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Abstract : As the use of waste and biomass increases in a power generation boiler, high temperature corrosion (HTC) problems
of boiler heat exchangers are becoming very important. Chlorine of the low-rank fuels is mainly responsible for the HTC issues,
which typically occur in the surface of high temperature heat exchanger like a superheater or reheater. In order to mitigate the
problem, various approaches have been proposed in terms of design modification, material improvement, fuel pre-treatment and
additive utilization. In this study, the current state of research and development focused on the additive method was investigated.
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Figure 1. Illustration of corrosion problem at a boiler (adapted from [38]) and direct photo of corroded heat exchangers (adapted from [43]).



Table 1. Approximate flue gas composition from in waste, bio-
mass and coal fired boiler [2]

0, | CO; | HO | SO, HCl |KCHNaCl
(%) | (%) | (%) | (ppm) | (ppm) (ppm)
Coal | 4~5 | 0~12 | 4~16 |400~1200| 10~50 -
Biomass | 5~10| 8~15 [10~20| 0~70 | 25~1000 | 5~50
Waste | 5~11| 8~14 [10~20| 0~150 |250~1300| <120

Fuel

RDF
Dry sewage sludge

L 7

Olive pits
Almond shells

Rice hulls
Straw (DK)
Miscantus
Switch grass
Bagasse

7
]

%7 Chlorine

777 Sulfur
B \2,0+K,0

Pine sawdust
Forest residuals
Alder/fir sawdust
Red oak sawdust
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Table 3. Melting points of single compounds and salt mixtures

Bitumonous Coal /////']/////{//’/////////]/////j’ﬁ : : : [2,6,7,42]
00 02 04 06 08 1.0 12 14 16 18 20 22 Single compounds Melting point (C)
Weight %
= ZnCl, 318
Figure 2. Elements important for deposit formation and corrosion PbCl, 489
(adapted from [44]). FeCl, p
FeCls 299
st B7) o] A9 Aol us] Ho W) Abau] e KCl 775
SxIsto] M7k Ul Abao] Hlgo] & Ao] UnkHolrh. 4 NaCl 801
o] B AdHez ﬂ*@}gﬂ wijEgo] W Rh upo] CuCl 430
QU2 gl H7]Ee A dakdde] il wol dEEe CuCl, 598
A& & 5 Slet o= LE W sl Aol ol Hldst CrCl 821
e Aatoln). dubAow dAud Hde AF L= Na,SOs ]84
G A 3k o] A 650 T 1Hﬂ Hpol A H-g =Y NiCl, 1001
o] AL 550 C o]8}, H7| &9 A% 350 - 450 C Y= K,SO4 1076
CaSO, 1400
PbSO4 1170
Table 2. Main crystaline compounds in a number of waste, bio- o
mass and coal fired boilers [2-5] Ixtures
. KCI-ZnCl, 230
Fuel-tvoe Crystaline compounds
P (XRD analysis) NaCl-ZnCl, 262
.. Si0,, KAISi;0g, CaSOs, CaO, KCI-FeCl, 355 or 340-393
Lignite coal [43] ;
Fer03, CarALSIO KCl-FeCls 204-221
Wood pellets + straw pellets [22] KCI, K;SOy4, SiO,, K3Na(SO4)2 NaCl-FeCl, 370
Straw pellets [44] SlOz, K5SOq, KCl, CagMg(SiO4)2 K>S04-ZnS04-Na,SO4 388
SiOz, (Na,K)AlSi30g, KzSO4, KCI-PbCl, 412
Straw pellets + bark pellets [44]| Cas(PO4);OH, CaMg(SiOs),,
Ca;Mg(SlO4)2 NaCI-PbC12 415
Bark pellets + waste pellets [36]| NaCl, KCI, CaSO4 NaCl-CrCl, 437
Household + industrial waste [45]| NaCl, KCI, CaSOs KCL-CrCly 462
Waste (unknown quality) [46] | NaCl, KCI, CasOs, SiO; KCI-NiCl, 508
Waste (unknown quality) [47] | (KNa)Cl, K>SOs, NaxSOs, NaCl-NiCl, 560
(K,Na)ZCaz(SO4)3, CazMgS1207 KCl-NaCl 657
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Figure 3. (Left) Schematic drawing of Chlorine cycle, (Right) Direct photo of corroded tube with fouling (adapted from [45]).
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Table 4. Physical properties and characteristics of representative additives

)
mR
rﬁ
N
1o
Rl

flo
-z
1>
ol
N
N,
i
r 0

ofch
N
N
g

Ferrous sulfate Ferric sulfate

Ammonium sulfate

Aluminium sulfate

(NH,),804

AlL(SOs);

FCSO4 Fez(SO4)3

278.01 0 hydrate 399.88 0 hydrate 132.14 0 hydrate 342.14 0 hydrate
M‘(’;:m‘)rl‘;‘“ 489.96 5 hydrate 666.42 18 hydrate
5620 9 hydrate

Density 3.65 0 hydrate 3.097 0 hydrate 1796 0 hydrate 2672 0 hydrate
(g/em” 1895 7 hydrate 187 5 hydrate 168 18 hydrate
1565 0 C (7-h) Slightly soluble 706 0 C 321 0T (0-h)

205 10 C 744 20 C 364 20 C

S"l“b“i(t-‘//Li)“ waler | 9951 25 C 1038 100 C 890 100 C

£ 3989  40.1 C
5135 54 C

) ) 680 0 hydrate 480 0 hydrate 238-280 0 hydrate 770 0 hydrate
Melting point 300 1 hydrate 175 9 hydrate 865 8 hydrate

60-64 7 hydrate
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Table 5. Types of additives and their reactions for corrosion pro-
tection

Types of additives / Sample reactions
Sulphur-based

50, (g)+1/20,(g)—>50,(g)
SO, (g)+ 2KCl(g) + H,0(g) —>2HCl(g) + K, SO,

Sulfate-based additives

Ammonium sulfate: (NH, ), SO, (1) —2NH, (g)+ SO, (g) + H,O(g)
Ferric sulfate: Fe,(50,),(1)—350,(g)+ Fe, O,

Aluminium sulfate: AL, (50,), (1)—350,(g)+ Al,O, +

S0, (g)+ 2KQ(g) + H,0(g)—~2HA(g) + K, SO,

Aluminium silicate-based additives

(Kaolin, Kalsilite, Leucite, Zeolite, Emathlite, Bentonite, Sewage)
Al, Oz SiO,+ 2KA+ H,O — K,0AL, 0,250, ~+ 2HA(g)
Calcium-based additives (CaO, CaCOs, Ca(OH),, CaHPO42H,0)

KCl(g)+ ChHPO,H,0(g) — CuKPO,+ 2H,0+ HCl(g)

* The pyrolysis product of the sulfate-based additive is the result of
considering only sulfur trioxide
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2MCl+ SO, +0.50,+ H,O— MSO,+2HCl  (4)
2MCl+(NH,),S0, = 2HCl+ M,SO, +2NH,  (5)
6MCl+ Aly(SO,) s +3H,0=6HCL+3M,S0, + Al, 0, (6)
6MCl+ Fe,(SO,), +3H,0=6HCl +3M,S0, + Fe,0; (7)

2MCL+ FeSO, + H,O=2HCl+ M,SO,+ FeO  (8)
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Figure 4. Major reaction pathways of SOs in the investigated
system (adapted from [34]).
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Ammonium sulfate (ChlorOut) compared to elemental
sulphur (adapted from [43]).
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5]  NaCh+Sulfate 20]  KClSulfate

3 3
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1§ —v—Fe,(S0,), ] i 243
-40 T T T T T -40 T T T T T u
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Figure 6. Equilibrium calculation of sulfation with alkali chloride.
=4 ooluiy] 93] BHALS S Autoltt. SCI ratio 3. H7IHIE 088t IR2EA Xzt A7 S5
1 24004 B84 =W HSC 6.18 A}-g3to] A4
st AArA ) AR o] E(Aluminum sulfate) 1} SHARA] a2 425 E H7]EY vlo]emjAE WEE Hde |
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W Ao bt ol g A7) B4 Fesh he SAEI Qloh 53] vlo o edRel olgEol 2 B
= A7} th2 A T E(mole) 3719] Bt o] AdhE HE sHor du | astgde] dEol 93t i &
o]Qlo] Bl A AMAbslEto 2 wiEE EEo] 2 Fo= Aol tigt A5 AdPsf ghom J7HAE o] &7t L& F4
gEth AR B (Ammonium sulfate)S 3HAHA] 2 H(Ferrous Az 71eY B Lt AFEA AujoARE 7|E] %
sulfate)ofl H|3l Bh-g-/do] Fir o2 H7HAof vl e T g FEe I Adulof o] 27| 7R thefRE - Rof A
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Table 6. Experimental research activities with small-scale test rigs for protective measures of high temperature corrosion with additives

Year 2004 [34] 2008 [21] 2011 [27] 2013 [33] 2015 [35] 2016 [40] 2016 [41]
VTT Technical . . . VTT Technical . Technical
Institute | VTT process | Research Centre Technical University Research Centre Abo Akad.eml Stuttgart University | University of
. of Denmark . University
of Finland of Finland denmark

‘GRATE COMBUSTOR (100 kW) ~ MEASURING AND
o POINTS.

'&.

Experi-
mental
facility
Capacity| 100 kW, 20 kW, Lab scale 100 kW, Lab scale 20 kWi, Lab scale (EFR)
Bark and Bark and REF . Torrefied straw,
Fuel Pulp sludge mixture Straw Biomass ka Wood pellet (KCI) Kka
. Aluminium and | SBE (Spent bleaching . Kaolin . .. Kaolin
Sulfate Kaolin Ferric sulfate earth) and Kaolinite Ferric sulfate Coal ash Mineral additive Coal ash
* SOsis more | * Optimum con- | * Cl was discharged as | * Thermal decom- | * The removal | * Real-time * Kaolin and coal
reactive than| dition of S/Cl, fly ash under 2.5 um. | position of rates of KCl1 measurement of ash were found
SO,. was 1.5 for * Kaolinite and SBE Fex(SO4)3at 700 | by Kaolinand | HCI was conducted| to be effective
* SO; was co-firing are all effective for <T<1000C: coal ash were | with a FTIR in KCI capture.
converted to | * When 2 wt% of | reducing Cl. the ratio of SO; | 21.6% and * Reaction occurs * As K/ (AI+Si)
K?y SO; in the Kaolin was used | * SBE increases the to SO, was 4:6. 2.6% above 1200 C ratio increases,
findings presence of compared to fuel,| amount of fly ashand | * SO, is dominant | respectively. | * HCl measurement KCI conversion
combustible | Cl was less than | increases the amount | over 1050 C, was highly becomes lower.
gas. 1%. of deposition and while SO; SO, influenced by
SO, emissions. is dominant temperature and

under 1050 C. ash.
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UM FRol o7
A Aol Al A Table 60 42319
o} Wu et al. [27]& B-22 ukS7]o) A Staws AR & ALG
3 o) o223} Pejo] I Ashe] SA T} Rato] 7]
of thsle] utekstal 1‘4: 7= spent bleaching earth (SBE)
¢} KaoliniteE AMHE-3IRS W FAES] djFHo] vjAkA] &

B2 wfEE AL JRA7] 2.5 pm ostofl A Z4 = ick SBE
£ 10, 20 wt% Y Al Haes Hl4EA A 22 39, 67% Hl&
2, F2HEo|A 75, 95% Hl& = FolEqith sHAIRE HIAHA 9
ol Z71EIRA Frie) Rkt olately wiEeel 7kt
It} Kaolinite2] % 5%, 10%2] v]&2 £U5192S o IA
of Al P4 AEL oF 55, 88% H|RE AT

Aho et al. [21]€ 20 kW T}olel F10] 7| Z Q%% vk
oAl At FuE FitAlold =8NS HES-7]of EAFSH
= =9t Bark?} REF(recovered fuel)2] £3HH]|E WHIIA] 7]
olof wre} Y= Cl KiNa, Ca-58] & =8 1]wssc)
Figure 7 o] @79 2 AHAIE REF S50/} gas
52 Qo) ofo] 97l gaske 58] 40%2] REF/F gkl
ARE o= S/ICLY H&S ¥ A & A1} F H7HA
HZ S/CL Y] 1.5Y o] 37 U A8 243 A 4 9es
selsh A7HAe] e Qi U] dae] ulgol o] 2%
slafjoF ¢ AFsR Tl E3E Bark®} Pulp sludgeE tiAto 2
Kaolin€ #7118 o] @40) 7158 Avls A7, Barkst o
22 39S o I TS oF 5 wi% P 2L Pulp sludge=
5%, 12%9] H]&8 T3] A A2 2 with, | wi% 0|3}
2 7451 21 Kaolin: Barko]] 2 wt% Z3HA|Z] A-9-o =
Qa7k 1 with olshz AREL B3 ST,

Yrjas [35]= H 2AY FR2O ¥g7] AR HrEE
A o W70 SlRE QSRR ERlsle] 108 £9t %
Uee dsiEe] g wASHE AR SHsAT WE
=2 Kaolin, Coal ashES AR5} 0w o]of st A3}= Kaolin

& AT A% FUE Q9B 216%7 WrhEe] mgE
o Coal ash®] 79 2.6%%to] ZYHUSS HiLs3ich

Manoj et al. [40]2 F-A12}F JAEAE sf4st7] flsto] 20
kW ml 24 Bl AE Ao A High WA (torrefied straw)y} 4
SHES 9AS =S A4 Al vlv|H(Mineral) 7S

_!

5 etk A7 Felge] BE 54
& sofel] Sistel FTIRS 5 7114 9ake Aagon
sAatech. oA Qak

el wheA) g ee Bt

Guoliang et al. [41]-2 Al-Si#A| A 7}A|(Kaolin, Coal fly ash)
o] ZE(K) ZHEHS Lot 8 2 m #olof £R75 W
-5 7|(Entrained flow reactor)& ©|-8&3lo] A5 3PS
AL B(KC)T} Al-SiA H7HA1= &8 ’C‘TJEHE EF5dt
5710l FASHRAIL, KAAISI) H]&, 220 uhE 2 E@%
S HrIstet. 2 A3} Kaolind}t Coal fly ash=
A ZtAAY QS-S 2R El=Y 537 9o, IQ(A1+S1)
U7l 374055 Aobi el ABES vobdth shAw
2k S7K1100 T - 1450 C)ofl m& 2§ =HFL 71E9
e 1S W] AyfolA] Hag vpe thaA & Hshr)
e 9 Aom masher.

Wu et al. [33] A5} o] Z(Ferric sulfate)] £ 540l of
gk A4S 8T 700 - 1000 CoflA HATSFEHS05)} ©]
ASLHE0)S] A VIEE 4602 TPESel ST At
IANE 2 22 gholslitt 1050 C o]3) TR =9
parslakel Al Sol ot akzel
2ol FapEo]glont 1050 T o]4o)
BARE A9 olArslare] 48] ot

CES aw A AT} 9

10

oM, ﬂ?l’
~

b AL B3h

o 2> Ho o
2 g

e Hr K

i 1> o o
N
o
fo
X
rr
=)
o
AT
38
iy}

Kassman et al. [34]2 o]Als}gta} 4biksleto] v 2of of
T AFE g on UubEQl Astre) Hdy AR
olAtzls}e] w7t AujHolX|RE H7HAE FYT A A4S
Zo] Aol F7ksHA Hol dakE AlAC anA S Btk

A4 O] K= 22 Aluminum silicate A€} Sulfate A€ 2]
7ol &gt A7) vl XlggE]o] ghom = ERo] MM B
asidels A7) 23t Qe A oE BuEQlt 317
Tk A5 A-H31,3915 ALl H7HA19] dial vhgolARE 4
spzdeiele] gkgoll o]2= AA| k3 712kl tial 5] mEl
o] =EEA| AL glom ofof gt F7HArE B adt Aok



32. 485 2o A+
A8 ] dEAQ A Abell= Table 79 425t
o} A ¢dl o] Chalmers thaS 12MWy & CFB X & 2jof A
Straw pellet?} Wood pellet2 22 s}o] 312 FA] wFz]
2 SRelAnBe. F RS Bsid A= i S, S/
(Ca+2K+2Na), Ca/S H|Z 23197 A7E2 A hatoln

+(Ammonium sulfate) S AME-3lch A3 Z8) G

HAAE ol g3 1A Aine] Y

F& NOx A= §43 202 Hushi glom s/l
7h 200t} ofefel 9 @o] FAlel] uE G e Am
40 o149l B9 @4zt R Aol n]t o] ululgE Bl

s itk

Figure 82 9Fo] oA =0 g Japdga ol4tst
9] 752 YeERH A2 Wood pellet, Straw + Wood pellet,
Straw + Wood pellet + PVC &£2.2 g U g4 o] 57}

Table 7. Experimental research activities with commercial-scale facilities for protective measures of high temperature corrosion with

additives
Year 2007 [36] 2007 [38] 2007 [22] 2011 [1] 2012 [43] 2014 [37]
Chalmers .
L . Munksund boiler
Institute University m Amager Power Station in northen part Héndelo, Sweden Jordbro CHP SwedPower AB
gotenburg in Unit 2 of Denmark Vattenfall AB
of Sweden
Sweden
Sampling. IACM SH2 SH 1
Experi-
mental
facility
. 98 MW, CFB 70 MW,
Capacity 12 MWy, 250 MWy, (25 MW.) 75 MWy, (43 MWiea, 20 MWa) 22 ton/hr
Straw and wood Bark and waste Household and o
Fuel pellet Straw pellet (8:2) industrial waste (3:7) Waste wood 100% Waste
Sulfate sult(‘);tleum Sand, Bentonite Ammonium sulfate | Ammonium sulfate Ammonium sulfate SO, recirculation

* Corrosion occu-| * Sand and Bentonite * When ammonium | * After spraying the * Designed for 470 °C| * There was no signifi-
rred when the S/|  were found to be sulfate was used as | additives, the for 100% demolition| cant change in the con-
Cl was less than| effective in preventing| an additive, it was concentration of MCl| wood and 490 °C for| centration of harmful
2, but no corro- | high temperature confirmed that NOx| was reduced by more | 100% forestry waste | emissions (HCI, SO,
sion occurred corrosion. and KCI could be than 90%, and it was | * When ammonia and TOC) by SO; re-

Key when the S/C1 | * Sand reduces CI reduced discharged to about sulfate was used as circulation, but NH; and
findings| wasmorethan4.| content in ash, and at the same time. 10ppm. an additive, KCl and| CO were decreased.

* Concentrations | Bentonite has the * KCl decreased from| * By weight, it NOx were reduced | * It was confirmed that
of SO, and KCl | effect of reducing 15 ppmto 2 ppm. decreased from more than 60% with |  the recirculation of
showed the op- | deposition as well. * SO; showed the 13% to 1%. the flow of SO, was effective in
posite tendency. opposite behavior ammonium sulfate reducing Cl content

to KCL. of 1201/h. in fly ash.
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Figure 8. (a) KClI production trend depends on the change of fuel ratio, (b) The characteristics of KCI and SO, behavior (adapted from [36]).
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Table 8. Summary of technologies for protective measures of high temperature corrosion with additives

Test scale Lab — Commercial
Waste Biomass
Fuel Household Industrial ‘ Sludge ‘ REF PVC Straw Bark Wood pellet
Sulphur Aluminium silicate Calcium
Additive Ammonium sulfate Ferric Kaolin CaO
sulfate Aluminium sulfate Bentonite CaCOs
Additive supply method Fuel mixing Direct injection Flue gas recirculation
Evaluation factor COIZ()f‘Sir())rr:)bdeepth pro?i(jé;iosnoiate d::?)i)};it S/Cl comp?)lsition Emission Temp.
Working conditions for sulfate additives
Effectiveness Less effective © More effective
Sulfur amount Less More
S/CI criterion 2.0 4.0

Working temperature Over 1050 C

Under 1050 C

Comments

SOs; is much more effective for protective measures of high temperature corrosion by choline. Reactive gases
such as OH and H radicals could reduce the effect of additives by converting SO; into SO
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