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Due to stringent civironmerital regulations, many indusiries will have to reduce their high ilevels of NOx
emissions. A new process calied Low Temperatore Qxidatinn (LTO)** can reduce NOx ernissions below
measurable levels nsing process analyzers, and has been shown to be an altractive process to meet the stricter
NOx regulations. However, the technology is relatively new and there js a strong need for research to identify

ihte best way of configuring the process and Tinding an aptimal design.
This paper presents a rigorous performance model for the LTO system for NOx removal based on anon-

equilibrium modeling techmique. A non-lincar programming (NLP) optimization framework is emplayed to
obtain the solution of the 1wa-point boundary value problem. The basic framework proposed in this paper and
the results of the studies wilf be used in the fulare for developing an efficicat multi-objective optimization

framrewaork,

Key words: NOx reduction, NOx controf, NOx removal, non-equilibrium modeling technigue, non-finear
programming, muiti-objective optimization problem

INTRODUCTION There are cutrently two major categories of NOx
control for stationary fuel combustion: combuston
Nitrogen oxides (NOx) are a group of poisonous, controls {e.g. low NOx bumers, overfire ait), and
brownish, highly reactive gascs that form from fossil post-combustion contrals (0.p, selective cataiytic -
fuel combustion. NOx Plays a major rolg, together reduction or SCR, selective nom-cetalytic redueton
with volatile organic compounds (VOCs}, in the or SNCR, and reburning) [2). Combustion controls
gtmospheric reactions that contribute to ground-level prevent the formation of NOx by delaying the mining
ozone formation and acigd rain, both of which have of Tuel and air in the main combustion zone. Post-
Serious health and ccalogical effects [1]. Major cambustion controls destroy NOx that kas formed in
human health effects inciude: jower resistance ro the main combustion zone by injecting ammania
respiratory illness and lung damage, and health (SCR), urca (SNCR), or additionai fuel {reburning),
hazards for infants. Majorecological cffects include Current available cambustion coktrols can, on
eulrophication, loss of visihility, acid rain, and dry average, redoce NOx by approximately 50 percent
acid deposition. from uncontrolled leveis, Posi-combustion controls
The two major NOx emissions sourees are rans- can either be applied in conjunction wirh combustion
potiation and stationary fuel comhbustion, such as controls or by themselves, Depending upon how such
clectric utility and industrial boilers. With the in- controis are desipned and engineered, they can re-
creasing crmphasis on civiranmental concerns and duce NOX as little as 30% or a9 much as 95% [2],
the additivnal economic incentives of deregulation, While NOx cmissions can he reduced by chang-
many indnstrics need tools 1o achieve low cast NGx ing combustion contro), this ofien has a detrimenta]
removal. clfect on its efficiency. It traditjonaf SCR technology,
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OPTIMIZATTION OF THE LTO PROCESS FOR NOx REDUCTION : 425

a catalyst must be employed in order 10 achieve
significant NOx removal {in the temperature range
of 450-1100 °F). However, the SCR process is ex-
pensive, and requires handling of two byproducts:
() reridual ammonia, doe to imperfect mixing or
teaction of the reagent; and (b) 80, which is oxidized
from SO, by the catalyst. In the SNCR process, urea
(NH,COH,}is typically injected into the flue gas near
the furnace exit or in the convection pass to chem-
ically reduce NOx to nitrogen {in the temperature
tange of 1700-2400 °F). The relatively high tem-
peratures of the flue gas promote high reaction rates
80 & catalysi is not required for significant NOx
removal. Mowever, employing a urea reagent may
produce N4O (a “greenhonse” pas) as a byprodoct.
The SO, content of fuel gas is also a factor infleenc-
ing SNCR feagibility when firing higher suifur fuel
oils and coals due to the potential for fonling some
types of ar heaters. Fuel reburning redistributes a
partion of both fuel and air into the upper regions of
the furnace to create a second flame zone, generating
chemical reducing conditions to destroy NOx. Key
factors influencing the technical feasibility of rebum-
ing are: whether sufficient residence time is availahle,
ihe furnace corrosion resistance, and the cost of fucl,

In addition, the more stringent environmental
rules, announced by the U.S. EPA on September 24,
1098, require 22 eastern states plus the District of
Columbia to develop state implementation plans o
reduce ground-level ozone through the reduction of
NOzx emissions [3]. This plan calls For a 28% NOx
cut i the summer time (1.2 million tons) by 2007,
Therefore, the development of new, efficient, and
robust post-combustion NOx control technologies is
BVEN MoTe necessary, important and utgent,

The LTO process, which can reduce NOx emis-
sions below detection limits (2ppim) at low temper-
ature (125-323 °F), was awarded the best availablce
control techmology (BACT) and the lowest available
emission reduction technology (LAER) by EPA in
April 1998. Ozone is employed to oxidize nitric oxide
{NO) to dinitrogen pentoxide {N,05) at Tow temn-
perature in an oxidizer: it is then easily absorbed by
water in a scrubber. Bench scale and pilot plant tests
have shown that the LTO process can reduce the
NOx emissions below the measurable levels vsing
pracess analyzers (almost complete removal) (Can-
non Technology, unpublished results}. This praved
that the LTO system ig an attraclive proeess to meet
the stricter NOX regulations. There are multiple ben-
efits of the LTO system in addition to removal of
NOx emissions, including rednetion of SOx and CO
critissions, and no Becondary air emissions (NH,,
N;O). In order (o obtain minimunm NOx emissions,

cxira ozane needs 1o be supplied, The cost of the pro-
cesa also increases nonlinearly as emissions decrease.
This poses a chailenging multichjective optimization
problem where emissions like NOx and SOx need to
be minimized, while minimizing the system cost as
well as the use of extra gzone,

Optimization has been described as a threa-siep
decision-making pracess [4]. The first Step is attain-
ing knowledge of the system and henee it is related
to modeling the process. The sceond step involves
finding a measure of system effectiveness, The third
step is related 1o the theory of optimization, which
involves application of a proper optinization algo-
rithm to {ind a solution.

This paper prescnis the first step, & non-equi-
librium model For the LTO sysiem, towards an
efficient muiti-ohiective optimization framework for
the LTO process. The compiex chemistry associaled
with the process resulls in a two-point boundary
value problem. An approach based on a non-linear
programming optimization technique is used, This
paper ia divided into five sections. Section 2 describes
the salient features of the LTO process. In Section
3, the chemistry of the non-equilibriom model is dis-
cugsed. Section 4 addresses the two-point boundary
value problem and introduces the optimization
framework. Scetion 5 gives the conclusion of the
current work and outtines filure work pertaining to
the multi-objective framework,

THE LTO PROCESS

Figure i shows the LTO process diagram for
the industrial boiler application [5], In Figure 1, the
exhaust gases from the boiler are cooled in a high
temperature eepnommizer giving up heat to preheat
the boiler feed water, The gas is then cooled to its
dew-point temperaturs in the condensing economizer
and a portion of the water vapor in the fas 18 con-
densed. Ozone is injected into the gas as it leaves
the condensing economizer and is thoroughly mixed
with the gas in a static mixer. The NOx in the pas is
oxidized in the oxidation chamber to dinitrogen
pentoxide {(N,O,), whiie partial CO iz oxidized to
CO,., The dinitrogen pentoxide forms nitric acid vapor
as 1t contacts the water vapor in the gas. Then nitric
acid vapor is absorbed in the scrubber as dilute nitvic
acid, and is then neutralized by a sodium carbonate
solution in the scrubber forming soditm nitrate.
Accordingly, sedium bicarbonate, sodium nitritc,
sodinm sulfite, and sodinm sulfate are produced.
These dilute salts can be discharged to the sanitary
sewer aystem for small scale indvstrial boilers. For
large seale systems byproduct recovery can be an
option.
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MATHEMATICAL MODEL

The two important unit operations which affet
the chemistry of the LTO process are ihe oxidizer
and the scrubber, The following addresses (he nan-
equilibrium model for both.

The Oxvidizer

Since oxidation of nitric oxide is an important
sicp in NOx absorption, a mathematical modei for
the oxidizer is developed for iow conceniration of
NOx in the fiue gas based on a non-gguilthrium
madeling technigue. Earlicr work [6-8] showed (hat
a noni-equilibrium model was muoch more accyrate
than an equilibrivm mode! for NOx absorption,

Fiue gas from combustion consists of MO, 50x.
CO, CO,, N,, O, and particulaie maller. in addition,
it may contain hydrocarbons and heavy metals.

Ozone is a strong oxidant. When ozone is in-
troduced in the fluc gas stream., it oxidizes NOx and
partial CO to higher oxides. At a temperature ox-
cecding 323 °F it decompogas rapidiy.

Figure 2 shows the schematic modei of the
exidizer. Cooled flue gag coming from the outlet of
the heat exchanger is thoroughly mixed with ozone
and oxygen, generated from the ozone generalor, at
the inlet of the oxidizer duct. Multiple oxidation-

redoelion teactions take place along the length of
the oxidizer doet. The oxidizer oulpul comains the
high oxides NOx, and other SOx and COx gases,
which enter the bottom of the scrubber Gases are
remaoved in the scrubber by the dilute sodium car-
bonate solution,

Gar Phase Recctions
For the purpose of gas-phase reacter design, the

following reactions are considersd in modeling the
oxidizer,

NO+0,£,No, +0, (1
ZNO, +0;— 5N, 0, +0, (2)
0,—25150, (3
80, +0;,—2 550, + 0, )]
CO+0,—400, +0, (3)
NO+050,—*; No, (6)
N,0; +H,0— 5 71N0, (7
EMISSION FREE

FLUE GAS
A

SERUBER

SOOI i
CARBOMATE |

________

Figure 1. Low Temperature Oxidation {LTO) process diagram for industrial bojicr appiicaticns,
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80, +N,0,—*550, +2N0, ()

Chemical reaction rates for these reactions are
summaErzed as:

Ry =k By P, ©)
Ry =kyPeo, To, (1m
Ry =243Py,% 1 Py (1)
Ry = k4750, o, (12)
Rs = ks Fop Fy, (13)
Ry =ksFyo Py, (14)
Ry =k Py 0, P50 (15)
Ry = %y Popy, Py o, (16)

Mass Balanee Over the Oxidizer

Cansidering the differential volome of the £as
phase reacter, the following assumptions are made.

{1) Ozone and flue gas are thoroughly mixed {using
static mixers ensures more than 995 mixing).

(4) There are no radial gradients in temperature,
concentration and denasity of the gas.
{3) The rcactor is aperating at the steady state,

Mass balances across a differential length df at
length { are miven as:

(a) Ddivalentnitragen oxide:

d¥, §
- gl R (7

(b} Tetravalent nitrogen oxides:

Mo, 5
T = —E{-R, +2R, - Rg 2R} (18)

{¢) Dinitragen pentoxide:

’fﬂ”rqy::-lT )

~ G{ Ry + Ry + Ry} {19
(d} Nitrous acid: (Because of the large amount of
ozone in the oxidizer, gencrating nitrous acid is a slow
reaction compared to the other species. Thercfore,
we can assume the mass of nitrons acid does not
change across a differential length in the oxidizer.)

. dF
(2) Gases move in a plug flow marmer. HNO; _ 0 (20)
(3} Gases follow ideal gas behavior, ef
r Frrul: = F[!n + Fl'rn '
Flec gas NOx S0x,C0x s '
Fiins pomndsihr T
. G=i Ol of {he oxidi
O+, from 01, gencmator  R—— = mcTl gas [put pas - oxiizer
Frgpaundsahr scctional areg,m? Tlow raie, koleds - =
Tnput pos of the scrubher
4‘ Fuprounder
ks |
: 1=0.0 | L=LMAX
(knovn) (unkmown}

*  Non-equilibrium model

= Initial value problem

Fipure 2. Model (or the oxidizer.
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(e) Nitrc acid:

oo,

&
=——{ g
df G{ 2
(f) Sulfurdioxide:

d¥sn o
e =“E{R4 + Ry}

{g) Sulfur rioxide:

144 5
R R

{(h) Carbom monoxide:

o __ S

(i) Carbon dioxide:
chz 5
—te. ] B
dl iR

(i) Onygen:
i
dt

{k) Ozope;
a¥y &
) Water vapar:

dYH O b
‘_Ef—z“g{‘q?}

{m) Nj trogen:
d'.i’Nz -0
i

{n) Overall balance of total gases:

YAN FU ef af.

(21)

(22)

{23)

(24)

(25

(26)

(27)

(28}

{29)

4y, Ay

Solution of differential egquationy

Eguations 17-30 are coupied non-linear differ-
entia! cquations. The total mass balance is established
across the diffcrential element on solvin g these equa-
tions simultaneously, Masg balances for successive
elements are obtained by integrating over the entire
length of the reactor {in other words thege cquations
are integrated for desired boundary conditions for
giveninitial conditions 6f NOx conversions and ozone
utilization), The mathematical model presented here
1s an imilial value problem, as the input flow rate and
compasition of the gas are known. The equations
are solved simuitaneously by the fourth-order Runge-
Rutta method based on eatlier swdies of the NOx
absorber model [6). The effect of step size for inte-
gration was cxamined and was seected in such a
way that the resuit is independent of the slep size,
Integration is carried ont until one (the firat) of the
stopping criteria is reached. The stopping criteria are
listed as the following: {13 The NOx oxidation rate is
greater than or equal (o the desired NOx oxidation
rate. {2) The otal NOx outlet concentration is jess
than the desired operation need. {3) Thera is no more
ozone left to further oxidize NOx to high oxides of
nitrogen. (4) The maximurm {ength of the oxidizer is

Figure 3 shows the results of model simulations
and experimental observations for the oxidizer madel
afier fine tuning the model parameters, Jt i apparent
that for different NOx/ozone male Tatios, the madel
predictions are in good agreement with experimenta]
obscrvations,

The Scrahber

Absorption of NOx gas is probably the most
complex operation camparcd to other absorption
pracesses. This is due to the following reasons:

(I} NOx gas s a mixture of several components,
including N,OQ, NO, NO,, N0y, N0, and N,O,.
Absorption of NOx gas in water results in two
0Xyacids, nitric acid and njtrous acid.

{2) Several reversible and trreversible reactions oc-
cur in hoth gas and liquid phases,

(3} Simuitaneous absorption of RMANY gases pocnry
followed by chemical reactian, Heterogencous
cquilibria prevail bepween gas and liquid phage
COmponents.

{4) For the process design of the serubber, it ig

Advances in Environmental Revearch, 3 (412000
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necessary o understand the combined effects
of several equilibria, the rates of mass transfer,
-and chemtcal reactions.

The situation in the serubber is very complicated,
m comparison to the oxidizer, because different mass
transfer phenomena and chemical reactions (ake
place simultaneously, Furthermore, the phenomena
change in various parts of the serubber [9]. Due to
the compiexity of the phenomena and its commercial
intcrest, only a few advanced mathernatical modais
{68, 10-11] have been published in the fiterature.
However, most of these studies considered only NOx
absorption, and focused on developing mathematical
models for simulating the operation of the absorpiion

429

80x and COx gascs from the ootlet of the oxidizer
enter the bottom ol the serubber, while dilute sodjum
carbonate solotion is sprayed from the top. Emission-
free gases then leave the serubber from the top and
dilute salis solution exits from the bottom. The
absorption is carricd out in nevral pH. This produces
a counicrcurrent absorption process, with multiple
chemicals, multiple mass transfers and muliiple
chemieal reactions,

Gas phase reactiony

The following reactions in the gas phase were
considered in modeling the scrubber,

towar in pradneing nitric acid, In the. onyrent scrysher NG +0; L0, +0, (31)
tower, oxidation reactions continue in (he gas phase,
while simultancous absorpion of gases pecurs at the 2NO, +0, k2, N,O +0, (37
gas-liquid interface. This iz followed hy multiple
chemical reactions in the bulk liguid phase, where 3 K, 33
NOx, 50x, and COx are simultaneously ahsorbed O 30, (33)
by a dilute sodiom carbonate solution, and NaHCQ,, ka
Na,C0,, NaNO,, NaNO;, Na,50,, Na,S0, are 80, +0;—50,+0, (34)
formed in the liquid phase. This section presents an ks
advanced mathematical modsl that is based on a CO+Q, »C0, + 0, (35)
steady-state mass balanee nsing a non-equilibrium- K6
modeling technique. The gas phasc reactions, gas- NO+ 050, ——>NO, (36)
phase mass transfer, liquid-phase mass transfet, and 7
liquid phase reactions are included in the model. N,0; +H,0———2HND, (37
Figure 4 shows the schematic model of the KB
scrubber. The higher oxides NOx as well gz other S50, + N,O, —>50, +2NO, {38)
45 - - &0

= I *  oxp-nox{ppm) -

& 904 —e~~~sim-nox{ppm) ¥=0 E

e 3 r A exp-03{ppm) x =

£ a0 [ = % = sim-0{ppmj ol P

€ £

[ = 25 L

§ 1230 §

g 207 §

i 45 | 120 B

& 4o | 3

& 110 @

Z 5 " ‘ =

3]

"
0 ey ye e M

20

0 020400608 1 12141618 2 222428248 5

male ratio (NOx/Os)

Figure 3. Comparison of mode] simuiations and experimental obscryations for the oxidizer. (Experimental datz courtezy of

Cannon Technology.)
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NO+NO, + H,0—2 ,2uN0,

Chemical reaction rates for these reactions arec

summarized as ;

Ren =¥k PNGHPGJ DEG

;'?{?2 =k F Ny "R 03n£r:

Rgs =2ky(Py,"V 1 o 8
%

1]
R4 =k4pm2 Pu,

] o
Res ='i"5PCD o, Eg

3
Ras = kﬁ('ﬂmn?z a, “EG
Ko =ty PNIGSHPHID“E!‘}
Ry =&y FSDZBPNZDSDEG
Rae =2k, Pyo' A NO, "R 10 €6
Gas phase mass transfers

{&) Dinitrogen pentoxide:

Liquid:Na,CD
(known)

YAN FU et al.

{39) N, O ()~ NL0.(B)

{(40) {b) Nitric acid:

(50

o )
Ry = Rnwzns,g =E'rfc.r~11ﬂ5 (f Naly ™~ i :51135] (51)

(41) HNO,(2)—2E, INO (1) (52)
(42) Ry = R pvmo, . =85 v, (R r?mcr{ £ I-ETNU3] (33}
{43} (c} Carbon dioxide:
(44) CO,(£)—"24C0,() (54)
{45) Ry =Ryca, e =k cn, (1 II?DI_ £ rf:ozj (55)
{46} (d} Sulfuririoxide:
“n 505(2)-",80,(D (56)
(48) Roa = Rpso, 4 =2k g0, (7 s%;" Psina} (37)
() Sulfurdioxide:
50,¢(5)—2 .50, (D (38)

Cias: Oy, NOx, 50z,
—* COx cicfonkntwn)

............ 41~Heigh
Final Boandary
' Nop-zquilibeiom model
+ *  Coonlercarreni abrorptinn process

Gas: Oy, NOz, SOx,
£0x cte.(krown)

*  Two-point bourdary valus protilem

—HE

Initial Baundary

[Rpm—— ViR

Ligoid: NaHCOy, Nof00,, Na,50,,
NAaz80,, NaND,, NaNG,, 05 (unknown)

Fiyure 4. Model for the seruhber
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Ry = Rdﬁﬂg.g =gk 50, %%1_ Psfnzj' (59 (e) Sulfur dioxide tansfer;
(N Ozone: 80,(h—,50, (74)
L] .
O1(e) »0(4) {60) Ris = Rygo, 0 = afgn K1z 50, Ps[nz (75}
Rys = Ryq, o =g o, ( P{?}— Péj} 61} {) Ozone rransfer:
(z) Nitrous acid: O04(h 22 .0,(n (76)
R27
HNDE{E}—’HNGIU} (62] Rﬂ-ﬁ = Rdﬂj,!’ ngﬂgkfR,ﬂapéj (']"j‘}
2= R ammver, o= ivo, (ﬁ?wuz— A pimgz} {63) {g) Niwous acid transfer:
{h) Water vapor: HNO, (h 2, HNO, (1) (78)
1,0() 22, 1,00 64 - -
H,00e) H,00) (o4) Ry = Rymvoyt = o, ke pvn, o, (79)
Ry = R 4,0,0 = % 11,00 A l?zﬂ_ P} (63) Liguid phase reactions
Liguid phase mass transfers The following reactions in the liquid phase are
. ] ] conzidered in madeling the scrubber, Since there is
(a} Dimtrogen pentoxide absorption in water: no mass accumulated in the gas-liquid film, the gas
phase mass transfer rate is equai to the liquid phase
N,O:(D + H, 0 LEL 2HNO, () (66) masa fransler rate for the same component, Further,

the rates of reactions in the bulk liguid are sa fast
that they depend an the rates of mass transfers.

Ra1 = Runy040 =8H,0.5 18 5,0, rf{znj (67)
N, 04 () +Na,CO, (1) L,
{b) Nitric acid absorption:

2NaNO, (D) +CO,{g) (30)
HNO, (22, ENQ,. () (68) 2HTNO, (D) + Nay €Oy
Ry = Rymo,e = 2Hman, % rimvo, Pvo, (69 2NaNO4(H+CO, D+ H, 0D (81}
{c} Carbon dioxide sbsorption: CO4(7) + H,0() + Na,CO4(1) _R¥
CO,(H22,00,(D {70} IN=HCO, () (82)
Ris = Raco,s =2Hco, ks co, Poo, (71) S0, + Na,CO4 (1) —**
{d} Sulfur trioxide eansfer: Na,80,({{)+ COy () (83)
SO, (-2, 50,(1) (72} S0, () + Na,CO, (-2,
Rys = Ryso, 1 = aHsn k1550, B éﬂa {73) Na,S0, (1 +C0,(g) | (84)

Advances in Ervironmental Research, 3 (4 2000
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0, (8 + Na,50, (52,
Na,$0,(1)+0,(g) (85)

2ZHNO, (1) + Na, €0, (H —F7_,
2ZNaNO, () + 0O, (g) + H,0() (86)

H0th«*2 s 10 (87)

Meass balance over the scrnbber

For the process design of the absorplion (ower,
it is recessary to understand the cotnbined effects
of chemical reactions and mass transfer raies. The
fellowing are the mass balance cquations in the gas
phase across a differential hej ghtdf at height & from
the bottom (4 = 0.03:

Gas phase mass balances;

(a) Nitric oxide:

a¥ S
:.:—ﬂ=“§{ﬂm + R+ Reo (88)

(b} Tetravalent nitrogen axides:

¥y,

ah
Se
“E{‘Rm +2Kgy — R ~ 2Rgp + Rgo } (89)

{e) Dinitrogen pentoxides:

dhy O Sc
':;_;__= —‘G*{‘Rsz + Ry + Ry +Ry) 9w

{d) Mitrous acid:

o, _

Y
5 —-Gf [~2Rgy + Ry} (91)

(e) Nitric acid:

Phivo, _

8
= --Gf (-2Rgy + Ryy) {92)

(I} Sulfurdioxide:

dFSO Se
_&Ei = “E{Rm +Rgg + sz} {53)

(g) Sulfir rioxide:

Vg S
_E:_S:_E{_Rm —Rog + Ry } (94)

(h) Carbon monoxide;

¥ Se
=1 Ras} )

{f) Carbondioxide:

eih

Sc
- _'E;_ {"RG#RZEuRZ] -D'ERZ'Z_de.‘RZE'{}'SRﬂ} {gﬁJ

() Oxygen:

d¥,,
di

8¢
- _G_ {-RGI"RGE_I'SRGE-RGJ-RG’5+U'5RGE_R36} {g'?)
(k) Ozone:

‘ﬂ;na Se

() Waler vapor;

"ﬂ’rl o Sc
.:H: :_E{Rn:-' + Ry + st} {99)
{m) Nitrogen:
Ty =0 (100)
dh
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{n) Owerall balance of 1otal EAascs:
dvy
dh

Liguoid phase mass balances:

(o) Sodium bicarhonate:

X vatco, _

Se
7 ‘f{zﬁaa}

{p) Sodium carbonate:

dh

_% [Ryy 0.5 Ryt Rey bRy AR H0.5R,. |

{q) Sodium sulfare:
X pa 50 Se
#= "__L_{RM + RSE-}
{1 Sodium sulfite:
X 50 Se
— = _I{Rﬂﬁ - Raﬁ}

eh

Ao,  Se
— = {Ra}

{13 Sodiom nitrate:

dX 5
'_]Eﬂ = “Ic{'?sz +2Ry |

(u} Ozone:

dX Se
‘EH_J=_?{R35}

(102)

(103

{104)

(103)

{106}

(107)

(108)

S
—-E‘:{Rm ~03Ra; +05R s ~ Reg + g + Ryy + Ry + Rig + D5Ry, +05Ry, )

{1017

OPTIMIZATION FRAMEWORK FOR
MODELING THE SCRURBER

The mathematical model of the scrubber requires
intcgrating twenty-one differential equations (3 8-108)
along the height of the scruhber in order 1o get the
gas and liquid phase concentrations at the top. The
nurmerica] integration lechnique requires the vaiues
of both liquid and gas phase componentz at i = 0.0
to start the integration. However, at A= 0.0, the liguid
phase concenlrations correspond to the outlet con-
centrations of the lignid, which are dictated by the
chemical-absorption oceurring in the column and are
unknown. Here the condition is different from the
nitrie acid tower models presented in the lterature
where the cutlet concentration was specified for nitrie
acid. Beeause multiple species are present in the
liquid ontlet of the LTO process, it is not possible to
spectfy concentrations for all species. This results in
a two-point boundary valuc problem, where the inlet
concentrations of the gas phase at A = 0.0 and the
inlet concentrations of the liquid phase at # = height
{two boundaries) are known. The solution io this prob-
lem is iterative. Here we are using a systematic non-
linear programming (NLP) optimization procedure
Lo solve this problem. Therefore, it can be sasily said
that the optimization technigue is not anly used for
finding an optimal design but also for modeling.

,
Obj fun.= S (X th=H)- X h= I (109,
i=1

where X7 (/1= H)is the predicted value of input
liquid concentration for component i (mele of
componeni #mole of water), and X f (h=HYyis the
specified value of input liquid concentration for
component i (mole of component ifmole of water).

i=1is NaHCO,
i =21s Na,CO,
i = 3 is Na,80,
{ =4 is Na,50,

fZSiSNaNDE
E'=ﬁ'iﬁNﬂN03
i=7is O,
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Figure 5 shows the oplimization framework for
finding the solution of the two-point boundary vatue
problem it the scrubber. Initially, the vaiucs of the
output liqurd concentrations (decision variables) and
given concentrations of the input pas phage arc
supplied to the model of the scrubber, which then
calculates the concentrations at the other end. The
liguid concentrations al 4 = K represent the inlet
concentrations of different components in the liquid
phase, and are given, The objective function here js
the sum of square crrors of predicling concentrations
of input {iguid phasc components as shown in Equa-
tiem 108, which is minimized, If the predicted values
of the inlet liguid do not match to the specified
eoncenirations, the optimizer seiects new valugs of
outlet concentrations for the ligjuid phase accordin i
to the derivative directions based oy, the Sequence
Quadratic Programming (SQP) method (12]. The
lieration continues natil the Kuhn-Tucker error thai
defines the optimality condition is approximate]y
zero. This completes the modeling cxercise.

Table: 1 shows results of the optimization cxercige
used {0 solve the two-poing boondary value problem.
Heuristic valnes for output liquid eoncenations at &
={.0 are calculated according ta Equations 110114

Intitial values nf species concentrations for
outpiit liquid (hottom) & given species
eemeenimtions of input gas {bottom)

below. The twenty-one differential equations (88—
108) ahove arc then integrated along the height of
the scrubber to get the corresponding concentrationg
for the input liquid and the output gas at b = H. The
fourth-order Runge-Kutta method is emplayed to
solve the above equations simul taneously.

Xratico, (h=0)= X NagC0y (A= H) (110)
X.f:izcnj (h=0)= Xsﬁ,.zma (= H) {111}

X fayso, (A=0) =
% FOI*XE, (h=0r+ ¥ (=D *11 (112

!E*{}g,fr;z (h=0)+01* 1:;;{,2 (h=0)*11 (113

Comcentrations of input zas [bﬂllcrm]l_’

Mathemnaticnl Madcl
of the Scrubber J

New valucs of species concentmations
of output liquid (bottom)

Model predictiom of concentratons for
npui liquid and output gas (lop) &
ohjeetive frnetion

Oplimality
conditicms
satisfied?

Non-Linear Pragram
Optimizer (NLP) J"

Model Complete

Figure 5. The optimization framewark for solving the two-point boundary value problem,
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H
X Mano, (=01 =

G

x;“ma(hm:

G 7

7 2 (=0 + i, (h=0)+03* Kip, (h=0)+ Kl (h=0)+ Fuo, (B=M1}*11

G .
XégUI:m:E*YGSg(h:m*” {116}

where X ¥ (h = 0) means the heuristic value of oul-
put liquid concentralion for component x (mole of
component wmole of waier), X ¥ (k= H) means the
specified value of input liquid concentration for
component x (mole of component x/moie of water),
}’f {(h =0) means the specified value of inpul gas
concentration for componett x (mole of component
xfmole of Ny), G means the gas phase flow rawe of
inert Ny (kmoles of N/S), L means the liquid phase
flow rate of inert H,0 (kmoles of H,0 /S), and H is
the maximum height of the serubber (m).

‘These heuristic values at ## = 0.0 are vsed for
the initiai estimation of output liquid concentrations
to intcgrate the above Lwenty-one cquations (88-108)
simuitaneonsly along the height of the scrubber and
obtain the correspending input values for the liquid
concentrations. The error in the prediction of input
ligmd concentrations is minimized using the NLP

7 *0112% Ysoy B=0)+ Yo (R=0)]+ Yano, (W=0) + Fog (h=0) + K3, (h=0}} *1.

(114)

{115)

optimizer with the output liquid concentrations at /i =
0.0 as the decision variables, Results in Table 1 prove
that the optimizer is ahle 10 match the inlet liquid
concentrations and these results are not sensitive to
initiaf values of output liqnid concentrations,

Figure ¢ shows the objective function and the
Kuhn-Tocker error versus the number of iterations.
The ohjective is minintized at the end of twenly iter-
ations, predicting input liquid eoncentrations closer
to the specified values.

Figure 7 shows the resulis of mode] simulations
and experimental observations for the complete LTO
svstem (oxidizer + screbbet). Similar to the oxidizer
resnlts, the figure shaws that the model and ex-
periments match well (within 5% emror).

CONCLUSION
"This paper has modeled a new NOx reduction

process, The process shows great promisc for NOx
reduction as well as removal of other emission

Table 1. Reoulis of oxing the opimization frameweork o solve the two-poim hanndary value problem,

O ot Specilied Heuristtc valucs for Carespanding values: Predicied vaines for Predictod walues for
o ::P?:“:IF; coneentraliong af concenttations of oulptt | for concentratlens of | concenlsstions of aumuaL conceniratiohs of
! hm: 4 fmput Tiguid (lep} "™ | Tiquid (hottom) €*% | input liquid {top) *** | ligquid (hettomy *** | inpust fiquid {top) **
r xl X1 xl sl xl

MNHCO, 0.0040 1715.3 17137 1.4953 0.0000
Maz"y 17000 17153 1851.7 [565.4 1701.8
N80y 4.0000 4.f16d 4.6157 1_RIMS 1,803
Maa80y 0,004 45267 41235 JE.Da2 LECYEI]
Wali; 00000 47811 41611 42231 42231
MNaNy .00 193,30 4.3460 T8RAT 0,000

O G000 In13g 3.3633 13550 000K

*n¥ The abave are ditnensionless concenimtions, mole of componeni/male of water.
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Figure 7. Compadison of mode] simulations and CAPCTImenial
data courtesy of Cannon Techmology. )
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used 1o solve the multi-obfective problem to obtain
minimuin cost and emission designs, Figure 8 shows
the strategy for this multi-objective optimizaiion
framework. The LTO non-equilibrium model wall be
angmented with the cost model of the process. Tt
catt be seen from Figure 8 that the objective [unction
in the modeling exercise (ervor in the prediction of
inlet liquid coneentrations) is converied 10 a constraint.
This will permit simultanequs solution of the modcling
and the aptimization problems. The ohjective surface
for the ymulti-objective problem will be obtained. Thig
surface will be helpful for redesipning the system to
make it costefTicient while maintaining its advantage
of very low [evels of all kinds of polintant emissions.
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NOMENCLATURE

interfacial arca, m¥m?°

diffusion coelficient of component x, m¥s
flow rate of inert N, in the gas phase,
kmoles of Ny/s

the maximum height of the scrubher, m
Henry's law coeffictent of component x,
(kmoles m™)/(kiN/m?)

forward gas phase reaction ralc constant
for Equatton { and Equation 3¢

Torward gas phase reaction rate constant
vor Equation 39

gas-side mass transfer coeficient of
component x, kmolesf(kiN/m” s)
ligquid-side mass transfer coeffelent of
component x, krnoles/{(KN/m? s)

mass transfer coefficient of component x
with enhancement due to chemical
reaction, kmolesAkN/m?s)

flow rate of inert HyO in the liquid phase,
kmoles of Hy0 /3

parttal pressure of component x in the gas
phase of the oxidizer, kN/m?

New values for the key
paramcters (hoight, presaure,
matio O,MNOx,...) & new
valucs of specics
concentrations of the output

Ohjectives: Min cost, NCx, 80x, G, and
effluent saliz 1o swape & Max profit
Constraints: Error in predicting
concentrations of input lquid of the serubber

Dprimality
candilions
satisfied?

liguid
X ﬁlulti -ahjcctive NLP W ' Optiraal soluion set of
Opiimixer (MONLEF Jf LTO gyztem

Figure 8. The multi-ohjective optimization framewaork for Low Temperature Oxidation (LTO) system.
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Partial pressure of COMponent x in the bulk
2as phasc of tie Scrubber, kiN/m 2
Pirttal pressure of Component x at the gas-
liquid interface of the scrubber, ki/im?
forward gas Bhase reaction rate of
uation i in the oxidizer, kmoles/{m?,s)
forward gas phase reaction rate of
Equation 3iin the scrubber, kmoles#(m? s)
raie of gas-side maSss transfer of N,O.,
kmoles/(m?3 5)
rate of gas-side masg transier of HNO,,
kmoles/(m® s
12e of gas-side mass Itansfer of Co,,
kmoles/(m® s)
rate of gas-side mays transfer of SO,
kmulcsf{m3,sj
rate of gas-side masg transfer of 50,
kmolas/(m?.5)
Tate of gas-side mass transfer of 0,,
kmoles/(m®.5)
rate of gas-side magy transfer of HNO,,
kmolesi(m? 5)
Tate of gas-side mass trangfer of H,0,
kmoles/(m? s5)
rate of liquid-side mass transfer of N0,
kmoles/(m? 5)
rate of liquid-side mass trangfer of HNQ,,
kmoles/(m?.5)
Tate of liquid-side mass trangfer of CO,,
kmnies/(m?.q)
Tale of liquid-side mass transfer of 8Q,,
Icmn]'eaf{m"s}
t2te of liquid-side mass transfer of 50,
kmoles/(m® s)
tate: of liquid-side mass ransfor of O,
kmoles/(r.5)
rate of liquid-side mass tranafor of HNGQ,,
kmoles/(m? g}
rale of gas-phase mass transfer of
component x, kmoles/(m®.s)
rate of absorption of component x, kmoles/
(m3.5)
Cross-section area of the oxidizer, m?
Cross-section area of the scrubber, m?
kmoles of Component x per kmales of
water, lignid phase
kmoies of component x per kmoles of
inerts, gas phase
total kmoles of gases per kmoies of inerts,
gas phase
fractional pas hold-up
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