - Tas

e 9:  Experim

To determ
CO2, N2 and

r flow rates.
xhaust gas. 
 for estima
lations inclu
SO2 that ena
lated contact
onic acid tha
r to absorb a

Comparin
ber of equil
een number 

d gas flowrat
rmed colum

e average exp

 L

0

0.2

0.4

0.6

0.8

1

0

 

sk 2: SOx/NOx

ental column 

mine the num
d O2 was pa
. The uptake
The same pr
ation of nu
ude electroly
able accurate
tor SO2 and 
at affects th

acid gas com

ng experimen
ibrium stage
of column 

te.  The resu
mn that at the 

pected opera

C
Liquid Flow

0.2

No Flo

Near

x/Hg Removal 

flooding thres

mber of equ
assed throug
e of SO2 wa
rocess has b

umber of eq
yte interactio
e simulation
CO2 are abs

he pH of the
mponents. 

ntal data and
es in the co
stages (norm

ults of the co
number of e

ating conditi

Column Fl
w vs Gas F

0.4
Liquid F

looding 

r Zero Emissio

for High Sulfu

shold 

uilibrium co
h the colum

as determine
been simulat
quilibrium 
ons and the 
n of the syst
sorbed into t
e water exit 

d simulation
olumn. See 
malized) an
ommissionin
equilibrium 
ions during t

ooding Th
Flow at the

0.6
Flowrate (n

ons Oxy-Comb

ur Coal 

olumn stages
mn counter cu
ed by measu
ted using a p
stages vs.
formation o

tem chemist
the water, fo
stream as w

n data allows
Figure 10 s

nd liquid flow
ng testing of
stages in the
the SOx/NO

hreshold:
e flooding t

0.8
normalized

Floodin

bustion Flue G

Pag

s, a stream 
urrent to wa

uring the con
process simu
water flowr

of acid speci
try. In the la
orming sulfu
well as the 

s for the esti
showing the
wrate (norm
f the gas/liq
e column wa

Ox testing. 

threshold

1
d)

ng 

Gas Purificatio

ge 19 of 64 

consisting o
ater at variou
ncentration o
ulator (Aspe
rate. Proces
ies from CO
aboratory an
urous acid an
ability of th

imation of th
e relationshi

malized) for 
quid contacto
as roughly 1.

1.2

on 
 

 

of 
us 
of 
en 
ss 

O2 
nd 
nd 
he 

he 
ip 
a 

or 
.0 



 

Topica
 

Figur
 
 
that w
NO2)
temp
the N
again
 
 
flowr
these
in th
conve
agree
predi
predi
tubin
NO o
SO2 o
 

S
ta

g
e 

E
ff

ic
ie

n
cy

 
(N

li
d

)

al Report - Tas

e 10:  Experim

The benc
was used to 
), Reaction 
eratures and

NO oxidatio
nst the literat

Figure 11
rates. Nitric 
 factors chan
e experimen
ersion vs. th
ement is sho
icted conver
iction for th
ng before and
oxidation is 
oxidation for

0.6

0.8

1

1.2

1.4

0

(N
o

rm
al

iz
ed

)

 

sk 2: SOx/NOx

mental column

h scale appa
determine th
1. This re

d pressures o
on reaction 
ture-predicte

1 shows the 
Oxide conve
nge the gas r
ntal apparatu
he literature

own between
rsions. The 
he lower flo
d after the r
very import
r SO2 remov

Column 

0.5

Co

Near

x/Hg Removal 

n stage efficien

aratus had a
he reaction r
action is w
of interest in
was measur

ed reaction ra

conversion 
ersion depen
residence tim
us. Figure 1
e-predicted r
n the laborat
cause of th
wrate is lik

reaction volu
tant in the T
val from the 

Equilibriu
Liquid

1

olumn Liquid

r Zero Emissio

for High Sulfu

ncy 

an empty ch
rate of the N

well known 
n the carbon 
red in the b
ate. 

of NO due t
nds on the flo
me and react
11 shows th
reaction con
tory measur
he larger di
kely due to 
ume. The ab

Task 2 effort 
compressed 

m Stage E
d Flowrate

1

d Flowrate 

ons Oxy-Comb

ur Coal 

hamber havin
NO oxidation

to occur in
n dioxide pro
bench scale

to the NO o
owrate and r
tant concentr
he experime
nversion at 
red conversio
iscrepancy b
the increase

bility to accu
t because NO
d flue gas stre

fficiency v

.5

(Normalize

bustion Flue G

Pag

ng a well-kn
n reaction (N
n the gas 

ocessing uni
e system for

oxidation rea
reaction pres
rations (part

entally obser
various pre
ons and kin
between exp
ed residence
urately predi
O2 is require
eam. 

vs 

2

d)

Gas Purificatio

ge 20 of 64 

 

nown volum
NO + ½ O2 

phase at th
it. The rate o
r compariso

action for tw
ssure becaus
tial pressures
rved reactio

essures. Goo
etic rate law
periment an
e time in th
ict the rate o
ed to catalyz

2.5

on 
 

me 
 
he 
of 
on 

wo 
se 
s) 

on 
od 
w-
nd 
he 
of 
ze 



 

Topica
 

Figur
result
 

NOx
 
 
acid. 
the p
behav

 

 
 

 
 
tests.
sulfur
the ra
1:1. A
slight
conve
ratio 
acid. 
 
 

co
n

ve
rs

io
n

 (
%

)

al Report - Tas

e 11:  Percent
s are compare

x absorptio

A numbe
NOx – sulfu

proposed pro
vior at variou

NOx abso
total NOx
NOx abso
NOx abso

Figure 12
 In these par
ric acid. The
atio of NO t
At higher pre
t excess of N
erts NO to N
close to 1:1

Pressu

0

10

20

30

40

50

60

70

80

90

100

50

 

sk 2: SOx/NOx

t conversion o
ed to simulatio

on and des

er of tests w
uric acid inte
ocess. A nu
us condition
orption into 
x) 
orption into s
orption into s

2 and Figure
rticular tests
e absorption
o NO2. Max
essures (200
NO at the re
NO2 inside 

1 when the g

ure vs conve
Experimen

10

Near

x/Hg Removal 

f NO to NO2 i
on results. 

orption wi

were conduct
eractions wa
mber of tes

ns: 
sulfuric aci

sulfuric acid
sulfuric acid

e 13 below 
s various lev
n behavior o
ximum NOx 
0 psia) maxim
eactor inlet b
the gas/liqu
gas is in act

ersion of NO, 
ntal data vs R

00

p

r Zero Emissio

for High Sulfu

in at various p

th sulfuric

ted to quant
as very impo
sts were con

id for vario

d for various 
d at various t

show typica
vels of NOx 
of NOx into 

absorption 
mum NOx ab
because the h
uid contactor
tual contact 

O2, CO2 gas
Rate law pred

150

pressure (psi

ons Oxy-Comb

ur Coal 

pressures and 

c acid 

tify the upta
ortant in dete
nducted to q

us levels of

relative amo
temperatures

al data colle
(1600-6600
sulfuric aci
is observed 

absorption is 
homogeneou
r. This react
with the co

s mixtures for
dicted conve

2

a)

bustion Flue G

Pag

 gas flowrates

ake of NOx 
ermining the
quantify NO

f NOx (800 

ounts of NO
s and pressur

ected for NO
0 ppm) are co
d is highly d
when NO:N
observed w

us reaction j
tion pushes 

olumn packin

r two flowrate
rsions

200

Flow 1 experim

Flow 1 predict

Flow 2 experim

Flow 2 predict

Gas Purificatio

ge 21 of 64 

s. Experiment

 into sulfuri
e feasibility o
Ox absorptio

- 6600ppm

O and NO2 
res 

Ox absorptio
ontacted wit
dependent o

NO2 is aroun
when there is 
just describe
the NO:NO

ng and liqui

es, 

250

mental

tion

mental

tion

on 
 

 
al 

ic 
of 
on 

mv 

on 
th 
on 
nd 

a 
ed 
O2 
id 



 

Topica
 

Figur
 
 

Figur
 
 
 
temp
was 
rema
(Figu

%
 t

o
ta

l 
N

O
x 

A
b

so
rp

ti
o

n
 i

n
to

 
H

2S
O

4
%

 t
o

ta
l 

N
O

x 
A

b
so

rp
ti

o
n

 i
n

to
 H

2S
O

4

al Report - Tas

e 12:  NOx ab

e 13:  NOx ab

Absorptio
eratures of u
determined 
ins high eve

ure 16). The 

NOx a

0

20

40

60

80

100

0

H
2S

O
4

100% NO

NOx a

0

20

40

60

80

100

0

100% NO

 

sk 2: SOx/NOx

bsorption by H

bsorption by H

on/desorption
up to 235oF,
from these 

en at tempera
limited amo

absorption

2

absorption

2

Near

x/Hg Removal 

H2SO4; 100 psi

H2SO4; 200 psi

n experime
, see Figure 

graphs is t
atures of up 
ount of litera

 into H2SO4

25

% NOx a

1600 p

3300 p

6600 p

 into H2SO4

25

% NOx a

1600 p

3300 p

6600 p

r Zero Emissio

for High Sulfu

ia and 130 oF

ia and 130 oF  

ents were
12 to Figur

that NOx a
to 235oF at 

ature inform

4, Pressure

50

as NO2 at abs

ppm NOx

ppm NOx

ppm NOx

4, Pressure

50

as NO2 at abs

ppm NOx

ppm NOx

ppm NOx

ons Oxy-Comb

ur Coal 

 

conducted 
re 16. The m
absorption in

a relatively 
mation availa

e: 100 psia,

sorber inlet

e: 200 psia,

sorber inlet

bustion Flue G

Pag

at increas
main importa
nto 93wt% 
low pressur

able near the

, Temp: 130

75

, Temp: 130

75

Gas Purificatio

ge 22 of 64 

ingly highe
ant result tha
sulfuric aci

re of 100 psi
ese condition

0F

100

100% NO2

0F

100

100% NO2

on 
 

 

 

er 
at 
id 
ia 
ns 



 

Topica
 

which
conta
these
subst
show
 
 
NOx 
from 
sulfur
circu
exper
disso
achie
 

Figur
 
 

%
 t

o
ta

l 
N

O
x 

A
b

so
rp

ti
o

n
 i

n
to

 
H

2S
O

4

al Report - Tas

h was cons
aining NOx 
 temperatur

tantial amoun
wed a gain in 

The exper
at fairly hig
sulfuric acid
ric acid and
lating acid s
rimentally, m
lved NOx a

eve a high NO

e 14:  NOx ab

NOx a

0

20

40

60

80

100

0

H
2S

O
4

100% NO

 

sk 2: SOx/NOx

ulted during
would not 

res. Because
nt of dissolv
NOx if ther

riments that 
gh rates eve
d is an impo

d is also need
stream. An i
means that t
and further th
Ox capture r

bsorption by H

absorption

2

Near

x/Hg Removal 

g the propo
absorb NOx
e the sulfuri
ved NOx the
re was any ne

we conduct
en at elevate
ortant and ne
ded so too h
inability to d
he sulfuric a
here are imp
rate.  

H2SO4; 100 psi

 into H2SO4

25

% NOx a

1600 p

3300 p

6600 p

r Zero Emissio

for High Sulfu

osal phase o
x and would
ic acid used

e gas leaving
et NOx deso

ted showed t
ed temperatu
ecessary feat
high of level
desorb NOx
acid product
plications on

ia and 175 oF

4, Pressure

50

as NO2 at abs

ppm NOx

ppm NOx

ppm NOx

ons Oxy-Comb

ur Coal 

of this prog
d even begin
d in these 

g the gas/liqu
orbed from th

that sulfuric 
ures of up to
ture for prod
ls of NOx ar

x from sulfur
t will likely 
n the ability 

e: 100 psia,

sorber inlet

bustion Flue G

Pag

gram sugges
n to desorb 
experiments
uid contactor
he acid.  

acid continu
o 235oF. NO
duction of re

are not build
ric acid, as 
have very h
of the Task

, Temp: 175

75

Gas Purificatio

ge 23 of 64 

sted that aci
from acid a

s contained 
r should hav

ued to absor
Ox desorptio
elatively pur

d up in the re
demonstrate
high levels o
k 2 process t

5F

100

100% NO2

on 
 

id 
at 
a 

ve 

rb 
on 
re 
e-
ed 
of 
to 

 



 

Topica
 

Figur
 
 

Figur
 
 
temp
from 
of the
an in
NOx 

1

%
 t

o
ta

l 
N

O
x 

A
b

so
rp

ti
o

n
 i

n
to

 H
2S

O
4

%
 t

o
ta

l 
N

O
x 

A
b

so
rp

ti
o

n
 i

n
to

 
H

2S
O

4

al Report - Tas

e 15:  NOx ab

e 16:  NOx ab

As NOx
eratures it w
the liquid ac

e acid to rele
ncreasing nu

concentratio

NOx a

0

20

40

60

80

100

0

100% NO

NOx a

0

20

40

60

80

100

0

H
2S

O
4

100% NO

 

sk 2: SOx/NOx

bsorption by H

bsorption by H

 absorption
was expected
cid. As desc
ease NOx as
umber of exp
on in the ac

absorption

25

absorption

2

Near

x/Hg Removal 

H2SO4; 100 psi

H2SO4; 100 psi

n experimen
d that a sign
ribed above 
 it is heated
periments w

cid batch con

 into H2SO4

5

% NOx as

1600 pp

3300 pp

6600 pp

 into H2SO4

25

% NOx a

1600 p

3300 p

6600 p

r Zero Emissio

for High Sulfu

ia and 195 oF

ia and 235 oF

nts were c
nificant amo

the experim
at the condit

were conduct
ntinued to s

4, Pressure

50

s NO2 at abso

pm NOx

pm NOx

pm NOx

4, Pressure

50

as NO2 at abs

ppm NOx

ppm NOx

ppm NOx

ons Oxy-Comb

ur Coal 

conducted 
ount of NOx
mental data a

tions investi
ted with the
teadily rise

e: 100 psia,

orber inlet

e: 100 psia,

sorber inlet

bustion Flue G

Pag

at progress
x would ther
actually show
igated exper
e same batch
according to

, Temp: 195

75

, Temp: 235

75

Gas Purificatio

ge 24 of 64 

sively highe
rmally desor
wed no abilit
rimentally. A
h of acid th
o the sulfuri

5F

100

100% NO2

5F

100

100% NO2

on 
 

 

 

er 
rb 
ty 

As 
he 
ic 



 

Topica
 

acid n
is sig
 

Figur
 
 
gas/li
determ
colum
sulfur
under
exper
glassw
colum
forma
highe
vesse
 

SOx 
 
of va
NOx 
can b
and N
proce
 

N
O

x 
le

ve
l 

in
 a

ci
d

 (
n

o
rm

al
iz

ed
)

al Report - Tas

nitrite tests, 
gnificant diff

e 17:  Accumu

For some
iquid contac
mined that 

mn packing. 
ric acid ma
r certain pr
riment was 
ware. The fo

mn plugging
ation was g
er NOx conc
el. 

conversio
When des

ariables that 
levels, SOx

be adjusted b
NOx desorbe
ess.  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0

(
)

 

sk 2: SOx/NOx

see below i
ficulty in rem

ulation of NOx

e process c
ctor exhibit
a solid sub
Information

anufacture p
ocess condi
conducted 

ormation of 
g by these 
generally mo
centrations w

on and SOx
signing a SO
could be ma

x levels, resi
by changing 
er to try to a

NOx Le

20

Near

x/Hg Removal 

n Figure 17
moving NOx

x in H2SO4 du

conditions, g
ted very si
stance was 

n from the lit
redicts the 
itions (high 
at atmosph

a solid subst
deposits. Th

ore frequent
which woul

x/NOx reac
O2 reactor sy
anipulated to
dence time, 
process para

achieve high 

evel in Sulf

40 60

Test N

r Zero Emissio

for High Sulfu

. This again 
x from sulfur

uring the test c

generally at
ignificant pr
forming (H
terature rega
formation o
acid conce

heric pressu
tance was vi
he pressure
ly noticed a
d be similar

ctions: 
ystem for th
o affect SOx

acid flowra
ameters rela
conversion 

furic Acid v

80

Number (time

ons Oxy-Comb

ur Coal 

n reinforces t
ric acid. 

campaign    

t lower tem
ressure dro

H2SO4 + NO
arding the L
of a NOx-su
entration and
ure under th
isually obser

e drop diffic
at lower ope
r to conditio

he Task 2 pro
x containmen
ate, gas flow
ated to the SO

of NOx and

vs Time

100

e)

bustion Flue G

Pag

the observat

mperatures <
op (>1psi), 
Ox) and plu
Lead Chambe
ulfuric acid 
d high NOx
hese conditi
rved confirm
culties due 
eration temp
ons in the N

ocess there 
nt, including

wrate, etc. Th
O2 reactor, N
d SO2 to acid

120

Gas Purificatio

ge 25 of 64 

tion that ther

 

< 110oF, th
it was late

ugging up th
er Process fo
mushy soli

x levels). A
ions in clea

ming potentia
to this soli

peratures an
NOx absorbe

are a numbe
g temperature
hese variable
NOx absorbe
ds in the fina

140

on 
 

re 

he 
er 
he 
or 
id 

An 
ar 
al 
id 
nd 
er 

er 
e, 
es 
er 
al 



 

Topica
 

 
1) de
the e
comm
 
Proce
reacto

 
 
 
 
 
 

 
the su
sulfur
sulfur
 
SO2(g
SO2(a
SO3(a
 
 
depen
well 
exper
exper
absor
transf
 

SO2 
 
using
temp
determ
invol
partia
that t
ideal 
clear 
levels
conce
binar
partia
 

al Report - Tas

A number
etermine thei
estimate of 
mercial size 

ess character
or: 

SO2 level
Residence
Liquid ac
NO2 and N
Temperat

The conv
ulfuric acid 
ric acid (Re
ric acid prod

gas)  SO2(
abs) + NO2 
abs) + H2O 

Besides a
nds on the m
as solubilit

rimentation 
riments bec
rption at sim
fer stage). 

solubility 
According

g a simple 
erature and 
mined by t
lving SO2 an
al pressures 
the solubility
binary case
however it 

s of NOx in
entrated 95w
ry system (b
al pressure a

 

sk 2: SOx/NOx

r of key para
ir impact on
process con
CPU system

ristics exper

 in the gas fe
e time (throu
id flowrate 
NO levels 
ture 

version of SO
liquid (Rea
actions 2 an

duction are s

(absorbed) 
 SO3(abs) 
 H2SO4 

any kinetic 
mass transpo
ty limits of 
it is expec
ause some 
milar gas an

in sulfuric 
g to literatu
Henry’s law
acid concen

the partial p
nd acid). Ex
of CO2 and 
y of SO2 in 
. The specifi
is believed t
n acid. Figu
wt% sulfuric
lue line). Th

and NOx diss

Near

x/Hg Removal 

ameters were
n the SO2 ox
nditions and

m. 

rimentally in

feed 
ugh varied v

O2 to SO3 d
action 1) fol
nd 3). The re
shown below

 
+ NO 
 

limitations 
ort limitation
f SO2 in su
cted that ma
NOx exper
nd liquid fl

acid 
ure, the solu
w relationsh
ntration the 
pressure of 
xperimental d
high levels o
sulfuric aci

fic reason for
to be due to 
ure 18 show
c acid as a 
he estimated
solved in aci

r Zero Emissio

for High Sulfu

e investigate
xidation/abso
d physical d

nvestigated i

essel pressur

depends on t
lowed by SO
elevant SO2

w.  

Reaction
Reaction
Reaction

of Reaction
ns of absorb
ulfuric acid. 
ass transfer 
iments were
low conditio

ubility of SO
hip: PSO2, G

maximum 
SO2 in the

data has bee
of NOx in th
id is decreas
r this substan
the high pa

ws the estim
function of 

d solubility l
id is shown b

ons Oxy-Comb

ur Coal 

ed as they re
orption perfo
dimensions 

in Q4 2010 

re and gas fl

the absorptio
O2 reaction 
conversion 

n 7 
n 2 
n 3 

n 2 the rate
bing gas pha

Based on 
resistance 

e able to a
ons (roughl

O2 in sulfur
Gas * H = 
solubility of

e gas phase
en collected 
he acid. Exp
sed by a fac
ntial decreas

artial pressur
mated maxim

SO2 partial 
limits in our
by the pink l

bustion Flue G

Pag

elate to the S
formance and

of an SO2 

as they rela

lowrate) 

on of gas ph
to SO3 and
reactions re

e of SO2 o
ase SO2 into

the results 
is not limit

achieve up t
ly one equil

ric acid can 
CSO2,Liq [2]
f SO2 in su

e (for the b
in our syste

perimental re
ctor of abou
se in SO2 so
re of CO2 an

mum solubili
pressures f

r system wit
line.  

Gas Purificatio

ge 26 of 64 

SOx reactor t
d 2) to aid i
reactor in 

ate to the SO

hase SO2 int
d hydration t
esponsible fo

xidation als
 the liquid a
of the NO

ting in thes
to 98% NO
librium mas

be predicte
. At a fixe

ulfuric acid 
binary system
em with hig
esults indicat
ut 10 over th
lubility is no

nd/or the hig
ity of SO2 i
for the mode
th a high CO

on 
 

to 
in 
a 

O2 

to 
to 
or 

so 
as 

Ox 
se 

Ox 
ss 

ed 
ed 
is 
m 
gh 
te 
he 
ot 
gh 
in 
el 

O2 



 

Topica
 

Figur
 
 
acid 
sulfur
attrib
the li
the li
reacti
condi
SO2 l
 

Effec
 
NOx 
rate i
exper
of SO
 
 
the ex
the lo
2). A
the S
pink 
 

S
o

lu
b

il
it

y 
o

f 
S

O
2
 i

n
 H

2S
O

4 
(p

p
m

w
)

al Report - Tas

e 18:  Equilibr

It is impo
SO2 will be
ric acid. Th

buted to SO2

quid sulfuric
quid pressur
ion and abs
itions such a
levels. 

ct of SO2 le
Experime

gas level an
in our syste
riments (in b

O2 into sulfur

At low in
xperimental 
ow concentr

At higher con
O2 reaction 
lines.  

SO

0

100

200

300

400

500

600

700

800

0 0

 

sk 2: SOx/NOx

rium solubilit

ortant to not
 absorbed e

herefore rem
 conversion 
c acid was n
re is reduced
sorption mus
as (flowrate,

evel on SO
ents were con
nd liquid flo
em. Figure 
blue) along w
ric acid (in p

nlet gas conc
blue line ap

ration of liqu
ncentrations o
rate (Reactio

O2 solubility

0.05 0.1

Near

x/Hg Removal 

y of SO2 in 95

te that when
ven in the a

moval of SO
to SO3 (Rea

not possible i
d much of th
st be measu
, pressure, S

O2 absorpti
nducted at c
owrate with 
19 shows t

with the vapo
pink) for con

centrations o
pproaches tha
uid phase SO
of gas inlet S
on 2) is faste

y in liquid ac

0.15 0.

SO2 P

r Zero Emissio

for High Sulfu

5wt% sulfuric 

n SO2-conta
absence of R
O2 from the
action 2). D
in our exper

he SO2 desor
ured indirect
O2 and NOx

on and rea
constant pres

varying SO
the experime
or liquid equ
ncentrations 

of SO2 the to
at which is p
O2 limits the
SO2 the liqu
er; this incre

cid vs parti

2 0.25

Partial Pressu

ons Oxy-Comb

ur Coal 

 acid vs. parti

aining gas is
Reaction 2 d
e gas phase 

Direct measur
rimental app
rbs from the 
tly by chang
x levels, etc

action 
ssure, tempe
O2 level to e
ental total a
uilibrium (V
of SO2 of up

otal absorpti
predicted by
e actual SO2

uid concentra
eases the spr

al pressure

0.3 0.35

re (psia)

Pure SO

2000 pp

bustion Flue G

Pag

ial pressure of

s contacted 
due to SO2’s

may not n
rement of SO
aratus becau
acid. For th

ging gas/liqu
.) and monit

erature, total 
estimate the 
absorption r

VLE) predict
p to about 22

ion of SO2 a
y VLE absorp
2 oxidation r
ation of SO2 
read between

e of SO2

5 0.4 0

O2

pmv SO2 in CO

Gas Purificatio

ge 27 of 64 

f SO2.  

with sulfuri
s solubility i
necessarily b
O2 content o
use as soon a
his reason SO
uid contacto
toring the ga

gas flowrate
SO2 reactio

result for th
ed absorptio
200 ppm.  

as denoted b
ption becaus
rate (Reactio

is higher an
n the blue an

0.45 0.5

O2

on 
 

 

ic 
in 
be 
of 
as 
O2 
or 
as 

e, 
on 
he 
on 

by 
se 
on 
nd 
nd 



 

Topica
 

Figur
 

Effec
 
feed 
of dis
vario
SO2 a
the ef
nearly
at hig
2 as t
above
the re
 

P
e

rc
e

n
t 

S
O

2 
A

b
s

o
rp

ti
o

n

al Report - Tas

e 19:  Percent

ct of reside
Experime

containing a
ssolved NOx
us pressures
absorption. I
ffect of resid
y linear effe
gh SO2 conv
the SO2(abs)
e in Figure 1
eaction rate a

Absor

0

5

10

15

20

25

0

Ex

VL

 

sk 2: SOx/NOx

t SO2 adsorpti

ence time 
ents were co
about 2100 p
x. Data was 
s (100, 150 
In all experim
dence time o
ect on increa
versions, whi
) concentrati
19. The conc
at the condit

rption of SO

500

 

xperimental Resu

LE-predicted adso

Near

x/Hg Removal 

ion vs. inlet ga

on SO2 abs
nducted in t

ppm SO2 and
collected fo
and 200 psi
ments the liq
on the absorp
asing SO2 ab
ich is believ
ion decrease
centration of
tions investig

O2 vs Gas I
P = 

1000

Gas Inlet Con

lt

orption

r Zero Emissio

for High Sulfu

as concentratio

sorption 
the gas/liqui
d a liquid su
or various ga
ia) to invest
quid flowrate
ption of SO2

bsorption. A 
ed to be due
es (Raterxn2 ~
f absorbed N
gated here. 

nlet SO2 co
200 psia

0 1

ncentration of

ons Oxy-Comb

ur Coal 

on of SO2.  

id contactor 
ulfuric acid f
as feed rates
tigate the eff
e was kept c
2. An increas
decrease in 

e to a decrea
~ k*ConcSO2

NO2 is in ex

oncentratio

500

f SO2 (ppmv)

bustion Flue G

Pag

at 100oF wi
feed contain
s (10, 20 or 
ffect of resid
constant. Fig
se in residen

n reaction rat
ase in the rat
*ConcNO2), a

xcess and sho

on, T =100F

2000

Gas Purificatio

ge 28 of 64 

ith a CO2 ga
ning an exces

30 slpm) an
dence time o
gure 20 show
nce time has 
te is observe
te of Reactio
as was show
ould not lim

, 

2500

on 
 

as 
ss 
nd 
on 
ws 

a 
ed 
on 
wn 
mit 



 

Topica
 

Figur
 
 
conta
show
absor
previ
incre
 

Figur
 
 
 
with 
calcu

%
 S

O
2 

A
b

s
o

rp
ti

o
n

%
 S

O
2 

A
b

s
o

rp
ti

o
n

al Report - Tas

e 20:  Impact 

A second
actor feed g

ws that the ad
rption by ro
iously shown
ased reaction

e 21:  Impact 

In Figure 
the VLE pre

ulated based 

SO2 C

0

10

20

30

40

50

60

0

SO2 

0

10

20

30

40

50

60

70

80

0 5

 

sk 2: SOx/NOx

of residence t

d set of data 
gas, the resu
ddition of 80
oughly 10%
n, the added
n rate.  

of residence t

22 some of
edicted contr

on the inle

onversion vs

5 10

Conversion

10

Near

x/Hg Removal 

ime on SO2 ab

was collect
ults are show
00ppm of ga
. Gas phase

d gas phase N

ime on SO2 ab

f the data fro
ribution to S
et gas comp

s Residence 
Acid 

15

Re

 vs Residenc

T = 100oF,

15 20

Re

r Zero Emissio

for High Sulfu

bsorption in H

ted with rou
wn below in
as phase NO
e NOx is re
NOx increas

bsorption in H

om Figure 2
SO2 Absorpti
position, gas

Time, CO2 an
Flow = 2 gph

20 25

esidence Tim

ce Time, CO2

 Acid Flow =

25

sidence Tim

ons Oxy-Comb

ur Coal 

H2SO4 in absen

ughly 800 pp
n Figure 21
Ox serves to
eadily absor
ses liquid ph

H2SO4 in prese

20 and Figur
ion. The VL
 flowrate, a

nd SO2 gas fe
h

5 30

me (s)

2, SO2 and NO

 2 gph

30 35

me (s)

bustion Flue G

Pag

nce of NOx. 

pm of NOx 
1. The exper
o increase th
rbed by sulf
hase NOx re

ence of NOx   

re 21 are sh
LE-predicted
acid flowrate

eed, T = 100o

35

Ox gas feed,

40

Gas Purificatio

ge 29 of 64 

added to th
rimental dat

he rate of SO
furic acid, a
esulting in a

hown togethe
d absorption 
e and system

oF, 

40 45

, 

45 50

on 
 

 

he 
ta 

O2 
as 
an 

 

er 
is 
m 



 

Topica
 

press
for c
blue)
corre
gas p
absor
 

Figur
 

Effec
 
flowr
(Reac
inside
the m
const
alteri
an op
 
 
distan
indic
from 
linear
acid f
the S
simil
 
 
starts

%
 S

O
2 

A
b

s
o

rp
ti

o
n

al Report - Tas

ure and is no
omparison w
. The differ
sponds to th

phase NOx 
rption also in

e 22:  Increase

ct of liquid
Most of t

rate of 2.0gp
ction 1). Fix
e the gas/liq

mass transpo
tant tempera
ing the liquid
ption in our s

Figure 23
nce between
ates the amo
2.0 gph to 

r decrease in
flowrate of 

SO2 concentr
ar.  

As acid f
s to apprecia

SO2 Ab

0

5

10

15

20

25

30

35

40

45

0

SO2 

SO2

VLE 

 

sk 2: SOx/NOx

ot residence 
with the cor
rence betwe
he amount o
allows for 

ncreases due

e in SO2 absor

d flowrate o
the SO2 oxi
ph to try to 
xing the liqu

quid contacto
ort effects a
ature). The 
d flowrate, o
system).  

3 shows the
n the experim
ount of SO2 

1.0 gph red
n SO2 absorp
1.0 and 2.0 g
ration in the

flowrate is in
ably reduce 

bsorption vs

or SO

5

+ NOx

, no gas NO2

adsorption

Near

x/Hg Removal 

time depend
rresponding 
een the blue
of SO2 oxida
a faster rea

e to Reaction

rption in H2SO

on SO2 abs
idation expe
fix the gas/l
uid flowrate
or available t
as pressure o

area availa
or by changi

e effect of 
mental data 
converted to
duces the SO
ption (blue c
gph the liqu

e liquid is ve

ncreased ab
the gas and

 Residence T

O2 alone, T =

10

Res

r Zero Emissio

for High Sulfu

dent. It is, ho
experiment

e and pink 
ation (React

action rate. A
n 2. 

O4 by reaction

sorption ra
eriments we
liquid mass 
e essentially
to absorb SO
or flowrate 
able for gas
ing the colu

varying aci
(blue line) 

o SO3 via Re
O2 absorptio
curve) which
uid’s SO2 cap
ery similar a

ove 2.0 gph
d liquid pha

Time for feed

= 100F, Acid 

sidence Time

ons Oxy-Comb

ur Coal 

owever, plot
tal data poin

data and t
tion 2) takin
As residenc

n with NO2   

ate 
ere performe
transport pe

y fixes the g
O2 (Reaction
and residen

s/liquid cont
umn packing

d flowrate 
and the VL

eaction 2  A 
on capacity 
h follows the
pacity is rela
and the resu

h the increas
se SO2 conc

d gas contain

Flow = 2 gph

15

e (s)

bustion Flue G

Pag

tted versus re
nts (shown 
the green an
ng place; the
ce time is in

ed using a 
erformance o
gas/liquid in
n 7); this hel
nce time are
tact can be

g material (w

on SO2 ads
LE adsorptio

decrease in 
and results 

e VLE-predi
atively low, 

ulting SO2 re

se in liquid 
centrations r

ning SO2 + N

h

20

du

Gas Purificatio

ge 30 of 64 

esidence tim
in green an
nd pink dat
e presence o
ncreased SO

constant aci
of the reacto

nterfacial are
lps to remov
e changed (a
 changed b

which was no

sorption. Th
on line (pink
acid flowrat
in a roughl

iction. For a
meaning tha

eaction rate 

SO2 capacit
resulting in 

NO2 

25

Absorption
ue to Reaction

on 
 

me 
nd 
ta 
of 
O2 

 

id 
or 
ea 
ve 
at 

by 
ot 

he 
k) 
te 
ly 
an 
at 
is 

ty 
a 



 

Topica
 

reduc
and p
 

Figur
 

Effec
 
conte
temp
const
conta
NOx 
800pp
the in
React
NOx 
of a m
the N
 

S
O

2
 A

b
so

rp
ti

o
n

 (
%

)

al Report - Tas

ced rate of S
pink curve st

e 23:  Effect o

ct of NOx l
Experime

ent in the ga
erature (100
tant liquid fe
aining NO2 a

level on S
pm of NOx.
ncrease in SO
tion 2. The p
is required 

mixture of N
NOx enhance

SO2 A

Co

0

5

10

15

20

25

30

0

 

sk 2: SOx/NOx

O2 reaction.
tarts to close

of acid flowrat

level on SO
ents were al
as feed on S
0oF), constan
eed rate. At 
and NO + N

SO2 adsorpti
 As NOx fee
O2 adsorptio
presence of N
for SO2 oxi

NO and NO2

ement is sign

Absorption vs

onditions, T = 1

1

Near

x/Hg Removal 

. This means
e at higher ac

te on SO2 abso

O2 adsorpt
lso perform
SO2 reaction
nt gas flowra
each pressu

NO2. Figure 
ion rate. A 
ed to the rea

on is directly
NOx is expe
dation. Furt
2 the reactio
nificantly gre

s Liquid Flowr

100F, 2430 ppm
20 slpm

2
Acid 

r Zero Emissio

for High Sulfu

s it is expect
cid flowrates

orption. 

tion and ox
med to determ

n rate. Expe
ate, constant

ure two sets o
24 and Figu
relative NO

actor is incre
y attributable
ected to incr
hermore if N

on rate is enh
eater in the h

rate, Constant 

m SOx, 800 pp
m gas flow

3
Flowrate (gp

ons Oxy-Comb

ur Coal 

ted that the d
s, which is o

xidation ra
rmine the ef
eriments we
t pressure (2
of data were

ure 25 show 
Ox level of 
eased with o
e to an increa
rease the rate
NOx feed to
hanced furth
higher pressu

Temperature 

pm NOx, P = 20

3
ph)

Experime

VLE ads

bustion Flue G

Pag

distance betw
observed in F

ate 
ffect of inc
re conducte

200 psia or 
e collected f
the impact 

f 1 correspo
ther factors 
ase in SO2 o
e of SO2 rea
o the reactor
her. Figure 2
ure case. 

and Gas 

00psia,    

4

ental data

orption

Gas Purificatio

ge 31 of 64 

ween the blu
Figure 23. 

 

creasing NO
ed at constan
150 psia) an
for feed gase
of increasin

onds to abou
held constan

oxidation rate
ction becaus

r is compose
24 shows tha

5

on 
 

ue 

Ox 
nt 
nd 
es 
ng 
ut 
nt 
e, 
se 
ed 
at 



 

Topica
 

Figur
 
 

Figur
 
Effec
 
temp
poten
scale 
conve
 

S
O

2
A

b
s

o
rp

ti
o

n
(%

)
S

O
2

A
b

s
o

rp
ti

o
n

(%
)

al Report - Tas

e 24:  SO2 abs

e 25:  Absorpt

ct of reactio
With a fi

erature chan
ntially the SO

system any
ersion.  

SO2 

T

0

10

20

30

40

0

S
O

2 
A

b
s

o
rp

ti
o

n
 (

%
)

SO2 

T

0

10

20

30

40

0

S
O

2 
A

b
s

o
rp

ti
o

n
 (

%
)

 

sk 2: SOx/NOx

sorption in H2

tion in H2SO4 

n temperatu
ixed reaction
nges residenc
O2 oxidation

y change in t

Absorption r

T = 100F, P = 2

1

NO + NO2
NO2
VLE abso

Absorption r

T = 100F, P = 1

1

NO + NO2
NO2
VLE abso

Near

x/Hg Removal 

SO4 vs. NOx c

vs. NOx conc

ure on SO2

n volume an
ce time, NO
n kinetics, et
these proper

rate vs inlet ga

200 psia, 30 s

2

Rela

2

orption

rate vs inlet ga

150 psia, 30 s

2

Rela

2

orption

r Zero Emissio

for High Sulfu

concentration 

centration in f

reaction ra
nd a fixed l

Ox oxidation 
tc. As reacti
rties is obser

as NOx level, 

slpm gas flow

3

ative NOx leve

as NOx level, 

lpm gas flow,

3

ative NOx leve

ons Oxy-Comb

ur Coal 

 in feed at 200

feed at 150 psi

ate 
iquid flowra
kinetics, red

ion temperat
rved as a ch

 2200 ppm in

, acid flow = 2

4

el

 1460 ppm in

, acid flow = 2

4

el

bustion Flue G

Pag

0 psia . 

ia 

ate an incre
duced SO2 s
ture changes
hanged SO2 

nlet SO2, 

2gph

5

nlet SO2, 

2gph

5

Gas Purificatio

ge 32 of 64 

 

 

ased reactio
solubility, an
s in the benc
reactor outle

6

6

on 
 

on 
nd 
ch 
et 



 

Topica
 

 
reacti
be du
100oF
const
 

Figur
 

Sub

 
 
effect
atmo
throu
samp
NOx 
 
 
prese
obser
sulfur
 
 
data s

S
O

2
 A

b
s

o
rp

ti
o

n
 (

%
)

al Report - Tas

An increa
ion rate, as s
ue to a reduc
F and 180oF 
tant.  

e 26:  Impact 

btask 2.3:

Carbon t
In Projec

tiveness to 
spheric pres

ugh a vessel 
ple was taken

removal.  

The purp
ence of oxyg
rved with sim
ric acid.  

Figure 27
shows the re

SO2 Ab
1450 

0

5

10

15

20

25

30

35

40

90

 

sk 2: SOx/NOx

ase in reacti
shown below
ced SO2 solu

about a 3 fo

of temperatur

:  NOx Re

testing for
ct Year 1 (2

catalyze N
ssure. The c

containing 
n periodicall

ose of the 
gen can cat
mple strippin

7 shows a plo
esults of tryi

bsorption vs
ppm SOx, 8

110

Near

x/Hg Removal 

ion tempera
w in Figure 
ubility in H2S
old decrease 

re on SO2 abso

emoval w

r NOx remo
2009) a num
NOx remov
arbons were
carbon and 
ly and tested

experiment 
talyze NOx 
ng of the NO

ot of NOx co
ing to remov

s Reaction T
00 ppm NOx

130

React

r Zero Emissio

for High Sulfu

ature is obse
26. The redu
SO4 which i
is expected

orption in H2S

with Activa

oval from s
mber of acti
val from N
e tested for N

sulfuric aci
d for NOx c

was to dete
removal fro

Ox, when an

oncentration
ve NOx by s

Temperatur
x 20 slpm ga

15

tion Temper

ons Oxy-Comb

ur Coal 

erved to mo
uced SO2 re
is predicted i
based on a

SO4 

ated Carb

sulfuric ac
ivated carbo

NOx contam
NOx remov
id spiked wi

concentration

ermine if a 
om the acid

n inert gas, N

n vs. time us
stripping wit

e, various fe
as flow, acid

50 1

rature (oF)

200 psia

150 psia

200 psi, 

150 psi, 

bustion Flue G

Pag

odestly decr
eaction rate i
in the literat
decrease the

bon 

cid 
ons were tes
minated sulf
val by bubbl
ith NOx. A 
n to determin

particular c
d at a faster
N2, is bubble

sing Carbon 
th N2 and ai

eed conditio
d flow = 2 gp

170

a, 1450ppm SO2 f

a, 1450ppm SO2 f

VLE absorption

VLE absorption

Gas Purificatio

ge 33 of 64 

rease the SO
is expected t
ture. Betwee
e Henry’s law

sted for the
furic acid a
ling N2 or a
sulfuric aci

ne the rate o

carbon in th
r rate than 

ed through th

1. This set o
ir. The rate o

ons 
ph

190

feed

feed

on 
 

O2 
to 
en 
w 

 

eir 
at 

air 
id 
of 

he 
is 

he 

of 
of 



 

Topica
 

NOx 
oppo
 

Figur
 
 
slowe
howe
rate o
rate o
 
 
the p
other
effect
for N
the p
of ox
meth
a met
 

Figur
 

0

0

0

0

R
e

la
ti

v
e

 N
O

x
 c

o
n

c
e

n
tr

a
ti

o
n

Carb
Carb
Carb
Carb
Carb

al Report - Tas

removal is 
sed to air. 

e 27:  Striping

The resul
er in the pre
ever impact t
of NOx remo
of NOx remo

The ident
presence of 
rs with carbo
tiveness for 

NOx removal
resence of O

xidative chem
od of NOx r
thod for sele

e 28:  Relative

NOx 

0

0.2

0.4

0.6

0.8

1

0

bon 1
bon 2
bon 3
bon 4
bon 5

Re

 

sk 2: SOx/NOx

shown to b

g performance

ts of all 5 te
esence of car
the rate of N
oval between
oval for the d

tity of the ca
N2 and Air
ons 1 and 2
NOx remov
l in the prese
O2 indicating
mistry. This 
removal from
ective NOx r

e rate of NOx 

concentrat

2

N2
1.00
0.92
0.29
0.04
0.15

elative NO

Near

x/Hg Removal 

be significan

e of N2 and air

ested carbon
rbon and ox
NOx remova
n the carbon
different car

arbon has a 
r. Some carb
2 having the
val using N2

ence of air. I
g that NOx r
result is opp

m the circula
removal.  

removal for v

tion vs Tim
C

4

Air
0.65
0.13
0.14
0.00
0.00

Ox remova

r Zero Emissio

for High Sulfu

ntly faster w

r for NOx rem

s show the s
xygen. The p
al because th
ns tested. Se
rbons.  

significant e
bons had si
 best perfor
as the stripp
In all cases 
removal ma
posite of wh
ating acid an

 
various carbon

me for NOx 
Carbon 1

6
Time

N2

Air

r
5
3
4
0
0

al rate

ons Oxy-Comb

ur Coal 

when N2 is u

moval from sul

same result i
presence and
here are sign
e Figure 28

effect on the
ignificantly 
rmance. Carb
ping gas; eve
the rate of N

ay be someh
hat was expe
nd/or the pro

ns using N2 an

removal e

8 1

bustion Flue G

Pag

used for NO

lfuric acid 

in which NO
d type of the
nificant diffe
which show

e rate of NO
better perfo

rbons 4 and 
en less abilit
NOx remova
ow slowed b
ected and m
oduct acid is

nd air 

experiments

0 12

Gas Purificatio

ge 34 of 64 

Ox removal a

Ox removal 
e carbon doe
erences in th

ws the relativ

Ox removal i
ormance tha
5 show littl

ty is observe
al is slower i
by some typ

means that th
s not viable a

s, 

2 14

on 
 

as 

 

is 
es 
he 
ve 

in 
an 
le 
ed 
in 
pe 
is 
as 



 

Topica
 

Sub
 
 
that t
NOx 
stand
the pr
shoul
NOx 
 
 
most 
writte
throu
of the
M7. T
proce
due to
 
 
are i
absor
subje
above
SO2 
conta
possi
usefu
 
NO +
 
 
‘nitra
disco
have 
 
 
produ
acid 
conta
forme
 
 
probl
acid. 
gives

al Report - Tas

btask 2.4 

At the com
the candidat
from conce

dard industri
roposed proc
ld be remov
removal fro

In the pro
likely Task

en and Task
ugh evaluatio
e alternative
The approac
ess-based sul
o the Task 2

NOx abso
in a 1:1 ra
rption behav
ect of the m
e. Absorbed
conversion t

aminant to t
ible, ideally 
ul, and hopef

+ NO2 + 2H2

Nitrosylsu
ates’ and has
olors sulfuric

also been su

In the pa
uct sulfuric 
destined for

ains high nitr
ed which is c

High conc
lem if NOx i
The reaction

s the impress

 

sk 2: SOx/NOx

Byprodu

mpletion of 
te catalysts f
ntrated sulfu
al market. T
cess. Based 
ed from the 

om the produ

oposal the pe
k 2 process r
k 2.4 was in
on of alterna
e NOx remo
ch taken wa
lfuric acid in

2 process reli

orption into 
atio, forming
vior of NOx 
much of the 
d NOx is ver
to sulfuric a
the final pr
down to a 

fully saleable

2SO4  2 NO

ulfuric acid 
s a limit in ty
c acid and ca
uspected of a

st, NOx lev
acid. Curren

r use in the s
rate concent
cause for rej

centrations o
is subsequen
n of NOx an
sion that the 

Near

x/Hg Removal 

uct Purific

Subtask 2.3
for the NOx
uric acid to p
The NOx rem
on these resu
process and

uct sulfuric a

erformance o
risk. This po
ncluded in t
ative NOx r
val methods
s to evaluat
ndustry and t
iance on lead

sulfuric aci
g nitrosylsu
mixtures at 
experiment

ry important
acid in the p
roduct sulfur

level of < 
e, to sulfuric

O●HSO4 + H

contaminan
ypical sulfur
an accelerate
attacking the

vels as high 
nt requireme
sulphonation
rations a dar
jection of the

of NOx in th
ntly released
nd dissolved
acid is other

r Zero Emissio

for High Sulfu

cation  

, and associ
x stripping r
produce acid
moval was m
ults it was d
d that other t
acid.  

of the NOx s
ossibility wa
the original 
emoval met
s is required
e methods o
to rule out th
d chamber b

id occurs mo
ulfuric acid 

various tem
tal data coll
t to the Task
process. How
ric acid and
5ppmw, to 

c acid consum

H2O  R

nt in sulfuri
ric acid of 5 t
e corrosion o
e protective c

as 30 ppmw
ents are muc
n industry re
rk black, rath
e acid.  

he product a
d in the proce
d iron can im
rwise off-spe

ons Oxy-Comb

ur Coal 

ated Milesto
reactor woul
d of appropr
much too slo

decided that t
technologies

stripping rea
as considered

proposal to
thods. In thi
d by Subtask
of NOx rem
hose method

based chemis

ost substant
(NO●HSO4

mperatures an
lected in Ta
k 2 process b
wever nitro
d should be

ensure the 
mers.  

Reaction 8 

ic acid is c
to 10 ppmw
of steel equi
coating in ta

w (as NO3) 
ch lower at 
equires low 
her than hon

acid may pos
ess, usually 

mpart a purpl
ec.  

bustion Flue G

Pag

one M4, it w
ld not be ab
riate purity f
ow to be of 
the NOx stri
s should be 

actor was ide
d when the 
o address th
s scenario th

k 2.4 to satis
moval used in
ds that are no
stry. 

tially when N
4), see Reac
nd pressures
ask 2 and w
because it is
slysulfuric a
e removed t

product su

commonly r
w. The presen

ipment. Hig
ank cars. 

have been 
5 ppmw or 
nitrate level

ney colored, 

se an occupa
as a result o

le color to th

Gas Purificatio

ge 35 of 64 

was conclude
ble to remov
for sale in th
f any value i
ipping reacto
evaluated fo

entified as th
proposal wa

his possibilit
he evaluatio
sfy Mileston
n the contac
ot appropriat

NO and NO
ction 8. Th

s has been th
was discusse
s required fo
acid is also 
to the exten

ulfuric acid 

referred to a
nce of nitrate
gh NOx leve

acceptable i
less. Sulfuri
ls. If the aci
acid slurry 

ational healt
of diluting th
he acid whic

on 
 

ed 
ve 
he 
in 
or 
or 

he 
as 
ty 
on 
ne 
ct-
te 

O2 
he 
he 
ed 
or 
a 

nt 
is 

as 
es 
ls 

in 
ic 
id   
is 

th 
he 
ch 



 

Topica
 

 
 
to be 
in wh
acid 
conta
high 
consu
 

NOx
 
divid
conta
NOx 
oxidi
and l
has th
 

Gas 
 
remo
select
unit [
the pr
equip
 
4NO 
6NO2

 
 
Near 
the pr
Furth
becau
 

NOx
 
the p
in th
hydra
effect
amm
non-h

al Report - Tas

There is a
below 5 pp

hich the acid
from other

aminating th
NOx concen

umer of acid

x Control S
NOx con

ded into two
act plant and

is not invo
ized to SO3 o
ess expensiv
he opportuni

Phase NO
In the co

ve NOx is b
tive catalyti
[1]. The SCR
resence of a 

pment are es

+ 4NH3 + O
2 + 8NH3 

Traditiona
Zero Emiss
rogram is to

hermore NO
use the Task

x Removal f
One appro

roduct acid 
he acid. The
ate (N2H4·H
tive reducin
onium sulfa
hydrazine ba

 

sk 2: SOx/NOx

an expectatio
m even if th
d is used. T
r sources. C
eir entire inv
ntrations can

d, with poten

trategies 
ntrol strategi
o categories:
d 2) NOx rem
olved in the
on a solid ca
ve to remove
ity to contam

Ox Remova
ontext of a 
before the flu
ic reduction 
R process in
catalyst to f
sentially the

O2  4N2 + 6
 N2 + 12H2O

al SCR and 
ion Oxy-Co
 evaluate oth

Ox cannot be
k 2 process re

from Liqui
oach for NO
by the addit

e most com
H2O) or dihy
ng agents. O
ate ((NH2OH
ased are typi

Near

x/Hg Removal 

on from acid
he presence o
This acid wil

Customers 
ventory of a
n be utilized

ntial for no im

 
ies for tradi
  1) NOx r

moval from t
e desirable c
atalyst in the 
e NOx to the

minate the pr

al 
contact sulf
ue gas enter
(SCR) unit

volves the re
form nitroge
e same as in 

6H2O 
O 

SNCR tech
ombustion Fl
her more cos
e removed b
elies on NOx

id Acid 
Ox treatment 

tion of stron
mmon reduci
ydrazine sulf
Other reduc

H)·H2SO4) a
ically not us

r Zero Emissio

for High Sulfu

d distributors
of NOx does
ll probably g
or acid dis

acid because 
d in the pho
mpact on the

itional conta
removal from
the liquid ac
chemistry o
gas phase. T
e extent pos
roduct sulfur

furic acid p
rs the contac
t or a select
eaction of N
n and water,
a power plan

Reaction
Reaction

hnologies are
lue Gas Puri
st effective t
before the T
x for SO2 co

in the liquid
ng reducing
ing agent u
fate ((N2H2)
cing agents 
and hydroxy
sed with con

ons Oxy-Comb

ur Coal 

s and custom
s not have a
go into a co
stributors w
of one off-s

osphate fertil
e fertilizer pr

act sulfuric 
m the feed 
cid. In a trad
of the plant 
Therefore it 
ssible before
ric acid. 

plant the mo
ct plant, this 
tive non-cat

NO and NO2

, reactions 2
nt’s SCR. 

n 9 
n 10 

e not of inte
ification pro
technologies
Task 2 flue 
onversion to 

d phase proc
reagents to 
sed is hydr
)2H2SO4) be

are urea (
ylamine (NH
ncentrated su

bustion Flue G

Pag

mers that NO
any impact o
ommon stora
would not w
spec shipme
lizer industr
roduction pr

acid plants
gas prior to

ditional sulfu
because SO
is typically 

e it enters the

ost desirabl
is done with

talytic reduc
with ammo

2 and 3. The 

erest in the c
ogram becaus
s for flue gas

gas purific
H2SO4.  

cesses is to re
destroy NOx

razine (H2N
ecause they 
(NH2CONH2

H2OH). Reag
ulfuric acid 

Gas Purificatio

ge 36 of 64 

Ox levels nee
on the proces
age tank wit
want to ris

ent. Acid wit
ry, the large
rocess. 

s are broadl
o entering th
uric acid plan
O2 is directl
advantageou
e process an

e location t
h the use of 
ction (SNCR
nia or urea i
approach an

context of th
se the goal o
s purification
ation schem

educe NOx i
x compound

N4), hydrazin
are the mo

2), hydroxy
gents that ar
because the

on 
 

ed 
ss 
th 
sk 
th 
st 

ly 
he 
nt 
ly 
us 
nd 

to 
f a 
R) 
in 
nd 

he 
of 
n. 

me 

in 
ds 
ne 
st 

yl-
re 

eir 



 

Topica
 

reacti
nitros
 
3N2H
 
The e
• Aci
• Aci
• Exc
• Sulf
• Res
 
 
destru
carcin
sulfur
flowr
speci
(cand
small
 
 
achie
rema
consu
relate
engin
treatm
prohi
amm
 
 
diluti
acid h
solub
conce
5wt%
 
 
hydro
and e
becau
high 
dilute
typic
great

al Report - Tas

ion rate is t
sylsulfuric a

H4·H2O + 4H

elimination o
d Strength –
d Temperatu

cess Hydrazi
fur Dioxide 
sidence time 

Hydrazine
uction in su
nogens. Hyd
ric acid in c
rate of acid r
ific location 
dle filter drai
l stream of a

When hyd
eve adequate
ins in the pr
ume the exc
ed compoun
neered hydra
ment system
ibitively exp
onia).  

A second
ion of conce
has a very h

bility in sul
entrations in

% to 20wt%. 

When su
olyzed and N
enhances th
use the dilut
concentratio

e nitric/nitro
ally prohibit
er. 

 

sk 2: SOx/NOx

too slow to 
acid is as foll

HNOSO4  2

of NOx usin
– reaction rat
ure – reactio
ine – the reac
– the presen

e chemicals
ulfuric acid 
drazine com

contact plant
requiring tre
in contact su
ins in mist e

acid is treated

drazine is us
e destruction
roduct acid. 
cess hydrazin
ds is expens

azine storage
m. In the con
pensive (hyd

d approach f
entrated sul
high solubili
furic acid o

n the candle 
 

ulfuric acid 
NOx fumes a
he NOx rem
ted acid is s
on and must
ous acid solu
tively expen

Near

x/Hg Removal 

be practica
lows: 

2SO4 + 5N2

g hydrazine 
te is higher i

on rate increa
ction rate is 

nce of SO2 re

s are the m
but these c

mpounds are
ts as would b
atment is typ
ulfuric acid p
eliminators). 
d and added 

sed some am
n of NOx, h
Typically a 
ne. Treatmen
sive due to 
e and delive
ntext of the 
drazine for e

for removal 
furic acid c
ity in concen
of 60wt% c
filters of a t

containing 
are released.

moval effect 
substantially
t be captured
ution. Low 

nsive to conc

r Zero Emissio

for High Sulfu

al. The react

+ 5H2O 

is affected b
in 93% H2SO
ases with inc
roughly prop

educes the re

ost common
chemicals ar
e used to re
be seen in th
pically smal
plants where
In a traditio
back to the 

mount of exc
however it is

secondary h
nt of sulfuri
the cost of 

ery system, a
Task 2 pro

example is m

of NOx fro
containing n
ntrated 93wt
concentratio
traditional c

NOx is d
 In sulfuric a
when NOx

y warmed. T
d, for examp
concentratio
centrate to a

ons Oxy-Comb

ur Coal 

tion between

Reac

by several fa
O4 than 98%
creasing tem
portional to 

eaction rate

n and effec
re extremely
emove simi
he Task 2 p
l because NO
e the rate of 
onal contact 
process. 

cess hydrazi
s important 
hydrogen per
ic acid using
the reagent,
and the cost 
ocess these 
more expens

om liquid su
nitrosylsulfur
t% sulfuric 

on and belo
ontact sulfu

diluted the 
acid the heat

x containing
The released 
ple by conta
on sulfuric a
a saleable co

bustion Flue G

Pag

n hydrazine

ction 11 

actors: 
% H2SO4 
mperature 

% excess hy

ctive chemic
y toxic and 
ilar levels o
process, how
Ox concentr

f acid accumu
sulfuric acid

ine is typica
that no exce
roxide addit
g hydrazine 
, the cost of
t of the ozon
costs are ex
sive and mo

ulfuric acid 
ric acid. Ni
acid but has

ow. Nitrosyl
uric acid plan

nitrosylsulf
t of dilution 

g sulfuric ac
d NO and NO
act with wat
acid has no 
oncentration 

Gas Purificatio

ge 37 of 64 

e hydrate an

ydrazine 

cals for NO
are possibl

of NOx from
wever the tota
rates in a ver
ulation is low
d plant only 

ally needed t
ess hydrazin
ion is used t
or hydrazin

f installing a
ne supply an
xpected to b
ore toxic tha

involves th
itrosylsulfuri
s a fairly low
lsulfuric aci
nt is typicall

furic acid 
is substantia

cid is dilute
O2 is of ver
ter to make 
value and 
of 93wt% o

on 
 

nd 

Ox 
le 
m 
al 
ry 
w 
a 

to 
ne 
to 
ne 
an 
nd 
be 
an 

he 
ic 
w 
id 
ly 

is 
al 
ed 
ry 
a 
is 
or 



 

Topica
 

 

Sub
 
 
inclu
gas s
wt.%
precip
some
press
 
 
mercu
conta
produ
proce
to the
in the
throu
scena

 
 
scrub
indus
conta
in the
 
 
selen
the su
and o
recom
the m
assoc
The d
mater
 

al Report - Tas

btask 2.5 

The Nea
ded the use 

stream. The 
% H2SO4. Th

pitates and w
e risk involv
ure process 

Moderate
ury remova

ainment may
uct needs to
ess a very hi
e flue gas en
e coldbox. T

ugh mercury
arios exist:   

1) If the 
neede
neede
to the 

2) If the
neutra
landfi
single

Worley P
bbing method
stry. The me
ainment that 
e potential su

Alternativ
nium filters a
ulfuric acid 
only passing
mmended to 
materials wh
ciated with r
design of th
rial. Little in

 

sk 2: SOx/NOx

Mercury 

ar Zero Em
of a wet scr
scrubbing p

he mercury 
would be rem
ved with th
gas containi

 levels of 
al technolog
y be adequate
o be saleable
igh level of 
ntering the c
This extreme

containmen

acid produc
d upstream 
d downstrea
CO2 purific

e acid produ
alized, in wh
illed and the
e Hg adsorbe

Parsons has
d in the prop
ercury contai

would be ne
ulfuric acid p

ve processes
are used in th
product. Th

g the process
allow one u

hile the othe
replacing the
he equipmen
n the way of 

Near

x/Hg Removal 

Removal

mission Oxy
rubbing proc
process uses
in the proc

moved from
he process s
ing mercury.

mercury co
gies for th
e prior to the
e from a me
mercury con

coldbox due 
ely high leve
nt that is des

ct from the T
of the Task

am of the Ta
cation coldbo
uct is not sa
hich case it 
e mercury c
ent bed woul

s offered so
posal since th
inment meth
eeded upstre
product.  

s such as a
he traditiona

hese processe
s gas through
unit to taken
er unit remai
e material a

nt is simply 
ancillary eq

r Zero Emissio

for High Sulfu

l Researc

y-Combustio
cess for the r
s sulfuric ac
cess gas rea

m solution by
since it was
.  

ontainment, 
he sulfuric 
e Task 2 pro
ercury impu
ntainment (>
to the poten
el of mercur
signed for s

Task 2 proce
k 2 process.
ask 2 proces
ox. 
aleable the 
is likely th

content will 
ld be used pr

ome mercu
his method i
hods describ
eam of the T

adsorption o
al sulfuric ac
es do not inv
h a fixed be

n out of serv
ins on line. 

and disposing
a pressure v

quipment wo

ons Oxy-Comb

ur Coal 

ch 

on Flue Ga
removal of m
cid at concen
acts to form
y clarificatio
s not origin

about 90%
acid indus

ocess in the c
urity standpo
> 99.9%) is 
ntial severe c
ry containm

sulfuric acid

ess is saleabl
A mercury 

ss to ensure 

sulfuric aci
hat the neutr

not be an 
rior to the co

ury control 
is not widely

bed below ar
Task 2 proce

of mercury 
cid industry 
volve circul
ed of materia
vice for serv

There is an
g or recycli
vessel desig

ould be requi

bustion Flue G

Pag

as Purificat
mercury from
ntrations gre

m mercury s
on and filtrat
nally designe

%, are typic
stry. This l
case that any
oint. Howev
absolutely e
consequence

ment is likely
d manufactur

le some Hg 
guard bed w
that no merc

d product w
ralization pro
issue. In th

old box. 

alternatives
y used in the
re alternative
ess for contro

on activate
for control o
ating scrubb
al. Two para

vicing and re
n ongoing o
ing of the sp
gned to hold
ired. 

Gas Purificatio

ge 38 of 64 

tion proposa
m the proces
eater than 8
sulfate whic
tion. There 
ed as a hig

cally seen i
level of H

y sulfuric aci
ver in a CPU
essential prio
es of mercur
y not possibl
re. Two mai

removal ma
would also b
cury makes 

will likely b
oduct will b

his scenario 

s to the we
e sulfuric aci
es to mercur
ol of mercur

ed carbon o
of mercury i
bing solution
allel units ar
eplacement o
operating co
pent materia
d the require

on 
 

al 
ss 
80 
ch 
is 

gh 

in 
Hg 
id 
U 
or 
ry 
le 
in 

ay 
be 
it 

be 
be 

a 

et 
id 
ry 
ry 

or 
in 
ns 
re 
of 
st 

al. 
ed 



 

Topica
 

Activ
 
heavy
acid 
based
curre
capac
temp
of m
minim
to de
mercu
carbo
to inc
filter 
will i
 
 
adsor
and a
appro
organ
The m
29. 
 

Figur
 
 
repla
gas. 
carbo
consi
carbo
work
an ac
diam
carbo
 

al Report - Tas

vated Carb
The adso

y metals (am
gases (HCl,

d on the flo
nt flow. Ho
city of the c
erature. Tigh

mercury and 
mize this ris
etect the form
ury adsorpti

on weight. R
crease this e
bed and the

increase even

The spen
rption featur
avoid oxidat
opriate landf
nic material 
main advant

e 29:  Advanta

The cost 
cement of th
Sizing the u
on replaceme
ist of paralle
on when it be
k to be done 
ctivated carb
eter column 

on would be 

 

sk 2: SOx/NOx

bon 
orption prop
mong them m
, SO2). Thr

ow configura
owever, the c
carbon filter 
ht control ov
to avoid c

k by distribu
mation of fi
ion efficienc

Research is a
efficiency. T
e amount of 
ntually requi

nt carbon ca
res. Steam is
tion of carbo
fill. The tech
and heavy m

tages and dis

ages and disad

for activat
he carbon b
unit in terms
ent and mai
el columns s
ecomes fully
safely while
bon loading
with a carb
able to adso

Near

x/Hg Removal 

erties of ac
mercury), or
ree filter de
ation as foll
cross-flow c
is sensitive 

ver temperat
creation of “
uting the gas

fires in the b
cy for activa
always geare

The pressure 
carbon used
iring replace

an be therm
used to crea

on. Alternati
hnology is w
metals from
sadvantages 

dvantages of t

ted carbon 
ed will depe
s of carbon
intenance co
such that a c
y loaded. Suf
e the other c
g of 10,000 
bon bed heig
orb about 150

r Zero Emissio

for High Sulfu

ctivated carb
rganic pollut
signs are ty
lows: cross 
carbon filter

to humidity
ture is neede
“hot spots”.
s equally. Ca
bed. The typ
ated carbon 
ed towards i
drop across

d. If the gas c
ement and re

mally treated
ate a reducin
ively, the sp

widely used 
m off-gas stre

of the activ

the activated c

is approxim
end on the g
loading wil

ost. A typica
column coul
fficient isola

column rema
lb would b

ght of about 
00 lb of mer

ons Oxy-Comb

ur Coal 

bon have be
tants (such a
ypically utili
flow, count

rs are most c
y in the gas 
ed to avoid 
. The cross
arbon mono
pical values
range betwe
increasing th
s the filter de
contains part
enewal of the

d in rotary 
ng environm
pent carbon 
in the powe
eams at inci

vated carbon 

carbon filter 

mately $210
gas flow and
ll take into a
al mercury a
ld be taken
ation would 
ains in opera
be loaded in
3050 mm (1

rcury before 

bustion Flue G

Pag

een used fo
as dioxin an
ized and are
ter-cross flo
common. Th
stream and 
volatilizatio

s-flow desig
oxide sensors
 reported in
een 12% and
he porosity 
epends on th

rticulate the p
e bed. 

kilns to re
ment in the ac

can be disp
er industry a
ineration site
filter are lis

00/tonne of 
d mercury c
account the 
adsorption s
out of servi
be provided

ation. For th
nto a 1900 
10 ft) high. T
needing to b

Gas Purificatio

ge 39 of 64 

r removal o
d furans) an
e categorize
w and cross
he adsorptio
is limited b

on and releas
gn is used t
s are installe
n literature o
d 20% of th
of the carbo
he size of th
pressure dro

e-establish it
ctivating kiln
osed of in a

and to remov
es in Europe
sted in Figur

carbon. Th
content of th

frequency o
system woul
ice to replac

d to enable th
his applicatio

mm (6.3 f
The activate
be replaced.

on 
 

of 
nd 
ed 
s-

on 
by 
se 
to 
ed 
of 
he 
on 
he 
op 

ts 
ns 
an 
ve 
e. 
re 

 

he 
he 
of 
ld 
ce 
he 
on 
ft) 
ed 



 

Topica
 

Figur
  

Sele
 
remo
selen
ceram
water
Cons
HgSe
 
H2Se
Hg +
 
 
the g
effect
lower
mercu
 

al Report - Tas

e 30:  Activat

nium Filte
Selenium 

ve element
nium (Se) an
mic grains im
r vapor and 
equently, Se

e, (Reaction 

O3 + H2O + 
 Se HgSe 

The key t
gas. Mercury
tive. Once t
r vapor pres
ury levels in

 

sk 2: SOx/NOx

ed carbon me

r 
filters wer

al Hg from
nd Hg. The
mpregnated w
sulfur dioxi

e reacts with
13). The Hg

2SO2  Se
 

to the operat
y must be p
the mercury
ssure that ei
n the as Figu

Near

x/Hg Removal 

rcury remova

e developed
m metallurg
e filter cons
with metalli
ide in the pr
h elemental 

g removal pr

 + 2H2SO4

 

tion of the s
present as e
y and seleni
ther elemen

ure 31. 

r Zero Emissio

for High Sulfu

al system 

d by Bolide
gical off-gas
ists of poro
c Se) soaked
rocess gas to

Hg vapor i
ocess is sum

 R
 R

elenium filte
elemental m
ium react, th

ntal mercury 

ons Oxy-Comb

ur Coal 

en (currently
ses based o
ous inert ma
d with selen
o precipitate
in the gas to

mmarized by 

Reaction 12
Reaction 13

er is the spe
mercury for t
the resulting
 or HgS wh

bustion Flue G

Pag

y Outotec) t
on the affin
aterial (stain

nious acid th
e selenium (R
o form merc
the followin

eciation of th
the selenium
g compound
hich ensures

Gas Purificatio

ge 40 of 64 

to target an
nity betwee
nless steel o
at reacts wit
Reaction 12
cury selenide
ng reactions

he mercury i
m filter to b
d has a muc
 low residua

on 
 

 

nd 
en 
or 
th 

2). 
e, 
: 

in 
be 
ch 
al 



 

Topica
 

Figur
 
 
filter 
and H
 
 
reach
selen
The 
lifetim
costly
reduc
 
 
avoid
Dust 
down
to be 
 
 
from 
conta
hydro
which
selen
selen
 
 

al Report - Tas

e 31:  Vapor p

The filter
while the se

HgSe is form

The selen
hes 10-15%w
nium filter m
filter operat
me of the fi
y. At lower
ced molecula

The temp
d decomposi
loading belo

ntime. Water
controlled t

The selen
geothermal 

ains non-con
ogen sulphid
h would oth

nium filter ar
nium filter m

 

sk 2: SOx/NOx

pressure for H

r generally c
econd filter i

med. A schem

nium filter co
wt. The filte

method is suit
tes efficientl
filter requirin
r Hg concen
ar collisions 

perature of t
ition of HgS
ow 9 mg/m3
r degrades ac
to avoid form

nium filter h
off gases. I

ndensable g
de (H2S). Th
herwise be v
re listed in F

method is pres

Near

x/Hg Removal 

Hg, HgS and H

consists of tw
is the active 

matic of the s

ontinues to b
er can then b
ted for low t
ly up to 9 m
ng more fre
ntrations, th
between Hg

he gases en
e in the filte

3 is recomme
ctive seleniu

mation of wa

as been used
n geotherma
ases such a
e off-gases a
vented to atm
igure 32. A 
sented in Fig

r Zero Emissio

for High Sulfu

HgSe 

wo layers or
medium in 

selenium filt

be effective u
be treated to
to medium H
mg/m3. Hig
equent regen
he removal
g and Se.  

ntering the se
er and to enh
ended to avo
um and the r
ater droplets.

d in metallu
al applicatio
as CO2 and 
are treated in
mosphere. T
summary of
gure 33. 

ons Oxy-Comb

ur Coal 

r beds. The 
which the a
ter is shown 

until the lev
o recover Hg
Hg concentr
gher Hg con
neration of S

efficiency 

elenium filt
hance the rat
oid frequent 
relative hum
.  

urgical off-ga
ns, the steam
contaminan

n a selenium
Typical oper
f advantages

bustion Flue G

Pag

first layer a
above reactio

in Figure 34

vel of mercur
g and regene
rations in the
ncentration d
Se, making 
is decreased

er is limited
te of formati
filter washin

midity in the 

as applicatio
m generated
nts such as 

m filter to rem
rational para

s and disadva

Gas Purificatio

ge 41 of 64 

acts as a du
ons take plac
4.  

ry in the filte
erate Se. Th
e process ga
decreases th
its operatio

d because o

d to 120ºC t
ion for HgSe
ng and reduc
off-gas need

ons as well a
d undergroun

mercury an
move mercur
ameters for 
antages of th

on 
 

 

st 
ce 

er 
he 
as. 
he 
on 
of 

to 
e. 
ce 
ds 

as 
nd 
nd 
ry 
a 

he 



 

Topica
 

Figur
  

Figur
 

al Report - Tas

e 32:  Typical

e 33:  Advant

 

sk 2: SOx/NOx

l Operational 

ages and disad

Near

x/Hg Removal 

Parameters fo

dvantages of t

r Zero Emissio

for High Sulfu

or a Selenium 

the selenium f

ons Oxy-Comb

ur Coal 

Filter 

filter 

bustion Flue G

Pag

Gas Purificatio

ge 42 of 64 

on 
 

 

 



 

Topica
 

Figur
 
 
selen
poten
heavy
 

Sub
 
 
using
proce
Unisi
reacti
proce
colum
chara
sulfur
of the
 
 
simul
system
splitt
estim

al Report - Tas

e 34:  Typical

In additio
nium filter ap
ntial interact
y metals in g

btask 5.1 

Process s
g different s
ess simulatio
im, AspenP
ion behavior
ess are relat
mns (reactio
acteristics (e
ric acid and 
e system). 

The proce
lation softw
m. In this 
ers were use

mate the requ

 

sk 2: SOx/NOx

l selenium filte

on to the 
pproach wou
tions of sele
general are k

Process 

imulation of
simulation t
on and the in
Plus, etc.) to
r of the Tas
ted to 1) g
on-distillatio
e.g., moistur

NOx (with 

edure used f
are (Honeyw
mass and e
ed to look at
uired acid re

Near

x/Hg Removal 

er arrangemen

operational 
uld likely no
enium with t
known to rea

Simulatio

f the final T
tools and ex
nability of a
o accurately

sk 2 process
gas and liqu
on type pr
re and CO2)
this third it

for simulatin
well Unisim
energy balan
t the proces

ecirculation r

r Zero Emissio

for High Sulfu

nts 

Selenium 
ot be possible
the material

act destructiv

on 

Task 2 proce
xperimental 
any available
y predict th
. The main 

uid phase re
roblem), 2) 
), 3) the un
em being th

ng the system
m) for high le

nce simulati
s at a high l
rates needed

ons Oxy-Comb

ur Coal 

disadvantag
e in an Oxyc
ls in the CP
vely with alu

ess scheme r
data due to

e single proc
he thermod
difficulties 

eactions occ
 general s

nique chemis
he most com

m was to fir
evel mass an
ion simple 
level. The m
d to manage

bustion Flue G

Pag

ges describe
coal CPU be

PU coldbox. 
uminum met

required ma
o the comp
cess simulat

dynamics, ch
in simulatin
curring in m
sulfuric aci
stry that oc

mplex and sen

rst use a stan
nd energy b
reactors and

main purpose
 the system 

Gas Purificatio

ge 43 of 64 

ed above th
ecause of an
For exampl

tal. 

anual iteratio
plexity of th
tion tool (e.g
hemistry an
ng the Task 
mass transfe
d adsorptiv
curs betwee
nsitive aspec

ndard proces
balance of th
d componen
es being to 1
temperature

on 
 

 

he 
ny 
le 

on 
he 
g. 

nd 
2 

er 
ve 
en 
ct 

ss 
he 
nt 
1) 
es 



 

Topica
 

(for 
conce
simul
mass 
 
 
mode
the N
updat
behav
balan
 
 
proce
Coal 
repre
sulfur
prima
also 
corro
4000p
SOx”
with 
exper
 
 
comp
appro
portio
below
NO2 
rough
conta
12 tim
in the
impo
proce
sulfur
 

al Report - Tas

thermal m
entrations in
lation iterati
and energy 

Following
eling was pe

NOx convers
te the assum
vior. These 
nce simulatio

The low 
ess simulatio

case. Speci
sents the ca
r bituminou
ary air stream
been treate

osion issues o
ppm SOx, a
” case repres

in this ox
rience. 

The Flue
pressed in 5
opriate press
on of the CP
w in Figure 
catalyzed-ox
hly 15% of 
act with wate
mes more SO
e gas stream
rtant to not

ess are not v
r coal case. 

 

sk 2: SOx/NOx

anagement 
n the system
ion, to deter
balance pers

g the mass a
erformed to m
ion assumpt

med NOx abs
revised ass

on for the ne

pressure flu
on was take
ifically the 
ase which is
us coal cases
m. In the “R
ed for SOx 
on the super
as described 
sents the high
xy-combustio

e gas from 
5 intercooled
sure for treat
PU process.
35. In the co
xidation bec
the NOx is

er. From Fig
O2 than NOx

m as compare
te that in th
very differen

Near

x/Hg Removal 

and for ro
m (moisture 
rmine the n
spective. 

and energy b
model the N
tions in the v
sorption and 
sumptions w
ext iteration.

ue gas condi
en from the 
flue gas for
s most comm
s a traditiona
Reduced SOx

removal. T
rheater/rehea

in more det
hest levels o
on scenario

the “Reduc
d-centrifugal
tment in the 
 The gas co
ompression 

cause the res
s lost in the
gure 35 it is 
x, on a molar
ed to the gas
his ‘Reduced
nt from the S

r Zero Emissio

for High Sulfu

ough vesse
managemen

need for any

balance sim
NO oxidation
various vesse
desorption b

were then us

itions and co
Foster Whe

r the “Reduc
mercially re
al FGD has 
x” case a po
The “Reduc
ater that are p
tail in the F

of SOx that F
 given the 

ced SOx” ca
l compresso
Task 2 proc

onditions ent
train a negl

sidence time
e last 2 inte
notable that

r basis, whic
s compositio
d SOx’ case
SOx level ex

ons Oxy-Comb

ur Coal 

l sizing), 2
nt), and 3) 

y process ch

mulation som
n behavior o
els. Next exp
behavior as w
sed to upda

omposition 
eeler report
ced SOx” c

elevant at th
been used 

ortion of the 
ced SOx” c
possible with

Foster Wheel
Foster Whee

corrosion 

ase leaves 
ors (no after
cess and sub
tering the T
ligible amou
e in the inter
ercoolers thr
t the inlet ga
ch reflects th
on assumed i
e the SOx l
xpected in t

bustion Flue G

Pag

2) investiga
in the case

hanges from

me more deta
of the system
perimental d
well as the S

ate the mass

used in the 
High Sulfu

case was use
his time. In 
to remove S
secondary a
case addres
th a SOx con
ler report. T

eler would be
issues and 

the boiler i
rcooler is n
sequently in

Task 2 proce
unt of SO2 is
rcoolers is lo
rough NO o
as concentra

he much low
in the propo
levels fed to
the flue gas 

Gas Purificatio

ge 44 of 64 

ate the aci
e of the fina

m a high leve

ailed reactio
m to fine tun
data is used t
SO2 oxidatio
s and energ

final Task 
ur Bituminou
ed because 
the two hig

SOx from th
air stream ha
sses potentia
ntent of abov
The “Reduce
e comfortabl

their boile

island and 
needed) to a
n the cold bo
ess are show
s lost throug
ow. Howeve
oxidation an
ation has onl

wer SOx leve
sal.  It is als
o the Task 
from the low

on 
 

id 
al 
el 

on 
ne 
to 
on 
gy 

2 
us 
it 

gh 
he 
as 
al 
ve 
ed 
le 
er 

is 
an 
ox 
wn 
gh 
er, 
nd 
ly 
ls 
so 
2 
w 



 

Topica
 

Figur
 
 
found
maint
proce
Stripp
mole 
NOx 
safety
 
 
Task 
form 
in the
(this 
curre
CPU 
train 
produ
to be 
 
 
with 
ident
conce
The i
of mo
is req
React
React

Tem
Pres
Mole
mas

Mole

al Report - Tas

e 35:  Pressur

As discus
d no method
tain the abil
ess). With n
ping Reactor
of product 
capture). T

y considerati

The best 
2 process, w
of SO2 and 

e Task 2 pro
was the ass
ntly configu
is too low 
would be m

uct would be
viable).  

As descri
Honeywell 
ify a neces
entration (an
inlet gas con
oisture is alr
quired to ma
tor’ howeve
tor’ vessel. 

perature (F
ssure (psia)
e flow (lbmo
s flow (lb/h

e Fraction
CO2
O2
Ar
N2

SO2
NO
NO2
H2O
SO3
CO

 

sk 2: SOx/NOx

rized flue gas c

ssed above t
d for selectiv
ity to produc
no method t
r” has been 
sulfuric acid
his is an ex
ions related 

possible yie
would be ac
if all the SO

ocess, howev
sumption in 
ured, cannot
because the
more than i
e too dilute 

ibed above 
Unisim. Th

sary minor 
nd higher wa
ntains rough
ready enough
ake 93wt% s
er it is not e

A stream o

F)

ol/hr)
hr)

  
  
  
  
  
  
  
  
  
  

Near

x/Hg Removal 

 
composition fo

the Task 2 r
ve removal o
ce concentra
to remove N
removed fro

d could cont
xtremely high

to depressur

eld of sulfu
chieved if all
O2 was conve
ver as descri
the proposa

t produce co
e water vapo
is necessary
(sulfuric aci

a mass and 
he mass and
process cha

ater concent
hly equivalen
h to make 10
sulfuric acid
enough to hy
of the circul

203.7

377.6

23373

980940

0.831545 
0.040943 
0.031863 
0.086433 
0.004198 
0.000335 
0.000067 
0.004260 
0.000000 
0.000356 

r Zero Emissio

for High Sulfu

or feed to the 

elated exper
of NOx from
ated sulfuric
NOx from 
om the proce
ain up to ab
h level of N
rization and 

uric acid, an
l the coal su
erted to conc
ibed this is n
al). In the ot
oncentrated 
or in the CP
y to produce
id concentra

energy bala
d energy ba
ange that is
tration relati
nt molar amo
00wt% sulfu
d. This small
ydrolyze all 
lating ~93wt

ons Oxy-Comb

ur Coal 

Task 2 proces

rimentation 
m the Task 
c acid as was
concentrated
ess. In this f

bout 0.08 mo
NOx that wo

handling of 

nd maximum
ulfur could b
centrated, pu
not feasible 
ther extreme
acid if the 

PU leaving t
e 93wt% su
ation is typic

ance simula
alance simul
s due to a 
ive to the SO
ounts of SO

uric acid; on
l amount wa
the SO3 tha

t% sulfuric 

bustion Flue G

Pag

ss 

and literatur
2 process (a
s assumed in
d sulfuric a
final process
ole NOx (ass
ould introduc
f the product 

m possible b
be sent to th
ure, saleable
given the in
e, the Task 
SO2 concen
the raw gas 

ulfuric acid 
cally too ene

ation was fir
lation alone
significantly

Ox level) in
O2 and water

ly about 30%
ater is added
at is formed
acid going 

Gas Purificatio

ge 45 of 64 

re review ha
appropriate t
n the proposa
aid the “NO
 design ever
suming 100%
ce significan
acid.  

benefit of th
he CPU in th
e sulfuric aci
nput from FW

2 process, a
ntration to th

compressio
and the aci

ergy intensiv

rst complete
e was able t
y lower SO

n the flue ga
r; this amoun
% more wate
d to the ‘SO
d in the ‘SO

to the ‘NO

on 
 

as 
to 
al 

Ox 
ry 
% 
nt 

he 
he 
id 
W 
as 
he 
on 
id 
ve 

ed 
to 

Ox 
as. 
nt 
er 

Ox 
Ox 
Ox 



 

Topica
 

Stripp
ensur
Sulfu
woul
issue
 

Figur
 
 
simul
vesse
reacti
given
 

Comp
flue g
strea

al Report - Tas

per’  is add
re the sulfuri
uric acid exc
d introduce 
s. The updat

e 36:  Process 

With this
lation tools 
els. Acid rec
ion residenc
n in Figure 3

pressed
gas 
m

 

sk 2: SOx/NOx

ded to the ‘S
ic acid conce
ceeding 100%
significant a

ted process c

schematic of 

s updated fl
and experim

circulation r
ce times. A h
7 and Figure

Acid

N
O

x
 S

tr
ip

p
e

r

Near

x/Hg Removal 

SOx Reacto
entration in 
% concentra
additional sa
configuration

the final Task

flowsheet co
mental data t
ates and gas
high level st
e 38. 

 

d Produced

H2O

r Zero Emissio

for High Sulfu

or’ vessel to
the ‘SOx Re

ation (oleum
afety consid
n is shown in

k 2 process 

onfiguration 
to estimate t
s flowrates 
tream summ

S
O

2
R

ea
ct

or

ons Oxy-Comb

ur Coal 

o supply the
eactor’ vesse

m) contains u
derations and
n Figure 36.

iterations w
the performa
are used to 

mary of the g
N

O
x

A
b

so
rb

er

bustion Flue G

Pag

e extra wate
el does not e

un-hydrolize
d material of
. 

were made 
ance of each
estimate ve

gas and liqu
N

O
x

 A
b

s
o

rb
er

Pr
to 
pu

Gas Purificatio

ge 46 of 64 

er required t
exceed 100%
d SO3, whic
f constructio

between th
h of the thre
essel size an
uid streams 

rocess gas strea
cryo unit for C

urification

on 
 

to 
%. 
ch 
on 

 

he 
ee 
nd 
is 

am
O2



 

Topica
 

 

 

Figur
 

Comp
flue g
stream

Gas 

Tem
Pres
Mole
mas

Mole

al Report - Tas

e 37:  Stream 

pressed
gas 
m

1

Stream

perature (F
ssure (psia)
e flow (lbmo
s flow (lb/h

e Fraction
CO2
O2
Ar
N2

SO2
NO
NO2
H2O
SO3
CO

 

sk 2: SOx/NOx

summary for 

Acid 

N
O

x 
S

tr
ip

p
er

F)
)
ol/hr)

hr) 9

0.83 
0.04 
0.03 
0.08 
0.00 
0.00 
0.00 
0.00 
      
0.00 

Near

x/Hg Removal 

gas streams o
 

Produced

2

H2O

1 2

203.7 1

377.6 3

23373 2

980940 98

31545 0.829 
40943 0.040 
31863 0.031 
86433 0.086 
04198 0.003 
00335 0.000 
00067 0.007 
04260 0.000 

-            
00356 0.000

r Zero Emissio

for High Sulfu

of final proces

S
O

2
R

ea
ct

or

2 3

170.3 10

374.6 37

23422 23

85852 979

9799 0.8334 
0522 0.0387 
1797 0.0319 
6251 0.0866 
3770 0.0000 
0282 0.0002 
7087 0.0074 
0138 0.0011 

-            
0355 0.0003

ons Oxy-Comb

ur Coal 

ss simulation

N
O

x 
A

b
s

o
rb

er

3

4

09.7 104

71.6 368

3321 231

9574 9710

402 0.84074 
798 0.03912 
935 0.03221 
626 0.08738 
038 0.00003 
244 0.00000 
428 0.00012 
172 0.00000 
- -           
357 0.00036

bustion Flue G

Pag

 

4 Proc
to cr
purif

4.7

8.6

17

063

44
29
16
89
38
01
21
03

60

Gas Purificatio

ge 47 of 64 

cess gas stream
ryo unit for CO2

fication

on 
 

 

m

2



 

Topica
 

 

Figur
 

Comp
flue g
stream

Liqui
Temp
Press

Mole
mass

Mass

al Report - Tas

e 38:  Stream 

pressed
gas 
m

id Stream 
perature (F)
sure (psia)

e flow (lbmol/
s flow (lb/hr)

s Fraction
H2SO4

H2O
NOx

 

sk 2: SOx/NOx

summary for 

Acid 

N
O

x 
S

tr
ip

p
er

A

B

A

1

39

/hr) 27

) 2125

0.8       
0.04       
0.06       

Near

x/Hg Removal 

liquid stream

Produced

H2O

C

D

H

B

122 199

0.0 377.6

773 2705

554 207594

93 0.919       
47 0.056     
60 0.025     

r Zero Emissio

for High Sulfu

ms of final proc

S
O

2
R

ea
ct

or

G

C

9 100

6 377.6

5 135

4 10380

0.919       
0.056     
0.025     

ons Oxy-Comb

ur Coal 

cess simulatio
N

O
x 

A
b

s
o

rb
er

D

100

377.6

2570

197214 2

0.919          
0.056         
0.025         

bustion Flue G

Pag

on 

Proc
to cr
purif

E

E G

112

371.6 37

2773 10

205726 881

0.881 0.9      
0.056 0.0      
0.063 0.0      

Gas Purificatio

ge 48 of 64 

cess gas stream
ryo unit for CO2

fication

H

100 14

74.6 374.

0692 1069

1225 88804

918 0.921      
029 0.027     
053 0.052     

on 
 

 

 

m

2

5

6

2

3

1
7
2



 

Topica
 

  
 
stream
‘NOx
leavin
phase
major
Stripp
 
 
and h
the am
sulfur
rough
acid 
conce
here 
7600p
mean
 
 
are a
subst
gas p
reside
condi
becau
 
 
being
likely
equip
the ac
to > 
capita
 
 

Sub

Sulfu
 
the la
chem
 
 

al Report - Tas

The gas s
m condition
x Stripper’ a
ng the NOx
e NOx being
rity of SO2 
per’ is has th

The majo
has much mo
mount of NO
ric acid for 
hly 7600ppm
in the ‘NO

entration of 
is NO2. Alt
ppm NOx m

ns that the NO

Literature
chieved whe
tantially free
phase NOx 
ence time) a
itions. The v
use vessel siz

For these
g fairly low.
y present ot
pment such a
cid process c
90%, while

al investmen

btask 5.3 

uric acid m
Of all hea

argest tonna
mical that it p

 

sk 2: SOx/NOx

stream condi
s are shown
a large amou
x stripper co
g NO2. A sm

being react
he lowest co

ority of gas S
ore circulati
Ox containin
recirculatio

m NOx. Rou
Ox Absorber

NOx in the
though 98.5
means that ro
Ox capture r

e and experi
en equal mo
e of absorbed

is mostly c
and due to th
vessels size 
ze is determ

e reasons the
. The relativ
ther materia
as the cold b
can be scrub
e protecting
nt and it will

Commer

market  
avy industria

age. As well
plays a part in

Near

x/Hg Removal 

itions for th
n in Figure 3
unt of NOx 
ntains about

mall amount 
ted in the S
ncentration 

SO2 reacts in
ng acid. The
ng acid pres

on. The gas 
ughly 98.5%
r’. The abso
e acid is ver
% NOx abs
oughly 120p
rate for the T

imental data
olar amounts
d NOx. In th
composed o
he fast gas p
cannot be de

mined by the a

e NOx captu
vely high le
al of constr
box and VPS
bbed by wate
g the downs
l also genera

rcial Viabi

al chemicals
, sulfuric ac
n virtually a

r Zero Emissio

for High Sulfu

e process ar
8. The simu
is desorbed 
t 7300 ppm 
of SO2 is re

SO2 reactor. 
of NOx in th

n the ‘SO2 R
e rate of SO
sent. In the ‘
phase NOx 

% of gas pha
orption rate 
y high and 

sorption seem
ppm of NOx
Task 2 proce

a show that 
s of NO and
he ‘NOx Abs
f NO2 due 
phase reactio
ecreased to r
acid and gas

ure rate of t
vels of NOx
ruction and 
SA unit. The
er to improve
stream equip
ate additional

ility of H2

s, sulfuric ac
cid is perhap
all manufactu

ons Oxy-Comb

ur Coal 

re shown in 
ulated stream

from the N
of NOx wi

eacted in the
The acid p

he process at

Reactor’ bec
O2 conversion
‘NOx Absor

x leaving the
ase NOx is 
of NOx is 

because mo
ms fairly hi
x is leaving 
ess is only ab

maximum a
d NO2 are co
sorber,’ and 
to the size

on rate of N
reduce the a
s flowrates in

the Task 2 p
x leaving th

process iss
e NO2 presen
e the overall
pment. This
l acidic wast

2SO4 Proc

cid is said to
ps the most 
ured goods.

bustion Flue G

Pag

Figure 37 a
m results sho
NOx-loaded a
ith about 96
e ‘NOx Strip
produced fro
t about 2.5w

cause this ve
n to SO3 is 
rber’ NOx is
e ‘SO2 Reac
absorbed in

 not higher
ost of the ga
igh, 98.5% a
the Task 2 

bout 70%. 

absorption r
ontacted wit
in the rest o

e of the 3 v
NO to NO2 a
amount of ga
n the proces

process actu
he Task 2 p
sues in the 
nt in the trea
l NOx remov
s will requi
te water. 

cess  

o be the one
fundamenta

Gas Purificatio

ge 49 of 64 

and the liqui
ow that in th
acid. The ga

6% of the ga
pper’ with th
om the ‘NO

wt%. 

essel is large
dependent o
s absorbed b
ctor’ contain
nto the liqui
r because th
as phase NO
absorption o
process. Th

ates for NO
th acid that 
of the proces
vessels (larg
at the proces
as phase NO
s. 

ually ends u
rocess woul

downstream
ated gas from
val efficienc
ire additiona

e produced i
ally importan

on 
 

id 
he 
as 
as 
he 

Ox 

er 
on 
by 
ns 
id 
he 

Ox 
of 
is 

Ox 
is 
s, 

ge 
ss 

O2 

up 
ld 
m 
m 
cy 
al 

in 
nt 



 

Topica
 

Worl
In 20
break

 
 
 
 

Sulfu
the ‘O
 
Cons
The b

 
 
 
 
 
 
 
 
 
 

 
Worl
 
proxi
intern
world
fertili
 
Price
 
throu
price
price 
count
 
 
saw 
unsus
below
(PPI)
 
 
termi
 

al Report - Tas

ld Productio
008, the wor
kdown in term

Elementa
Smelter g
Pyrites 7%
Other 1%

uric acid pro
Other’ categ

sumption 
breakdown in

Phosphate
Single Su
Ammoniu
Copper L
Titanium 
Animal F
Technical
Nickel Le
Other   

ld Trade 
The majo

imity to eac
national mar
d trade in su
izer industry

es 
Historical

ugh the 1980
s because of
of sulfuric 

try GDP.  

The run u
the price 

stainable. W
w the levels 
) for sulfuric

Sulfuric a
inal (Figure 

Suppliers 

 

sk 2: SOx/NOx

on 
rld sulfuric a
ms of source
l sulfur 64%

gas 28% 
% 

% 
oduced from 
ory. 

n terms of co
e Fertilizer  

uper Phospha
um Sulfate  
eaching  
Dioxide Pro
eed   
l Uses  
eaching  

 

ority of sul
ch other. In 
rkets. This is
ulfuric acid 
y. 

lly, the price
0’s and 1990
f the world r
acid increas

up in the pr
for these 

When the wor
prior to the 
 acid to the e

acid prices f
40). The t
are focusing

Near

x/Hg Removal 

acid producti
es is as follo

% 

the oxy-com

onsumption 
 

ate (SSP) 
 
 

oduction 
 
 
 
 

lfuric acid 
2007, only

s only about
does enter t

e for sulfuri
0’s (Figure 
recession. A
sing in-line 

ice of eleme
commoditi

rld-wide rec
run up in p

end of 2008 

for May-Jun
raded mark
g on balanci

r Zero Emissio

for High Sulfu

ion was esti
ows: 

mbustion flu

worldwide i
48% 
8% 
7% 
4% 
3% 
3% 
2% 
1% 
24% 

is produce
y 16 million
t 8% of the
the USA ma

ic acid has r
39). In the 
s the world 
with the ge

ental sulfur
ies reach u
ession hit at
rices. Figure
and the sud

ne 2009 wer
et for sulfu
ing the mark

ons Oxy-Comb

ur Coal 

imated to be

ue gas purifi

is as follows

ed and cons
n tonnes of 
total world 
arket mainly

remained fai
late 1990’s,
came out of

eneral increa

and sulfuric
unprecedent
t the end of 
e 39 shows 

dden downtur

re $0 to $30
uric acid rem
ket in terms o

bustion Flue G

Pag

e 205 million

ication proce

s: 

sumed is r
acid was t

production. 
y to meet d

irly constant
 there is a s
f the recessio
ase in manu

c acid begin
ted levels 
2008, prices
the Produce
rn in prices. 

0 per tonne, 
mains essen
of supply an

Gas Purificatio

ge 50 of 64 

n tonnes. Th

ess falls in t

relative clos
traded on th
Some of th

demand in th

t, particularl
slight drop i
on we see th
facturing an

nning in 200
which wer

s collapsed t
er Price Inde

 

US Gulf ex
ntially stalled
nd demand. I

on 
 

he 

to 

se 
he 
is 

he 

ly 
in 
he 
nd 

07 
re 
to 
ex 

x-
d. 
In 



 

Topica
 

early 
produ
2009
are sh
 
 
to flu
acid h
not s
purifi
contr
 
 
assum
 

Figur
 

al Report - Tas

2009, inv
uction becau
, some idle 
hut down du

The price
uctuations ba
have entered
subject to a
fication plan
racts that are

For the p
med. 

e 39:  US Bur

 

sk 2: SOx/NOx

oluntary pr
use consump
production 

ue to labor is

s reported in
ased on supp
d into ‘long-
a lot of vo
nts will be 
 negotiated c

urposes of t

eau of Labor 

Near

x/Hg Removal 

roducers of 
ption of the
has come b
sues and sup

n the press a
ply and dem
-term’ contra
latility. It i
marketed a
considering 

this study, a

statistics – pro

r Zero Emissio

for High Sulfu

sulfuric ac
e by-product
ack on-line 
pply of conc

re generally 
mand. Most p
acts where t
is assumed 

and sold acc
the current c

a price of $5

oducer price i

ons Oxy-Comb

ur Coal 

cid announc
t sulfuric ac
but there st
entrate.  

y spot market
producers an
the price of 

that acid p
cording to 
cost of acid.

50 per tonne

index for sulfu

bustion Flue G

Pag

ced cutback
cid had dec
till remain p

t prices whic
nd consume
sulfuric acid
produced fr
the terms o
 

e of acid (10

uric acid 

Gas Purificatio

ge 51 of 64 

ks in meta
lined. In lat

producers tha

ch are subjec
ers of sulfuri
d is fixed an
rom flue ga
of long term

00% basis) 

on 
 

ls 
te 
at 

ct 
ic 

nd 
as 
m 

is 

 



 

Topica
 

Figur
 
USA 
In 20
 
Produ
 
 

Recy
Net I
Total
 
 
dema
Cana
 
 
year 
for 20
 
 
and h
and G

al Report - Tas

e 40:  Sulfuric

and North 
008, the break

uction   
  

ycled   
mports   
l Supply   

The USA
and of the ph
adian produc

The produ
(365 days/ye
008. 

Figure 41
hence consum
Gulf Coast 

 

sk 2: SOx/NOx

c acid pricing 

American M
kdown of th

Smelte
Sulfur 

 
 
 

A does impo
hosphate fert
ers. 

uction from
ear). This re

 shows the 
mption is lo
areas. Prod

Near

x/Hg Removal 

1989-2009 

Market 
he USA sulfu

ers  
Burning 

 
 
 

ort sulfuric
tilizer indust

m the propose
epresents 0.3

sulfuric acid
ocated in the
duction and

r Zero Emissio

for High Sulfu

uric acid mar

2,300,00
28,000,0

3,150,00
2,500,00
35,950,0

acid primar
try. This exc

ed facility i
3% of the tot

d producers 
e eastern US

consumptio

ons Oxy-Comb

ur Coal 

rket is as fol

00 tonnes 
000 tonnes 

00 tonnes 
00 tonnes 
000 tonnes 

rily into the
cludes the ac

s 325 MTPD
tal supply of

for North A
SA with conc
on of acid 

bustion Flue G

Pag

llows: 

e Florida re
cid that in im

D or 118,62
f acid in the

America. Mo
centrations i
in the wes

Gas Purificatio

ge 52 of 64 

gion to mee
mported from

25 tonnes pe
e USA marke

ost productio
in the Florid
stern USA 

on 
 

 

et 
m 

er 
et 

on 
da 
is 



 

Topica
 

cente
indus
 
New 
The f
USA
 
 
 
 
 
in Ar
consu
east 
incre
 
Outlo
 
is fla
consu
only 
consu
millio
 
 
with 
illustr
seen 
 
 
350,0
years
the U
the lo
 
The r
sulfur
sulfur
 

al Report - Tas

ered on the
stries. 

Production
following ne
: 

 Fr
 M
 So

The new 
rizona. The 
umption of s
coast and i
asing produc

ook 
The long-

at. One cons
umption thro

0.15 millio
umption is 
on tonnes pe

Long term
caution sinc
rated by the
in 2007 and 

If this tec
000 to 1,800
s. This addit
USA each ye
ocation of th

remaining ac
r. The mark
r to produce

 

sk 2: SOx/NOx

e mining a

n 
ew productio

reeport McM
Martin Midstr

outhern State

sulfuric acid
Martin Mi

sulfuric acid
s building a
ction two-fo

-term outloo
sulting firm 
ough to 2020
on tonnes p
made up by

er year. 

m prediction
ce they are 
e fact that n
2008. 

chnology is w
0,000 tonnes 
tional produc
ar. The degr
e plant, tran

cid productio
ket will set 
 acid will be

Near

x/Hg Removal 

and metals, 

on is schedul

Moran (Saffo
ream (Beaum
es Chemical

d plant for F
idstream pla

d. Southern S
a new plant
ld. 

ok for sulfur
anticipates 

0. During the
per year. Th
y acid impo

s of acid pro
essentially g
o one foresa

widely adop
per year of 

ction will pa
ree to which
sportation co

on will simp
the ‘involun

e forced to cu

r Zero Emissio

for High Sulfu

fertilizer, 

led to come 

ord):  
mont):  
s (Wilmingt

Freeport McM
ant is being
States Chem
t to replace

ric acid prod
a 1.5 milli

e same perio
he differenc
orts. Curren

oduction, con
guesses. Th
aw the run-u

pted in the U
f acid if 10 to
artially redu

h this occurs 
ost, the cost 

ply displace ‘
ntary’ acid 
ut-back prod

ons Oxy-Comb

ur Coal 

and petrole

on line in th

420,0
150,0

ton):  150,0

Moran supp
g built to su

micals supplie
e to two sm

duction and 
on tonnes p
od productio
ce between 
nt acid impo

nsumption a
his problem 
up in prices

USA, there is
o 50 plants a

uce the amou
will depend
of imports, 

‘voluntary’ a
price such 

duction. 

bustion Flue G

Pag

eum (acid 

he next year 

000 MTPA 
000 MTPA 
000 MTPA 

plies an acid 
upply local 
es sulfuric a

maller older 

consumption
per year inc
on is predicte

overall pro
ort is appro

and prices sh
with these p

s and shortag

s the potenti
are built ove
unt of acid i
d on many fa
etc. 

acid produce
that produc

Gas Purificatio

ge 53 of 64 

regeneration

or two in th

leach projec
demand an

acid along th
plants whil

n in the USA
crease in aci
ed to increas
oduction an
oximately 2.

hould be use
predictions 
ges that wer

ial to produc
er the next 1
imported int
actors such a

ed by burnin
cers that bur

on 
 

n) 

he 

ct 
nd 
he 
le 

A 
id 
se 
nd 
.5 

ed 
is 
re 

ce 
10 
to 
as 

ng 
rn 



 

Topica
 

Figur
 
 
Penn
 
conta
Illino
 

al Report - Tas

e 41:  North A

nsylvania an
Norfalco,

acted to obt
ois markets. F

 

sk 2: SOx/NOx

American sulfu

nd Illinois A
 a North A
ain informa
Figure 42 sh

Near

x/Hg Removal 

uric acid prod

Acid Market
American s

ation on the 
hows Norfalc

r Zero Emissio

for High Sulfu

ducers 

ts 
upplier and
sulfuric aci

co’s North A

ons Oxy-Comb

ur Coal 

d distributor
id markets 

American Di

bustion Flue G

Pag

r of sulfuri
in the Penn

istribution ne

Gas Purificatio

ge 54 of 64 

ic acid wer
nsylvania an
etwork. 

on 
 

 

re 
nd 



 

Topica
 

 
woul
poten
‘loca
Varia
which
truck
 
 
storag
produ
~10 d
many
locati
 
 
next a
 
 
produ
do it 
alread
emer
The i
appro
 
 
inform
This 
speci
 
Tran
 
proxi
The a
‘invo
north
 
 
transp
work
transp
 
 
Chem
handl

al Report - Tas

There is 
d not be dif

ntial Oxy-Co
l market’ ref
ations in the
h opens up 

k and rail is m

Norfalco 
ge capacity.
uction fluctu
days storage
y factors whi
ion, market, 

Norfalco 
and predictin

Companie
ucers often c

properly. M
dy have the
gency respo
income from
oach is used.

Norfalco 
mation on t
service can

ific customer

nsportation 
As stated 

imity to each
acid is prod

oluntary’ acid
heast USA. 

The prim
portation. Th

ks because 
ported. 

In the e
mtrade Logi
ling, transpo

 

sk 2: SOx/NOx

plenty of c
fficult to se
ombustion p
fers to the su
e local mark
a larger ma

more but pro

recommend
. This amou
uations. This
e capacity. T
ich at this st
etc. 

indicate tha
ng prices 4 t

es that start
choose not to
Many compa
e infrastruct
onse capabil
m the sale of
. 

offer a free 
the sulfuric 
n be used in
r or site. 

and Logisti
earlier, the 

h other. The 
duced from t
d is transpor

mary restricti
he importati
the acid is 

astern USA
stics. Both 

ortation and d

Near

x/Hg Removal 

competition 
ell the entire
ower plants 

ulfuric acid m
ket can be o
arket area. T
ovides more 

d that a pro
unt of storag
s study has c
The amount 
tage are base

at it is extrem
to 5 years fro

ting up acid
o market the
anies instead
ture in plac
ities and a l
f product ac

service to su
acid marke

n the future

ics 
majority of 
majority of 

the various 
rted in large 

ion on the d
ion of Cana

produced 

A, there are
companies 

distribution 

r Zero Emissio

for High Sulfu

in the Penn
e production

that could b
market that c
overcome by
The cost of 
flexibility an

oducing faci
ge helps to m
currently assu

of storage t
ed on very lo

mely difficu
om now is n

d production
e acid themse
d opt to sell
ce, market k
large custom

cid is more c

ulfuric acid p
t, distributio
 when the 

sulfuric acid
f the acid imp

smelters in 
quantities b

distribution
adian smelter
at low cos

e two main
have exten

of sulfuric a

ons Oxy-Comb

ur Coal 

nsylvania an
n of sulfuric
be using the
can be serve
y shipping t
providing lo
nd options fo

ility maintai
mitigate risk
umed a 5000
that will be 
oose assump

ult to predic
early imposs

n facilities t
elves due to 
l to speciali
knowledge/a
mer base to
consistent a

producers/su
on business 
technology 

d is produce
mported into t

northern O
by rail tank c

of sulfuric
r acid is a b

st and large

n importers 
nsive infrast
acid. 

bustion Flue G

Pag

nd Illinois m
c acid from 
e Task 2 tec
ed by truck tr
the acid by 
oading facil

for disposing

in 3 to 4 w
ks related to
0 MT storag
required wi

ption about t

ct pricing on
sible. 

that are not 
the resource

ist such as N
awareness, t

spread out 
and predictab

uppliers whe
and marke
is being pr

ed and consu
the USA is f

Ontario and Q
car into the m

acid is the 
bit of an exc
e quantities 

of acid; N
tructure for 

Gas Purificatio

ge 55 of 64 

markets so 
a number o
hnology. Th
ransportation
rail tank ca

lities for bot
g of the acid.

weeks of aci
o market an
ge tank givin
ill depend o
the plant size

ne year to th

already aci
es required t
Norfalco tha
transportatio
supply risk

ble when th

ere they shar
t projection

roposed for 

umed in clos
from Canada
Quebec. Th
markets in th

high cost o
ception but 

of acid ar

Norfalco an
the storage

on 
 

it 
of 
he 
n. 
ar 
th 
 

id 
nd 
ng 
on 
e, 

he 

id 
to 
at 

on 
ks. 
is 

re 
ns. 

a 

se 
a. 
is 

he 

of 
it 
re 

nd 
e, 



 

Topica
 

 
 
produ
tank t
 
 
Some
distri
are: 
 
Com
Norfa
Chem
South
Marti
SATC
Rhod
DuPo
PVS 
 

Figur
 
Acid 
 
 
comp

al Report - Tas

Over long
ucers to term
truck. Rail-t

In North 
e producers 
ibutors/trade

pany   
alco   

mtrade Logis
hern States C
in Midstream
CO Florida, 
dia   
ont Chemica
Chemicals  

e 42:  Norfalc

Production

The acid 
parison to th

 

sk 2: SOx/NOx

g distances, 
minals where
o-truck trans

America, th
market the

rs. Some of

 
 

stics   
Chemicals  
m   
  

 
al Solutions  

 

o Supply and 

n and Mark

produced fro
he entire USA

Near

x/Hg Removal 

sulfuric aci
e it is stored 
sfer facilitie

here are ma
eir acid dire
f the main p

 Reg
 Eas
 Eas
 Eas
 Tex
 US 
 Acr
 Acr
 Nor

Distribution N

keting 

om the purif
A market fo

r Zero Emissio

for High Sulfu

id is shipped
and distribu
s avoid the n

any produce
ectly into th
producers an

gion 
stern USA 
stern USA 
stern USA 
xas, US Gulf
Gulf Coast,

ross the USA
ross the USA
rth, North-E

Network for S

fication of o
or sulfuric ac

ons Oxy-Comb

ur Coal 

d by tank ca
uted to local 
need for stor

ers and distr
he local mar
nd traders in

f Coast 
, South-East 
A (Acid Reg
A (Acid Reg

East USA 

Sulfuric Acid

oxy-combust
cid. The aci

bustion Flue G

Pag

ar in unit tra
customers b

rage facilitie

ributors of 
rket while 

n the sulfuric

USA 
generation) 
generation) 

tion flue gas
d produced 

Gas Purificatio

ge 56 of 64 

ains from th
by tank car o
es. 

sulfuric acid
others utiliz
c acid marke

ses is small i
is considere

on 
 

he 
or 

d. 
ze 
et 

 

in 
ed 



 

Topica
 

‘invo
choic
 
There
the lo

 

 

 
 
 
shoul
acid 
shipp
 
 
the o
owne
local 
 
 
sulfur
acid 
sectio
for in
woul
distri
one o

Com
 
conve
extrem
sulfur
small
limite
 
 
safety
produ
issue
 
 
possi

al Report - Tas

oluntary’ acid
ce but to con

e should be 
ocal market. 

Acid is p
market fo
shipped fu
Acid is p
acid. 
Location 

If Praxair
ld be no pro
produced w

ped into the a

The produ
owner and o
er will spend
consumers. 

The most
ric acid trad
under a lon

on, if the aci
nstance) an 
d typically 
ibutor would
off-spec ship

mmercial By
The high 

entional cust
mely high N
ric acid mar
l, such that 
ed market.   

The high 
y issues mak
uct.  Any di
. 

Disposal 
ibility howe

 

sk 2: SOx/NOx

d because it 
ntinue to prod

no problem 
Factors that

produced at 
or lower aci
urther to con

produced fre

of the plant 

r’s technolog
blem in mar

would likely 
area from mo

uction and m
operator of a
d the time a

t likely scen
der and mark
ng term con
id is not of a
acid distribu
have to be 

d not want to
pment. 

yproduct V
level of NOx
tomers.  The

NOx are cus
ket is a very
the quantit

NOx levels
king any po
ilution of ac

(neutralizati
ever when d

Near

x/Hg Removal 

is a byprod
duce the acid

in ‘disposin
t will impact

a marketab
id concentra
nsumers who
ee of impuri

relative to c

gy is applied
rketing and s
displace the

ore distant p

marketing of
a power gen
and resource

nario, with a
keting compa
ntract. As m
appropriate 
utor would b
mixed in st

o risk contam

Viability 
x in the sulfu
e only poten
stomers deal
y small share
ty of acid p

s in the pote
otential custo
cid will libe

ion) of the 
diluting and

r Zero Emissio

for High Sulfu

duct of anoth
d. 

ng’ of the aci
t on the abili
ble concentr
ations is sm
o can use the
ties that ma

onsumers an

d to a facili
selling the a
e production

producers.  

f sulfuric wi
nerating plan
es to market

acid of appr
any will be e
mentioned a
purity (with
be unwilling
torage vesse
minating the

furic acid pro
ntial custome
ling with nit
e and the dem
produced he

ential sulfuri
omers for th

erate NOx w

product aci
d neutralizin

ons Oxy-Comb

ur Coal 

her process a

id produced
ity to market
ration (i.e. 9

maller and th
e acid. 
ay limit con

nd other prod

ity located in
acid, if it is o
n of ‘volunt

ill not be par
nt. Therefor
t, sell and d

ropriate puri
engaged to r
above in th
h acid contai
g to accept t
els with oth
ir entire inv

oduct makes
ers for acid c
tration react
mand for aci
ere would c

ic acid also 
his acid mor

which becom

id with lime
ng the acid 

bustion Flue G

Pag

and the oper

d from a typi
t the acid are
93 to 98% 
he acid may

nsumers who

ducers 

n the eastern
of appropriat
tary’ acid o

art of the cor
re, it is unli
distribute su

ity, is that a
remove and 
e byproduct
ining high le
the acid bec

her high pur
entory of ac

s the acid unm
containing th
tions this se
id from these
certainly ov

introduces c
re unlikely 

mes a safety

estone is the
stream NO

Gas Purificatio

ge 57 of 64 

rator has littl

ical facility i
e: 
H2SO4). Th
y need to b

o can use th

n USA, ther
te purity. Th
r acid that 

re business o
ikely that th

ulfuric acid t

an establishe
distribute th
t purificatio
evels of NOx
cause the aci
rity acid. Th
cid because o

marketable t
hese levels o
egment of th
e industries 
erwhelm th

corrosion an
to accept th

y and hygien

e most likel
Ox would b

on 
 

le 

in 

he 
be 

he 

re 
he 
is 

of 
he 
to 

ed 
he 
on 
x, 
id 
he 
of 

to 
of 
he 
is 
is 

nd 
he 
ne 

ly 
be 



 

Topica
 

releas
elabo
purpo
purch

Cape
 
on th
sent 
produ
estim
scena
 
 
well 
poten

Com
 
proce
oxy-c
neutr
altern
and S
indic
not p
remo
 
 
quest
corro
relate
captu
exper
 

al Report - Tas

sed and wo
orate vent an
ose of Task
hase and gyp

ex Estimat
WorleyPa

he proposal p
to the CPU

uced with a 
mate are show
ario showed 

A second 
as the comm

ntial market 

mmercial Pr
The inve

ess given th
combustion 
ralized on si
natives for S
SCR or the 
ates that a s

potential for 
val options. 

Aside fro
tions related
osion of pro
ed to NOx. 
ure rate and p
rimental test

 

sk 2: SOx/NOx

ould have t
nd scrubbing
k 2 concept
psum disposa

te  
arsons comp
process whe

U and that c
very high co

wn in Appen
a relatively 

capex estim
mercial bypro
size, and aci

rocess Via
estigated Ta
e program g
flue gas.  D
te with care

SOx and NO
Task 3 proc
ubstantial F
a large cape

om the assu
to the viabi

ocess equipm
 Other tech

potential col
ting.  

Near

x/Hg Removal 

o be captur
g system.  D
t because th
al,  

pleted an init
ere it was as
concentrated
onversion of

ndix A.  This
low capex.  

mate was not
oduct viabili
id product sa

ability 
ask 2 conce
goals of pro

Due to acid p
eful attention
Ox removal i
cess.  Foster
GD must alr
ex or opex b

umed perform
ility of the p
ment given t
hnical issue
lumn pluggi

r Zero Emissio

for High Sulfu

red in a clo
Disposing of 

his arrangem

tial capex es
sumed that t
d saleable (
f SOx to sul
s initial cape
 

t performed 
ity issues dis
afety.  

ept does no
oducing conc
purity issues 
n given to th
include tradi
r Wheeler fe
ready be inc
benefit as co

mance of th
process in a 
the very hig

es include:  
ing given the

ons Oxy-Comb

ur Coal 

osed system
f the product
ment would

stimate in ye
the maximu

(high purity)
lfuric acid.  
ex estimate f

due to the te
scussed abov

ot constitute
centrated sal
the produce

he dispositio
itional remo
eedback on 
cluded in the
ompared to t

he process s
scaled up ve
gh levels of
The relativ

e plugging i

bustion Flue G

Pag

m process c
t sulfuric aci
d still requi

ear 2 of the 
um level of S
) sulfuric a
The details 

for the ideal

echnical pro
ve related to

e a commer
leable sulfur
ed acid wou
on of NOx. 

oval options 
the high sul
e boiler islan
the tradition

simulation t
ersion relate
f NOx and 
vely low sim
issues experi

Gas Purificatio

ge 58 of 64 

containing a
id defeats th
ire limeston

project base
SOx could b
acid could b

of this cape
lized proposa

cess issues a
o purity, sma

rcially viabl
ric acid from

uld need to b
 Other bette
via wet-FGD
lfur coal cas
nd so there 

nal SOx, NO

there are sti
ed to potentia

safety issue
mulated NO
ienced durin

on 
 

an 
he 
ne 

ed 
be 
be 
ex 
al 

as 
all 

le 
m 
be 
er 
D 
se 
is 

Ox 

ill 
al 
es 

Ox 
ng 



 

Topica
 

Con
 
 
invol
The N
The 
predi
mater
litera
 
 
of de
conta
acid 
build
NOx 
Colle
there 
 
 
cataly
sulfur
strip 
oxyg
comp
 
 
studie
indus
Gas p
optio
to sul
 
 
(or a 
with 
sulfur
comp
meth
from 
inten
 
 
from 
has b

al Report - Tas

nclusion

The Task
lving SOx, N
NOx absorp
best absorp

icted in litera
rial was ob

ature and was

Higher tem
esorption hi
ained thousan
by thermal 

d up to very 
levels in th

ection of this
was no expe

As part o
ysts. The act
ric acid. So
NOx from s
en actually m

parison case 

In Subtas
ed for produ
stry.  Two m
phase NOx 
n for this pr
lfuric acid. 

The relev
hydrazine re
hydrazine m
ric acid. H

plexity, safet
od of liquid 
about 93wt

sive and wou

Because n
sulfuric aci

been changed

 

sk 2: SOx/NOx

ns: 

k 2 experime
NOx and sul
tion experim

ption perform
ature. For so

bserved.  Th
s known as ‘

mperature N
igh levels o
nds of ppm 
desorption 
high levels 

he acid woul
s experiment
erimental da

of Subtask 
tivated carbo
me literatur
sulfuric acid
made NOx r
where N2 w

k 2.4 other t
uct purificati
methods for l

removal pri
oject becaus

vant liquid p
elated reagen

may be a tech
However, tr
ty, operating
phase NOx

t%, to rough
uld add sign

no suitable 
id within the
d to reflect th

Near

x/Hg Removal 

ental appara
furic acid w

ments showe
mance was
ome NOx ab
his white su
‘chamber cry

NOx desorpti
of NOx wou
of dissolved
(or any othe
in the re-cir

ld limit the 
tal data was 
ata in the lite

2.3 activate
ons showed
re data indic
d. However e
removal from

was used to st

traditional m
on. The cand
liquid phase 
ior to the Ta
se the Task 2

phase remov
nt) and NOx
hnically feas

reatment of 
g cost and 

x removal inv
hly 60wt% s
nificant comp

method was
e Task 2 pro
he scenario

r Zero Emissio

for High Sulfu

atus perform
were conducte
ed a good ab

seen when
bsorption exp
ubstance is 
ystals’. 

ion experim
uld still abs

d NOx. An in
er method) 
rculating su
NOx remov
necessary to

erature collec

ed carbons
a poor abili

cated that an
experimenta
m sulfuric ac
trip NOx fro

methods of N
didate metho
NOx remov

ask 2 proces
2 concept de

al options a
x removal th
sible option 

f acid with
capex requi
volves diluti
sulfuric acid
plexity, capi

s identified 
ocess (in Sub
where all th

ons Oxy-Comb

ur Coal 

med as desig
ed in a safe 
bility of sulf
n the NO:N
periments, fo
predicted i

ments up to 2
sorb into su
nability to re
means that 

ulfuric acid i
val efficienc
o arrive at th
cted at relev

were invest
ity to catalyt
n oxygen co
ally it was fo
cid more dif

om acid.  

NOx remova
ods were tak
val from sul
ss (via a typ
epends on NO

are:  NOx de
hrough acid d

for NOx re
h hydrazine 
irements to 
ion of the co

d. Re-concen
ital and oper

for high eff
ubtask 2.3 or
he captured N

bustion Flue G

Pag

gned and the
manner with

furic acid to 
NO2 ratio wa
formation of 
in lead cham

235oF showe
ulfuric acid 
emove NOx 

NOx would
in the proces
cy of the Ta
hese conclus

vant conditio

tigated as N
tically remov
ontaining ga
ound that th
fficult as com

al from sulfu
ken from the
lfuric acid w
pical SCR u
Ox for conv

estruction w
dilution. NO
moval from 

would ad
the process
oncentrated 
ntration of a
rating cost to

ficiency rem
r 2.4), the pr
NOx is produ

Gas Purificatio

ge 59 of 64 

e experiment
hout inciden
absorb NOx

as 1:1, as 
f a solid whit
mber proces

d that instea
that alread

from sulfuri
d continue t
ss. Very hig

ask 2 proces
sions becaus

ons.  

NOx remova
ve NOx from

as would hel
e presence o
mpared to th

uric acid wer
e sulfuric aci

were explored
unit) is not a
ersion of SO

with hydrazin
Ox destructio

 concentrate
d significan
.   A secon
sulfuric acid

acid is energ
o the process

moval of NO
rocess desig
uced with th

on 
 

ts 
nt. 
x. 
is 
te 
ss 

ad 
dy 
ic 
to 
gh 
s. 
se 

al 
m 
lp 
of 
he 

re 
id 
d. 
an 
O2 

ne 
on 
ed 
nt 
nd 
d, 

gy 
s. 

Ox 
gn 
he 



 

Topica
 

‘prod
very 
have 
be r
neutr
 
 
in the
weste
of ac
hypot
the h
accep
they w
 
Proc
 
simul
simul
gas is
confi
 
 
simul
mean
level 
in the
the N
levels
size, 
from 
>90%
 
 
(with
conta
the N
 
 
from 
comm
of thi
3.  Th
at thi
 
 

al Report - Tas

duct’ sulfuric
high (percen
to be neutra
equired fro

ralization, fo

Feedback
e region of t
ern Pennsylv
cid which w
thetical Task

high NOx lev
pt acid havin
would not w

ess Simulat
Flue gas 

lations has b
lation of the
s significant
guration has

While the
lated remov

ning that rou
of NOx leav

e process an
NO2:NO ratio
s of NO see
the speed of
the product

% by installin

Sulfuric a
h respect to 
ain roughly 2

NOx impurity

In summa
the oxy-co

mercial spec
is technology
herefore, Pra
s time.   

 

sk 2: SOx/NOx

c acid. Due 
nt levels) of
alized for dis
om a safety
r example.  

k from Worle
the US wher
vania). The a
would be pr
k 2 process;
vels in the a
ng high leve

want to risk c

ion 
flow and c

been used wi
e Task 2 SO
ly lower tha
s changed to

e SOx remo
al efficiency

ughly 120 pp
ving the  ‘N

nd the relativ
o is much gr
en in the pro
f the NO oxi
t sulfuric aci
ng a water sc

acid produce
water and H
2.5wt% NO
y spec in com

ary, the sulf
ombustion f
s and it mus
y is lower th
axair has dec

Near

x/Hg Removal 

to this proc
f NOx dissol
sposal as a w
y standpoin

eyParsons h
re high sulfu
acid market i
roduced from
; however th
acid. Acid d
els of impur
contaminatin

composition 
ith Task 2 ex

Ox/NOx purif
an the propos
 deal with th

oval efficien
y of NOx fr
pm of NOx l

NOx Absorbe
vely low eff
reater than 1
ocess simula
idation react
id. The over
crubber dow

ed from the 
H2SO4), The
x, which is 
mmercial gra

furic acid pr
flue gas.  H
st be dispose
han the activ
cided not to 

r Zero Emissio

for High Sulfu

cess change 
lved in the s
waste stream
nt to captu

has indicated
fur coal is m
in these loca
m a numbe
he purity of 
distributors a
rities, regard
ng their stora

from Foste
xperimental 
fication equ
sal process d
he lower SOx

ncy of the si
rom the com
leaves the T
er’ is attribu
fectiveness o
. The high le
ation stream
tion, and the
rall NOx rem

wnstream of t

Task 2 proc
 acid produ
a very high
ade acid of <

rocess can r
However, th

ed of by neut
vated carbon 

continue fur

ons Oxy-Comb

ur Coal 

 the ‘produc
sulfuric acid

m. Extra capi
ure NOx f

d that the sul
mined and typ
ations could 
er of power 

the acid wo
and custome
dless of the p
age and trans

er Wheeler’
 data to com

uipment. The
due to boiler
x concentrat

imulated pro
mpressed flue
Task 2 purifi
uted to the hi
of sulfuric a
evels of NO

m results, are
e inability to
moval effici
the acid proc

cess is still 
uced from th
h level of NO
<5ppmw. 

remove >99
he acid pro
tralization.  

n process bei
rther develop

bustion Flue G

Pag

ct’ sulfuric 
d. The produ
ital equipme
fumes gene

lfuric acid tr
ypically used

easily absor
plants equ

ould be a pr
ers would be
price (or cre
sport equipm

s high-sulfu
mplete an upd
e SOx conte
r constraints
tion.  

ocess is hig
e gas is only
cation proce
igh concentr

acid to absor
O2, and corre
e due to con
o selectively 
ency can be
cess. 

simulated to
he process is
Ox impurity

9% SOx and
oduced wou
As a result, 

ing develope
pment on th

Gas Purificatio

ge 60 of 64 

acid contain
uced acid wi
ent would sti
erated durin

rade is activ
d (Illinois an
rb the volum
ipped with 

roblem due t
e unwilling t
edit), becaus

ment. 

ur-coal boile
dated proces

ent of the flu
s. The proces

h, >99%, th
y about 70%
ess. This hig
ration of NO
rb NOx whe
sponding low
ntactor vesse
remove NO

e improved t

o be ~93wt%
s predicted t

y compared t

d >90% NO
uld not mee
overall valu

ed under Tas
his technolog

on 
 

ns 
ill 
ill 
ng 

ve 
nd 
me 

a 
to 
to 
se 

er 
ss 
ue 
ss 

he 
%, 
gh 
O2 
en 
w 
el 

Ox 
to 

% 
to 
to 

Ox 
et 
ue 
sk 
gy 



 

Topica
 

Ref
 

al Report - Tas

ferences

D.
Engineeri

 
A.

Scranton 
 

Su
Chemistry

 
W

New York
 
Su

Sulphur 2
 
• S

2009, Van
 
• H

from Gase
(TMS), 20

 

sk 2: SOx/NOx

s 

.K. Louie.  
ing Inc.; Ont

.M. Fairlie. 
PA, 1936. 

ulfuric Acid 
y, 5th ed.; Wi

W.G. Davenp
k, 2005. 

ulphuric Aci
2008, Rome 

Sulphuric Ac
ncouver, Can

Hultbom, K.
es”, EPD Co
003 

Near

x/Hg Removal 

Handbook 
tario, Canada

 Sulfuric A

and Sulfur 
iley-VCH: W

ort, M.J. Kin

d Market Ou
Italy, 2008.

cid Market O
nada, 2009.

G., “Industr
ongress 2003

r Zero Emissio

for High Sulfu

of Sulphur
a, 2005. 

cid Manufa

Trioxide.  U
Weinheim, G

ng.  Sulfuric

utlook, 2008

Outlook, Bri

rially Proven
3, The Miner

ons Oxy-Comb

ur Coal 

ric Acid Ma

acture, Intern

Ullmanns En
Germany: 20

c Acid Manu

8-2012, Briti

itish Sulphur

n Methods fo
rals, Metals 

bustion Flue G

Pag

anufacture, 

national Tex

ncyclopedia 
005. 

ufacture, 1st 

ish Sulphur, 

r, Presented 

or Mercury R
& Materials

Gas Purificatio

ge 61 of 64 

1st ed.; DK

xtbook Pres

of Industria

ed.; Elsevie

Presented at

at Sulphur 

Removal 
s Society 

on 
 

KL 

s, 

al 

er; 

t 



 

Topica
 

App
 
equip

Bas
 
Emis
 

 

Cos

Direc
The f
 

al Report - Tas

pendix A
A budget 

pment sizing

sis of Esti
The follow

sion Project

• No bulk
• Best gue
• Accurac
• Currenc
• Labour R
• Escalati
• North A
• Conting
• Storage 

sting 

ct Costs 
following dir

Equipment

Site Develo

Civil and S

Buildings  

Electrical  

Insulation 

Instrument

 

sk 2: SOx/NOx

A Budge
cost estimat

g.  

imate 
wing describ
t Sulphuric A

k material qu
ess allowanc
cy: Order of 
y: US Dolla
Rate: $85 pe
on: None (i.

American cos
ency: 25% 
tank capacit

rect costs we

t  

opment 

Structural 

 

tation  

Near

x/Hg Removal 

etary Co
te was devel

bes the scope
Acid Process

uantity take-o
ces or factors
Magnitude (

ar 
er hour 
e. 2010 pric

st base 

ty (5000 MT

ere included

A prelimin
only. 
A greenfie
structures h
required. 
Allowance
coating for
made for e
support bra
It has been
housed in 
elements. 
The electr
Equipment
Power will
on the MCC
The insul
Equipment
The instru
Equipment
The cost o

r Zero Emissio

for High Sulfu

ost Estim
loped based 

e and basis o
s: 

offs were gen
s were used 
(+/- 50%) 

ing) 

T or ~10 day

d in the estim

nary budget 

eld site fre
has been assu

s were made
r an acid con
equipment su
ackets, platfo
n assumed th

a building 

rical cost 
t cost, in  ac
l be supplied
C. 
ation cost 
t cost, in acc
mentation c
t cost, in ac
f the contro

ons Oxy-Comb

ur Coal 

mate 
d on a prelim

of the cost e

nerated. 
to estimate b

ys storage for

mate: 

quote was o

ee of cont
umed so min

e for concret
ntainment are
upport steel,
orm steel and
hat the sulph

to protect 

was facto
ccordance w
d to the term

was facto
ordance with

cost was fac
ccordance w
ol system an

bustion Flue G

Pag

minary proce

stimate for t

bulk materia

r 470 MTPD

obtained for

tamination 
nimal site de

te work and 
ea. Allowan
, duct suppo
d pipe rack s

huric acid pr
the equipm

ored from 
with in-hous

minals of the 

ored from 
h in-house e
ctored from

with in-house
nd control ro

Gas Purificatio

ge 62 of 64 

ss design an

the Near Zer

als. 

D capacity) 

r the column

and existin
evelopment 

acid resistan
nces were als
ort bents, pip
steel. 
rocess will b

ment from th

the Proces
e experience
main breake

the Proces
experience. 

m the Proces
e experience
oom has bee

on 
 

nd 

ro 

ns 

ng 
is 

nt 
so 
pe 

be 
he 

ss 
e. 
er 

ss 

ss 
e. 

en 



 

Topica
 

 

Indir
The f
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

Sum
Based
magn
follow
 

Proc

Dire
Proce
Civil 
Conc
Struc
Arch
Pipin
Insul
Coati
Instru
Elect

al Report - Tas

Piping  

rect Costs 
following ind

Construct
Spares 
Freight an
Engineeri
Commiss
Vendor’s 
Owner’s c
The follow
Utility Sy
are assum
for the en
First fills 
Reagents 
Taxes and
License fe
Insurance

mmary of 
d on the as
nitude cost o
ws: 

cess Plant 

ect Costs 
ess Equipme
Works  

crete  
ctural Steel  
itectural  

ng  
ation  
ing and Linin
umentation  
trical  

 

sk 2: SOx/NOx

direct costs w

tion Indirect

nd Logistics 
ing, Procurem
ioning and S
costs 

costs 
wing have b

ystems (i.e. c
med to be sup
ntire complex

d Duties 
ees 

e 

f Estimate
ssumptions 
of the Near 

ent  

ngs  

Near

x/Hg Removal 

excluded a
system. 
The piping
cost, in acc

were include

s 

ment and Co
Startup 

een exclude
cooling wate
pplied to the 
x. 

e 
stated in th
Zero Emiss

r Zero Emissio

for High Sulfu

and are assu

g cost was fa
cordance wit

ed in the esti

onstruction M

d from the e
er, instrumen

sulphuric ac

he previous 
sion DOE P

$3,588,0
$18,000
$287,00
$305,00
$18,000
$269,00
$108,00
$72,000
$359,00
$287,00

ons Oxy-Comb

ur Coal 

umed to be 

factored from
th in-house e

imate: 

Management

estimate: 
nt air, plant a
cid process f

sections, t
Project Sulph

000 
0 
00 
00 
0 
00 
00 
0 
00 
00 

bustion Flue G

Pag

 part of the

m the Proces
experience. 

t (EPCM) 

air, etc.). The
from system

the prelimin
huric Acid 

Gas Purificatio

ge 63 of 64 

e overall sit

ss Equipmen

ese utilities 
ms installed 

nary order o
Process is a

on 
 

te 

nt 

of 
as 



 

Topica
 

Tota
 
 
Indi
Cons
Spare
Freig
EPCM
Comm
Vend
Owne
Tota
 
Con
 
Stor
Direc
Tank
Indir
Cons
Conti
Tota
 
 
Tota
 
 

al Report - Tas

l Direct Cos

irect Costs
truction Indi
es    
ght and Logis
M    
missioning a

dors   
er’s Costs  
l Indirect C

ntingency  

rage and L
ct Costs 

k, Loading St
rect Costs 
truction, EP
ingency   
l Storage/Lo

al Installed

 

sk 2: SOx/NOx

sts   

s 
irects  

 
stics   

 
and Startup  

 
 

Costs   

 

Loading 

tation, Civil 

CM, Freight
 

oading Cost

d Cost (+/-

Near

x/Hg Removal 

 

 
 
 
 
 
 
 
 

 

Works, etc. 

t, etc.  
 

t  

- 50%) 

r Zero Emissio

for High Sulfu

$5,311,0

$1,062,0
$186,00
$398,00
$797,00
$212,00
$106,00
$797,00
$3,558,0

$2,217,0

 $1,340,0

$355,00
$424,00
$2,119,0

$13,20

ons Oxy-Comb

ur Coal 

000 

000 
00 
00 
00 
00 
00 
00 
000  

000 

000 

00 
00 
000 

05,000 

bustion Flue G

Pag

Gas Purificatio

ge 64 of 64 

on 
 


