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A study on thermolysis efficiency of urea and

ammonium carbonate mixed solution for NHs

production

20234 8¢

ol
Ho
_.__ﬂo
o7
ol
e

—

o



FEUC A4 AT Qa9
RYRE TG £ 49 I

20234 84

Neoistn ofstg
AT
a7 A

Ao FHHA FAERS AFF

20234 8¢
9% 2734 (D
AR 273 (D

H4 € HEA (D




Mo

o o W
mnvaAT
A <
o o
Ltﬂmu
ATﬂrLJm_ul
{ o
of M
el
T oA N
J:_/Hﬂ]ﬂ
O
.oy
T L
R
W o
o%OJI‘mu
s
=
ﬂoc%
,._L;E%HA_.O
HyE
=
W S o
R
oy
o
o
AE
3 H
% o gl
T Yo o
TN

o
)

ANEdr 242, 283

R
ol

= ol A

np
)|

Yo}

o|]
M

.
o

A7 HYAT Ll

e A

-

ASN

3
RN

toh 1

A Aol o

1] 3l A

)
=

TH

A7 F Qs

&7

3
=]

o =

40 wt.%= 133k
skt 3714 &3k g
o] r Yo} HkAlEro] 71 =2

3
H

)}

g

LA

o7}

40 wt.% 22 FEA3 20 wt.% BAASEEF 58

9|

=

3

ol
oh

lE_—‘EF

whakel

W 40 wt.% 229 20 wt.%

3}k
H

e

Fith 300 C$F 400 CeolA

=IRTAS]

ol



s}
ol

S o
O =

a7k 9l

3

A

T Bl ooy
oy ol A B
T .iwu
g
quﬂdroLW_
Mo S
Sila
o o ©°
R
o o ) R
H oo B
o] _Em%_mo:c
T - F
M%Wu
o,ﬂoﬁeﬂ‘lﬂ
0T
%ﬂé Y
wo B g
. 7,AL
M#ﬁo&odﬂ
B = o 4
mMo,mmE&_lOM
n_AlLIF‘Uln_AI
° T
-
E.Eﬂu‘mﬂ
ey
ol W) oo o
ol B AR b

=2 40 wt.% 249 20 wt%

~
Njo

ol

T

fie)
0

o
ol
™

ol

)
il

1o

i
3

)

e

olo

o] ghmijol 44 vl

=

o}

bolck o

file)
T

A

S
| .

ojo

Yot 44 vl

A 2 29} o7 e] 71 7o)

S

A ==

7}s

=
[}

il szobxit.

9]

of H]

it

2~
T

744 Aol

:2021-20180

Fo0o: BAYER, &
il

(o1
S



— o~ =9

SR

A1 A

A

A2 A
Al 3 A

A T2 2] s

o~

s
aR

A 2%

¢

o1

S|
=

Al 1

wir

10
.12
15
. 16

i=]
o

¢
4

o

2.1.2
2.1.3

.16
18

70
wir
=K
No
o7

B
Jn

R

2.2.1

A3 H ARA=R

A%

S|
=

Al 1

ZLTT TB] e e e an

A2 A

3.2.1

1o
Mo
ol
E)

p—

oH
Ul

3.3.1

FEU Ol MR

3.4.1
3.4.2
3.4.3

o
ol

o

h

iii



39

A4 ARAT D FA

.39

[y

OH
E
Jn
I

oH

)

A1 A

.39

4.1.1

A4l
.42
42
.45

g

=

A3 4

45

47

4.3.2

...00
.03

53
.55

4.4.2

.07

59

..61

B
o)

__AD

.69

PAN 010 o= o1 P



.10

2—1. SCR¥} SNCR2]

3
ar

A

d

i

oA
=1

3}

2—2. 325 wt.% L4579 40 wt.% 24T =

YA
ar

.10
10

vp wr

Lol
deooiodm
oo mL
o oR
Y
=
m i o
—_ :

™o W
g @m
Moo X
T
O
Wl

10

)

il

e

N

—_—

)
X
o
Mo

R
~ul

22!

ol

go
N

(%

;Oﬂ

0
o

WOH

iod 1A

;On_

o

o

=

b

o
__Qn_

"o
g
B

S

o
=
0

olo
i+

.20



M
™R

.. 10

4
oy

fuzel

Ho

|4 9]

1 A

209

Ax7k A7 ol

1= 1-1.

20
20
20
20
20
20

o

—

SPECIIOPNOtOMIET B oot

1

.. 20

o

1

20

.. 20

Fg1el 7220

3k
H

2

~
file}

o
gl

ol

20

9 ghmujo}

S

A B

A FE Yol BEAEE e,

i\

Tol

;ot

.20

o] ¢ yol AA 1820

vi



A+E-HAtt (Koebelet al., 2000) .

AEYots  ARGete] A AAkEE<d
ArstA o) oSt AE Sl AolA HA ThAg =2 SAAA
AASH g4 g&o] 90%= W Frh VSole 2849 FAES
asto] st eFEUolg} 25 wt.% YEYoEE %% A= ARG AN
wRb 9 Bl QbdAd TAleh 2020 sehEAvewiel Aste
HZoE= etdsty 7F4o] BlwAd A A3k Oi‘l‘«] A} go] =7}k
ATt (Jo et al, 2016; Zheng et al., 2013). LAFZHE SR Uol=
AAst7] AslidE 8o el HAol dasttt e AFTt 1R

SCR A|A®e] FALEE 3l 2 & AHAZ QAT EFRE F0]
WA FHkgtt (Wang et al., 2009). Qa4 Eo| S@sly @&
Q47 Sl Aol dEYolgl o]AARMoRE dAIESE T

Sujdoll A o] aA|QHAke]l  ¢kRUotel  olAbslErAE ThpEslEtt
(Koebel et al., 2000).
SCRoA Q4245 9

[€)
Adetes 3o 2 4 &85 2As7] 99 Cins S b
Aol mEw e4aFE FalE o 330 CTeolAd= 249 20%4]
PR Yolg} oAt o R AR o, 400 ToAME 50%2 S
dEs B85 BT (Koebel et al, 2001). 849 d&si7F Fvj
kol s s HA o Fuj el o] A|brte] Zha=Eaf 9}
Az ghdo] obd @40 dARs7 dojut SCRPJ 2@ g8

stold ) (Sluder et al., 2005). SCR A& A T 38 A4k, A7F
AR AAA 247, 85 Ao AR »oleel Mgy w=
RIS AXH 47t~ 271 200 C o]stz FhrAshzd 2459
A& el SCR WHE& 918l 7k 7FA7E ol §38to] A4 7EAE B
Ztdsttt (2" 1-1D). o] W 245 dEso] SCR s &5 Weu
0 =& 2oyl Hestrg A A AL Uy A7 FUkE
AR E, ARA O Z oA Hlgo] 1 @A "tk EAl o] vk
(Van Caneghem et al., 2016).
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Incinerator Steel mill Ship

Electricity/Fuel
‘:' UWS injection

Power Plant

Burner Boiler Gas i
or or =P [ Bagfilter |==p —vb SCR
. . heater
Engine Turbine
. >
Gas Temperature 200 °C 300°C
I8 1-1 ks Arbde]l Had Ade] v EAE

¢

E2 )

EEEE

e 45 =7 woll oEstEE Fadel wekA 7HA
ks gl Ho]l EAst 20219 1€ 250
USD/tono] ¥ 24 7142 20219 102 F30] &5 #gahdA
950 USD/ton & F7tglom 2022 29 $Agtolut AAe] 24
1050 USD/ton7kAl F7bstdvh (29 1-2). =oALk 2021d
Qa4 dgke] WG] o Ago Aol FEsion, Q4FTt
FHeto] 94 AR AEEY
FEHAT. Q4o o3t EAlFoR Q4
A ] o] FolA L Utk

ol ¥ % ammonium carbonate (¥AF}FE¥E), ammonium

¢

o 1o
okl

R

carbamate (ZFE2WHAF R H) 18]3. ammonium formate (EEAF
AR E) = 84 U4 242 2 A5 Y (Krécher et al., 2009).

R Y FtERAE R EFS BE 2E7F Yol dEE] g&o]
Eow 53] Bl ES SulddA A ThsettteE ol Stk (H.
Lee et al, 2013). 184 F+ EZL 4 Aol won, Q4
Hjaj A A kR yo} gako] vyl 7tAo] mrh= W] Qlo] eAE
3] A= o9t} (Bérnhorst & Deutschmann, 2021). &4k

< 9 Aol EAR B 2x7F @ARGE Fof 94 oA

=2
=
o

o7 AFHY] Hups 249 T3PS u Q4
=xo] yegrom &2 g8o] £71sttt (Sandoval Rangel
et al.,, 2015; Solla et al., 2005).
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A 2FEA AT

2 (urea water solution)+ Q4 FENOF AHALAIES
AAsE dEzdd FFA Agxd FHu] ¥ (SCR, selective
catalytic reduction) ¥ A &2 v]ZFu] A (SNCR, selective non—
catalytic reduction) 9] A2 A&t (Koebelet al,, 2000).

SCR¥ SNCR B R UYotE Ab&3to] AAAbstaS Aa 7k
(N2) &} & (H:00 & geto] AAsk= (4 2-1, 2 2-2, 2] 2-3)
FHOoE A wkgel FulE AREStEA o Feo] webA SCRI
SNCRZ F-#¥th. SCRE v, ®A®E AlFe Fuf (V205/TiO.,
WOs3/TiOz2, V205—WO3/Ti0z) & AF&-3te] 2 %7} 300~400 T
HlwA v g4 §82 90%% "¢ =t} (Inomata et al., 2019; Lai
& Wachs, 2018; B. W. Lee et al., 2006). SNCR =1 & AF£3}X
oFo} A% 2x7F 800~1,000 T® HlmA Fi ILorE=
ArAbsE dEYote]  deido]l  wrolx] €A &S 50%
U ¢jo]t}(Radojevic, 1998). % 2-1¢] SCR¥} SNCR9 EA 4
i R = e A

(& 2-1)
ZNOZ + 4NH3 + 02 i 3N2 + 6H20

(2 2-2)
NO + NO,, + 2NH; — 4N, + 6H,0

(2 2-3)



¥ 2—-1.SCR¥ SNCR9 EA 4 #AtA

SCR SNCR
NOx removal
. 90 50
efficiency (%)
Operating
i 300~400 800~1,000
temperature (C)
Catalyst use Yes No
NH3/NO |
#/NOxmolar 0.4~1.0 0.8~2.5
ratio
NH; slip (ppm) <5 5~20
Capital cost High Low
Operating cost High Moderate
ZlEel= 28 AAEE 1ols |= A3} dEyole}
25 wt.% dEYolrE FE AMEF=d R i T
ZWe gelstel HZelt $w W Mo AW 2250 Abgol
Z7Veta Yth(Jo et al., 2016; Zheng et al., 2013). L2+ dA
Zwol 4] g0l QAW Grlotz RafH: sgol F7hz ALt
O Agatel s S5 8 Byks adete] 325 wt% 24aTE
Aget w27, A 5 2 5w ghel] Aokl
AL NOx AL E 40 wt.%e & AR 325 wt%
Q259 40 wt.% 24259 &34 2—1° g2kl



v
ar

2—2. 325 wt.% LA2F9 40 wt.%
(Solla et al., 2005)

a7 =gty

A

3

32.5 wt.%

urea water solution

40 wt.%

urea water solution

Urea proportion

32.5 40
(Wt.%)
Freezing point
. —-11 0
(C)
Density (kg/L) 1.09 1.15
NHs content
10.82 13.32
(mol/kg)
9 A S



2.1.2 450 23 774

Hap ez v|Sof std]s AREshes
TARET S 20 A oA E3lE o
= fie 3 o
ReEd 24T B9 Fdo] WA o a4 a7t 1
( tal, 2019; Wang et al.,
2009). =9 T 2% (100 T)7F 249 #al &% (152 C)Hoh
o Q4vt BRT dor® 9Ahgo R oA

o] WA F3tt} (Birkhold et al., 2007). && ¥ALE @45 J#19)
) o] A o} S H Q47 walE = Alo] ofd

Ho] Zo] Fuksld %o Q4v) Eal¥tt (Abu—Ramadan et al.,
201D). a7k Aol webd S 9 Ry s S AAR
st AE ¥ 2-1° YERY. 257 e Ss & S
& 84 R £Hx7F 2T F7FEY 300 T ool =
microexplosion®] A& 4= 1t} (Surendran et al., 2020; Wang et al.,

2009). Microexplosion &3t goo] Nz yH oA Ay 7]A7}

o
o
Mlo
o W
X
<

D
o
=]
)
—
=N
[\
(@]
—
*
00}
o
=
)
jom)
(@R
=
o8]
jm)
)
jaV)

oA xetal Z3Qlort R o] Friste] KA o] FHukshx
B X = dAFS W3 microexplosion®] WA S g-olo] =ul ul Fgj
£ 7F Z7138kth (Law, 1978; Shepherd & Sturtevant, 1982).

Q4T Fo] Ty FH 1A AH e4v 1 =9 dEUotst

hitow AEs] FH(H 2-1), A ojaAcMEE 1 =9
R Yote} o]ibstRrA R Tl (4] 2—2) g th (Koebel et al., 2000) .
uebA 1E9 QadA F 2&:9 dEYolrt AR 24 dES
oA biuret, triuret, CYA, ammelide % ¥x&o] & EHo|
A E = HEgo] dojd & QAT QAT oA wEA 7FEEE
o213t Hk-2-o] A @t} (Chen & Isa, 1998; Lundstrém et al.,, 2009;
Schaber et al., 2004).

H,N — CO — NH,(s) —» NH5(g) + HNCO(g)
(& 2—4)

HNCO(g) + H,0(g) — NH;(g) + CO,(g)
(A 2-5)

1 SE-Rs



(@]
A Qkike] TR 7 Aottt (Koebel et al, 2000). ©] wj
S ADArsEe] gk WS ERU

=

w2 7] wito] Ae A FHuf Ao dEYol AHE = =2
Sy 94 IRV S35 (Kleemann et al.,, 2000; Koebel &

Strutz, 2003). W Fuj7l gls wf o] AARME 7l 500 C
o)%de] a2 Fxlo]l Hedtr] Wil AgA vEH AW IS
800~1,000 TolM LA42F47F Ealxol dRYolrt A HET (Alzueta
et al., 1998).

11 M L ]



A=

2.1.3 3 & A4

T T WS T TR E T o) E
TR N o T LN ™ E D DN
T oy om WO E B O el R
ME:IME Hr_l_/,l__/l Nq ‘_ﬂoﬁﬂ._,b._xﬁ
o N [ o T oW T M i
g N WX S =TT =B~
g3 w oo K] K F W 0,1__/|z,tnﬁ M oF K] =
oot W T il RUNCY
&owaN M_duga mﬁﬂﬂ;_/ﬁj.ﬂ7mr
ﬂwr.u%o_aﬁiﬁh I @@iwﬁﬂq@w«
%@%%@u%%ﬂ %u%%ﬂmﬂa,%u%ﬂ_w
I S oy = F T Y
(T T G
mo.],w%_éﬂr ZT% ﬁ%%ﬁﬂ%nﬂm.i
MEJZILOTJ_,NﬂﬂLNﬂHﬂ,MI J|7~|‘U_lﬂw_v_£ﬂo_£ﬁ‘ﬂl,myl
=n No = ER o LS —_ =
T e W = e E o o P F
EUICIwsz @izsItace
0 — —_
qﬁliﬂoﬁﬂgﬁ CrT T T _ o
8F X g T E AT]O X 2 =B
T _ AR mParsd 07
W N I R TRON S
E7mﬁ.1~_ol ﬁvut% ﬁrﬁoﬁmﬂ/lmmiwuiyw_
R o
ﬂo“ﬁo‘ﬂ__.n_m‘_h,._q Nlo i 5
Now T A By o T e U L g
e PN s onlagdds dq=x
N EEX = XP2 mUOE
s 8T ML T o =N Tz P owT
PwmzzeAwg S fo S
A o NN LT W Em TS
w R TEMR L AT ER R DD
ﬂovﬂs%ﬂﬂﬂﬂ Aoer W oo o
No No zn ok T F B 2 Ao < ® oF e & OET

2019; Van Caneghem et al., 2016; Yao & Qian, 2021) .
12

(Cimino et al.,



26%5 AATT AR 2EE 9F 1,400~2,000 Toll &3]
g Zol] AHE 278 AeA = A8 2 njSa) S ARSIt (Seo
et al., 2020). A84 Fo] AU &2 g&o] Fohs FHo] At
]UilE k1ol Adavtae B3E wol xgstal 9l7] wiel widy 2
72 VA7 E AR ok 317] Wil AEA u|EFu SHS A5
(°]F4 &, 2003).

A

W

AL a4 AA
Ada 2d AES 7HE

FEjel dFA el 43N o FARE
Sl A 7 st s Golg] FEHIQl AFF o R Thydte Aot
AdE 24 AHoA= A2Aksts wiE rAlE 23871 fA8iA
A Fu) FAWS AFEsta ole 7] FHx17|eE WEH S
A gher, A7 AN T Ny $HE] AATEASY] &7 R
ol HEWUYE o] &3ato] 7k Aj7tdel H sttt
2
2] QoA AdEE AL w AiArstEo] WSt o] &
AA7] QA A Zuf o] ALg-Htt (Gabrielsson, 2004).
AA7tAol= FXE E3HE7] it dAavtAs X1 FE (diesel

particulate filter) & A=A
2peFo| = AxVtA7E AHE
g Az o) g F%
AAT FHE A FAITE
ArAstE 27 W3S
(Koebelet al., 2000).

B AW TS AR
AR &7 A FASAE derh
T A FIe] Ak R Tk M=

r_>.:
)
2
I
=
do

A ak

Aol QoA dd8E Aad o FiAbstEo] wAsH=d IMO
A2xAbskE W& FA7F Tier 1IE Zsts WA A9a FHof ghelyo]
AxrbstE AA F2 AFEEY (Bayramoglu et al, 2019;

Bayramoglu & 0zmen, 2021; Nam et al., 2020). Au}o] M2 Zuj
SFAHE R Al wekA F FFHRE FEE=H BRI 7E Al
216 high pressure SCR (HP—SCR), & ttof 31 9™ low pressure
SCR (LP-SCR)Z F-#4¥t}. HP-SCR2 HR¥l o] SCRo| 9 A|5H7]
wEe] Aarbse] &xvk o 500 TR Erhe F-¥o] AR SCRe

13 *—'! Q 1]|
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LP—SCR= HHl $Frhe] SCRo] $A38H7] W&
o] A dzA e¢]Fo] SCRo|l X 4 Urk
7k~ &%7F 150 C g2 Yol H7] &
275 A7 ok d (Zhu et al., 2022). NOx
FH tde 2 Ayt A ke SCRo] £ 4|54
2 AFEET (Um et al, 2019; 959y
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AL Qavwboe] R uUolel o] AAIRMFO R AR Flow,
400 ColAd+= d&38] e8] ok 50%% 23 tt (Koebel et al., 2001).
QA9 s @afo] wow FHujioAl o] AAIMAES] TEs| e}
ArArstE o] 3kflo] ofd Q4] dR& 7 dojut AEH 22 SCRY
Et3 §8o] wolzltt (Sluder et al, 2005). o]= a4d37] ¢shA

| 1l AR E F7IE AEEY] AAVEAE o =2
AY QAT E ¢ Zo] A A& ARE-sa Qi)

ool aEs JNAsk] Sl vhefet A7k = gl

il
e 3AAA ALTEAE AVMEE o HE MY E ARk
Zetzvl MU E AMEE o d 39 Aol FdE] 248 A
a80] HolAt}t (Janget al, 2022; Jo et al., 2016). 245 FA} W2
MAae &3l 22T diddE MAdste A% APEHA=d 24T

FE A 9] 915 (Kumar et al., 2014), FAFE%] 2] t]zkel (Qian et al.,
2019; Strém et al.,, 2009), mixerE AFEste] L AFE AAFHA
FTHdE A (Jang et al, 2021)7F A3t BAME 2457}
GE3w = AH]Ql urea decomposition chamber (UDC) 9] t]x}ele
MAsHE A% A E Tt (Choietal., 2015; Um et al., 2019; Wu et
al, 2014). 183 2455 SCR ¥4 w2 BARH: Ao o}
Q45 71871l A pre—heatings §3 Q45 Fo] FHtd AHE
° A

SCR &4l ¥uste] dis] a8 =

15 A '_| 1_l|



g&#sq e AT S8l 214004 AFF ol I FFES
o 3

=
QnrE dAT 5 e 240

(22 ok i)o] & i] =242 F2 A9 (Krécher et al.,
2009). z7]elE mﬂ deel dEEds #udA Thdste]
omqo}z;,— A3 3ke] SCRe] olid=SCR Aol gt A4
‘ﬂo”?jiﬂr A GRS N ¢

3 e 3tt} (H. Kim et al.,

!

ol

-
ool
P!

rE
2
=
ok
rR r
\1
)
Anj

B :LE]IL WA= W
2014). =3 7]£9 SC e —’F%‘—’H% TAFsEE WA o] grE A
Qo] HZde dEEHE 89 YA Z ALgsheE A% My
2t} (Bérnhorst & Deutschmann, 2021; Braun et al., 2018) .
Bkt E 2 dll 2%7F 58 CTE 4Es] ago] Fov 1&°
B Akl F o 2% 9 ‘{:}EHOP% g 4= 9tk (H. Lee et al., 2013;
Mohan & Dinesha, 2022). 3t Al g T8N FujoA] Alx 2
A e o] Fgo] &olatth= Fiol Atk (BAAYRE, 2022; AT,
2021). Wb @A RES A o] val, 9ol HIsA 7ol
2~34) 7} =t} (Braunetal., 2018). 7F2HA d R 52 Ha 257}
] a&o] o 1&ES iR Ee 259 R Y=
A9E 4 9tk (Y. Kim et al, 2020). ¥4 7h293F e w2 o
b do] v, 'R e Hlsi A 74 o] =tk (Lee et al, 2013).
EFA SEES d B0 o of=E e 9E8s shAuE
Wl 2x7F 180 T2 Q4aWY wow SA4E 7H AAEC]
! = ©8o] 9t} (Gerhart et al.,, 2012; Solla et al., 2005). %
2—3° 7k dRFAE Esetd 54 Fd S Akl

=
>

16 ___:rk | _k:i_ -I_-]i



¥ 2-3. g R g, JtERA 4R E, ¥EAF SEE S E Aad
Ammonium Ammonium Ammonium
carbonate carbamate formate
Molecular formula  (NH;)2COs  NH2COONH;, NH,HCO:
NHs content
20.8 25.6 15.9
(mol/kg)
Decomposition
. 58 60 180
temperature (C)
Easily High NHs Thermal
decompose content stability
into NH3
Advantages ]
Easily Used for
Produced decompose lowering
domestically into NHs freezing point
High price Toxic
Low thermal comparedto intermediate
stability other products
. ammonium
Disadvantages . . .
2~3 times salts Required high
the price of temperature
urea Low thermal for
stability decomposition
17 .-':I-\.\,_ﬁ-l 'H.I.- ] |i -"_l i
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it} (Solla et al.,
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=40l
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Q48 189 wt.%

23.6 wt.%
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A3 FAIAE H TH

Al1E A A=

3.1.1 849w

=

il

2 AFeA diE dY EdE 248 dEREgYE T A
&% ¥ (ammonium  carbonate), Fh=x9k4k % ¥ (ammonium
carbamate), ZFAF &5 7 (ammonium formate) & AF&-3FAt}. 2H2+E]
=45 A =y 39d U AFE Tistel ARSIt
THjAL A el B0 542 oS 3 3—1° F st

kel

3—1. /\Efsu ]/\]_Jg_g QA9 ¢ oLU‘—oﬂ E/H

=

U Ammonium Ammonium Ammonium
rea

carbonate carbamate formate

Formula NH2CONHz2 (NH4) 2CO3 HoNCO2NHy HCO32NH4

Form Soild Powder Powder Granular
ACS ACS
Grade - Reagent
reagent reagent
Pack Size 500 g 500 g 100 g 100 g
) Sigma Sigma Sigma Sigma
Corporation ) . . .
Aldrich Aldrich Aldrich Aldrich
Ztzte] 2 B A kA GEES 44 B 227 2-
H gk

sl E=d BE wde] FHAde Aol
AREALC o FE ShA s 2alE Thetal
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[e)
50 mL

AHg

T

R

=
=

o]

bk

°©

A &

# 23}
AA}A 2 (OHAUS)

=H ¥

A sl s - g

=

=

S

boteh.

Azste] @A}

AR

=

1T AR 40 wt.% 249 20 wt.%

PR

1—3]_0

o
H

T%E (tab water)
|43 &
FYZAF B (conical tube) o] ¥

=

!

100
50

Total

Tab water
40
20

carbonate
20
10

Ammonium

Urea
40
20

Fa o
(wt. %)

[e)
Proportion

Mass (g)

g

% goto)

ol

el

B

golo]
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A2 A2 A ZH

3.2.1 589 B} A

oAl 283 ABAT Agstel g BAb AXE
A 25k,
2gsh ABAE G 247 289 FREE AFH 10~100

THE vt AMEEE S FE8 = Qluh 259 A A
220 FR Fug el wEbd nFEa QAEAet AFa AEAE
FR7L FEEY (2™ 3-1) o5 542 % 3-30 Fshgnt

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

99 3-1. 1% AFAHZ) 9 AT AEA($S)
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A% 51

108 kHz

1.7 MHz

1.6 W

16 W

of F71A 1A
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o

Sy
X3
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) A o2
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sk 2% el 1]

=
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L
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uFak s At
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;OH
o

Aol M= AREE vA A o] F At glor

H
o

=
=

254

FATH(2™ 3-2). AT 2 EA

3|

smz A%

Fx7b Be

1= A

3|

&

Z & A

o}

Kol
=

PN
&

A2 FHo

ol

N
52}

BE

=
T

N

<0

e 3 A (1" 3-3) oA

o|]

|

w5
s

X

e

—

NI

o|]
i

e

X

Mo

Ho

A% QEA)

sl sheie.

Ag A%
WEel 0 ~ 5 V AbolelA

5 Vol”]

[e)
A4 Age
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3.2.1 €& FA

Stainless Steel Tube
(@ =13 mm)
0 Heating
Ultrasonic (180°C)

1
[}
Atomizer '

Insulation Exhaust
A

Flow Rate Atomized|  Thermolysis [T
Solution
Controller

Air
Compressor NH; Acid Traps
(2 mM H,S0, Solution)
200 rm (500 mL x 2}

4
THE o B OEAS Fuch 9Re g P FEE, A
Sy, gryet 42 THHAH LY 3-5)

g BAF FAE BN F8eel BAEW F77t Aol
el @S sho] Bt FEAL WY AV o|FAUT BY
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B

Variable

Experimental conditions

5 min

Injection device stabilization

time

3 mL

Solution volume in injection

device

5 min

Experiment operational time

5 mL from each impinger

Sampling

Time between each

10 min

experiment

55 (AF)

=22} o}
= =

2g(ACM), £

HFAL o)
= =

25 (ACN), 7I=

o}
=

Y

loay
o]
—_
110

=0

i+
oji
o
<N

o
)

)A
T

jans

g sreie

fo}J

Amjol PEE
17.5 mol NHs/kg

17.5 mol NHs/kg solution?]

gk,

o]
=

20 wt.%, {49}
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wt.%, 2183 249 XA dRE E3 FEANA FA R
&S 26.25 wt.%z2 AR 789 AItg A4S 90 mg
solution/min® 2 AF3 A9 FEIA FPFo| FLHo] WA
grom Qo F4 7he W del Eoles oz HdAsiith
SCR &4 9 #s L9 AFANE ndste] #y A7|29] L&
300 CT=, A F8&99 #F W72 J AFALE 2 22
AT AFAIE 222 FAS] AsiA #E AVIR 22X,
2HE A e Zolgt AAE mEste] JEle] TRAD 3719
&< 0.59 L/minC® AAbstth 3 3-50] A3 1S st

LHER ST

28




E 3-5. 4RFEd v A 24

Experimental .
.. Variable
conditions
Urea and Urea and Urea and
Types of . . .
] ACN mixed ACM mixed AF mixed
solution ) ] ]
solution solution solution
Composition of 40% urea, 40% urea, 40% urea,
solutions 20% ACN, 16.25% ACM, 26.25% AF,
(Wt.%) 40% water 43.75% water 33.75% water

NHs content
per unit mass
of the solution

17.5 mol NHs/kg solution

Injectionrate 90 mg solution/min

Furnace
300 °C
temperature
Residence
] 2 sec
time
Carrier gas )
0.59 L/min
flow rate

3.3.3 4 Aday gl 43

ad gEEIS ETW FEAL ARSI gumels
SAAZ W BAE A ENT QA elsty] Sls) B A sl E)
F9l YL Yt

Qad guEdel HUR EAT we EFHEYS 9 gmior
B vasy] faA 24 9l £8e, dRFd W F4
s PRFY E£F AL FAT zdA Ardstan



¥ 3-6. A A ad g A3 =

Experimental

.. Variable
conditions
Urea and
Types of . . )
] Urea solution ACN solution ACN mixed
solution )
solution
Composition of 40% urea,
) 40% urea, 20% ACN,
solutions 20% ACN,
60% water 80% water
(wt. %) 40% water
Injectionrate 60 mg solution/min
Furnace
300, 400 °C
temperature
Residence
. 2 sec
time
Carrier gas
g 0.59 L/min

flow rate

30 f—'! k-_. 1_]| & ].



QA0 BRI RF 23S SlA Qa7 Bt E o tiAE o
ol WAEF W 940 AFE] g&o] FUst=A ERlsH7] flaElA
=3 vl& nu AYs Tyt

ol st fsiA 24t iRy £ FE&A a4
kR o) Bl S-S v dESE e Yol AR 949
sl maES ek AYESE HIgsth FEHe eig)
kbR E vES AYsta st oA dEsliskith. 27
T&o FRYol g Aol Abgets L agel FdekA 13.3
mol NHs/kg solution® AAsFATE 84 5 wt.% e @A EH 8

wt. %2 YEYol o] FUSTZE 13.3 mol NHs/kg solution]
dEYol s fFAst7] A 84 vEo]l b5 wt.% AT o
AL O B &S 8 wt.% Z7/1elE = Q49 B R EFEO HES
T8N 35 wt.% 249}

8 wt.% ¥R gH &3 =89 30 wt.% 249 16 wt.% ¥-AFSE
A9 24 wt.e BAIRE &3 &
RN At BAFFS 118 mg solution/min ©. =,
25 300 CT= Attt Eakd 789 #3 A

W AFAIRERS 222 Al Aol 7FAal 3719 %2 0.
L/min® 2 AAgsdeh % 3-7] A48 1S A st Jepysi
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Variable

Experimental

conditions

25% urea,
24% ACN,

30% urea,

35% urea,

Composition

40% urea,

of solutions

16% ACN,
57% water 54% water 51% water

8% ACN,

60% water

(Wt.%)

NH; content

13.3 mol NHs/kg solution

per unit mass

of the solution

118 mg solution/min

Injectionrate

Furnace

300 °C

temperature

2 sec

Residence

time

Carrier gas

0.59 L/min

flow rate

3.3.5 1

371 $laiA

—_—

o

o

7haheA)

=
[e)

—_—
file}

3 ALgo]

g

b

S

A1

ol A

TFAaste g 7)Eo Aol A ARE

ol

solution/min2.

118 mg

40 wt.ez A

H] &2

oy
-T-

e,

3t

wt. %% A7 EAFEFS 90 mg solution/minoZ A%
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g ¥ 1.57 mmol NHs/min®] $FE Yo} shgfo] A 7ke

g A7) 79

F AZIZ I AFAEE 222 AT g &
[e]

EERRE B

PN
T
Ay ©3
PN
T

=
LT 300 C®E AASY

7kl w719 #7 0.59

L/min® 2 Agstlth % 3-8 44 x5 Ffst] Yehliith

Experimental

conditions

Composition of
solutions
(wt.%)

Injectionrate

(mg solution/min)

Injected NH3
content per unit

time
Furnace
temperature

Residence time

Carrier gas flow

rate

EXl
Variable

40% urea,
40% urea,

20% ACN
60% water

40% water

118 90

1.57 mmol NH3/min

300 °C

2 sec

0.59 L/min
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Al 42 24 WY
3.4.1 ¢EYol A BF

YRl BAZS L4 flete] MEHE
PR el shRyerd A (NH3-N) <
s (mg/L) & S48 bEYoM] A4 s+ EPA standard
methods®l] A Azx¥ FARA 71E (HS—NH;(N) —H, Humas,
1%¥13-6) 9 UV—vis spectrophotometer (Cary 3500, Agilent, 7¥3—
75 ol&ste] At A 7]E= Nessler methodell
oA AlRE Yod wdbdor whAlEy WAl HTE UV-Vis
spectrophotometer& &3 =43 th ©] W] ammonium chlorideE
Abg-ske] ROl A £FEEA(L, 5, 10, 20, 50 mg NH3-N/L)=
RS0 Azhe] AR o dRYoMd dAA s et

ﬂ&

9% 3-6. }wUold Aa R AL FARA B (HS-

NHz(N) —H)

2% 3-7. ¢Eyekd dx wE APl olg®  UV-Vis
spectrophotometer (Cary 3500)
34 o ,H Bt



= WA EF (mol NHs/kg solution) & 73171
gl AR gRYoY Ax TR, ¢EUol TR A Fgo

3, g3 89 BAMES 18ste] 4 3-12 ARSIt

1g  14.01g 1kg
[NH3]y = [NH3 — N] X Vy,50, X 1000mg = 1mol (AM % 10009)

(2] 3-1

o714, [NH3]y: SR Yol WA= (mol NHs/kg solution)
[NH3 —N]: &5 Yobd A4 5% (mg/L)

= Hlwstel Tl olE4 ¢dRyel = (mol
)

NH%/kg solution) & 1 kg® F§q°] drYol oz Fgo
Q49 BAUREE &Y 249 BHAIIEE 159 282 dEYot
A= RS ol g3ste] 2 3-22 AAlE
1000
[NH3], = 9« (purea X 2+ Pacn 2)
lkg M rea ACN
(213-2)

o]714, [NH3];: ©] 2% tF o} &

A ZF (
o =
Purear Pacn: TEH] a4 BA
(@)
i

Murea:MACN: a
B A& (%) FRUCl MRS olgF gruol FPow
WA Tt olg EdllA dREEE S FEdo] drpt
Fryotz AFE A Belatst.
L4y dEE TalA 1= dEYolz Eaidt. webq o
%%ﬂiﬁ%?ﬁ%ﬁ?%%ﬁ%%Q%l%%OEﬂi%Eﬁﬁﬁﬁ%
el AAE ST gmuel WARS FIl AdstArh o
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AR HFS 100 EEE Hoiw 7Pdstan 2l 3-38 AFESE]

wal & AN

e

O

10009 pACN ) ( 10009 purea )
=\||NH3|,, — X X 2]+ X X 1) %100
Gurea <[ ]M 1kg Mycn 1kg Myrea
(2 3—-3)

A7IA, eyrea: 240 Awdl &8 (%)

3.4.3 &3 QYA £

G Aol FgAS s dEEeksd s oUAE
A7) f1eke] F8AS FASE 2+ B4 HlE, Wb dEy,
49 3t EAS o] g3t o]lE FAA FEN Eo Fu
gkt Fol falE SR E ol I, Q4o ARl ZHesk
oUAE EA33 o] ok 2.1.20014 AFFEo] 249
dEH+= F9o ST o] dojyrz 1A AEje L4t Halu=
Rog 7. 2429 EI &%= 133 ColAW, 152 T
ool A Fal7F wEA dojuyr] wtel dsEl dUAE 24T o
QA7 B EHE &5 2 152 CE 7F43st9th (Bernhardet al,, 2011;

t al.,, 2009; Schaber et al., 2004) . §AtI R Fo] &35 =
FEN dEFE o] JIHUYCIE o] AHE TAsted EH
ol FE&Ho] ZtAHWH =Fo] FHetr] Aol A dRUYol=
FtE=d 2 dATelAEs APHs 2EF EFFeE 100 CE
7} 83 tl (I.N. Tang & Munkelwitz, 1989). 18] 31 §#o] g£3= u

o] T 33 Eo] ByHa & B Alo]l7 Sojrt= oA Pol
4 9 WEHI ol gdldolgta sh=dl, T 3 duXe] HlF
A3 AR Ee] Sade] e AT R AEIE glo] B AFeMe
1# A Ut (Kilday, 1980). olgst 714 LS EajA &9 = (4
3—4), dEF oL Iy (2 3-5), &4 dEIH (& 3-6<
A A T
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1 g X (1 — Purea _pACN)

Mwater

Evaporization -

1kJ
1000 J

X (Cp(water) x (373.15 K — 298.15K) x

+ (AH;(HZO (9),373.15K) — AH;(H,0 (1), 373.15K) ))

(2] 3—4)
1g X
By = 9 X Pacn % 2
Mycn

1kJ
1000 J

X (C,,(NH;) x (373.15 K — 298.15K) X

+ (aH; (WH, (9),373.15K) — AH; (N H; (ag), 373.15K) )>

1 g X ru‘rea
E [

urea
Murea

1kJ
1000 J

X (c,, (urea) x (425.15 K — 298.15K) x
+ (AH; (NH; (g),425.15K) + AH;(HNCO (g),425.15K)
— AH;(Urea (s), 425.151()))

(2] 3-6)

AN, Epaporization: & =% oA (kD)
=

Epen dEgol SdE dEFE ol T ouyxA (k])

>
=
ke
N
oz
0>
©,
i}
=
%‘
—y
~
8
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woll mejshA] eroke. ouA] HlgE obM 3.4.39 WO ARtk
A AR FEAs dwdshod Badt ouxel <vA A
3 1.2 ATzl a4 Faf Hge

o dwelzh dolwt # ojimAljkte] Tk Erh dofur] wlie]
B A grEyote] mkAgge]

(= ATk vy ofRAIQRALS] ThrEe
Hheoln® oA Hg-& AN ) dRsel Bast oyt

o o i
g
o
>
>~
2
2
1o
N
&
"
S
oy
e
2w
e
k)
kl
N
o,
ol
2
e
o
12
e
i
o

1ton 100 cents
Csotution = | Purea X Curea + Pacn X Cacn) X 106 g % 1USD

Purea Pacn
- X2+ X 2)
(Murea Mycn

(21 3=7)

1kWh  1kg
Cenergy = (Ethermolysis X Celectricity X 3600 k] X 1000 g)

Purea Pacn
= X2+ X 2)
<Murea Mycn

(4] 3-8)

AN, Csotution: T&N 7FA (cents/mol NHs)
Cenergy' IHA BI& (cents/mol NHs)
Ethermotysiss Ai-all ol =] (kJ/kgsolution)
Cetectricity: 71 744 (cents/kWh)
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A4 FARATD L B

eHb b E ¥ (ammonium carbonate), ZFE29HAF ¢F R (ammonium
carbamate), ¥54F ¢5F (ammonium formate) & 249} &31817]
Agtst =4 AAs7] dAsiA A dReEd

TFE&A ARz BAE dRYol wAF EAES Ty (IH
4-1). 849 B EE £ F8&9 (Urea—ACN), 248 7=t
UnE &3 89 (Urea—ACM), 18|31 249 XFA 4R F &3
&N (Urea—AF) EF o4 dryol TFE 175 molkg
solution®. 2 L33t FLs R Yol &= (1.57 mmol/min)©]
TAEES 7M. $89E 300 cCelld 2z AFARFE

ARAFAL. 1 A3, Q28 BUGEE, 229 A2 FEE,
PN
T

=

=
5.80, 1¥]x 3.77 mol/kg solution® &3S

By, X5 4EE
o]l o 2 ¥
ZFERRAE EES At oE e 25%1 60 °ColA EsiUt
Ui #A4sk uAZE 55 ki/mol HER WANRIEEI EEAT
woll vdl] d&de] golsttt (H. Lee et al., 2013; Ramachandran
st SA wiol A bA o] Hol AN =
Qlo] A 2oA H o] FQ3stt (Braun et al.,
2018). Wb eagh kEMAE dRw £ FEAe Axshs
8
o] frasho] ¢ | o] YolRl &S 52 Atk
=
180 °ColA Zal7F Lofitr] wZeoll 23lE sl AFelA] AFgE=
SAFRT H & 257t d83ttt (Gerhart et al., 2012). wehbA
P
2

g9 A9 AR s o

39 A1 = TH
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el

Urea-AF

Urea-ACM

Urea-ACN

20

18 -

16 4 Theoretical NH; content

T T
<+ ol

(uonnjos 3x/jow) *HN

11°
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Qa9 AR ES EFF 1vE FE&AS dislete dast
AAE A &9 Ao FEAS dRde=d Hed
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Aottt 'R EE &efol wE fEw o9 $del] AL
oJlUx= 374 kl/kg solution® 2 F7FA N o= & ZFubo] 3t
AFA ZHaFkel Hlsl A7) wEel F oouA= 2,869 klke
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L 1,560 1,040
vaporization
Ammonium
carbonate 0 374
decomposition
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. 1,309 1,309
decomposition
Total 2,869 2,723
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O ACN decomposition
250 A B Urea decomposition
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AFESHE @4 gel BlE|A oA H]€2 1.14 cents/mol NHzollA]
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(Braun et al., 2018).
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Abstract

A Study on Thermolysis Efficiency of
Urea and Ammonium Carbonate
Mixed Solution for NHs Production

Minjae Park
Department of Civil and Environmental Engineering
The Graduate School

Seoul National University

Selective catalytic reduction (SCR) is the most common process
for removing nitrogen oxides, in which nitrogen oxides are reduced
to nitrogen gas and water in a reaction with ammonia on a catalyst.
Urea water solution (UWS), which is safe to transport and store and
relatively cheap, is widely used as a reducing agent for SCR.
However, UWS has a disadvantage of having a low thermolysis
efficiency in the operating temperature range of SCR, which is
300~400 TC. Therefore, thereis a problem that additional energy is
required in facilities (thermal power plants, incinerators, sintering
furnaces in steel mills, and engines of ships) where combustion gas
is reheated to decompose UWS. In addition, as experienced in the
UWS shortage in South Korea in 2021, urea is subject to large price
fluctuations and can be difficult to supply because it is highly relying
on few countries, highlighting the need for alternative reducing
agents. Ammonium salts such as ammonium carbonate, ammonium
carbamate, and ammonium formate have been studied as substitutes
for urea due to their high thermolysis efficiency, but they have
limitations in completely replacing urea due to their higherj%:rictek aI:dI
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lower ammonia content than urea. Instead, if urea and ammonium
salts are mixed, the thermolysis efficiency of the solution can be
increased compared to UWS, and the price and ammonia content can
be improved comparedto that of ammonium salt solutions. Therefore,
research is needed on how the mixture of urea and ammonium salts
solution affects ammonia production through thermolysis.

In this study, we investigated the effect of mixing urea and
ammonium salts on the amount of ammonia produced and the
thermolysis efficiency of the solution. First, in order to select an
appropriate substance for mixing with urea among ammonium
carbonate, ammonium carbamate, and ammonium formate, each
substance was mixed with urea and the solution was thermally
decomposed to compare the amount of ammonia produced. The
ammonia content of each mixed solution was identical by fixing the
urearatio and mixing the ammonium salt with same ammonia content.
Among the three mixed solutions, it was confirmed that the amount
of ammonia produced by the mixed solution of urea and ammonium
carbonate was the highest. Also, to check if there is a inhibition effect
between urea and ammonium carbonate, the sum of the ammonia
production of 40 wt.% urea solution and 20 wt.% ammonium
carbonate solution and the ammonia production of 40 wt.% urea and
20 wt.% ammonium carbonate mixed solution were compared.
Comparing the amount of ammonia produced at 300 C and 400 T, it
was confirmed that there was no inhibition effect between urea and
ammonium carbonate. Therefore, ammonium carbonate was selected
as the mixing substance among ammonium salts. The amount of
ammonia produced and the thermolysis efficiency of urea were
analyzed according to the proportion of urea and ammonium
carbonate in the mixed solution. When the proportion of urea and
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ammonium carbonate in the mixed solution was changed in a state
where the ammonia content of the mixed solution was the same as
that of the 40 wt.% urea water, as the proportion of ammonium
carbonate ratio increased, the amount of ammonia produced and the
thermal decomposition efficiency of urea increased. In addition, the
mixed solution of 40 wt.% urea and 20 wt.% ammonium carbonate
with high ammonia content also increased the amount of ammonia
produced and the thermal decomposition efficiency of urea compared
to that of UWS. Through these results, it was confirmed that the
thermolysis efficiency of the solution increases when urea and
ammonium carbonate are mixed. Analyzing the energy required for
thermolysis of the mixed solution, it was determined that ammonium
carbonate requires less energy for thermolysis than urea, and in the
case of mixed solution with high ammonia content, the proportion of
water 1s low, so it is expected that the thermolysis efficiency will
increase when ammonium carbonate is mixed.

However, because the price of ammonium carbonate is higher
than that of urea, the price increase of the mixed solution of urea and
ammonium carbonate and the decrease in energy cost due to the
improvement in thermolysis efficiency were considered together to
analyze the cost of ammonia production from the mixed solution. As
a result, the overall cost of ammonia production increased compared
to that of UWS because the price increase of the mixed solution was
greater than the decrease in energy cost. However, as the prices of
urea and energy increase, the difference in ammonia production cost
between UWS and the mixed solution decreases.

In conclusion, while mixing urea and ammonium carbonate
improves the thermolysis efficiency of the solution, the cost of
ammonia production is higher compared to that of UWS. However, if
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the prices of urea and energy increase, the cost of ammonia
production from the mixed solution gets lower than that of UWS, and
it can be competitive as an alternative of UWS to reduce the

dependence on urea when urea supply is difficult.

Keywords : Ammonium carbonate, Urea, Mixed solution, Thermolysis
efficiency, SCR
Student Number : 2021-20180

72 -':I'\-\.-E I'l-.ll w]



	제 1 장 서론
	제 1 절 연구의 배경
	제 2 절 연구의 목적
	제 3 절 연구의 범위
	제 2 장 문헌 연구
	제 1 절 요소수
	2.1.1 요소수의 개념 및 특성
	2.1.2 요소수의 분해과정
	2.1.3 적용 시설
	2.1.4 열분해 효율 개선 연구

	제 2 절 암모늄염
	2.2.1 암모늄염의 종류 및 특성
	2.2.2 요소와 암모늄염 혼합 연구

	제 3 장 실험재료 및 방법
	제 1 절 실험 재료
	3.1.1 요소 및 암모늄염
	3.1.2 수용액 제조

	제 2 절 실험 장비
	3.2.1 수용액 분사 장치 
	3.2.2 열분해 장치

	제 3 절 실험 방법
	3.3.1 실험 과정 공통
	3.3.2 암모늄염 비교 실험
	3.3.3 물질간 저해효과 확인 실험
	3.3.4 혼합 비율 비교 실험
	3.3.5 고농도 수용액 실험

	제 4 절 분석 방법
	3.4.1 암모니아 발생량
	3.4.2 분해 효율
	3.4.3 열분해 에너지 분석
	3.4.4 비용 분석

	제 4 장 실험결과 및 분석
	제 1 절 암모늄염 비교 실험
	4.1.1 암모니아 발생량
	4.1.2 암모늄염 선정

	제 2 절 물질간 저해효과 확인 실험
	4.2.1 암모니아 발생량

	제 3 절 혼합 비율 비교 실험
	4.3.1 암모니아 발생량 및 열분해 효율
	4.3.2 열분해 에너지 분석
	4.3.3 비용 분석

	제 4 절 고농도 수용액 실험
	4.4.1 암모니아 발생량 및 열분해 효율
	4.4.2 열분해 에너지 분석
	4.4.3 비용 분석

	제 5 장 결론
	참고문헌
	Abstract


<startpage>10
제 1 장 서론 1
제 1 절 연구의 배경 1
제 2 절 연구의 목적 4
제 3 절 연구의 범위 5
제 2 장 문헌 연구 7
제 1 절 요소수 7
   2.1.1 요소수의 개념 및 특성 7
   2.1.2 요소수의 분해과정 10
   2.1.3 적용 시설 12
   2.1.4 열분해 효율 개선 연구 15
제 2 절 암모늄염 16
   2.2.1 암모늄염의 종류 및 특성 16
   2.2.2 요소와 암모늄염 혼합 연구 18
제 3 장 실험재료 및 방법 19
제 1 절 실험 재료 19
   3.1.1 요소 및 암모늄염 19
   3.1.2 수용액 제조 20
제 2 절 실험 장비 21
   3.2.1 수용액 분사 장치  21
   3.2.2 열분해 장치 24
제 3 절 실험 방법 26
   3.3.1 실험 과정 공통 26
   3.3.2 암모늄염 비교 실험 27
   3.3.3 물질간 저해효과 확인 실험 29
   3.3.4 혼합 비율 비교 실험 31
   3.3.5 고농도 수용액 실험 32
제 4 절 분석 방법 34
   3.4.1 암모니아 발생량 34
   3.4.2 분해 효율 35
   3.4.3 열분해 에너지 분석 36
   3.4.4 비용 분석 37
제 4 장 실험결과 및 분석 39
제 1 절 암모늄염 비교 실험 39
   4.1.1 암모니아 발생량 39
   4.1.2 암모늄염 선정 41
제 2 절 물질간 저해효과 확인 실험 42
   4.2.1 암모니아 발생량 42
제 3 절 혼합 비율 비교 실험 45
   4.3.1 암모니아 발생량 및 열분해 효율 45
   4.3.2 열분해 에너지 분석 47
   4.3.3 비용 분석 50
제 4 절 고농도 수용액 실험 53
   4.4.1 암모니아 발생량 및 열분해 효율 53
   4.4.2 열분해 에너지 분석 55
   4.4.3 비용 분석 57
제 5 장 결론 59
참고문헌 61
Abstract 69
</body>

