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A Teollisuuden Vesi

Taustaa

e [Iman esilammittimien vauriot

e Mittaukset Piletarsaaressa
(Andritz/Teollisuuden Vesi)

 Onko vedessa jotain sellaista, mita siella
el pitaisi?

e LieriOn paine ja lampotila

o -> SKYREC-mittaukset Kotkassa; hyva
lisavesi, el orgaanisia kemikaaleja



";Teollisu uden Vesi

TOC vesihoyrykierrossa

e Lisavesi
e Kemikaalit
e Lauhde

* Vedenkasittely (hartsit +
lauhteenpuhdistus/precoat-massat)

e Tavolte:
— kationivaihdettu johtokyky < 0,2 uS/cm
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Teollisuuden Vesi
HOYRY
Stora Enso, Kotka CE2 30.3 klo:13.35-14.30 KOMBILTA
Tase 1: normaali kemikaliointi 31,61 kg/s
TOC < 0,1 mg/l
TOC < 3,16 mg/s
TUHO CE2
442,84 °C
78,81 bar
25,17 kg/s
TOC< 0,1 mg/l LAUHDE ennen MB:t&
TOC < 2,20 mg/s 39,16 kg/s SUOLATON
_ TOC < 0,1 mg/l VESI
TOC < 3,92 mg/s TOC 0,14 mg/l
2 SUOLATON
LIERIO VESI
87,40 bar _ MB
Jup LAUHDE CE2 MB:n
0,56 kg/s jalkeen LAUHDE KOMBI
TOC 0,70 mg/l 15,77 kg/s MB:n jalkeen
TOC 0,39 mg/s TOC < 0,1 mg/l 21,78 kg/s
TOC < 1,58 mg/s TOC<0,1 mg/l
TOC < 2,18 mg/s
KAVE KAASUNPOISTO >
TOC 0,70 mg/l HOYRY
0,826 kg/s
TOC < 0,1 mg/l
TOC < 0,08 mg/s LIVE
10,73 kg/s
SYVE siilio TOC 0,16 mg/l
65,0 bar TOC 1,72 mg/s
115,75°C HAIHTUVAT
SYVE KEMIKAALIT
27,27 kgls 1.81h
TOCO0,12 mg/l TOC 12,5 mgl/l
TOC 3,27 mg/s TOC 22,5 mg/h
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Teollisuuden Vesi
HOYRY
StoraEnso, Kotka CE2 31.3 klo:11.00-13.30 KOMBILTA
Tase 2:ilman haihtuvia alkaleja 39,65 kg/s
TOC < 0,1 mg/l
TOC < 3,96 mg/s
TUHO CE2
438,83°C
78,97 bar
22,06 kg/s
TOC<0,1 mg/l LAUHDE ennen MB:ta
TOC <2,21 mg/s 42,11 kgls SUOLATON
- TOC 0,14 mg/l VESI
TOC 5,90 mg/s TOC 0,27 mgl/l
& SUOLATON
LIERIO VESI
83,49 bar , MB
JUP LAUHDE CE2 MB:n
0,55kg/s jalkeen LAUHDE KOMBI
TOC 0,86 mg/l 16,54 kgls MB:n jalkeen
TOC 0,47 mg/s TOC 0,15 mg/l 23,66 kg/s
TOC 2,48 mg/s TOC 0,15 mg/l
TOC 3,55 mg/s
KAVE KAASUNPOISTO —>
TOC 0,86 mg/l HOYRY
0,58 kg/s
TOC< 0,1 mg/l
TOC < 0,06 mg/s LIVE
6,19 kg/s
SYVE siilio TOC 0,25 mg/l
65,0 bar TOC 1,55 mg/s
115,86 °C HAIHTUVAT
SYVE KEMIKAALIT
23,61 kgls 0lh
TOC 0,15 mg/l TOC O mg/l
TOC 3,54 mg/s TOC 0 mg/h




A Teollisuuden Vesi

Néayte TUHO CE2 |Kokonaislauhde |Lauhde MB:n [CE2 Syve Live MB:n Suolaton vesi
jalkeen jalkeen

Naytteenottoaika | 30.3.2009 30.3.2009 30.3.2009 30.3.2009 30.3.2009 30.3.2009
13:35 14:30 14:30 13:35 14:30 13:35

F (ug/L) <0,4 <0,4 <0,4 <0,4 <0,4 <0,4

Asetaatti (ug/L) 15,6 6,8 0,5 1,1 0,6 0,6

Formiaatti (ug/L) <0,4 3,2 <0,4 0,7 0,4 0,4

Cl (ug/L) 0,4 2,9 0,3 0,6 0,4 0,4

NO, (ug/L) <0,4 <0,4 <0,4 0,6 0,3 0,3

NO; (ug/L) <04 0,4 0,5 0,3 0,3 <04

SO, (ng/L) 2,2 4,2 0,8 <0,4 <04 <04

HPO, (ug/L) <0,4 <0,4 <0,4 <0,4 <0,4 <0,4

Oksalaatti (pg/L) 0,8 0,3 <04 <0,4 <0,4 <0,4

CO, (Mg/L) * <10,0 20,0 <10,0 <10,0 <10,0 <10,0

Nayte TUHO CE2 |Kokonaislauhde |Lauhde MB:n [CE2 Syve Live MB:n Suolaton vesi

jalkeen jalkeen

Néaytteenottoaika | 30.3.2009 30.3.2009 30.3.2009 30.3.2009 30.3.2009 30.3.2009
13:35 14:30 14:30 13:35 14:30 13:35

kationivaihdettu

johtokyky 0,24 0,31 - 0,07 - -

suora johtokyky 4,01 0,07 0,06 0,73




A Teollisuuden Vesi

Nayte TUHO CE2 |Kokonaislauhde |Lauhde MB:n [CE2 Syve Live MB:n Suolaton vesi
jalkeen jalkeen

Néaytteenottoaika | 31.3.2009 31.3.2009 31.3.2009 31.3.2009 31.3.2009 31.3.2009
9:40 13:30 13:30 9:40 13:30 9:40

F (ug/L) <04 <0,4 <0,4 <0,4 <0,4 <0,4

Asetaatti (ug/L) 16,4 0,7 0,5 1,3 0,6 0,5

Formiaatti (ug/L) <0,4 0,6 0,4 0,6 0,4 0,4

Cl (ug/L) 0,8 8,6 <04 0,4 0,4 0,4

NO, (ug/L) <04 <0,4 <0,4 <0,4 <04 <0,4

NO; (ug/L) 0,3 0,6 <04 <04 <04 0,3

SO, (Ma/L) 5,1 6,8 <04 <0,4 <04 <0,4

HPO, (1g/L) <04 <04 <04 <04 <04 <0,4

Oksalaatti (ug/L) <04 1,4 <04 <0,4 <0,4 <04

CO, (ug/L) * <10,0 < 10,0 <10,0 <10,0 <10,0 <10,0

Nayte TUHO CE2 |Kokonaislauhde [Lauhde MB:n |CE2 Syve Live MB:n Suolaton vesi

jalkeen jalkeen

Naytteenottoaika | 31.3.2009 31.3.2009 31.3.2009 31.3.2009 31.3.2009 31.3.2009
9:40 13:30 13:30 9:40 13:30 9:40

kationivaihdettu

johtokyky 0,20 0,22 - 0,07 -

suora johtokyky 0,64 0,07 0,06 1,05
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Teollisuuden Vesi

15.10 klo:14:10
Nalco 68248 norm.
annostelu

TUHO
131 kg/s
TOC 0,85 mg/l

KYHO

130 kg/s

TOC 0,94 mg/l
TOC 122,2 mg/s

UP
4 kgls

KAVE
TOC 2,2 mg/l

6 bar HOYRY

TOC 111,4 mg/s

AK:lta
3,2Kkgls

RUISKUT
1,3 kgls
TOC 1,02 mg/l Lauhdesailio 1 Lauhdesailio 2
TOC 1,3 mg/s

LAUHDE

95 kg/s

TOC 78,0 mg/s 35 kgls

TOC 0,31 mg/l
TOC 10,9 mg/s

LAUHDE + LIVE 2

LAUHDE+LIVE1
130 kg/s

TOC 0,73 mg/l
TOC 94,9 mg/s

130 kg/s

TOC 0,38 mg/I
SYVE ennen TOC 49,4 mg/s
EKOa
139 kg/s NALCO
TOC 1,02 mg/l 0,002 /s
TOC 142 mg/s TOC 0,15 kg/l

TOC 305 mg/s




S‘Teollisuuden Vesi

Anionit/Pletarsaari

Fluoridi{Asetaatti|Formiaatti{Kloridi|Nitraatti|SulfaattiiOksalaatti

1. TUHO T6 14.1.09

12.15 <0,5 35.8 3.1 1.5 | <05 1.0 1.3
2. TUHO T6 14.1.09
15.00 <0,5 39.4 3.2 0.8 | <0,5 0.8 0.9
3. TUHO T6 15.1.09
9.30 <0,5 36.9 2.8 5.2 | <0,5 2.0 0.9

4. LAUHDE PRECOAT
JALK. 15.1.09 9.30 1.0 39.9 1.2 3.8 <0,5 29.0 1.1




A Teollisuuden Vesi

TOC lisavedessa

* Nostaa kationivaihdettua johtokykya
(esim. syottovesi):

0,07 uS/cm 0,7 uS/cm

 Pudottaa ensilauhteen pH:ta -> riski
korroosiolle kasvaa lauhdepiirissa

e Nostaa kemikaalien kulutusta
e Valkeuttaa muutosten seurantaa
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A Teollisuuden Vesi

(at Temperature)

pH

Hillidioksidi el ongelma

= = = Pyre water
m—— 1.5 mg- kg~ NH,OH
10 m——— 1 5mg-kg~' NH,OH +1mg- kg™ CO,

25 50 5 100 s s e s 200
Temperature [°C]




:Teollisuuden Vesi

Muut hapot lauhtuvat helpommin
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Haihtuvuus (volatility) ja

Species Unit Boiler Water Steam | Early Condensate
Chloride 7o 2 16
Sulfate 190 2 8
Phosphate 390 <5 <D
Acetate ug - kg™ 37 17 587
Formate 2 2 497
Carbonate 550 135 210
Ammonia —~ 1330 317

pH (25 °C) - 9.4 5.7

pH (100 °C) —~ 8.1 BT
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Teollisuuden Vesi

Muut muuttujat:
Virtausnopeus ja lampaotila
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Parannuskeinot

« Parempi lisaveden
laatu

« Ei hapenpoisto-
kemikaalia

e Paremmat materiaalit

e Virtausolosuhteet

— tasaisempi
virtausjakauma

— Pienempi virtausnopeus
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Teollisuuden Vesi

Jatkotilaus
Veden laadun parantaminen

« TOC ja perinteinen
lisdveden valmistus
— loninvaihto
— Scavenger
— Eri hartsityypit ja
loninvaihtoprosessit
« TOC-pitoisuutta pienentavat e
menetelmat prosessin eri
vaiheisiin
— Aktiivihiil
— Kalvotekniikat

 Nanosuodatus
o Kaanteisosmoosi

— UV/AOP
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Maija Vidqgvist, Teollisuuden Vesi Oy - tilanneraportti:
TOC-poistomenetelmaét ja niiden soveltuvuus soodakattiloiden lisaveden
valmistukseen



A Teollisuuden Vesi .
19.11.2009/MV Sivul/1l

Tilauksenne 16 A0913/S88

TOC-poistomenetelmat ja niiden soveltuvuus soodakattiloiden lisdveden valmistukseen

Valiraportti

Teollisuuden Vedeltd on tilattu kirjallisuusselvitys TOC-poistomenetelmisté seké
selvitys ioninvaihtomassojen toiminnasta orgaanisten aineiden poistoon. Ty6t on
aloitettu tarjouksen mukaisesti syyskuun alussa ja ne ovat edenneet suunnitelmien
mukaan.

Kirjallisuusosassa tuodaan esille eri TOC-poistoon soveltuvat menetelmat
(nanosuodatus, kaanteisosmoosi, aktiivihiilisuodatus ja erilaiset UV-tekniikat mukaan
lukien AOP-Advanced Oxidation Process) ja niiden tehokkuus.
Investointikustannuksista annetaan arvio.

loninvaihtomassojen toimintaa selvitetdan kirjallisuusosan lisdksi myos laboratorio-
olosuhteissa niin, ettd sekd Rauman Botnian ettd Stora Enson Kotkan laitoksilta on
hankittu ndytteet anionivaihtomassoista. Massoille on tehty/tehdaén seuraavat kokeet:

- TOC-likaantuminen (mg/g hartsia)
- Kokonaiskapasiteetti ja vahva kapasiteetti
- TOC-kapasiteetti ja elvyttyminen

Néiden kokeiden lisdksi molemmilta laitoksilta on lahetetty vesindytteet laboratorioon
Saksaan luonnon orgaanisen aineen jakautumisen maarittamiseksi
vedenkasittelyprosessin eri vaiheista mm.:

- liuennut hiili, DOC

- biopolymeerit (polysakkaridit, proteiinit)

- neutraalit orgaaniset aineet (alkoholit, aldehydit, ketonit)
- orgaaniset hapot

Tyon alustavat tulokset esitelldaan 10.12.09 ns. projektipalaverissa Kotkan, Rauman ja
Pietarsaaren kayttohenkilokunnan kesken. Varsinaiseen jakeluun kommentteja varten
raportti tutkimustuloksineen ja liitteineen toimitetaan viimeistaén 9.1.20009.

Teollisuuden Vesi Oy Hyllyvéantie 6-8
Y -tunnus1855496-8 04600 MANTSALA
www.teollisuudenvesi.fi gsm 040 503 1258
info@teollisuudenvesi.fi
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Tero Luukkonen, Oulun Yliopisto - tilanneraportti:
Soodakattilalaitoksen lisaveden orgaanisen aineen (TOC) vahentdminen



Soodakattilalaitoksen lisaveden
orgaanisen aineen (TOC)
vahentdminen

20.11.2009
Tero Luukkonen

Mita tdhan mennessa tehty

TOC-mittaussarjat (4 kpl) tutkittavilta laitoksilta
(Stora Enso, Kemira, Oulun vesi)

Ioninvaithdon ajovatheen vaikutus TOC-
poistumaan

Oulun veden valmistaman talousveden kaytto
raakavetena

Mittaussarjat Veitsiluodon vedenpuhdistamolta
sekd Kurkelanrannasta (Oulun veden toinen laitos)
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TOC-mittaussarjojen tuloksia

Stora Enso (keskiarvo) | Kemira (keskiarvo)
Nayte Ippm /ppm
Raakavesi 11,70 11,75
Flotaation jalkeen 3,41 3,47
Hiekkasuodatuksen jalkeen 2,62 2,57
Kationinvaihtimen jalkeen 2,40 2,28
Heikon anioninvaihtimen jalkeen 0,46 -
Vahvan anioninvaihtimen jalkeen 0,22 0,46
Sekavaihtimen jalkeen 0,19 0,24
Varmuusvaihtimen jalkeen - 0,20

TOC-mittaussarjojen tuloksia

Nayte Oulun vesi (Hintan laitos), keskiarvo /ppm
Raakavesi 11,67
Flotaation jalkeen 2,51
Hiekkasuodatuksen jalkeen 2,14
Otsonoinnin jalkeen 2,06
Akt.hiilis. (9) jalkeen 1,70
Akt.hiilis. (10) jalkeen 1,79
Akt.hiilis. (11) jalkeen 1,73
Akt.hiilis. (12) jalkeen 1,41
Lahteva vesi 1,90

217




Raakavesi: 11,8

11,5 R i e e e T e
R W Stora Enso - TOC-keskiarvot, 1.10.-20.10.
05\
10 4\ Nayte TOC 1.10.]TOC 8.10.JTOC 14.10. [TOC 20.10. |Keskiarvo | _
Raakavesi 10,9 12 12,7 11,6 11,8
9,5 I Flotaation jélkeen 3,58 3,96 3,29 3,29 3,53| "~
9 O W Hiekkasuodatuksen jalkeen 2,68 2,94 2,71 2,79 2,78 -
Kationinvaihtimen jalkeen 2,58 2,96 2,56 2,75 2,7125
8,5 I Heikon anioninvaihtimen jélkeen 0,365 0,387 0,64 - 0,464]
8 Sf===================\\======== Vahvan anioninvaihtimen jélkeen 0,19 0,477 0,176 0,174 0,25425} -
7 5 B U Sekavaihtimen jéalkeen 0,162 0,327 0,19 0,16 0,20975| _
)
—_
7 L

Bl 0 T L N
£ N ——
S 52 |\ [Fotaationjalkeen:  vawen
T 45 1.\, 358 kationinvaihtimen
W\ / 777777777777777777777777777777 jalkeen: 2,71 Vahvan -
3’% /Heikonan.i?mnvéihﬁmen
o jalkeen: 0,25
25 R anieninvaihtimen
151
1 jalkeen: 278 \_ f 77777777777777777777777 jalkeen: 0,21
0,8 - N i
0

Raakavesi: 11,93
11 1
10,5 - Kemira - TOC-keskiarvo 1:10.-20.10.
MM+
Nayte TOC 1.10.|TOC 8.10.[TOC 14.10. |TOC 20.10. |Keskiarvo
9.5 1 Raakavesi 10,9 12,7 12,6 1,5 11,925
9 Flotaation jalkeen 3,24 3,39 3,53 -| 3,3866667
s | S Hiekkasuodatuksen jalkeen 2,4 2,73 2,85 2,44 2,605] _
' Kationinvaihtimen jalkeen 2,39 2,71 2,76 2,41 2,5675
8 1 Anioninvaihtimen jalkeen 0,463 0,518 0,438 0,495 0,4785
7,5 Sekavaihtimen jalkeen 0,143 0,179 0,144 0,128 0,1485
Varmuusvaihtimen jalkeen 0,125 0,167 0,188 0,155  0,15875
Kirkasvesisailio 0,13 - - 0,13
265+ —————————————————
~—" 6 i e i i e i e b b
e
4 - -Flotaation jétkeen: - oo
3,5 3,38 Y
3 Kationinvaihtimen
95 _ jalkeen: 2,57
' Hiekkasuodatuksen
2 Tt ot B - i N r=========q
15 - Jalkeen: 2,61 . Varmuusvaihtimen
1] S S'ekavalhtlmen jalkeen: 0,16
05 Anioninvaihtim jalkeen:015 /|
’0 jalkeen: 0,48

—
Kirkasvesisailio: 0,13
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12,5

Nayte TOC 24.9. |TOC 1.10.|TOC 8.10./TOC 14.10. |TOC 20.10. |[Keskiarvo
B i R Raakavesi 11 10,8 12,6 12,7 11,6 11,74/
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Flotaation jélkeen 3,58 2,31 2,34 2,33 2,42 2,596/
Hiekkasuodatuksen jalkeen 2,25 2,13 2,12 2,09 2,14 2,146
I Otsonoinnin jélkeen 2,18 2,04 2,06 2,04 2,05 2,074]-
7777777777777777777777777777 Akt.hiilis. (9) jalkeen 1,79 1,68 1,75 1,65 1,7 1,714]
Akt.hiilis. (10) jalkeen 1,79 - - - . 1,79
p=======mm=mmmmmmmmmibeea Akt.hiilis. (11) jalkeen 1,73 - - - - 1,73|-
Akt.hiilis. (12) jalkeen 1,41 - - - B 1,41
”””””””””””””” Lahteva vesi 2 1,83 1,76 1.8 1,04 1,866

| Raakavesi: 11,74

| S WS Oulun vesi (Hintta) - TOC-keskiarvo 24.9.-20.10.

Veitsiluodon TOC-tulokset

Nayte TOC 20.10. (ppm)
Raakavesi 9,58
Ennen humussuodinta 2,68
Humussuotimen jalkeen 0,912
Kationinvaihtimen jalkeen 0,834
Anioninvaihtimen jalkeen 0,186
Sandwich-suotimen jalkeen 0,204
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Kurkelanrannan TOC-tulokset

Nayte TOC 14.10. (ppm)
Flotaation jalkeen 2,42
Hiekkasuodatuksen jalkeen 2,12
Otsonoinnin jalkeen 2,03
Biologisen akt.hiilis. Jalkeen 1,78
Akt.hiilis. jalkeen 1,6
UV:n jalkeen 1,6

» UV (aallonpituus 254 nm) ei vaikuta TOC-lukemaan

”Kaupunginvesi” raakavetenad Stora

Ensolla

Néyte TOC-keskiarvo |Kaupunginvesi

1.10.-20.10. raakavetend 14.10.
Kationille menevd |2 78 ppm 2,31 ppm
Kationinvaihtimen |2 71 ppm 1,73 ppm
jalkeen
Anioninvaihtimen | (0,254 ppm 0,253 ppm
jalkeen
Sekavaihtimen 0,210 ppm 0,190 ppm

jalkeen
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Aktuvihulikokeet

e Qulun veden

aktiivihiili pesty

» Kaytto mekaanisesti
(adsorptio) vai

biologisesti?

 Aktitvihiilen
kayttokode?
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Mita seuraavaksi

« Aktiivihiilikokeet

« UV-kokeet (pelkka
UV ja sopivan
hapettimen kanssa)

» Flokkauskokeet
(kaytetdan
rautakoagulanttia)

Aktiivihiilikokeiden koe-
jarjestely: viipyma pyritdan
saamaan samaksi kuin Oulun vedella

717
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Timo Karjunen, Boildec Oy —tilanneraportti:
Materiaalikokeet tulipesdssa



Ensimmaisen kokeen paine ja lampoétila
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Timo Karjunen, Boildec Oy — esitys Konemestaripdaivat 2010:
Soodakattilan sisdpuolinen tarkastus



Soodakattilan sisapuolinen

tarkastus

Timo Karjunen

Boildec Oy ‘ \

Soodakattilargjahdykset Pohjoismaissa
1980 - 2007

m Sisapuolinen korroosio

Tulipesan puolen korroosio

m}

Mekaaninen vaurio (kamin putoaminen)

Pieni vuoto viereisessa putkessa

Suunnitteluvirhe (liian jaykka rakenne)

]

Veden ruiskutus tulipesaan lipearuiskuilla

9 rajahdysta 1 500 kayttovuoden aikana
8 rajahdyksessa syyna vuoto tulipesan putkessa

50 % vuodoista sisapuolisen korroosion aiheuttamia

2 © Boildec Oy
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R4jahdysten ja niihin johtaneiden vaurioiden
aiheuttamat seisokit 1980 - 2007

m Sisapuolinen korroosio

B Tulipesan puolen korroosio

O Mekaaninen vaurio (kamin putoaminen)
® Pieni vuoto viereisessa putkessa

® Suunnitteluvirhe (liian jaykka rakenne)

@ Veden ruiskutus tulipesaan lipearuiskuilla

Seisokkien yhteispituus 300 vrk
200 seisokkipaivaa liittyi rajahdyksiin, joiden aiheuttajana oli sisdpuolinen korroosio

Keskimaarainen menetetyn tuotannon arvo 600 000 t/a massatehtaalle 120 000 €/vuosi

© Boildec Oy

Sisapuolista tarkastusta koskevat vaatimukset

KTM:n p&atds 953/1999, 14 §: Sisapuolinen tarkastus

Painelaitteen sisapuolisessa tarkastuksessa
on tarkastettava, etta painelaitteessa ja sen varusteissa
ei ole vikoja tai ominaisuuksia, jotka
vaarantavat painelaitteen turvallisen kayton.

Sisapuolisten tarkastusten aikavali
saa olla enintaan nelja vuotta

© Boildec Oy
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Soodakattilan seinaputken repeama 2006

Vuodon seurauksena tulipesaan
meni vetta useita kymmenia kg/s

© Boildec Oy

Sisapuolinen sy6pyma kattilan seindaputkessa

r

Vaurioiden jalkeen kattilassa tehtiin taystarkastus,
jonka tuloksena kattilasta vaihdettiin 300 kpl putken osaa

© Boildec Oy
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Kaytettavissa olevat tarkastusmenetelmat

* Lierion ja jakotukkien visuaalinen tarkastus

Nayteputken otto ja sisapinnan tarkastus

Vetymittaus (kaynnin aikana)

Endoskooppitarkastus

Ultraaanitarkastus

© Boildec Oy

Tarkastukset ja vauriot

Kerrostuma- ja vauriokohdat paaosin kahdella - -
tulipesén vaakasaumalla WW"*'_H -
i . Chcwitire? ]

- Alempi 10 m:n kork I Ik raisella
empi 10 orkeudella, alkuperaiselia Vaurio/kerrostuma-alue (90%)

compound/musta-rajasaumalla | T
- Ylempi nykyiselld compound/musta-rajasaumalla 22 m. i 4y PET'}"‘_“?
- Myds saumojen valiselta alueelta |6ytyi hieman huonoa F '
putkea, muttei juurikaan muualta e h . =
- Compound-rajan nosto 7 v aikaisemmin, jolloin = ro
asennettiin uudet, asennuspaikalla peitatut compound- \ f /*T_r;\ |
paneeliseinét TS :

- YIi 90% nyt kerrostuman tai vaurioiden takia [ :,Lr_, :_ |
vaihdetuista putkista oli talla valilla gt = = == '

Vaihdettua putkea tuli yhteensa noin 300 m ja
vaihdettuja patkia noin 300 kappaletta.

© Boildec Oy
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Kattilaputkien sisapinnat lipedkorroosiosta
karsineesséa kattilassa

e

Vauriot rajoittuivat n. 10 cm matkalle, muualla
putken sisapinnan kunto erinomainen

© Boildec Oy

Kerrostumien mittaus ultradanella

Seinamien paksuusmittaukseen kaytettyja ultradanilaitteita
on kaytetty myos paksujen kerrostumien paikantamiseen

LuctauszusnnksmsScanning plan

Tarkastuksessa etsittiin putlden sisipinnoista alueita joilla nltradéini vaimenee voimalklaasti sySpymin tms. muun syyn
johdosta. Alapuolella vlemmissi kuvassa on a-luva hyvistd putken sisipinnasta. Alempi a-loova kuvaa vaurioitunutta
putlien sisfipintaa.

A-kuva: putken sisapinta
i vaimenna ultradants

Y

Luctain
putken pinnalla

Ackuvaputken sisapinta Luotain
vaimentaa ultradanta putken pinnalla

© Boildec Oy
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UA-tarkastukset lipeakorroosiosta
karsineessa kattilassa

* Tarkastettiin pohja ja tulipesan seinat 23 m:iin asti 100%:sti, yhteensa noin 16,8 km.
Ko. menetelma osoitti "huonoksi" n. 160 m ja kun lisattiin hieman vaihdettavaa putkea,
tuli vaihdetuksi n. 300 m putkea eli 1.8% compoundalueen putkista.

* Jokaisen vaihdetun putken patkan kohdalta tarkastettiin putken sisapuoli endoskoopilla
molempiin suuntiin noin 6 m:n matkalta eli yhteensa noin 4 km:n matkalta, mika on
noin neljasosa ko. alueen kokonaisputkimaarasta.

- Endoskooppitarkastuksilla [6ytyi neljatoista kappaletta sisdpuolista
kerrostumaa omaavia kohtia, joita ei ollut ultradanelld I6ydetty taikka ei ollut
tulkittu huonoiksi.

- Kattilan pohjalla alue, joka ei taysin terve, mutta kaiku ei kunnolla vaimentunutkaan.
Talta alueelta tarkastettiin endoskoopilla 5 putkea pohjan syéttéputkien kautta seka
tutkittiin lisksi yksi koepala laboratoriossa. Ei kerrostumia ja tutkittu putki taysin
terve. Alue tarkastettiin peittauksen jalkeen uudelleen ultralla ja nyt putket nayttivat
taysin terveilta.

© Boildec Oy

Sisapuolisen kerrostuman paksuuden mittaus
ultradanella — perinteinen menetelma

Menetelma toimii, kun putken
sisapinnasta ja kerrostuman
pinnasta heijastuva aalto
ovat erilliset

=> Kerrostuman paksuus > 150 ym

© Boildec Oy
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Sisapuolisen kerrostuman paksuuden mittaus
ultradanella — uusimmat menetelmat

Kerrostuman paksuus
maaritetaan sen
perusteella, kuinka paljon
kerrostuman pinnasta
heijastunut aalto leventaa
putken sisapinnasta
heijastunutta aaltoa

= Kerrostuman paksuus

on mitattavissa, kun sen
paksuus > 20 uym

© Boildec Oy
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Kehittyneen UA-menetelman
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Boildecin tekeman sisdpuolisen tarkastuksen
tuloksia

Kerrostumien poisto peittaamalla tai muilla keinoin
tarpeen varsinkin jos veden laatu on heikko
tai korroosiota voi olla tulipesan puolella

12000 \L
e 10000 @ .
= { ] . 5
— 8000 —@& 1
2 [ =
& 6000 .’ s &
v . .
é 4000 " y— o ¢ maksimi
S 2000 —:.. 5% * e @ keskiarvo
0 [ ] <
0 20 40 60 80 100 120 140

kerrostumapaksuus [pum]

Nyt kattilaputken sisapinnan kerrostumat ohuita

Ei tarvetta nayteputken ottoon, peittaukseen
tai muutoksiin vedenkasittelyssa

© Boildec Oy
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Esimerkki turvallisuuden vaarantavasta
ominaisuudesta ja viasta

Ehjan seinaputken sisapinta Korrodoituneen seinaputken sisapinta

Kerrostuman paksuus keskimaarin = 150 ym  Pitkalle edennyt vetyhyokkays
Paikallisesti 200 — 300 pym
Kattila peittauskunnossa

Vetyhyokkayksen tunnistus vetymittauksella

Mittaus huhtikuussa 2002 Putkinayte keratty kesdkuussa 2002

VetyhyOkkays saatiin tunnistettua ajoissa niin, etta se oli
torjuttavissa pelkastaan veden laatua parantamalla

© Boildec Oy
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Sisdpuolisen korroosion seuranta
maaraajoin tehdyilla vetymittauksilla

Vetymittausten tulokset 2002 - 2008

7)) |/
=}
5 y B Syottovesi
% B Kylldinen héyry
..E 1 O Tulistettu hoyry
> | —
m
] | e | sy
5/2002 9/2002 6/2003 1/2004 1/2005 1/2008
Vedenkasittelyn
optimointi
© Boildec Oy
Yhteenveto

Kokemuksien mukaan suurin riski soodakattilan kaytettavyydelle ja kaytto-
turvallisuudelle on sisdpuolinen korroosio ja sen aiheuttamat kattilavuodot

Tata riskia voidaan pienentaa maaraaikaistarkastuksilla, joissa mitataan tulipesan
seinaputkien sisapuolisten kerrostumien paksuus tulipesan alaosassa seka
compoundin jatkosaumoissa. Tarkastusta voidaan tdydentaa vetymittauksella kaynnin
aikana.

Tarkastuksen tulosten perusteella voidaan
a) poistaa kattilasta putket, joissa kerrostumat ovat hyvin paksuja ja joiden
seinamapaksuus on vaarallisen ohut (vetyhydkkayksen mahdollisuus ml.)
b) peitata kattila, jos kerrostumat ovat paksuja, mutta putkien seinamapaksuus
on viela riittava eika vetyhyokkays ei ole mahdollinen
c) parantaa vedenkasittelya, jos kerrostumat ovat normaalia paksumpia, mutta
ei viela niin paksuja, etta kerrostumien poisto peittaamalla olisi tarpeen

Tarkastuksen avulla em. toimenpiteet voidaan tehda oikea-aikaisesti

Talla hetkella ainoa yritys Pohjoismaissa, joka kykenee tallaisen tarkastuksen
tekemaan, on Boildec Oy
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Esa Vakkilainen, LUT - esitys:
Lapivirtauskattila konseptit
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Lapivirtaus ja
valitulistuskattilakonseptit

Edistymisraportti 26.11.2009
Esa K. Vakkilainen

LUT ENERGY 5o, Tecmelow
« Electrical Engineering
« Environmental Engineering 1 25.11.2009
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Edistyminen

Maaritykset uusiksi 26.6.2009

Mitoitettu kattilat

Tehty taseet tehtaille jossa biomassakattila
Tehty taseet tehtaille jossa ei biomassakattilaa
Vertailtu kannattavuutta

Ajettu APROS ajoja

Vertailtu esilammityskonsepteja

LUT ENERGY 52 oroos
« Electrical Engineering
« Environmental Engineering 2 25.11.2009
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Tutkitut tapaukset (uudet, 26.6.2009)

A. luonnonkierto 82 %, 490 °C, 9.0 MPa (Joutseno)
B. luonnonkierto 85 %, 505 °C, 10.2 MPa (Kymi)

/ LAPPEENRANTA
‘ UNIVERSITY OF TECHNOLOGY

C. luonnonkierto 85 %, 515 °C, 12.0 MPa (Yonago)
Tulevaisuuden kattila tapaus
D. avustettu kierto 85 %, 540 °C, 16.0 MPa (SoTu)
Valitulistus kattilat
E. luonnonkierto 85 %, 515/515 °C, 12.0/3.0 MPa (SkyRec)

F. lapivirtaus 85 %, 540/540 °C, 26.0/5.4 MPa (Skyrec+)

LUT ENERGY ;% 0000s,
« Environmental Engineering 3 25.11.2009
/ LAPPEENRANTA
“ UNIVERSITY OF TECHNOLOGY

‘ Case A B C D E F
Capacity tds/d 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005
Dry solids % 82.0 85.0 85.0 85.0 85.0 85.0
ds (virgin) % 80.6 83.8 83.8 83.8 83.8 83.8
recycle ash % 9.0 9.0 9.0 9.0 9.0 9.0
HHV MJ/kgds 13.00 13.00 13.00 13.00 13.00 13.00
LHV MJ/kgds 12.28 12.28 12.28 12.28 12.28 12.28
02 in dry flue gas % 2.8 2.8 2.8 2.8 2.8 2.8
Primary air percentage % 23.0 22.0 22.0 22.0 22.0 22.0
Primary air temperature °C 150.0 190.0 190.0 190.0 190.0 190.0
Secondary air percentage % 50.0 54.0 54.0 54.0 54.0 54.0
Secondary air temperature °C 120.0 190.0 190.0 190.0 190.0 190.0
Tertiary air percentage % 27.0 12.0 12.0 12.0 12.0 12.0
Tertiary air temperature °C 30.0 190.0 190.0 190.0 190.0 190.0
Quartenary air percentage % 0.0 12.0 12.0 12.0 12.0 12.0
Quartenary air temperature °C 30.0 190.0 190.0 190.0 190.0 190.0
Total air temperature °C 102.6 190.0 190.0 190.0 190.0 190.0
Reduction % 95.00 96.00 96.00 96.00 96.00 96.00
Main steam pressure RB bar(a) 91.0 102.0 120.0 160.0 105.0 260.0
Main steam temperature RB °C 490.0 505.0 515.0 540.0 505.0 540.0
Main steam pressure PB bar(a) 91.0 102.0 102.0 102.0 102.0 102.0
Main steam temperature PB °C 490.0 505.0 505.0 505.0 505.0 505.0
Feedwater pressure bar(a) 110.0 121.0 146.0 182.0 290.0 290.0
Feedwater temperature °C 120.0 148.0 148.0 148.0 148.0 148.0

511.3 630.9 632.5 634.8 641.8 641.8

Reheater inlet pressure bar(a) 36 56
Reheater inlet temperature °C 348 337
Reheater outlet pressure bar(a) 34 54
Reheater outlet temperature °C 400 460
HP FWpreheater inlet temperature °C 200 200 200 200 200 200
HP FWpreheater outlet temperatu °C 200 200 220 220 220 220
Flue gas temperature (eco out) °C 155 197 197 197 197 197
Flue gas temperature (to stack) °C 155 155 155 155 155
Sootblowing kgls 6.0 6.0 6.0 6.0 8.0 8.0

LUT ENERGY 5o oo

. ectrical ngineering 4 25112009
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Sahkon tuotanto (voimakattila mukana)

Tapaus A B C D E F
Kapasitetti tds/d 5500 5500 5500 5500 5500 5500
Kuiva-aine % 82.0 85.0 85.0 85.0 85.0 85.0
HP hoéyry bar(a) 94.0 104.0 124.0 164.0 124.0 264.0
HP hoéyry °C 490.0 505.0 515.0 540.0 515.0 540.0
Héyryvirtaus (SK)  kg/s 2150 2264 2325 2320 2240 2185
% 0.0 53 8.1 7.9 4.1 1.6
Sellutehdas kaytté6 MW 87.6 88.1 88.9 90.2 88.2 93.2
Tehtaan kayttd MW 95.5 96.1 96.9 98.2 96.2 101.2
Sahkon tuotanto MW 234 .4 239.5 249.8 262.9 250.1 263.4
Sahkd myyntiin MW 138.9 143.3 153.0 164.7 153.8 162.2
Hyétysuhde % 23.2 23.1 24 1 254 24 1 25.4
Lisasahko MW 0.0 4.4 14.0 25.8 14.9 23.2
% 0.0 3.2 10.1 18.5 10.7 16.7
ﬂ g
Sahkon tuotanto (ei voimakattilaa)
Tapaus A B C D E F
Kapasitetti tds/d 5500 5500 5500 5500 5500 5500
Kuiva-aine % 82.0 85.0 85.0 85.0 85.0 85.0
HP hoéyry bar(a) 94.0 104.0 124.0 164.0 124.0 264.0
HP héyry °C 490.0 505.0 515.0 540.0 515.0 540.0
Héyryvirtaus (SK)  kg/s 2150 2264 2325 2320 2240 2185
% 0.0 53 8.1 7.9 4.1 1.6
Sellutehdas kaytté MW 87.6 88.1 88.9 90.2 88.2 93.2
Tehtaan kayttd MW 911 91.7 924 93.8 91.8 96.8
Sahkon tuotanto MW 149.3 153.9 161.8 175.6 162.3 177.9
Sahkd myyntiin MW 58.2 62.2 69.4 81.7 70.5 81.1
Hyétysuhde % 204 204 214 23.2 21.5 23.5
Lisasahko MW 0.0 4.0 1.2 23.6 12.3 22.9
% 0.0 6.8 19.3 40.5 211 394

I.“T E"Enﬁ" « Energy Technology

Electrical Engineering
« Environmental Engineering

25.11.2009
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Soodakattila sahkonkaytto

Tapaus A B C D E F

[Imapuhallin kW 2275 2296 2296 2296 2296 2296
Savukaasupuh. kW 2570 2534 2534 2534 2534 2534
SV-pumppu kW 3055 3556 4347 5719 4187 8606
Muu kaytté kW 1500 1500 1500 1500 1500 1500
Yhteensa kW 9401 9886 10677 12049 10518 14937

LUT ENERGY 57700
« Electrical Engineering
« Environmental Engineering 7 25.11.2009
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Valitulistus
soodakattila

Valitulistus soodakattila tapaus

Toimittaja Babcock & Wilcox,
kapasiteetti 4500 t ds/24h,

Mustalipea ka 85 %
Hoyry 130 kg/s 179 bar(a) 510 °C
Valitulistushoyry 62 bar(a) 443 °C

m E"’Em « Energy Technology

« Electrical Engineering

« Environmental Engineering 8 25.11.2009
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Tapaus C

Tapaus E
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LUT ENERGY '-° ooeee |
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Valituli rvojen valin
alitulistusarvojen valinta
480°C 460°C  440°C  420°C  400°C  380°C  360°C  340°C  320°C
5.4 MPa 182.7 169.9 157.1 147.9 147.9 147.9 147.9 147.9 147.9
1.000 1.000 1.000 0.994 0.978 0.938 0.920 0.900 0.879
4.4 MPa 202.4 189.3 176.1 162.8 147.9 147.9 147.9 147.9 147.9
1.000 1.000 1.000 1.000 1.000 0.984 0.967 0.934 0.914
3.4MPa 228.2 2145 200.8 187.0 173.2 159.3 147.9 147.9 147.9
1.000 1.000 1.000 1.000 1.000 1.000 0.995 0.978 0.960
2.4MPa 264.8 250.3 235.8 2212 206.6 192.0 177.3 162.6 147.9
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.998
1.4 MPa 326.8 310.8 204.8 278.7 262.6 246.5 230.4 214.3 198.1
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
LUT ENERGY oo ooeee |
10 25.11.2009

« Environmental Engineering




[l

/ LAPPEENRANTA
‘ UNIVERSITY OF TECHNOLOGY

APROS laskennat

laskennat 100 % ja 80 % Tapaus F
Laskenta 100 % -> 80 %
Esitetaan myohemmin

LUT ENERGY

« Energy Technology
« Electrical Engineering
« Environmental Engineering

25.11.2009
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@ From FW Line
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Lwr Furn
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to IP Turb
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Mitoitus ja talous

Dimensions for each Case
Prices for each Case
Economies for each Case
To be presented

L“T E“m « Energy Technology

« Electrical Engineering
« Environmental Engineering

25.11.2009
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Kapasiteetti vs pohjan koko
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Kattilan tulipesan korkeus vs pohja
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Soodakattilan lampopinnat

Tapaus A C D E F
Kapasitetti tds/d 5500 5500 5500 5500 5500 5500
Kuiva-aine % 82.0 85.0 85.0 85.0 85.0 85.0
HP hoyry bar(a) 94.0 104.0 124.0 164.0 124.0 264.0
HP hoyry °C 490.0 505.0 515.0 540.0 515.0 540.0
Suunnittelu paine  bar(e) 130 129 148 186 148 289
Tulipesa m2 233.6 232.1 232.1 232.1 232.1 234.4
Korkeus nokka m 36.5 41.6 41.6 39.6 38.4 33.6
Kattilan korkeus m 75.5 75.1 78.0 76.0 75.0 72.0
Tulipesa m2 4417 5056 5056 4813 4672 4084
Verho m2 0 796 0 796 796 796
Tulistin m2 16004 12984 15446 19429 20437 23803
Keittopinta m2 13600 10262 11982 11982 11982 12786
Eko m2 40720 39676 39676 39529 39382 39235
Yhteensa m2 98454 82310 88262 96804 98575 105075
LisEsabkERGY :Ereifgmvlbg:;?nlggmg.o 4.0 11.2 23.6 12.3 22.9 @
+ Envigpmental Enginyr g 6.8 7 193 4057 211 39.4
ﬂ A
Soodakattilan painot
Tapaus A B C D E F
Kapasitetti tds/d 5500 5500 5500 5500 5500 5500
Kuiva-aine % 82.0 85.0 85.0 85.0 85.0 85.0
HP hoyry bar(a) 94.0 104.0 124.0 164.0 124.0 264.0
HP hoyry °C 490.0 505.0 515.0 540.0 515.0 540.0
Paineosien paino
Tulipesa tons 1035 1085 1107 1157 1051 843
Verho tons 0 465 0 588 503 543
Tulistin tons 2254 1463 1827 2490 2417 2569
Keittopinta tons 813 740 1041 1041 1041 1080
Eko tons 1845 2080 2080 2072 2063 2057
Lampdp. yhteensa tons 5946 5832 6055 7348 7075 7091
Riippuva paino tons 9250 8760 9270 10290 10170 10140
LUT ENERGY {2/ 7ecs .
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Soodakattilan lisasahko

Tapaus A B C D E F
Kapasitetti tds/ld 5500 5500 5500 5500 5500 5500
Kuiva-aine % 82.0 85.0 85.0 85.0 85.0 85.0
HP héyry bar(a)  94.0 1040 1240 1640 1240 264.0
HP héyry °C 4900 5050 5150 540.0 5150  540.0
Kustannus
Kustannusero M€ 9.2 0.0 6.5 17.1 24.3 27.0
Sahkaero MWe  -4.0 0.0 7.3 19.6 8.3 19.0
Lisamegawatti k€MWe -2310 0 890 875 2021 1422
Lisasahko €MWh -57.8 0.0 22.2 21.9 73.0 35.6
ﬂ o
Soodakattilan lisasahko
tapaus C nuohous Ei KPEL <SVLT lima 150 llma 120
Tapaus Co C1 C2 C3 C4 C5
limat Iampétila °C 1900 1900  190.0  190.0  fi50.4] [121.2]
Syéttovesi °C 1480 1480 1480 [120.0] 1200 120.0
HP FW °C 200 200 200 200 200 200
HP FW °C 220 220  [200] 200 200 200
Savukaasut °C 197 197 197 [155] 155 155
Nuohous kgls 6.0 6.0 6.0 6.0 6.0
Hoyryvirta (SK)  kg/s 2325 2286 221.0 2171 2136  211.1
Muutos % 0.0 -1.7 -5.0 -6.6 -8.1 -9.2
Selluntuotanto MW 88.9 88.9 88.9 88.9 88.9 88.9
Tehdas MW 92.4 92.4 92.4 92.4 92.4 92.4
Sahko MW 161.8  160.8 1584 1565 1545 1536
Myynti MW 69.4 68.3 66.0 64.1 62.0 61.2

I.“'T E"Enﬁ" « Energy Technology

« Electrical Engineering 20
« Environmental Engineering
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Yhteenveto

Tehdyt muutokset ovat edullisia

Valitulistus ei kannata

Hoyryn arvojen nosto kannattaisi jos kattilat kestaa
Avustettu kierto kannattaisi, mutta korroosio = ?
Lapivirtaus kannattaisi, mutta korroosio = ?

« Energy Technology
L“T E"EHET « Electrical Engineering 2 5 2009
« Environmental Engineering 1 5.11.
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Summary

The starting point of this study was increasing kraft pulp mill electricity generation. It has
already considerably improved though higher main steam pressure and temperature
values.

This research focuses on a new pulp mill with a large recovery boiler at nominal capacity
5500 tds/24h (as fired liquor) which runs at about 200 kg/s steam flow. This study
considers both the pulp mill with biomass boiler as well as pulp mill without biomass
boiler.

In this study several recovery boiler concepts were compared with the whole pulp mill energy
balance being considered. The studied concepts are

A. Natural circulation 82 %, 490 °C, 9.0 MPa (reference Joutseno)
Natural circulation 85 %, 505 °C, 10.2 MPa (reference Kymi)
Natural circulation 85 %, 515 °C, 12.0 MPa (reference Yonago)
Assisted circulation 85 %, 540 °C, 16.0 MPa (reference SoTu)
Natural circulation 85 %, 515/400 °C, 12.0/3.0 MPa (SkyRec)
Once-through 85 %, 540/460 °C, 26.0/5.4 MPa (SkyRec+)

mm|onw

Steam and electricity generation for each recovery boiler case is shown in Table 9-1. The
steam production increases from Case A to Case B because of higher black liquor dry
solids and more air preheating. The steam production increases from Case B to Case C
because of high pressure preheating. The recovery boiler steam flow starts decreasing as
further increases in main steam parameters require more heat.

As can be seen the modern recovery boiler Case C does produce about 20 % more
electricity than roughly ten years ago, case A. reheating cases E and E160 seem to give
only marginally better electricity production. The only alternative seems to be to increase
the main steam temperature to 540 °C, Cases D and F. The pulping electricity usage is not
constant. The main parameter that changes is the recovery boiler feedwater pump power
requirement.

Electricity generation does not depend a lot on how the boiler steam side is configured.
Reheating and once-through appear only marginally better when considering the recovery
boiler electricity generation.

The increase in electricity generation seems very profitable up to case C. This confirms
the rationality of design choices that have lead to the present recovery boiler. Case A
costs more that it should were it built today. The reason is larger than required
superheating surface and smaller than currently used superheater tube size. From cost of
additional power, going to SoTu concept of 540 °C steam seems desirable. Currently the
corrosion issues have not yet been solved so in this study we assume that superheaters do
not corrode. Reheater boiler concept seems not at all profitable. The additional electricity
generation was only marginal. Once-through recovery boiler did produce as much
additional electricity than the SoTu concept of 540 °C steam. The corrosion issues still
remain the same.



Y hteenveto

Tutkimuksen ldhtokohtana on sellutehtaan sdhkdenergian kehityksen parantaminen.
Sellutehtaan sdhkdenergiaa ovat parantaneet erilaiset jo kéytetyt tavat kuten pdahdyryn
lampdtilan tai paineen nosto.

Tassd tutkimuksessa on otettu ldhtokohdaksi kokonaan wuusi sellutehdas, jossa
nimelliskooltaan 5500 tka/24h (polttolipednd) soodakattila ajaa noin 200 kg/s
hoyrykuormaa. Tarkasteluna on késitelty sekd soodakattilan ettd voimakattilan
muodostamaa kokonaisuutta samoin kuin pelkdstddn soodakattilan muodostamaa
kokonaisuutta.
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ABBREVIATIONS

CHP
CNCG
DNB
DNCG
HP

LP
MCR
MP
NBSW

combined heat and power

concentrated non condensable gases

departure from nucleate boiling.

diluted non condensable gases

high pressure steam (steam from recovery boiler)
low pressure steam (3.5 - 6 bar)

maximum continuous rating

medium pressure steam (9.5 — 14 bar)

Northern bleached softwood pulp



1 INTRODUCTION

The Finnish Recovery Boiler Committee has undertaken to study the future recovery
boiler concepts. The aim is to increase the electricity generating potential and energy
efficiency of recovery boilers. This is in line with the Finnish Government’s long-term
climate and energy strategy and the aims of the European Union and its objectives. This
work has been supported by TEKES.

The work consists of once-through recovery boiler concept and study how this might
increase the electrical efficiency. Necessary automation and safety changes are to be
listed. Final report is a summary of the main tasks.

1. Calculate mass and energy balances to a recovery boiler of about 200 kggeam/s
(~5000 tds/d).

2. Place heating surfaces at several typical pressures and temperatures along the flue
gas flow

Show how water-steam circulation is done
Examine 100 % ja 80 % flows with concepts studied with APROS
Examine the effect of feedwater preheating

Examine the effect of air preheating

NS kW

Look at how placing of reheater affects the recovery boiler

11 Commentsto targets given 25.6.2009

SKYREC organized a meeting to get comments on different concepts studied. The
following comments were received

- Maximum current superheating with long term experience is 515°C

- Calculate once-through boiler with reheater (without reheater does not make sense)

- The need is to calculate new concepts 515°C with reheating

- Choose main steam and reheated steam values so that for LP-steam desuperheating
is maximum 30 °C or minimum 2 % of moisture.

- Study effect of feedwater preheating for Case C include the resizing of superheaters

- Study effect of air preheating for Case C include the resizing of superheaters

- Do mill steam consumption and electricity steam consumption separate to recovery
boiler

- Reheater boiler needs more Sootblowing steam

- Sanicro price is ~300 €/m

- Examine low pressure or medium pressure steam production from flue gases

Case C represents the state-of-the-art with respect of electricity generation. It utilizes the
maximum main steam temperature that can be considered currently economically 515°C.
The mill is producing MP or LP steam from the recovery boiler flue gases 197°C ->
155°C.



To find from literature clear comparisons of current cases e.g. Swedish boilers and
Finnish boilers.

The main steam pressure and temperature of concept D needs more thought.

When choosing the main steam values the low pressure steam the maximum moisture
allowed for LP steam is 2 % and the maximum attemperating fro Lp steam is 30 °C.

There is no reason to consider just once-though boiler but to consider once-through
reheater boiler.
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2 DEVELOPMENT OF RECOVERY BOILER

The pulp and paper industry faces a new era. New environmental expectations have appeared.
Cutting down air emissions is not enough. Pulp and paper mills need to maximize their
bioenergy potential and minimize their electricity consumption to produce green electricity.

Recovery boilers, which produce bioenergy, are built all over the world. The recovery boiler
has developed in the past 70 years. It has culminated with units that are among largest biofuel
boilers in the world. For pulp mills the significance of electricity generation from the
recovery boiler has been secondary. The most important design criterion for the recovery
boiler has been the high availability.

21 Main steam temperature

Maximizing electricity generation is driving increases in the main steam pressures and
temperatures. The maximum steam temperature can be limited by the ash properties. The
first melting curve at the superheater front should be taken into account. Increasing mill
closure with high chlorine and potassium decreases the melting temperatures. The overall
mill heat balance should be used to optimize the feed water and flue gas temperatures.
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Figure2-1, Main steam temperature as a function of recovery boiler capacity.

The main steam temperature of recent recovery boilers is shown in Figure 2-1 as a
function of MCR capacity of that boiler. The average steam temperature increases with
size. Small boilers tend to have lower pressures to reduce specific cost. There are many
boilers with main steam parameters higher than 500 °C. Most of them are in Japan.
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2.2 Relationship between main steam values
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Figure2-2, Main steam temperature as a function of recovery boiler main steam
pressure.

The main steam temperature of recovery boilers is shown in Figure 2-2 with the
corresponding main steam pressure. An increase in main steam temperature is usually
accompanied with an increase in the main steam pressure. Increasing just either steam

pressure or temperature alone has only a minor effect on back pressure electricity
generation.

2.3 Black liquor dry solids
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Figure2-3, Virgin black liquor dry solids as a function of purchase year of the
recovery boiler.

Black liquor dry solids has always been limited by the ability of available evaporation
technology to handle highly viscous liquor. As technology has evolved so has the final
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black liquor dry solids. The virgin black liquor dry solids of recovery boilers is shown in
Figure 2-3 as a function of purchase year of that boiler.

On average the virgin black liquor dry solids content has increased. This is especially true
for latest very large recovery boilers. Design dry solids for the new green field mills and
new recovery islands have been either 80 or 85 % dry solids. In Asia and South America

80 % (earlier 75 %) dry solids is in use. In Europe 85 % (earlier 80 %) dry solids is in
use.

6000

5000 — Each year
—Past 5 year average)
—Maximum unit size

4000

3000

f/_/ AL
! Y

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Average recovery boiler size, tds/d

Figure 2-4, Size of the recovery boiler as a function of purchase year.

Recovery boiler size keeps increasing. The recovery boiler size doubles about every 20
years. Boilers with over 200 square meter bottom area are typical for the largest new
greenfield mills. The largest recent proposals have been for a 6000 tds/d boiler. Average
boiler size has typically been about half of the largest boiler bought.

The recovery boiler is now challenging circulating fluidized bed boilers for the title of
largest bio-fuel fired boiler. Recovery boiler furnace size is about the size of the largest
natural circulation coal fired boilers. This means that the existing mechanical and
commercial limits of furnace size for natural circulation units have now been reached.
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3 RECOVERY BOILER CONCEPTS

In the study some of the existing recovery boiler concepts are compared to future recovery
boiler concepts. In the meeting 26.6.2009 it was agreed that the studied concepts are

A. Natural circulation 82 %, 490 °C, 9.0 MPa (reference Joutseno)
Natural circulation 85 %, 505 °C, 10.2 MPa (reference Kymi)
Natural circulation 85 %, 515 °C, 12.0 MPa (reference Yonago)
Assisted circulation 85 %, 540 °C, 16.0 MPa (reference SoTu)
Natural circulation 85 %, 515/400 °C, 12.0/3.0 MPa (SkyRec)
Once-through 85 %, 540/460 °C, 26.0/5.4 MPa (SkyRec+)

mm o nw

3.1 Case A - Modern high efficiency boiler

The modern recovery boiler is of a single drum design, with vertical steam generating
bank and wide spaced superheaters. The most marked change was the adoption of single
drum construction. The construction of the vertical steam generating bank is similar to
the vertical economizer.

The effect of increasing dry solids concentration has had a significant effect on the main
operating variables. The steam flow increases with increasing black liquor dry solids
content. Increasing closure of the pulp mill means that less heat per unit of black liquor
dry solids will be available in the furnace (Clement 1990).

The flue gas heat loss will decrease as the flue gas flow diminishes. Increasing black
liquor dry solids is especially helpful since the recovery boiler capacity is often limited
by the flue gas flow.

The most marked change in this case was that the mill (market NBSW pulp mill) was
able to produce substantial amounts of electricity for sale even when selling all bark to
neighbouring mills (Veitola, 2000).

In this concept the benefits of having a condensing tail were first realized. In addition this
was one of the first boilers where biosludge with both DNCG and CNCG were burned
with high dry solids black liquor (Vakkilainen, 2000)
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Figure3-1, Modern recovery boiler, Vendor Andritz Oy, Capacity 3500 t ds/24h,
Black liquor ds 82,3 % (80 %) Main steam 130 kg/s 93 bar(a) 490 °C.

3.2 Case B — High efficiency recovery boiler

During recent years the price of electricity has increased and especially the desirability of
electricity produced from renewable fuels has risen. This has led to mills adopting
strategies to increase the electrical generating efficiency (Raukola et al., 2002, Saviharju
and Lehtinen 2005, Westberg 2007).
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)

Figure 3-2, High efficiency recovery boiler, Vendor Metso Power Oy, Capacity 3600 t
ds/24h, Black liquor ds 85 % (80 %) Main steam 170 kg/s 102 bar(a) 505
°C.

One of the aims of this project was to increase the share of electricity produced with
biomass (Tikka, 2008). A special feature of this boiler is usage of 29 bar unregulated
steam for sootblowing and high air preheating temperature to 190 °C. The feedwater inlet
temperature has been raised ot 148 °C and there is an intermediate HP steam feedwater
preheat stage between economizer I and Economizer II. Because of the high superheating
temperature the last tubes of tertiary superhaters are of Sanicro 28 (Aikio, 2008)
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Figure3-3, Some special features to increase electricity generating efficiency (Aikio,
2008).

3.3 Case C —High pressure and temperature recovery boiler

In 1998 the second generation high pressure and temperature recovery boiler started
commercial operation in Japan (Arakawa et al, 2004). Figure 3-4 shows a second-
generation high pressure and temperature recovery boilers. The second-generation
recovery boiler is of single drum without evaporator design. Furnace outlet water or
steam cooled screen tubes are not necessary with new 25%Cr special stainless steel for
superheater.

Increasing superheating means that more heat transfer surface needs to be added. The
higher main steam outlet temperature requires more heat to be added in the superheating
section. Typically the furnace outlet gas temperature has increased. The alternative is to
significantly increase superheating surface to decrease boiler bank inlet fluegas
temperature. If boiler bank inlet gas temperature is reduced the average temperature
difference between flue gas and steam is also decreased. This reduces heat transfer and
substantially more superheating surface is needed. Low furnace outlet temperature design
has been abandoned because of increased cost. With increasing dry solids content the
furnace exit temperature can safely increase without fear of corrosion caused by
carryover.



Figure3-4, High pressure and temperature recovery boiler, Vendor Mitsubishi Heavy
Industries, Ltd, Capacity 2500 t ds/24h, Black liquor ds 75 % Main steam
114 kg/s 109 bar(a) 515 °C.

34 Case D - Assisted circulation recovery boiler concept

Previously the target for higher electricity production has been to further increase
temperature and pressure. previously the target concept has been maximum pressure with
traditional design (Suomen Soodakattilayhdistys ry., 2007.)

The limit with natural circulation / assisted circulation design was chosen based on
literature as 16 MPa (Steam 1992, Steam power engineering 1999). The target steam
temperature was chosen as 540 °C. Concept was however never detailedly studied.
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35 Case E - Reheater concepts

From steam boiler literature we know that one way to increase electrical generation is
applying reheating (Steam, 1992). That is after the steam has expanded partly in a turbine
we take it back to the boiler and through another set of heat transfer surfaces called
reheating surfaces, where the steam temperature is again raised. Reheating has been
practiced in steam boilers for about 100 years.

3.5.1 CaseE —High pressure and temperature recovery boiler with reheater
concept

Babcock and Wilcox has recently promoted reheating recovery boilers (Hicks et al.,
2009). One of the key features is the ability to use old turbine and just add new high
pressure set with the new recovery boiler. This typically means rather high reheating
pressures.

900psig (62Bar) 687kpph (86.5kg/s)

LP (RH) turbine

5 psig (0.3Bar)
34 kpph (4.2kg/s)

687kpph

(86.5Kg/s) condenser

150psia (10Bar)
77kpph (4.2kg/s)

v
L
150psig| 75psia [SBar

(10Bar) 463kpph
77kpph

HP Furnace

750psig &

I (52Bar)
76kpph
(9.6kg/s

LP Furnace

2600psig (179Bar)
481F(250C)
763kpph(96kg/s)

300psig
(20bar)
3skpph

Condensate
Return

dearator

Figure3-5, Reheater recovery boiler concept Vendor Babcock & Wilcox, Capacity
4500 t ds/24h, Black liquor ds 85 % Main steam 130 kg/s 179 bar(a) 510
°C reheated steam 62 bar(a) 443 °C.

One should also note the horizontal tube economizer. Running high dry solids i.e.
practically no SO, creates non sticky conditions to economizer area.

3.5.2 First choice of reheat temperature

When choosing reheating pressure and temperature the requirement given (Chapter 1.1)
was kept in mind. Choose main steam and reheated steam values so that for LP-steam
desuperheating is maximum 30 °C or minimum 2 % of moisture. In table 3-1 several
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different steam values are examined. The starting condition was chosen based on given
instructions as 515°C/12 MPa.

Table3-1 45 bar(a) steam temperature and moisture with different reheats
from 515 °C/12 MPa to different pressure and temperature
combinations (bold values full fill condition <30 °C desuperheat and <
2 % moisture).

480°C 460°C 440°C 420°C 400°C 380°C 360°C 340°C 320°C
54MPa 1827 169.9 157.1 147.9 1479 1479 1479 1479 1479
1.000 1.000 1.000 0.994 0.978 0.938 0.920 0.900 0.879
44MPa 2024 1893 1761 162.8 147.9 147.9 147.9 147.9 147.9
1.000 1.000 1.000 1.000 1.000 0.984 0.967 0.934 0.914
34MPa 2282 2145 200.8 187.0 1732 159.3 1479 1479 147.9
1.000 1.000 1.000 1.000 1.000 1.000 0.995 0.978 0.960
24MPa 2648 250.3 2358 2212 206.6 1920 177.3 162.6 1479
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.998
1.4 MPa 326.8 310.8 294.8 2787 2626 2465 2304 2143 198.1
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000  1.000

Of the choices the combination of 3.6 MPa out and 3.4 MP in with reheating to 400 °C

was chosen. This means that steam to be reheated can be used as sootblowing steam.

3.5.3 Comparison of chosen reheat temperature and pressure

Case C

Case E
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500 °C

7
450°C
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500 °C
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350°C

3200 300°C
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2800
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2800

2600

2400

2400

6.40

6.60 6.80

Entropy

7.00

Figure 3-6,

Comparison of case C and E
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The chosen concept was calculated but the increase in electricity generation remained
rather small. Therefore comparison with Case C was done.

Both start expansion at h=3389.2 kJ/kg at 514/118. After expansion to h=3098.9 kJ/kg at
348/34 reheater case E goes back for more heating and traditional case C continues
expansion in the turbine. Case C expands to h=2726.1 kJ/kg at 149.5/4.5 while case E
expands after reheat from h=3227.3 kJ/kg at 400/32 to h=2799.1 kJ/kg at 173/4.5.

Because 3389.2-2726.1= 663.1 kJ/kg and 3227.3-3098.9 + 3227.3-2799.1= 718.5 kl/kg
with difference of 55.4 kJ/kg the extra electricity from reheat seems large. However, the
additional expansion is only 55.4/(3389.2 — 2799.1) if we assume that condensing tail
expansion difference remains the same. This means that for each kg of steam expanding
through turbine 8.4 % of more electricity is generated.

To generate reheated steam more heat is needed. In case C the heat addition is from 148
°C = 623.5 kJ/kg to main steam = 3340.4 kJ/kg (=2765.7 kJ/kg). In Case E more heat is
added in reheat from 348 °C = 3098.9 kJ/kg to 400 °C = 3225.9 kJ/kg. So in Case C the
heat addition is 3389.2 - 623.5 = 2765.7 kJ/kg and in Case E this is 2716.9 + (3227.3 -
3098.9) = 2894.1 kJ/kg. So in Case C the heat that produces 1 kg of steam produces only
0.956 kg steam with the same heat addition. The increase in electricity generation is
therefore reduced to 0.956*718.5 = 686.6 kJ/kg or 3.4 %. If we take into account that the
added sootblowing (+2 kg/s) reduces steam flow through the turbine and reheating causes
poorer working of the condensing tail, the net benefit is reduced to almost zero.
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3.5.4 Improving reheat from first premise
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Figure3-7, Options to improve reheat

One can increase reheating (the bright red line), but then the LP steam gets more and
more superheated. A better alternative is to increase main steam pressure to e.g. 160 bar
resulting in larger expansion, more heat addition and increased steam generation.

Therefore the alternative Case E with 160 bar furnace was calculated. The drawback is
even more reheater surface.
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3.6 Case F - Once-through recovery boiler with reheater concept

If we still want to increase the operating pressure we need to change to once-through
boiler concept. Once-through boilers have been used since the 1930’°s and have been the
main type for large utility boilers from the 1950°s.

To improve cycle efficiency, utility boiler main steam pressures have increased to
typically 248 bar. The steam temperatures have long remained conservative i.e. 540 °C,
but have recently started to climb close to 600 °C.

Utility boilers use typically multiple feedwater heaters and have regenerative air heaters
where flue gas heats air. These features add significantly to steam generation efficiency.
To make comparison valid no additional heaters have been used for Case F. To choose
main parameters again a comparison for end expansion conditions has been done, Table
3-2.

Table 3-2 45 bar(a) steam temperature and moisture with different reheats
from 540 °C/26 MPa to different pressure and temperature
combinations (bold values fullfill condition <30 °C desuperheat and <
2 % moisture).

520°C 500°C 480°C 460°C 440°C 420°C 400°C 380°C 360°C
54MPa 208.2 1954 182.7 169.9 1571 1479 1479 1479 1479
1.000 1.000 1.000 1.000 1.000 0.994 0.978 0.938 0.920
44MPa 2287 2156 2024 1893 176.1 162.8 1479 1479 1479
1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.984 0.967
34MPa 2555 2418 2282 2145 2008 187.0 173.2 159.3 147.9
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.995
24MPa 2938 2793 264.8 2503 2358 2212 2066 1920 177.3
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.4MPa 3589 3429 326.8 3108 2948 278.7 2626 246.5 2304
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Of the choices the combination of 5.6 MPa out and 5.4 MP in with reheating to 460 °C
was chosen. This means that the reheat lines remain smaller than with lower pressures. If
a higher temperature was chosen (e.g. 540 °C) then the expansion would be quite dry at
around 5 bar.
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4 WATER AND STEAM CIRCULATION

For a boiler to operate properly the steam water circulation must be designed for large
variations of load, manageable temperature differences in parallel tubes and low
possibility of tube inside erosion.

The main areas in steam-water side circulation design are choosing the right type of
circulation, dimensioning downcomers and risers, dimensioning of superheater and
dimensioning boiler banks.

Steam boilers
Large volume Water tube Others
—Fire tube - gas tube — Natural circulation u Solar
— Fire tube —Assisted circulation| — Electric
1 Shell '~  Once through 1 Nuclear

Figure4-1, Classification of steam water side

There are two main groups of steam water circulation, Figure 4-1. The first group is the
large volume boilers. In them the heating evaporates steam inside a large volume of
water. For example a teakettle could be considered a large volume type.

Second group is the boilers where boiling occurs inside a tube filled initially with water.
For example the coffee maker operates on this principle. Most of the large modern boilers
belong to this group. In addition there is a group that could be called others of
miscellaneous. They have features from both of these two groups. Many of the nuclear
plant steam circuits as well as solar power circuits belong to this mixed group. All
groups, in spite of the design are governed by the same laws.

4.1 Large volumeboilers

Large volume boilers are usually fire tube boilers. Because of design they are limited by
steam production (capacity) and operating pressure. The basic design has remained the
same since the Scottish marine boilers of 1800.

Figure4-2, Firetube—gastube boiler designs (Effenberger, 2000).
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In large volume boilers water circulates downwards at the edges of the boilers, Figure 4-
2. Steam bubbles rise, creating upward flow in the centerline of the boilers. Same mode
of operation can be seen by watching a pot of water boiler on a stove.

4.2 Natural circulation boiler
Drum
| Downcomer  [s%f<—
= o
~ -| Heated tubes ’-' e
= £ Jl<—— Heat
—-| Steam bubble%ff
—— . [
____ ?.. >
- . fe—o
- ?'_ B}

Figure4-3, Principleof natural circulation.

Natural circulation is based on the density differences. The same principle can be seen in
e.g. room in a cold winter day. Heated air rises on the wall where room is heated and
subsequently cooled more dense air falls downwards on the opposite wall.

Natural circulation is caused by the density difference between saturated water and
heated water partially filled with steam bubbles. In a natural circulation unit water tubes
are connected to a loop, Figure 4-3. Heat is applied to one leg called raiser tubes, where
water steam mixture flows upward. Denser saturated water flows downward in unheated
leg called downcomer. Natural circulation means that the steam water movement in the
evaporative tubes is achieved without use of external prime energy and mechanical
means.

Driving force is static head difference between water in downcomers and steam/water
mixture in furnace tubes.

Dploms = (rwaler - r mixture)gh 4-1
where

DP)osses 1 the flow losses in the circulation

Iwater 18 the density of the water in the downcomers

I'mixture 18 the density of the water steam mixture in the heated section

h height of the circulation

Pressure increase decreases driving force. Natural circulation design is affected by
several design factors. If we increase furnace height the driving head increases. We must
try to avoid steam in downcomers. Efficient steam separators reduce the fraction of steam
inside the drum. Inserting feedwater to drum at subsaturated state cools down and
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collapses remaining bubbles. Minimize axial flow inside drum helps creating equal flow
in all parts of boilers. Natural circulation is also improved by higher heat flux in lower
part of the tubes.

4.3 Assisted circulation

Superheater

Evaporator

Economizer

Figure4-4, Asssted circulationin aHRSG.

Assisted circulation is typical in HRSG boilers and high pressure units. Water from the
drum is pumped through evaporative surfaces. Synonyms for assisted circulation are
forced circulation and controlled circulation.

4.3.1 Controlled circulation

To Superheater
Economizer
Steam Drum
' Furnace
Walls
1 Orifices
Circulating Pump Distribution
Header

Figure4-5, Controlled circulation (Combustion, 1991).

In controlled circulation a pump assists flow. Flow is regulated by orifices. This ensures
even flow in all wall tubes. Controlled circulation is a trademark of ABB.
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4.3.2 LaMont boiler

Figure4-6, La Mont bailer, 1 - HP circulating pump, 2 - header with orifices, 3 -
individual wall tubes (L edinegg, 1966).

The most famous assisted circulation type is the La Mont boiler. The name comes from
one manufacturer of these boilers. In La Mont boilers the drum pressure was usually
below 19.0 MPa. The main advantage is that the designer can quite freely choose the tube
pattern. Water flow through the tubes is controlled by appropriate sized orifices.

Circulation ratio in la Mont boilers is from 4 to 10. Pressure loss in a circuit was usually
from 0.1 to 0.3 MPa.

4.4 Once-through boiler

In once-through boiler the water flows continuously through the boiler coming as 100 %
steam at the main steam outlet. The circulation does not limit the pressure so boiler can
be built at very high pressures. As positive circulation is kept up with the pressure
difference the pressure loss through the boiler tends to be large. High pressure loss means
high own power demand.

Feedwater purity must be very high as any contaminant tends to stay at the boiler walls.
The feedwater must have about the same purity than the steam. The steam purity is

dictated by the turbine requirements. Starting and shutting the boiler is problematic.

Because of pumps the mass flow densities in once through boilers are high, Table 4-1.



Table4-1, M ass flow densities.

Surface M ass flow
dengty
kg/m's

Convective superheater 1000

Furnace tubes 2000-3000

Economizer 600

The furnace tube arrangement is difficult. In natural and assisted circulation the furnace
could be made of straight tubes of same temperature. Once-through boilers employ
various tube patterns to cover the furnace walls. Based on the type of these circuits the
once through boilers are divided into Sultzer Monotube boilers, Benson boilers and
Ramzin boilers.

4.4.1 Sultzer Monotube boiler

|

]
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Figure4-7, Sultzer Monotube circulation, 1 — feedwater inlet, 2-economizing
surface, 3-furnace tubes, 4-bottle, 5-superheating surface, 6-
desuperheating spray, 7-superheating, 8-main steam out (Dolezal,
1967).

One of the first successful once through boilers was the Sultzer Monotube boiler. Its
trademark is the use of a bottle, where remaining water droplets are separated from the
steam. The flow in the furnace uses u-shaped tube bundles.
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4.4.2 Benson-boiler
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Figure4-8, Benson boiler circulation, 1 — feedwater inlet, 2-economizing surface,
3-furnace tubes, 4-backpass surface, 5-superheating surface, 6-
desuperheating spray, 7-superheating, 8-main steam out (Dolezal,
1967).

A competitor to the Sultzer design the Benson boiler had a very similar tube pattern. Very
rarely was the bottle or similar device used in a Benson boiler. To facilitate design
Benson boiler uses straight heated up flowing parts and unheated down flow parts. In
Benson boiler there is no definite point where the evaporation ends and the superheating
begins, when operated under the critical pressure.
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2nd Pass :m nlinnhudins!

Qutlet Header
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Cutlet Header

1stand 2nd Pass

% 1
. | \
\
Cutlat Headar
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Figure4-9, Dividing wall passesto segments (Smith, 1998).
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Dividing each pass to several segments helps to maintain low temperature differences
between adjacent tubes. Heat flux to tubes can vary because of localized fouling and tube
placement.

4.4.3 Ramzn-boiler

58

2 7

HA0LINANE

e
S

Figure4-10, Ramzin circulation, 1 — feedwater inlet, 2-economizing surface, 3-
furnace tubes, 4-bottle, 5-superheating surface, 6-desuperheating
spray, 7-superheating, 8-main steam out (Dolezal, 1967).

Ramzin boiler was developed in the Russia. It uses much the same operating principles
that the Sultzer monotube boiler. The main distinctive feature of Ramzin boiler is that the
tubes circle the furnace. It is expensive to manufacture. Separation (4) similar to Sultzer
design, was added later. The main use of Ramzin boilers has been in former eastern
block.

444 Tube selection for once through boiler

Sirnple Btructure Complex Structues
Bmaller Pressure Deop Larger Pressure Dirop
Easy Ash Removal Ashy Accumulation Possibality
o]
“—“—h_,____-
@)
o

VERTIZAL TUEBE WALL

with Rifled Tuke with Bmooth Tube

.
/1 SFIRAL TUEE WALL

Figure4-11, Selection of tubes for once through boilers (Mitsubishi Heavy
Industries Ltd, 2001).
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In once trough boilers the evaporation is brought to completion. Therefore parts of the
tubes must be operated at very high vapor contents. This kind of operation stresses some
tubes when water sometimes is separated from the tube walls and sometimes not. One
helpful way is to make parts of the tubes from rifled or internally finned tubes. Water
steam solution is brought into rotative motion and heavier water tends to stay longer at
the tube walls.

Figure4-12, Typical internally spirally finned tube.

Spirally finned tube increases wall wetting, decreases the possibility of DNB and is more
expensive than straight tube.

445 Combined circulation

Combined circulation is a trademark of former Combustion Engineering, now part of
Ahlstom Power. Target in combined circulation is to improve ‘once-through’ in low
loads. Includes pump for partial load operation. When low loads are run a part of the stam
water solution can be recirculated to drum and pumped again through the boiler.
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To Superheater

From
Economizer

Recirculation
at Light Loads

Figure4-13, Combined circulation (Singer, 1981).

Headers were earlier of various shapes. Even square cross section was used. Nowadays
only tubular headers are used.

4.4.6 Departure from nucleate boiling
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Figure4-14, Departurefrom nucleate boiling.

The biggest design consern for once-through design is that DNB must be avoided.
Furnace heat transfer must be arranged so that the furnace tube temperatures keep
relatively constant even at partial load.
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5 MILL BALANCES

Every recovery boiler case was considered in a mill setting. Two alternatives were used.
The first is typical new mill with biomass boiler. The second was the same mill but with
no additional boilers i.e. bark etc. are sold. This was done for not to confuse the
electricity generating values with possible biomass boiler specific extra electricity
generation.

5.1 Mill base dimensioning

Target annual production, t/a 1100000
Softwood, ADt/a 480000
Hardwood, ADt/a 620000
Target operating days, d 350
Required average production, ADt/24h 3143
Mill debarking

Additional wood for combustion, m’>sub/a 500000

This mill corresponds to a new large mill at northern latitudes. The size was chosen large.
The economical possibilities for extra electricity generation are better with large boilers.

5.2 Mill department sizing
Woodroom, m’g,,/d 34300
Digester, ADt/d 3680
Oxygendel., ADt/d 3680
Screening, ADt/d 3680
Pulp washing, ADt/d 3680
Bleaching, ADt/d 3490
Pulpdryer, ADt/d 3490
Evaporation, t H,O/h 1140
Recovery boiler, tDS/d 5300
Causticizing, m*WL/d 20956
Lime kiln, t lime/d 1080
CNCG-handling, m*/h 2300
DNCG-handling, m’/s 40
Power boiler, kg/s 90

Turbogenerators Case
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The mill department sizing was done using LUT based mill balance program
MILLFLOW.

5.3 Mill steam and electricity balances

Mill main balances were calculated to find out how changing the recovery boiler main
steam parameters affect the kraft mill balances especially the recovery boiler electricity
generation. The main balances were calculated using MILLFLOW excel spreadsheet as
basis for balances.

When calculating the main balances the departmental steam usages correspond to needs
for each case. So for each case the full mill steam and electricity balances are satisfied.
The fiberline operation remains essentially unchanged as the mill production is kept
constant. Recovery boiler preheating and pumping needs change from case to case. In
addition in case A the evaporation is to lower solids. Main balance summary for recovery
boiler is seen in Table 5-1.

Table5-1 Recovery boiler operating valuesfor each case.
Joutseno Kymi  Yonago SoTu SkyRec SkyRec+ SkyRec

Case A B C D E F E160
Capacity tds/d 5500 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005 5005
Dry solids % 82.0 85.0 85.0 850 850 85.0 85.0
HHV MJ/kgds 13.00 13.00 13.00 13.00 13.00 13.00 13.00
LHV MJ/kgds 12.28 1228 12.28 1228 1228 1228 12.28
02 in dry flue gas % 2.8 2.8 2.8 2.8 2.8 2.8 2.8
Primary air percentage % 23.0 220 220 220 220 22.0 22.0
Primary air temp. °C 150.0 190.0 190.0 190.0 190.0 190.0 190.0
Secondary air % 50.0 540 540 540 54.0 54.0 54.0
percentage

Secondary air temp. °C 120.0 190.0 190.0 190.0 190.0 190.0 190.0
Tertiary air percentage % 27.0 120 120 120 120 12.0 12.0
Tertiary air temp. °C 30.0 190.0 190.0 190.0 190.0 190.0 190.0
Quartenary air percent. % 0.0 120 120 120 120 12.0 12.0
Quartenary air temp. °C 30.0 190.0 190.0 190.0 190.0 190.0 190.0
Total air temperature °C 102.6 190.0 190.0 190.0 190.0 190.0 190.0
Main steam pressure RB  bar(a) 94.0 104.0 124.0 164.0 124.0 264.0 164.0
Main steam temp. RB °C 490.0 505.0 515.0 540.0 515.0 540.0 515.0
Main steam pressure PB  bar(a) 94.0 104.0 1240 164.0 124.0 124.0 102.0
Main steam temp. PB °C 490.0 505.0 515.0 540.0 515.0 515.0 505.0
Feedwater pressure bar(a) 110.0 121.0 146.0 182.0 146.0 290.0 290.0
Feedwater temp. °C 120.0 148.0 148.0 148.0 148.0 148.0 148.0
Reheater inlet pressure bar(a) 36 56 36
Reheater inlet temp. °C 348 337 310
Reheater outlet pressure  bar(a) 34 54 34
Reheater outlet temp. °C 400 460 400
HP FW preheater inlet °C 200 200 200 200 200 200 200
HP FWopreheater outlet °C 200 200 220 220 220 220 220
Flue gas temp. (eco out) °C 155 197 197 197 197 197 197
Flue gas temp. (to stack) °C 155 155 155 155 155 155

Sootblowing kg/s 6.0 6.0 6.0 6.0 8.0 8.0 8.0
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The main balances were calculated using MILLFLOW excel spreadsheet as basis for
balances. The mill condensing tail flow was set to balance the steam balance. The
example pulp mill has condensing tail in its turbine. Most of the older pulp mills do not
have a condensing tail, but run only backpressure operation. It should be noted that in the
example mill there is no bark boiler. Recovery boiler is the sole steam producer in the
mill. The bark is sold to outside of the mill.

In all cases the pulp mil produces more electricity than it consumes. This is because the
mill is modern and thus energy efficient i.e. it has steam surplus. The second reason for
high electricity generation is high steam parameters. The third reason is extra electricity
generation done with condensing tail in the steam turbine.

Table5-2 Main balance valuesfor each case, power boiler in operation.
Joutseno Kymi  Yonago SoTu SkyRec SkyRect+ SkyRec

Case A B C D E F E160
Capacity tds/d 5500 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005 5005
Dry solids % 82.0 85.0 85.0 850 850 85.0 85.0
Main steam pressure RB  bar(a) 94.0 104.0 124.0 164.0 124.0 264.0 164.0
Main steam temp. RB °C 490.0 505.0 515.0 540.0 515.0 540.0 515.0
Main steam pressure PB  bar(a) 94.0 104.0 1240 164.0 1240 1240 102.0
Main steam temp. PB °C 490.0 505.0 515.0 540.0 515.0 515.0 505.0
Feedwater pressure bar(a) 110.0 121.0 146.0 182.0 146.0 290.0 290.0
Feedwater temp. °C 120.0 148.0 148.0 148.0 148.0 148.0 148.0
Reheater inlet pressure bar(a) 36 56 36
Reheater inlet temp. °C 348 337 310
Reheater outlet pressure  bar(a) 34 54 34
Reheater outlet temp. °C 400 460 400
Sootblowing kg/s 6.0 6.0 6.0 6.0 8.0 8.0 8.0
Steam flow RB kg/s 215.0 226.4 2325 2320 2240 2185 220.8
Change in steam flow % 0.0 5.3 8.1 7.9 4.1 1.6 2.7
Pulping usage total Mw 87.6 88.1 88.9 90.2 88.2 93.2 90.0
Mill total usage MwW 95.5 96.1 969 982 96.2 101.2  98.0
Electricity production MW 2344 2395 249.8 2629 2501 2634 2511
Surplus electricity MW 138.9 143.3 153.0 164.7 153.8 162.2 153.1
Efficiency to electricity % 23.2 231 241 254 241 254 24.2
Change in electricty Mw 0.0 4.4 14.0 258 149 23.2 141
% 0.0 3.2 101 185 107 16.7 10.2

We note that the steam production increases from Case A to Case B because of higher
black liquor dry solids and more air preheating. The steam production increases from
Case B to Case C because of high pressure preheating. The recovery boiler steam flow
starts decreasing as further increases in main steam parameters require more heat.

The pulping electricity usage is not constant. The main parameter that changes is the
recovery boiler feedwater pump power requirement, Table 5-3.

Table5-3 Recovery boiler own power usage for each case.
Joutseno Kymi  Yonago SoTu SkyRec SkyRec+ SkyRec

Case A B C D E F E160
Air fan power kW 2275 2296 2296 2296 2296 2296 2296
Flue gas fan power kw 2570 2534 2534 2534 2534 2534 2534
Feedwater pumping power kW 3055 3556 4347 5719 4187 8606 5443
Other power kw 1500 1500 1500 1500 1500 1500 1500

Total power kW 9401 9886 10677 12049 10518 14937 11773
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Table5-4 Main balance valuesfor each case, no power boiler in operation.
Joutseno Kymi  Yonago SoTu SkyRec SkyRect+ SkyRec

Case A B C D E F E160
Capacity tds/d 5500 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005 5005
Dry solids % 82.0 85.0 85.0 850 850 85.0 85.0
Main steam pressure RB  bar(a) 94.0 104.0 124.0 164.0 124.0 264.0 164.0
Main steam temp. RB °C 490.0 505.0 515.0 540.0 515.0 540.0 515.0
Main steam pressure PB  bar(a) 91.0 104.0 124.0 164.0 124.0 124.0 102.0
Main steam temp. PB °C 490.0 505.0 515.0 540.0 515.0 515.0 505.0
Feedwater pressure bar(a) 110.0 121.0 146.0 182.0 146.0 290.0 290.0
Feedwater temp. °C 120.0 148.0 148.0 148.0 148.0 148.0 148.0
Reheater inlet pressure bar(a) 36 56 36
Reheater inlet temp. °C 348 337 310
Reheater outlet pressure  bar(a) 34 54 34
Reheater outlet temp. °C 400 460 400
Sootblowing kg/s 6.00 6.00 6.00 6.00 8.00 8.00 8.00
Steam flow RB kg/s 215.0 226.4 233.6 2320 224.0 2185 2240
Change in steam flow % 0.0 5.3 8.6 7.9 4.1 1.6 4.1
Pulping usage total Mw 87.6 88.1 88.9 90.2 88.2 93.2 90.0
Mill total usage Mw 91.1 917 924 938 91.8 96.8 93.6
Electricity production MW 149.3 1539 161.8 1756 1623 1779 167.0
Surplus electricity Mw 58.2 622 694 817 70.5 81.1 73.4
Efficiency to electricity % 20.4 204 214 232 215 23.5 22.7
Change in electricty Mw 0.0 4.0 11.2 236 123 22.9 15.2
% 0.0 6.8 19.3 405 211 39.4 26.2

As can be seen the modern recovery boiler Case C does produce about 20 % more
electricity than roughly ten years ago, case A. reheating cases E and E160 seem to give
only marginally better electricity production. The only alternative seems to be to increase
the main steam temperature to 540 °C, Cases D and F.

Electricity generation does not depend a lot on how the boiler steam side is configured.
Reheating and once through appear only marginally better when considering the recovery
boiler electricity generation.
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6 BOILER DIMENSIONING

All described cases have been dimensioned. The dimensioning is based on typical

recovery boiler dimensioning. The studied cases were

A.

mm o aw

Natural circulation 82 %, 490 °C, 9.0 MPa (reference Joutseno)

Natural circulation 85 %, 505 °C, 10.2 MPa (reference Kymi)

Natural circulation 85 %, 515 °C, 12.0 MPa (reference Yonago)
Assisted circulation 85 %, 540 °C, 16.0 MPa (SoTu)

Natural circulation 85 %, 515/400 °C, 12.0/3.4 MPa (SkyRec) Reheating
Once-through 85 %, 540/460 °C, 26.0/5.4 MPa (Skyrec+) Reheating
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Figure6-1, Boiler bottom area vs capacity, red squares indicate cases A-F.

Each boiler was dimensioned similar to commercial recovery boilers using recovery

boiler specific dimensioning. The furnace bottom area

size was kept constant, but

furnace height varied, Figure 6-2. As can be seen the reheater cases E and F have rather
low furnaces and thus high furnace nose temperatures. If we try to use traditional furnace
nose temperatures the superheater surface area required quickly becomes much too large.
Choise of variable furnace nose temperature meant that boiler bank entrance section

temperature was kept reasonably unchanged.

Because of equal boiler bank entrance section temperature the boiler bank and

economizer area comes up similar.
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Figure6-2, Boiler bottom area vs furnace height, red squares indicate cases A-F.
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Figure6-4, Boiler bottom area vs economizer area, red squares indicate cases A-F.

The superheater and reheater area between different cases varied quite much.
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Figure6-5, Boiler bottom area vs sum of superheater and reheater area, red squares
indicate cases A-F.

Each case dimensioning is discussed in more detail.
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6.1 Case A - Modern high efficiency boiler
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Figure6-6, Modern recovery boiler in p-h-diagram, 215.0 kg/s, 9.0 MPa, 490 °C.

The heat addition diagram for Case A is presented as figure 6-1. As is typical the biggest
pressure drop is in the superheaters.
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Figure6-7, Modern recovery boiler in ®-t-diagram, 215.0 kg/s, 9.0 MPa, 490 °C.

The heat-steam/waterside temperature diagram for Case A is presented as figure 6-2. The
evaporation is overdimensioned as is typical and economizers are underdimensioned.
This is because sizing boiler bank an economizers roughly of equal height gives savings
in boiler house volume. The main dimensions for Case A are shown in Table 6-1.

Table6-1 Main dimensions of modern recovery boiler, Case A.

Surface unit

Furnace area m’ 232.8
Furnace height m 36.5

Total boiler height m 70.5

Furnace area m’ 4417
Screen arca m’

Superheater area m’ 16880
Superheater area (proj) m’ 13731
Boiler bank area m’ 10274
Economizer area m’ 30855
Total area m’
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Figure6-8, Modern recovery boiler turbine expansion in h-s-diagram, 215 kg/s, 9.0
MPa, 490 °C.

As seen in the figure 6-3 the turbine expansion tends to go to wet steam at about 5 bar(g)
so this option requires higher low pressure steam values than others. In addition the
turbine condenser end is at moisture which exceeds 12 %. Normally this would require
special turbine design to be feasible.

If the turbine isentropic efficiency is lowered or turbine condenser end pressure is
increased the turbine can be brought to more normal design conditions.



42

6.2 Case B —High efficiency recovery boiler
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Figure6-9, High efficiency recovery boiler in p-h-diagram, 226.4 kg/s, 10.2 MPa, 505
°C.

The heat addition diagram for Case B is presented as figure 6-4. This diagram does not
markedly differ form the one for Case A. As can be seen the preheating of feedwater
takes a fairly large portion of the heat flow.
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Figure 6-10, High efficiency recovery boiler in ®-t-diagram, 226.4 kg/s, 10.2 MPa, 505
°C.

The heat-steam/waterside temperature diagram for Case B is presented as figure 6-5. The
diagram is fairly similar to case A. The main dimensions for Case B are shown in Table
6-2.

Table 6-2 Main dimensions of high efficiency recovery boiler, Case B.

Surface unit

Furnace area m’ 232.1
Furnace height m 41.6
Total boiler height m 75.1
Furnace area m’ 5056
Screen arca m’

Superheater area m’ 13536
Superheater area (proj) m’ 12851
Boiler bank area m’ 10852
Economizer area m’ 39972
Total area m’
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Figure6-11, High efficiency recovery boiler turbine expansion in h-s-diagram, 226.4
kg/s, 10.2 MPa, 505 °C.

The high efficiency boiler turbine expansion seems to fit better the chosen LP pressure
3.5 bar(g). The end moisture is somewhat over 10 % which is still possible, but requires
better materials for the last rows of turbine blades.
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6.3 Case C — High pressure and temperature recovery boiler

The heat addition diagram for Case C is presented as figure 6-7. As is typical the biggest
pressure drop is in the superheaters.
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Figure 6-12, High pressure and temperature recovery boiler in p-h-diagram, 232.5 kg/s,
12.0 MPa, 520 °C.

There are not big changes in heat transfer surface placement nor in their sizing, therefore
the p-h-diagram is fairly similar to cases A and B. As the pressure increases the portion
of heat to evaporation decreases and the portion of heat to both superheating and
preheating increases. This is the reason why different constructions from traditional are
used in the boiler bank. Because the entrance to boiler bank has been kept fairly close to
traditional values then the furnace inlet temperature has increases.

In the ®-t-diagram one notices that the economizer outlet temperature starts to be fairly
low compared to the evaporation temperature.
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Figure 6-13, High pressure and temperature recovery boiler in ®-t-diagram, 232.5 kg/s,
12.0 MPa, 520 °C.

Table 6-3 Main dimensions of high pressure and temperature recovery boiler,

CaseC.
Surface unit
Furnace area m’ 232.8
Furnace height m 41.6
Total boiler height m 78
Furnace area m’ 5056
Screen arca m’
Superheater area m’ 13536
Superheater area (proj) m’ 12851
Boiler bank area m’ 10852
Economizer area m’ 39849
Total area m’
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Figure 6-14, High pressure and temperature recovery boiler turbine expansion in h-s-
diagram, 232.5 kg/s, 12.0 MPa, 520 °C.

6.4 Case D - Assisted circulation recovery boiler concept
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Figure 6-15, Assisted circulation recovery boiler in p-h-diagram, 232.0 kg/s, 16.0 MPa,
540 °C.

Table 6-4 Main dimensions of assisted circulation recovery boiler, case D.

Surface unit

Furnace area m’ 232.1
Furnace height m 39.6
Total boiler height m 75
Furnace area m’ 5082
Screen arca m’

Superheater area m’ 20255
Superheater area (proj) m’ 19014
Boiler bank area m’ 10852
Economizer area m’ 39765
Total area m’
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Figure 6-16, Assisted circulation recovery boiler in ®@-t-diagram, 232.0 kg/s, 16.0 MPa,
540 °C.
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Figure6-17, Assisted circulation recovery boiler turbine expansion in h-s-diagram,
232.0 kg/s, 16.0 MPa, 540 °C.

6.5 Case E —High pressure and temperature recovery boiler with reheat
concept

This boiler equals the boiler of Case C but with reheating applied
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Figure 6-18, High pressure and temperature recovery boiler with reheat in p-h-diagram,
224.0 kg/s, 12.0/3.4 MPa, 515/400 °C.
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Figure 6-19, High pressure and temperature recovery boiler with reheat in ®-t-diagram,
224.0 kg/s, 12.0/3.4 MPa, 515/400 °C.

Table 6-5 Main dimensions of high pressure and temperature recovery boiler
with reheat, case E.

Surface unit

Furnace area m’ 232.1
Furnace height m 38.4
Total boiler height m 75
Furnace area m’ 4473
Screen arca m’

Superheater area m’ 20255
Superheater area (proj) m’ 25451
Boiler bank area m’ 10852
Economizer area m’ 39975
Total area m’
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Figure 6-20, High pressure and temperature recovery boiler with reheat in h-s-diagram,
224.0 kg/s, 12.0/3.4 MPa, 515/400 °C.

6.6 Case F — Once-through recovery boiler with reheat concept



54

4000
3500 ————=
\—\\‘ T i — -
T o I
3000 \‘480 C
\‘ 440°C
sat.steam —\
o
22500 T
lﬁ
4 Critical point
- 22.12 MPa
22000
g //
£ 1500 ——
jlt.water \ 0
1000 =
200°C
160 °C ’
500 I 120 °C
0
0 5 10 15 20 25 30

Pressure, MPa

Figure 6-21, Once-through recovery boiler with reheat in p-h-diagram, 218.5 kg/s,
24.0/5.4 MPa, 540/460 °C.
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Figure 6-22, Once-through recovery boiler with reheat in ®-t-diagram, 218.5 kg/s,
24.0/5.4 MPa, 540/460 °C.

Table 6-6 Main dimensions of once-through recovery boiler with reheat, Case F.

Surface unit

Furnace area m’ 234 4
Furnace height m 33.6
Total boiler height m 72.0
Furnace area m’ 4084
Screen arca m’ 796
Superheater area m’ 24372
Superheater area (proj) m’ 23803
Boiler bank area m’ 12786
Economizer area m’ 39235
Total area m’ 105075
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Figure 6-23, Once-through recovery boiler with reheat in h-s-diagram, 218.5 kg/s,
24.0/5.4 MPa, 540/460 °C.
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6.7 Boiler size comparison

Recovery boiler pressure part weights for different options are shown in Table 6-7.

Table 6-7 Main size valuesfor each case.
Joutseno Kymi  Yonago SoTu SkyRec SkyRec+

Case A B C D E F
Capacity tds/d 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005
Dry solids % 82.0 85.0 850 850 850 85.0
Main steam pressure RB  bar(a) 94.0 104.0 124.0 164.0 124.0 264.0
Main steam temp. RB °C 490.0 505.0 515.0 540.0 515.0 540.0
General data

Design pressure bar(e) 130 129 148 186 148 289
Areas

Furnace area m2 233.6 2321 2321 2321 2321 2344
Furnace height m 36.5 416 416 396 384 33.6
Total boiler height m 75.5 751 78.0 76.0 75.0 72.0
Furnace area m2 4417 5056 5056 4813 4672 4084
Screen area m2 0 796 0 796 796 796
Superheater area m2 23712 13536 16102 20255 21306 24372
Superheater area (proj) m2 16004 12984 15446 19429 20437 23803
Boiler bank area m2 13600 10262 11982 11982 11982 12786
Economizer area m2 40720 39676 39676 39529 39382 39235
Total area m2 98454 82310 88262 96804 98575 105075

Pressure part weight
Furnace panels weight tons 1035 1085 1107 1157 1051 843

Screen weight tons 0 465 0 588 503 543
Superheater weight tons 2254 1463 1827 2490 2417 2569
Boiler bank weight tons 813 740 1041 1041 1041 1080
Economizer weight tons 1845 2080 2080 2072 2063 2057
Total weight tons 5946 5832 6055 7348 7075 7091
Total hanging weight tons 9250 8760 9270 10290 10170 10140
Cost

Cost difference M€ 9.2 0.0 6.5 171 243 27.0
Electricity difference MWe -4.0 0.0 7.3 19.6 8.3 19.0
Cost for additional k€/MWe -2310 0 890 875 2921 1422
Price of extra power €/MWh  -57.8 0.0 222 219 73.0 35.6

The increase in electricity generation seems very profitable up to case C. This confirms
the rationality of design choices that have lead to the present recovery boiler. Case A
costs more that it should were it built today. The reason is larger than required
superheating surface and smaller than currently used superheater tube size. From cost of
additional power, going to SoTu concept of 540 °C steam seems desirable. Currently the
corrosion issues have not yet been solved so in this study we assume that superheaters do
not corrode. Reheater boiler concept seems not at all profitable. The additional electricity
generation was only marginal. Once-through recovery boiler did produce as much
additional electricity than the SoTu concept of 540 °C steam. The corrosion issues still
remain the same.
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7 APROS-STUDIES

The Advanced Process Simulation Environment (APROS) provides tools, solution
algorithms and mode libraries for fullscale modelling and simulation of dynamic
processes, such as combustion power plants. The model libraries have been
comprehensively validated against real physical process experiments. The modular and
hierarchical approach of APROS allows unique flexibility of process analysis at various
conceptual levels.

APROS allows the inclusion of the user's own models in the calculation as well as easy
connection to external models, automation systems or control room equipment. A large
process model can be divided into several flowsheet diagrams. This can be done both in a
hierarchical and a horizontal way. At any time, the complete model information can be
saved into a model snapshot file containing the full model configuration and its
momentary state data at the time instant. Similarly, at any time, the user can backtrack to
a snapshot once saved in the past.
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Figure7-1, Once-through recovery boiler with reheat APROS model, 218.5 kg/s,
24.0/5.4 MPa, 540/460 °C.
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Figure7-2, Change in firing rate in once-through recovery boiler with reheat.
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Figure7-3, Desired change in steam flow in once-through recovery boiler with reheat.
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Figure 7-4, Desired change in steam temperature in once-through recovery boiler with
reheat.
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8 PREHEATER CONCEPTS
One of the most successful ways to increase electricity generation form recovery boilers
hah been the implementation of different preheating schemes (Raukola et al., 2002).

The preheating schemes have been selected based on typical practice.

8.1 Air preheater concepts

It is important to heat air. In Case C5 the air on average is preheated only to 121.2 °C.
This was typical to so called cold tertiary air systems. Cold tertiary was used to increase
the mixing of air to flue gases in the furnace.

In Case C4 the air on average is preheated already to 150.4 °C. This was typical after
newer air systems became wider spread. In Case C3 the air on average preheated to 190
°C. This is the case for modern high electricity boilers (Aikio, 2009).

8.2 Water preheater concepts

In cases C5 — C3 the feedwater was preheated to 120 °C. Flue gas temperature is then 155
°C. In Case C2 the feedwater is preheated to 148 °C before the economizers. This means
that flue gas exit temperature increases to 198 °C. The flue gas is cooled down in air
heater so the temperature to stack remains constant.

In case C1 the feedwater is additionally preheated between economizers from 200 to 220
°C. This high pressure preheater concept is patented.

8.3 Sootblowing concepts

In cases C5 — C1 the sootblowing was taken from inside the recovery boiler. In Case CO
the Sootblowing is taken from turbine so some expansion in turbine occurs which
increases the electricity generation.

8.4 Electricty generation changes

Electricity generation in cases C5 — CO is shown in the Table 8-1.
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Table8-1 Main values and electricity generation for additional cases.
inside  NoFW Low

As case C SB prh FW Air 150 Air 120
Case Co C1 C2 C3 C4 C5
Capacity tds/d 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005
Dry solids % 85.0 85.0 85.0 850 850 85.0
ds (virgin) % 83.8 83.8 83.8 838 8338 83.8
recycle ash % 9.0 9.0 9.0 9.0 9.0 9.0
HHV MJ/kgds 13.00 13.00 13.00 13.00 13.00 13.00
HHV (virgin) MJ/kgds 14.29 1429 1429 1429 1429 14.29
LHV MJ/kgds 12.28 12.28 1228 1228 1228 12.28
LHV (virgin) MJ/kgds 13.49 1349 1349 1349 1349 1349
02 in dry flue gas % 2.8 2.8 2.8 2.8 2.8 2.8
Primary air % 22.0 220 220 220 220 22.0
Primary air temp °C 190.0 190.0 190.0 190.0 160.0 150.0
Secondary air % 54.0 540 54.0 540 54.0 54.0
Secondary air temp °C 190.0 190.0 190.0 190.0 160.0 150.0
Tertiary air percentage % 12.0 120 120 120 120 12.0
Tertiary air temp °C 190.0 190.0 190.0 190.0 120.0 30.0
Quartenary air % 12.0 120 120 120 120 12.0
Quartenary air temp °C 190.0 190.0 190.0 190.0 120.0 30.0
Total air percentage % 100.0 100.0 100.0 100.0 100.0 100.0
Total air temperature °C 190.0 190.0 190.0 190.0 1504 121.2
Reduction % 96.00 96.00 96.00 96.00 96.00 96.00
Main steam pressure RB  bar(a) 124.0 124.0 124.0 124.0 1240 124.0
Main steam temp RB °C 515.0 505.0 515.0 515.0 515.0 515.0
Feedwater pressure bar(a) 146.0 146.0 146.0 146.0 146.0 146.0
Feedwater temperature °C 148.0 148.0 148.0 120.0 120.0 120.0
HP FWopreh inlet temp °C 200 200 200 200 200 200
HP FWpreh outlet temp °C 220 220 200 200 200 200
Flue gas temp (eco out) °C 197 197 197 155 155 155
Flue gas temp (to stack) °C 155 155 155 155 155 155
Sootblowing kg/s 6.0 6.0 6.0 6.0 6.0 6.0
Steam flow kgls 2325 228.6 221.0 2171 2136 2111
Change in steam flow % 0.0 -1.7 -5.0 -6.6 -8.1 -9.2
Pulping usage total Mw 88.9 88.9 889 889 889 88.9
Mill total usage MW 92.4 924 924 924 924 92.4
Electricity production Mw 161.8 160.8 158.4 156.5 154.5 153.6

Surplus electricity MW 69.4 68.3 66.0 641 620 61.2
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9 CONCLUSIONS
In this study several recovery boiler concepts were compared with the whole pulp mill energy
balance being considered. The studied concepts are
G. Natural circulation 82 %, 490 °C, 9.0 MPa (reference Joutseno)
Natural circulation 85 %, 505 °C, 10.2 MPa (reference Kymi)
Natural circulation 85 %, 515 °C, 12.0 MPa (reference Yonago)
Assisted circulation 85 %, 540 °C, 16.0 MPa (reference SoTu)
Natural circulation 85 %, 515/400 °C, 12.0/3.0 MPa (SkyRec)
Once-through 85 %, 540/460 °C, 26.0/5.4 MPa (SkyRec+)

R

Steam and electricity generation for each recovery boiler case is shown in Table 9-1. The
steam production increases from Case A to Case B because of higher black liquor dry
solids and more air preheating. The steam production increases from Case B to Case C
because of high pressure preheating. The recovery boiler steam flow starts decreasing as
further increases in main steam parameters require more heat.

Table9-1 Steam and electricity generation for each case.
Joutseno Kymi  Yonago SoTu SkyRec SkyRec+ SkyRec

Case A B C D E F E160
Capacity tds/d 5500 5500 5500 5500 5500 5500 5500
capacity (virgin) tds/d 5005 5005 5005 5005 5005 5005 5005
Dry solids % 82.0 85.0 85.0 850 850 85.0 85.0
Main steam pressure RB  bar(a) 94.0 104.0 124.0 164.0 124.0 264.0 164.0
Main steam temp. RB °C 490.0 505.0 515.0 540.0 515.0 540.0 515.0
Steam generation
Steam flow RB kg/s 215.0 226.4 233.6 2320 224.0 2185 2240
Change in steam flow % 0.0 5.3 8.6 7.9 4.1 1.6 4.1
Electricity
Pulping usage total MW 87.6 88.1 889 90.2 88.2 93.2 90.0
Mill total usage Mw 91.1 917 924 938 918 96.8 93.6
Electricity production MW 149.3 1539 161.8 1756 1623 1779 167.0
Surplus electricity MW 58.2 62.2 694 81.7 705 81.1 73.4
Efficiency to electricity % 20.4 204 214 232 215 23.5 22.7
Change in electricty MW 0.0 4.0 11.2 236 123 22.9 15.2
% 0.0 6.8 19.3 405 211 39.4 26.2

As can be seen the modern recovery boiler Case C does produce about 20 % more
electricity than roughly ten years ago, case A. reheating cases E and E160 seem to give
only marginally better electricity production. The only alternative seems to be to increase
the main steam temperature to 540 °C, Cases D and F. The pulping electricity usage is not
constant. The main parameter that changes is the recovery boiler feedwater pump power
requirement.

Electricity generation does not depend a lot on how the boiler steam side is configured.

Reheating and once-through appear only marginally better when considering the recovery
boiler electricity generation.



Table 9-2 Cost difference and price of extra power for each case.

Joutseno
Case A
Capacity tds/d 5500
capacity (virgin) tds/d 5005
Dry solids % 82.0
Main steam pressure RB  bar(a) 94.0
Main steam temp. RB °C 490.0
Cost
Cost difference MéE 9.2
Electricity difference MWe -4.0
Cost for additional k€/MWe -2310
Price of extra power €/MWh -57.8

The increase in electricity generation seems very profitable up to case C. This confirms
the rationality of design choices that have lead to the present recovery boiler. Case A
costs more that it should were it built today. The reason is larger than required
superheating surface and smaller than currently used superheater tube size. From cost of
additional power, going to SoTu concept of 540 °C steam seems desirable. Currently the
corrosion issues have not yet been solved so in this study we assume that superheaters do
not corrode. Reheater boiler concept seems not at all profitable. The additional electricity
generation was only marginal. Once-through recovery boiler did produce as much
additional electricity than the SoTu concept of 540 °C steam. The corrosion issues still

remain the same.
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Kymi
B
5500
5005
85.0
104.0
505.0

0.0
0.0
0
0.0

Yonago

C
5500
5005
85.0
124.0
515.0

6.5

7.3

890
22.2

SoTu

D
5500
5005
85.0
164.0
540.0

171
19.6
875
21.9

SkyRec

E
5500
5005
85.0
124.0
515.0

243
8.3
2921
73.0

SkyRec+

F
5500
5005
85.0

264.0
540.0

27.0
19.0
1422
35.6
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SKYREC CORROSION TEST MATRIX, 2009 1(2)

Test no. Oven no. Material Salt Temp. Gas atmosphere Comments

1 1 10CrMo  ash 5+ BL-char 450 5% CO, 95% N2 SEM no corr.
2 T Na2S04 SEM no corr.
3 Sanicro 28 To =884 SEM no corr.
4 HR11N SEM no corr.
5 10CrMo repetition SEM no corr.
6 2 10CrMo ash 5 + BL-char 500 5% CO, 95% N2 SEM no corr.
7 T91 SEM no corr.
8 Sanicro 28 SEM no corr.
9 HR11N SEM no corr.
10 T91 repetition SEM no corr.
11 3 10CrMo ash 5 + BL-char 550 5% CO, 95% N2 SEM no corr.
12 T SEM no corr.
13 Sanicro 28 SEM no corr.
14 HR11N SEM no corr.
15 Sanicro 28 repetition SEM no corr.
16 4 10CrMo ash 5 + BL-char 600 5% CO, 95% N2 SEM  corrosion
17 T SEM  corrosion
18 Sanicro 28 SEM no corr.
19 HR11N SEM  corrosion
20 HR11N repetition SEM no Ccorr.
21 5 10CrMo  ash 8 + BL-char 450 5% CO, 95% N2 SEM  corrosion
22 T91 NaCl, KCI (0.3% Cl) SEM  corrosion
23 Sanicro 28 Na2S04, K2S04 SEM  no.corr.
24 HR11N To =526 SEM  no corr.
25 10CrMo repetition SEM  corrosion
26 6 10CrMo ash 8 + BL-char 500 5% CO, 95% N2 SEM  corrosion
27 T SEM  nocorr.
28 Sanicro 28 SEM  no corr.
29 HR11N SEM  nocorr.
30 T91 repetition SEM  no corr.
31 7 10CrMo ash 8 + BL-char 550 5% CO, 95% N2 SEM  coloring
32 T91 SEM  no corr.
33 Sanicro 28 SEM nocorr.
34 HR11N SEM  no corr.
35 Sanicro 28 repetition SEM  no corr.
36 8 10CrMo ash 8 + BL-char 600 5% CO, 95% N2 SEM  corrosion
37 T91 SEM  coloring
38 Sanicro 28 SEM  coloring
39 HR11N SEM  coloring




SKYREC CORROSION TEST MATRIX, 2009 2(2)
Test no. Oven no. Material Salt Temp. Gas atmosphere Comments

40 HR11N repetition SEM  coloring

41 9 10CrMo  ash 9 + BL-char 450 5% CO, 95% N2 SEM no.corr.
42 T91 NaCl (1.3 mol% ClI) SEM corrosion
43 Sanicro 28 Na2S04 SEM no.corr.
44 HR11N To =621 SEM no.corr.
45 10CrMo repetition SEM corrosion
46 10 10CrMo ash 9 + BL-char 500 5% CO, 95% N2 SEM corrosion
47 T91 SEM no.corr.
48 Sanicro 28 SEM no.corr.
49 HR11N SEM no.corr.
50 T91 repetition SEM no.corr.
51 11 10CrMo ash 9 + BL-char 550 5% CO, 95% N2 SEM corrosion
52 T SEM no.corr.
53 Sanicro 28 SEM no.corr.
54 HR11N SEM no.corr.
55 Sanicro 28 repetition SEM no.corr.
56 12 10CrMo ash 9 + BL-char 600 5% CO, 95% N2 SEM no.corr.
57 T91 SEM no.corr.
58 Sanicro 28 SEM no.corr.
59 HR11N SEM corrosion
60 HR11N repetition SEM Nno.corr.
61 13 10CrMo ash 10 + BL-char 450 5% CO, 95% N2 SEM no corr.
62 T91 KCI (1.3 mol% ClI) SEM no corr.
63 Sanicro 28 Na2S04, K2S04 SEM no corr.
64 HR11N To =522 SEM no corr.
65 10CrMo repetition SEM no.corr.
66 14 10CrMo  ash 10 + BL-char 500 5% CO, 95% N2 SEM no.corr.
67 T91 SEM no corr.
68 Sanicro 28 SEM no corr.
69 HR11N SEM no corr.
70 T91 repetition SEM no corr.
71 15 10CrMo  ash 10 + BL-char 550 5% CO, 95% N2 SEM corrosion
72 T SEM corrosion
73 Sanicro 28 SEM corrosion
74 HR11N SEM corrosion
75 Sanicro 28 repetition SEM corrosion
76 16 10CrMo  ash 10 + BL-char 600 5% CO, 95% N2 SEM corrosion
77 T91 SEM corrosion
78 Sanicro 28 SEM corrosion
79 HR11N SEM corrosion
80 HR11N repetition SEM corrosion
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Tilagja

Suomen Soodakattilayhdistys ry

Y hteyshenkilo VTT:ssa
MARKKU ORJALA, Customer Manager
VTT Bioenergy, Koivurannantie 1, P.O.BOX, 1603
Jyviskyld, FINLAND
Tel. +358 20 722 2534
Mobile +358 400 341 474
Fax +358 20 722 2720
Email markku.orjala@vtt.fi

Tyo6n sisalto

Tutkimuksessa kartoitetaan kuuden materiaalin kuumakorroosioriskit soodakattilan tulistinalueella kah-
della eri kattilalla tai kahdessa eri lampdtilassa tilaajan osoittamissa paikoissa. Tutkimuksessa selvitetddn
tulistinalueelle kertyvien kerrostumien koostumusta, tutkitaan eri tulistinmateriaalien kestidvyyttd. Materi-
aalien altistusaika on n. 1000 tuntia. Kerrostumien muodostumisen monitorointiin ja tulistinmateriaalien
kestdvyyden arviointiin kdytetdédn VTT:114 kehitettyja sondeja.

Tilannekatsaus 25.11.09
- Joutsenon laitoksella huoltoseisokki viikolla 48
- Laitokselle on toimitettu tiedot sondien vaatimuksista (yhteet, vesi, ilma, sdhko yms.)
- Sondien kunnostustoimenpiteet loppusuoralla

- Sondin jddhdytysratkaisun suunniteltu (kts. tdimén raportin kannen kuva) ja komponenttien han-
kinta ovat kdynnissd. Kokoaminen/rakentaminen kdynnistyy tdysimédrdisesti komponenttien saa-
vuttua. Tavoiteaikataulu joulukuu.

- Kaikki testattavat holkkimateriaalit on hankittu ja ndytekappaleiden valmistus menossa

- Mittausten aloittaminen ensi vuoden alussa (tavoiteaikataulu tammikuu)

JAKELU Tilaaja
VTT / projektiryhma

VTT:n nimen kayttdminen mainoksissa tai tdman selostuksen osittainen julkaiseminen on sallittu vain
VTT:sta saadun kirjallisen luvan perusteella.
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YLIOPISTO

TARJOUS TUTKIMUKSEN SUORITTAMISESTA

Tarjoamme__tulenkestévien soodakattimateriaalien tutkimuksen suorittamista alla
mainituin ehdoin.

1 Tarjouksen tekija

Oulun yliopisto, prosessimetallurgian laboratorio.
2 Tarjouksen kohde ja suoritusaika

On liitteella 1.

3 Maksuehdot

Tutkimus laskutetaan sopimushintaan 14 000 € ALV 0 %
Maksu suoritetaan kertasuorituksena loppuraportoinnin jalkeen.

4 Muut ehdot
Tarjous on voimassa 2 kuukautta tarjouskirjeen paivayksesta.

Mikali tarjous tulee hyvaksytyksi, sopimukseen sovelletaan Oulun yliopiston
tilaajarahoitteisen tutkimuksen yleisia sopimusehtoja (Liite 2).

5 Tutkimuksen tekijaa koskevat tiedot

Vastuullinen johtaja :Professori Jouko Harkki
Sahkdposti: jouko.harkki@oulu.fi
Puhelin: 040-5215655

Yhteyshenkild: Laboratorioinsindori Riku Mattila

Sahkdposti: riku.mattila@oulu.fi

Puhelin: 040-7301094

Osoite: Prosessimetallurgian laboratorio
Erkki Koiso-Kanttilan katu, ovi V2
90570 Oulu

Allekirjoitus
Oulun yliopisto 25/11 2009

Jouko Harkki

Tutkimuksen vastuullinen johtaja



KOKEELLINEN VERTAILEVA TUTKIMUS
TULENKESTAVISTA MASSOISTA SOODAKATTILASSA

1 TAUSTAA

Oulun yliopiston prosessi- ja ympéristotekniikan osaston prosessimetallurgian
laboratoriossa tutkittiin syksylla 2005 soodakattilan tulenkestdvia materiaaleja.

Tutkimuksen tilaajana oli Suomen Soodakattilayhdistys ry. [1]

Kokeellisessa osassa testattiin osittain spinelliin pohjautuvaa materiaalia altistamalla
se soodakattilan sulalle Stora Enson Oulun tehtaalla. Vertailukohteena kaytettiin
nykyisin kaytdssd olevaa samottista materiaalia. Spinellid sisdltdneet koekappaleet
kestivat soodakattilan olosuhteita paremmin kuin nykyisin kédytetystd materiaalista
valmistettu kappale. Spinellid siséltdvan materiaalin liséksi jatkotutkimuksiin
suositeltiin myds ZrOj,-pohjaista materiaalia sekd forsteriitin ja ceriumoksidin

soveltuvuuden arviointia.

2 TUTKIMUSSUUNNITELMA

Testit on tarkoitus suorittaa Stora Enson Oulun tehtaiden soodakattilassa ajon aikana.

Suoritusajaksi on kaavailtu vuoden 2009 loppua ja 2010 alkua.

2.1 Materiaalit
Tutkittaviksi materiaaleiksi on valittu seuraavat:
- Vertailu materiaali (Hassle ja MagnesiaRautatiili tehtaalta)
- Spinelli& muodostavaa massaa (Betker tai vastaava)
- Valmista spinellia sisaltavad massaa
- ZrO2 kaupallista massaa (Zircoa-Cast™ Castable Refractory, 0872-8D)
- CeO2 pohjainen massa tai pinnoite
- Forsteriitti pohjainen massa
- Tiivis aloksimassa (tehtaalla bloki).



2.2 Koekappeleiden valmistus

Koekappaleet valmistetaan massanvalmistajien ohjeiden mukaisesti.

Tulenkestavistd massoista valmistetaan noin 100-150mm pitka nelidprofiilinen tanko

jonka sivu on noin 50mm. Koekappale kiinnitetaan teras tankoon “tikkariksi”.

Massat kuivataan 110°C valun ja sidoksen muodostuksen jalkeen. Sen jalkeen

poltetaan tiilen valmistus lampoétilaa vastaavaksi.

Tikkarit ladotaan asennuspaketiksi, jossa on pahvin mentéva rako tikkareiden valilla.
Pakettia yllapita4 terdksinen kehikko, jonka toiseen aukkoon tikkarien terdsvahvikkeet
kiinnittyvét ja jossa on ulosvetoa ja asennusta varten tanko kehikossa. Raot tilkitd&n

tulenkestavalla villalla.

Kehikon tekee Oulun yliopisto yhteistydssé tehtaan kanssa.

2.3 Kokeiden suorittaminen

Tikkareita mahtuu 250mm x 100mm ruiskutusaukkoon noin kolmesta viiteen
kappaletta kerrallaan, jotka asetetaan kehikossa sisdan. Vahintaan yksi “tikkareista”
on vertailumateriaalia. Mitataan upotussyvyys ja erilliselld termoelementilla

lampdtila.

Toimitaan samoin seuraavien materiaalien kanssa.

Koekappaleita pidetaan kattilassa kunnes on seuraava ajotauko.

Testin lapikéyneet koekappaleet merkitddn, kuvataan ja séilotddn jatkotutkimusta

varten.

2.4 Koekappaleiden analysointi

Koekappaleet mitataan seka kuvataan ennen ja jalkeen kokeen. Tastd saa jo

késityksen mik& vertailtavista materiaaleista on paras. Jos halutaan edeta



tutkimuksessa ja vastata kysymykseen miksi kyseinen materiaali kesti kokeessa
taytyy koekappaleen mikrorakenne tutkia.

Mikrorakenteen tutkiminen on oma projektinsa.

2.5 Aikataulu

Koekappaleen muottien 6-10 kpl valmisteluaika véhintédan 2 paivaa.

Kehikoiden 2kpl valmisteluaika 2 pdivéa.

Koekappaleen teko 1 kpl/pdivéa joten muotteja tarvitaan useita 6 kpl muotteja homma
hoituu nopeammin noin 1 péivassa.

Koekappaleiden poltto 1 paiva 6 kpl kerralla.

Kappaleiden kuvaus ja kasaaminen kehikkoon 1 péiva.

Yhteensa minimi valmisteluaika kahdelle testikehikolle koekappaleineen on noin

2+2+1+1+1=7 pdivaa

Kappaleiden purku, kulumien mittaus ja valokuvaus 1 vko.

Raportointi havainnoista ja suositukset jatkosta 1 vko.

Y hteensa tehollista ty6aikaa arvoidaan kuluvan noin 3 vko.

2.6 Lahteet

Hannu Makkonen ja Riku Mattila. Soodakattilan keraamiset rakenteet. 2005.

Luottamuksellinen.

3 KUSTANNUKSET

Tehokasta tydaikaa kuluu arviolta noin 3 viikkoa. Téhén sisaltyy kuitenkin jonkin
verran paallekkaista tydaikaa yliopiston pajan, laboratorioinsinddrin ja tutkijan vélilla.
Laskutus on siis noin henkildkuukauden verran. Koemateriaalien hankinta ja
valmistukseen kuluu jonkin verran rahaa samoin matkoihin jne. Arvio muihin

kuluihin on noin 1500 euroa. Kokonaiskustannus on 14000 euroa alv0%.
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