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A B S T R A C T   

Biomass/biomass waste (BBW) is a renewable energy source fired in combustion power plants. However, 
challenges associated include accelerated ‘fireside’ corrosion of heat exchangers. Fireside corrosion is fuel 
dependent, e.g. virgin wood fuels have lower fireside corrosion risks; as such their demand and cost is high. 
Waste wood fuels (WWF) and herbaceous grass biomass (HGB), generate different combustion environments, 
influencing heat exchanger fireside corrosion damage. 

This paper compares the fireside corrosion of WWF and HGB fuels to improve understanding of their attack 
mechanisms on T91 and 374HFG. The species generated in combustion have been investigated by thermody
namic modelling. Corrosion damage has been evaluated by high temperature corrosion furnace tests at 600 ◦C, 
employing the well-established deposit recoat method based on these evolved species. Vapour condensation 
fluxes have been compared for both fuel categories; corrosion rates increase with this condensation flux. 
Deposition fluxes from HGB fuels are higher than for WWF. For example, the average KCl deposition fluxes 
calculated are 1566 µg/cm2h and 295 µg/cm2h per kg fuel feed respectively, explaining the comparatively 
greater fireside corrosion rates experienced in power plants combusting HGB fuels. The deposit chemistries 
generated are also different: K-containing compounds only (for HGB fuels) versus K-, Na- and Ca-containing 
compounds (for WWF). 

Evaluation of corroded samples exposed to the different deposit chemistries show increased corrosion attack to 
both steels under simulated WWF firing conditions than for the HGB at matched deposit flux (100 µg/cm2h).   

1. Introduction 

The increasing utilization of biomass combustion for renewable en
ergy generation in the UK has led to the sourcing of large quantities of 
woods from North America [1]. As there are associated transportation 
emissions and the potential impacts on land use, wood imports may not 
constitute a sustainable source of renewable energy [1]. Biomass com
bustion operations thus require a wider range of fuel options [2]. 

Two fuel groups of interest for this work are waste woods fuels 
(WWF) and herbaceous grass and biomasses (HGB). WWF are an alter
native biomass which allows local sourcing (e.g. from demolition and 
construction activities) [3]. HGB fuels are mainly energy crops such as 
miscanthus [4–6]. Wood is generally characterised as having lower 
levels of K, Cl, Si, S, Na and Ca than other biomass/biomass waste (BBW) 
fuels, while HGB are characteristically high in K, Cl and Si [7,8]. The 
abundance of these elements influence the chemistry of phases released 
in combustion, which affects fireside corrosion, in particular, for 

components such as power plant heat exchangers [3]. Other elements, 
which may be associated with WWF, include Zn and Cr in trace quan
tities (<500 ppm) [9,10]. Though their fireside corrosion influence 
require investigation, the alkali metal concentrations of these fuels are 
considerably higher and pose greater fireside corrosion risks. 

Heat exchangers, which are usually manufactured from steel, 
become coated in the deposits generated from fuel combustion. By 
evaluating the different combustion chemistries, the nature of heat 
exchanger deposits can be determined. In particular, when studying heat 
exchanger alloys’ fireside corrosion responses, the evaluation of species 
that are liquid at their typical surface temperatures (in biomass com
bustion plants ≈450-600̊C [11]), is necessary [12]. These relatively low 
melting point species (whose melting point can be lower than heat 
exchanger temperatures upon interaction with steel components [12]) 
make up the condensate fraction of the heat exchanger deposits and 
have been studied previously. For example, the corrosivity of K, Na and 
Ca chlorides on austenitic steel, 304L, was investigated at 600 ◦C by 
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Karlsson et al. [13]. In contrast to Na and K chloride salts, CaCl2 resulted 
in significantly less corrosion damage (higher melting point than Na and 
K salts). Research comparing K2CrO4 formation on Fe18Cr10Ni stainless 
steels exposed to KCl, K2CO3 and K2SO4 at 600 ◦C in a 5%–O2, 40%–H2O 
(bal. N2) atmosphere could only confirm the presence of the chromate 
on the samples exposed with the chloride and carbonate salts (lower 
melting points than the sulphate) [6]. 

The absolute content of elements in a fuel isn’t the only determinant 
of their impact on fireside corrosion; the release fraction of these species 
is also important, as are the interactions between species after they are 
released. The Si content, relative to the K content of a fuel (Si/K mole 
ratio), is important for estimating the fraction of K that forms silicates 
during combustion. As K-containing silicates tend to be inert at heat 
exchanger temperatures, higher Si/K ratios reduce the fraction of K 
which remains available to form the lower melting point salts needed for 
fireside corrosion [14]. When studying biomass responses during com
bustion, the combustion compounds formed from HGB fuels may 
contain significant K-Si interactions [15,16]. K-Si interactions (and 
those of other high temperature K compounds occurring for WWF 
combustion) however, require further investigation. 

The need to compare corrosive properties of fuel groups rather than 
individual fuels, arises where a wide range of elemental variations exists 
within each category [3,9]. Fuel category corrosion descriptions are 
beneficial for mixed BBW combustion streams, especially for alternative 
fuels where mixed combustion (for meeting fuel supply needs) is more 
applicable [3]. Reported differences between the average corrosion 
rates for WWF and HGB fuels [3] may not be solely determined by 
condensable compound fluxes on heat exchanger surfaces. Indeed, it is 
necessary to evaluate the corrosion significance of the fuels’ condensing 
compounds’ compositions. In this paper, the impacts of these biomass 
categories on fireside corrosion are compared. 

2. Methodology 

First, thermodynamically predicted species formed post-combustion 
for both fuel categories were calculated. Then these species were used to 
generate deposits for fireside corrosion tests on two conventional heat 
exchanger steels, using the deposit recoat method [17–20]. Corrosion 
assessment has been carried out by dimensional metrology [21,22], 
scanning electron microscopy and energy dispersive X-ray spectroscopy 
(SEM-EDX). Finally, calculations has been used to compare both fuel 
categories’ vapour condensation rates. 

2.1. Fuel analysis 

Table 1 summarises the fuel details for 23 fuels within the WWF 
category and 31 within the HGB one, including the median concentra
tion values of the ultimate analysis elements (C, H, N, O, S & Cl) for both. 
Individual fuel analysis reports were sourced from an online biomass 
and waste database, ECN Phyllis 2 [23]. presents the minor element 
concentrations (median values) for both fuel categories. 

2.2. Thermodynamic equilibrium simulation 

The ultimate analyses’ (C, O, H, N, S, Cl) and minor elements’ (Si, P, 
Fe, K, Na, Ca, Mg & Al) median concentration values for the selected 
WWF and HGB fuels have been used as input data to thermodynamic 
simulations, enabling the generation of post-combustion compounds 
(under the assumption of equilibrium). The use of median, instead of 
mean, values reduced errors by limiting the effect of extreme concen
trations values included within the selected fuel categories. The use of 
extreme values (for specific fuel types) could be investigated in future 
research. Thermodynamic combustion simulations were carried out 
using MTData (Multiphase Thermodynamic) software [24], which ap
plies Gibbs free energy minimisation principles. A series of multi- 
component phase equilibrium calculations enabled prediction of WWF 

and HGB combustion products within the temperature range 300-1300̊C 
at 1 atm. These calculations used 4:1 (HGB) and 8:1 (WWF) air/fuel 
mass feed ratios; adjusted to give O2 levels of 7–8 mol.% (to simulate 
biomass firing flue gas conditions). 

2.3. Deposits and test gas formulations 

MTData predictions resulted in the formation of over a thousand 
thermodynamically stable species for each biomass fuel category; as 
such corrosion test deposits and gas compositions were derived from 
simplified thermodynamic output data, where concentrations below 
10−5 mol/kg were eliminated. The non-gaseous species present at 600 ◦C 
are presented in Table 3. The synthetic deposit compositions were molar 
ratios of the condensates predicted to be present between 450 and 600̊C 
(i.e., expected metal surface temperatures [11]) and whose gaseous 
forms exist at 600-1100̊C (i.e., likely combustion gas temperatures 
[11]). These condensed compounds are, from here on, referred to as the 
key condensed phases (KCP). 

Fig. 1 presents the temperature effect on KCP concentrations, while 
Fig. 2 gives the K fractions (mole % of fuel components containing K) in 
the gas phase for both fuel categories. Both figures were derived from 
the thermodynamic simulations of combustion. 

The deposit chemistries (KCP compounds) at 600 ◦C are specified in 
Table 4. The test gas composition was obtained using the WWF’s 
simulated O2, CO2, H2O, SO2 and HCl molar outputs at 1100̊C (balanced 
to 100% with N2) and are presented in Table 5. The HGB test gas 
formulation had ~3 times the moisture and HCl content compared to 
that of WWF. It is expected that higher concentrations of corrosive gas 
contents (such as HCl) would increase corrosion rates of the alloys [25]. 
To simplify the comparison of HGB and WWF deposit corrosivity, the 
WWF test gas formulation was maintained for the evaluation of both 
deposits. 

Table 1 
Types of fuels listed in each fuel category, ultimate and proximate analysis, and 
heating values based on fuel category median elemental values. Individual fuel 
data have been sourced from ECN Phyllis database for biomass and waste [23].   

HGB WWF 

Fuel types Switchgrass Brassica Demolition wood 
Reed canary Courgette plant Particle board 
Cane Cucumber plant Treated wood 
Barley straw Melon plant Painted wood 
Wheat straw Pepper plant Railway ties 
Sweet sorghum Tomato plant  
Kenaf Watermelon  
Rapeseed straw Thistle  
Miscanthus Tobacco  
Flax Threshed hay  
Aubergine plant Grass pellets  
Bean plant Brassica   

Total 31 fuels 23 fuels 
Analysis 

(wt.%) 
C: a.r.* (dry) 15.94 (45.80) 40.77 (49.65) 
O: a.r.* (dry) 14.93 (40.45) 34.00 (40.01) 
H: a.r.* (dry) 2.12 (5.80) 4.88 (5.75) 
N: a.r.* (dry) 0.58 (1.08) 0.61 (0.69) 
S: a.r.* (dry) 0.05 (0.14) 0.05 (0.06) 
Cl: a.r.* (dry) 0.18 (0.22) 0.07 (0.08) 
Volatile matter 
(dry) 

76.40 (median), 
75.76 (mean) 

76.40 (median), 
75.04 (mean) 

Fixed Carbon 
(dry) 

16.50 19.13 

Ash (dry) 7.91 2.70 
Moisture (1a.r.) 65.2 12.9 
LHV** (MJ/kg) 4 14 
HHV*** (MJ/kg) 6 15  

* As received. 
** Low heating value. 
*** High heating value. 
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2.4. Laboratory testing of fireside corrosion 

Based on the thermodynamic simulation results, laboratory testing 
was carried out to determine the extent of fireside corrosion. 

2.4.1. Alloy compositions 
The steel samples used were sectioned T91 and TP 347HFG tubes 

(≈15 mm chord, 15 mm long and 5 mm thickness; UK 600 grit finish). 
The nominal compositions of these steels are listed in Table 6. 

2.4.2. Sample preparation and deposit application 
The samples were cleaned in acetone and then iso-propanol for 10 

min each in an ultrasonic bath. Initial weights were recorded, and initial 
dimensions were measured, using a 1 μm resolution digital micrometre. 

The deposits were mixed from salts (>98% purity) and made into 
thick slurries, using deionised water, to enable smearing of the deposit 
mix upon each sample’s convex face. The sample was then dried on a hot 
plate. Weight measurements were used to check that the desired (dry) 
deposit flux (±10 wt%) was achieved. The dried weight of the applied 
deposit was targeted at the weight equivalent of the required deposition 

flux. 

2.4.3. Exposure conditions 
Corrosion tests were performed in a vertical furnace, illustrated in 

Fig. 4. This setup contains a series of inlets and outlets for test gas, 
exhaust, and the moisture feed. Test samples were placed in ceramic 
crucibles positioned on round ceramic trays which were suspended 
within the alumina-lined furnace. Mass flow controllers were used to 
achieve the required flowrate (50 ml/min) in combination with deion
ised water, fed in via a peristaltic pump at 0.04 ml/min. The furnace 
temperature was maintained at 600̊C during exposure periods and 
cycled every 100 h. Between cycles, samples were recoated with deposit 
to simulate deposit build-up (recoat method) and their dry weight 
measured. Deposit residues were not removed from the sample. Deposit 
fluxes were applied at 100 μg/cm2h for Dh and at 100, 50, 25 & 10 μg/ 
cm2h for Dw. 

Post-exposure, the samples were cross-sectioned along their lengths 
after having being vacuum mounted in a low shrinkage resin (50% filled 
with ballotini glass beads to further reduce shrinkage), and then ground 
to a 1 μm finish using SiC grits and diamond paste all with oil lubricants. 
The initial micrometre (resolution, ±1 µm) dimensional measurements 
were compared with post-exposure dimensions which were obtained 
using an optical microscope with a high precision x-y stage linked to an 
image analyser. Metal thickness and sound metal change scatters were 
reordered from most to least (left to right) as illustrated in Fig. 3. This 
well-established method of corroded sample assessment [20,22,27] is 
documented in the BS ISO 26146:2012 standard [28]. SEM-EDX was 
used to characterise the samples after their exposure in terms of the 
damage morphologies and the distributions of the elements. 

3. Results 

3.1. Thermodynamic simulation data 

The HGB fuel is Si- and P-rich (with – average values of Si, 65600 
mg/kg; P, 6200 mg/kg) and is characterised by higher alkali metal 
contents (K, ~ 45500 mg/kg; Na, ~2100 mg/kg) relative to WWF (Si, 

Table 2 
Minor element values for fuel categories based on dry feedstock analysis data (data).   

Al Ca Fe K Mg Na P Si 

(Concentration mg/kg of fuel) 

HGB WWF HGB WWF HGB WWF HGB WWF HGB WWF HGB WWF HGB WWF HGB WWF 

Median 710 519 9750 3758 520 640 25,405 760 1800 509 1698 790 6010 128 12,321 3000 
Mean 1318 631 16,861 4045 868 959 45,477 876 6115 525 2124 829 6200 166 65,610 4882 
Minimum 151 150 4945 2200 133 340 9600 370 1061 250 700 210 3178 67 7700 1135 
Maximum 3700 1369 43,000 6537 2300 3800 121,500 2000 19,800 960 4400 1613 9600 410 230,100 13,000 

Source [23] 

Table 3 
Predicted non-gaseous phase metal associations occurring at 600̊C, expressed in 
moles/kg of fuel.  

WWF (mole/kg) HGB (mole/kg) 

*CaSiO3 0.034 *K3PO4 0.19 

*CaMgSiO4  0.02 *CaSiO3  0.16 
KCl  0.018 *CaMgSi2O6  0.08 
Na2SO4  0.008 KCl  0.05 
CaSO4  0.007 K2SO4  0.02 
*CaFe2O4  0.005 *Na2SiO3  0.02 
*Al2Na2SiO16  0.005 *Al2Na2SiO16  0.015 
*Al2Ca3SiO12  0.004 *K2Si2O5  0.005 
*Ca3P2O8  0.002 Fe2O3  0.005 
K2SO4  0.00016 *CaFe2O4  0.0001  

* Compounds remaining in condensed phase up to 1300̊C. Compounds not 
denoted are the KCP compounds that exist at 600 ◦C. 

Fig. 1. MTData predicted of key condensed phases for (left) WWF and (right) HGB fuels.  
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~4880 mg/kg; P, ~170 mg/kg; K, ~875 mg/kg, Na, ~830 mg/kg) 
(Table 2). From Table 3, the predominant K association formed for the 
HGB category at thermodynamic equilibrium is K-P (K3PO4; 71.6 mol.% 
of condensed phase K). K3PO4 is retained in the condensed phase beyond 
1100 ◦C (Table 3), as such this compound is not expected condense from 
a vapour onto heat exchangers and so was not included as a KCP. (Note 
that the potential for alternative deposition mechanisms, for example 
inertial impaction, are not considered in this paper.) By contrast, for the 
WWF category, the largest K association predicted is KCl (99.1 mol.% of 
condensed phase K), which is classified as a KCP (transitioning from gas 
phase to condensed phase between the temperatures expected of the 
combusted gas, and the temperatures expected for the heat exchangers’ 
surfaces). A smaller fraction of K, present as KCl (18.9 mol.% of 

condensed phase K), occurs within the HGB category. Na-Si associations 
occur for both WWF and HGB, however K-Si associations are only 
observed for HGB. 

Within the WWF category, Ca and Na compete for Si to form higher 
melting point silicates (which will then not contribute to the KCP). The 
absence of K-P and K-Si associations or other high melting point K- 
compounds favour K release into the gas phase [15]. In Fig. 2, 100% K- 
release at 1100 ◦C is predicted for the WWF category. The condensation 
of K as low melting point salts is most feasible where other gas com
ponents, such as HCl and SOx, are available. 

The KCP temperature profiles occurring across the heat exchanger 
metal temperature range (≈ 450-600̊C), as described in Fig. 1, vary 
between both fuel categories. The molten fraction of Cl-phases is highest 
at 500–600 ◦C and 580–720 ◦C for WWF and HGB respectively (Fig. 1). 
The lower KCl melt range suggested for the WWF KCP system can be 
understood from salt equilibrium systems. Eutectic diagrams suggest the 
lowest melting points for K2SO4-KCl occurs at 713 ◦C (0.74/0.26 mol/ 
mol) [30]. XRD analysis of slag in a biomass combustion furnace, re
ported by Niu et al. [31], verified the presence of a K2SO4- Na2SO4-KCl 
ternary eutectic, with the K3Na(SO4)2 molten phase confirmed to exist at 
temperatures as low as 493.3 ◦C (712.4 K). 

3.2. High temperature corrosion data 

The changes in metal dimensions due to fireside corrosion following 
200, 500 and 1000 h of exposure are presented in Fig. 5. The ‘metal 
change’ values at each measured point have been reordered by severity. 
The median metal change value for the T91-Dw samples, in increasing 
order of exposure times, were −112 µm, −451 µm and −659 µm, while 
those of T91-Dh were generally lower at −144 µm, −251 µm and −373 
µm respectively. Less extensive damage was also observed on the 1000- 
hour exposure 347HFG-Dh sample (-191 µm metal change) than the 
347HFG-Dw equivalent (-355 µm metal change). 

The median internal penetration depth, which is the distance be
tween the post-exposure median metal surface and the median sound 
metal penetration were within 40 µm for all samples. Scale spallation 
observed on the 200-hour 347HFG-Dh sample explains the usual metal 
loss encountered by this sample (compared to the 500-hour sample 
equivalent) as freshly exposed metal surface encourages accelerated 
corrosion attack. 

The median probability metal and sound metal change values of 
samples exposed to Dw at varying deposit fluxes are presented in Fig. 6. 
The metal change ranges (highest and lowest values) for each sample are 
presented as error bars. The median metal change values of the Dh 
exposed samples at high flux (flux 100 µg/cm2h) are positioned on the 
graphs for comparison. Metal losses on the T91 and 347HFG samples 
exposed to Dh at 100 µg/cm2h are compared to 40 µg/cm2h and 10 µg/ 
cm2h respectively for the Dw exposed samples. 

At deposition fluxes of 25 µg/cm2h, similar metal responses were 
recorded for both alloys exposed to Dw. At higher deposit fluxes (>25 
µg/cm2h), 347HFG offered better resistance to corrosion damage. 

3.3. SEM data 

Back scattered electron (BSE) images and EDX maps of the T91 and 
347HFG samples were obtained. Fig. 7 gives the unexposed samples 
(left), and an example site from samples exposed to Dw and Dh (right) at 
a flux of 100 µg/cm2h for 1000 h. Metal damage shown represent typical 
views across the samples’ cross-sectioned planes. The images show that 
internal penetration is deeper for both Dw exposed samples (Fig. 7, 
right). 

Fig. 8 compares the influence of grain boundaries on 347HFG steel 
corrosion for the deposit Dw and Dh at 500 h and at a deposit flux of 50 
µg/cm2h. These regions, according to Pettersson et al. [6], form K2CrO4. 
As such, the presence of K and Cr in the EDX maps gathered here were of 
interest. Although K-Cr interaction was not always indicated within the 

0%

20%

40%

60%

80%

100%

9001000110012001300K-
re
le
as
e
fr
ac
tio
n
(%
)

[K
(m
ol
es
)/K

fu
el
(m
ol
es
)]

Temperature (˚C)
HGB WWF
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Table 4 
Deposit Dw (WWF) and Dh (HGB) compositions as molar percentages of KCP as 
described in Section 2.3. Values derived from thermodynamic simulations at 
600 ◦C.  

KCP* Dw (% moles) Dh(% moles) 

KCl 30 70 
K2SO4 20 30 
Na2SO4 20  
CaSO4 30   

* Key condensed phase compounds. 

Table 5 
Test gas compositions derived from thermodynamic simulation 
of WWF combustion gas at 1100 ◦C.  

Components Concentration(% moles) 

H2O  10.48 
CO2  10.03 
O2  8.47 
HCl  0.0003 (3 vol ppm) 
SO2  0.0041 (41 vol ppm) 
N2 (balance)  70.96  

Table 6 
The nominal composition in weight percent (wt.%) of T91 and TP347HFG 
[18,26].  

Material C Cr Ni Mo Mn V Nb Fe 

TP 347HFG  0.07 18.0  10.0 –  2.0  –  1.0 Balance 
T91  0.14 9  0.4 1  0.5  0.25  0.1 Balance  
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347HFG-Dh sample images, Fig. 7 and Fig. 8a show Na-K interactions for 
347HFG-Dw. In addition, both 347HFG-Dw and 347HFG-Dh, show Cl 
(linked to many fireside corrosion mechanisms [6]) clustered at grain 
boundary locations where Ni is also observed, and the selective disso
lution of Fe and Cr has occurred. The presence of Cl in the internal 
corrosion zone of 347HFG-Dh suggests K mobility is favoured in the Dh 
deposit system (KCl being the source of Cl in Dh). K, however, was not 
detected post-exposure (in 347 HFG-Dh), suggesting the prevailing 
fireside corrosion mechanism for Dh promotes the vaporisation of K. 

For the Dw-347HFG sample (Fig. 8a), K and Na are deposited at a Fe 
and Cr depleted grain region. Also, Na is observed within grain 
boundaries, ~ 15 µm above the Cl cluster (at the internal corrosion 
zone). The absence of K at this grain boundary region suggests dissim
ilarities in corrosion mechanisms for the alkali metals within Dw in the 
exposure conditions. 

Ca was sparingly detected at the metal/scale interface for samples 
tested with Dw at 600 ◦C. As scale delamination aids the removal of top- 
layer deposit residues, it is anticipated that CaSO4 retained at the deposit 
layer would be shed from the sample (Fig. 8b). The preservation of Ca 
within the deposit region can be understood by reference to the CaSO4- 
K2SO4 binary diagram described by Rowe et al. [32]. An intermediate 
crystalline phase, K2SO4.2CaSO4 (calcium langbeinite), which melts at 
about 1000 ◦C, and a eutectic salt system which melts at 875 ◦C are said 

to exist. Thus at 600 ◦C, CaSO4 is expected to remain in solid phase. 

3.4. Mass transfer rates of KCP components 

The KCPs vapour condensation rates have been calculated, by 
applying Eq. (1), to compare the corrosive components deposit fluxes for 
the HGB and WWF fuel categories. This calculation is simplistic and 
assumes a surface initially clean of deposits upon which vapour 
condensation is driven across a temperature gradient only. The vapour 
condensation flux ‘mc,i’ of a component, ‘i’ towards a heat exchanger 
surface have been estimated for each KCP. ‘Pi’ is the vapour pressure of 
the component at 1100 ◦C, ‘Psi’ is the saturated vapour pressure of the 
component at the heat exchanger surface (at 600 ◦C), ‘P’ is the overall 
gas pressure and ‘ρg’ is the flue gas density at 1100 ◦C. The vapour 
pressures have been calculated from their thermodynamically predicted 
gas phase concentrations at 1100 ◦C. A mass transfer coefficient of a 
condensing component, ‘βi’, towards an area of the metal surface is a 
function of the metal tube diameter, ‘dt’, Sherwood number, ‘Sh’, and 
the diffusion coefficient ‘Di’ of the component. 

Mc,i = βi

(
Pi − Psi
P

)

ρg (1)  

βi = ShDi/dt (2) 

[11,33,34]. 
Sh has been calculated using: 

Sh = 2+ [0.552*Re1/2*Sc1/3] (3) 

[11,33,34] 
Reynold number, ‘Re’, and Schmidt value, ‘Sc’, have been calculated 

using: 

Re =
inertia forces
viscous forces

= ρgυgdt/ug (4)  

Sc =
viscous diffusion rate
mass diffusion rate

= ug/ρgDi (5) 

[11,33,34]Where ‘ρg’ is the flue gas density, ‘υg’ is the flue gas ve
locity and ‘ug’ is the flue gas dynamic viscosity. The calculation pa
rameters are listed in Table 7. 

The partial pressure for each KCP component, ‘Pi’, is calculated at the 
flue gas stream at temperature ‘T’= 1100 ◦C, using the ideal gas law 
relationship (Eq. (6)) where Ptotal = 1 atm. The saturation pressure, ‘Psi’, 
is in relation to condensation at the metal surface (600 ◦C, [11,34,38]), 
as expressed in Eq. (7). 
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post-exposure the metal surface, also capturing internal damage; (b) metal loss/change from comparing pre- and post-exposure dimensions, however, data is 
scattered; (c) data is reordered by damage severity, as such cumulative probability of damage is determined and can be quantitatively compared with other samples. . 
Adapted from [22] 

Fig. 4. Schematic of furnace setup for corrosion testing (BS ISO 17224:2015 
[29]). . 
Adapted from [20] 
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Pi/Ptotal = ni/ntotal (6)  

Psi = Pnexp(Ai −
Bi

T − Ci
) (7) 

‘A’, ‘B’ and ‘C’ are given constants [11,34] used to calculate the 
saturation partial pressure of ‘i’. The KCP compounds partial pressures, 

‘Pi’, for both fuel categories calculated from thermodynamic combustion 
simulations at 1100 ◦C are listed in Table 8. 

Applying Eqs. (1) to (7) and the partial pressure values in Table 8, the 
KCP vapour condensation fluxes on clean tube surfaces are listed in 
Table 9. 

The calculated vapour condensation fluxes (Table 9) are based on 
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Fig. 5. Cumulative probability plots showing distributions of metal and sound metal changes (i & ii respectively) measured along the cross-sectioned T91 and 347 
HFG sample planes. The further away the plot is from the x-axis, the greater the metal loss is. Samples have been exposed to deposits (a) Dw and (b) Dh in WWF test 
gas conditions at a deposit flux of 100 µg/cm2h. 

Fig. 6. Metal and sound metal changes (i & ii respectively) of cross-sectioned (a) T91 and (b) 347 HFG samples exposed to deposit Dw at varying fluxes for 500 h 
Metal changes for the Dh deposit at a flux of 100 µg/cm2h are also presented. 
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equal fuel feed rates (kg/hour) into a combustor, whereas the energy 
contents and moisture levels of the fuels are different (Table 1). For plant 
operations, heating values are improved for dry feeds, however depo
sition fluxes on tube surfaces are expected to increase with drying, as the 
fuel feed becomes more concentrated, especially for HGB fuels which 
typically have higher ‘as received’ moisture levels than wood. Thus, the 
vapour condensation flux margin between both fuel categories is ex
pected to be wider. 

4. Discussion 

4.1. Fireside corrosion influence of deposits Dw and Dh 

MTData thermodynamic predictions suggest the KCP for WWF 
comprises of both alkali metals, K and Na, while deposit Dh for the HGB 
category comprises only of K cations. The deposit compositions repre
sent molten components only, not considering the unreactive ash de
posit fraction. Simms et al. [20] employed a deposit with 92.5 wt% fly 
ash diluting the KCP compounds, while investigating deposit corrosivity 
on alloy samples at 600 ◦C. The application flux of the potentially active 
species (i.e. the KCP), KCl and K2SO4, were 5 and 2.5 µg/cm2h respec
tively. ~20 µm metal thickness change to 347HFG was recorded at 10% 
metal loss exceedance, following 1000 h exposure. In contrast, KCl and 
K2SO4 application fluxes (for example) carried out in this study were 

both 50 µg/cm2h (for deposit Dh). ~480 µm metal thickness change at 
10% exceedance (Fig. 5) was observed for the austenitic steel at 600 ◦C 
following 1000 h exposure. The higher metal damage rates encountered 
by samples evaluated in this study are thus owed to the increased 
exposure flux of KCP compounds. Omitting other potential but unreac
tive deposits from the compound mixture, for example in Table 3, sim
plifies the comparison of the KCP corrosion influences. 

Metal loss is more severe for the Dw deposit exposed samples when 
deposit chemistries are compared at the same deposition flux. Cl 
transport to the internal corrosion zone region for sample 347HFG-Dw 
exposed for 1000 h also appears more pronounced (~40 µm penetra
tion depth from metal surface) compared to that of 347HFG-Dh (~20 µm 
penetration depth from metal surface) (Fig. 7, right). The single cation 
(Dh) deposit system is limited to K cation reactions, whereas additional 
reaction combinations will occur in the Na-K deposit system (Dw). The 
greater damage depths observed for the Na-K exposed austenitic steel 
sample, 347HFG-Dw, than seen for the single cation exposed sample, 
347HFG-Dh, (Fig. 7) correlates with findings by He et al. [39], who 
compared the corrosion damages between single and double cation salt 
systems at 700 ◦C. The most damaging of He et al.’s salt combinations 
were NaCl-KCl and Na2SO4-K2SO4 mixtures (50/50 wt%), the former 
being most penetrative. Meanwhile, their single cation deposit mixtures 
(KCl-K2SO4 and NaCl-Na2SO4; 50/50 wt%) showed the least severe 
damages. The authors, however, did not expound on reasons for the 

Fig. 7. BSE images (grey-scale) and EDX mappings (yellow-scale) 
of T91 (top) and 347HFG (bottom). Unexposed reference images 
of both alloys are on the left. EDX peak overlaps on 347HFG and 
T91 have been identified for Nb/S and Mo/S respectively. Sam
ples with deposit following 1000 h exposure in WWF test gas 
conditions at 600 ◦C and a deposition flux of 100 µg/cm2h are 
shown on the right. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of 
this article.)   
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corrosion difference between mixed and single cation deposits. Also, 
damage due to mixed cation/mixed anion deposit systems (for example, 
KCl-Na2SO4) were not directly compared. 

The increased scale spallation observed on T91 with increasing de
posit flux can be attributed to the severe Cl attack, confirmed in Fig. 7, 
and possible sulphation [40]. However, it can be certain that corrosion 
depths in the austenitic steel samples were not proportional to chloride 
flux (Table 4), otherwise internal penetration for the Dh exposed sam
ples would be greater. 

Having observed that the 30/70 mol.% chloride/sulphate deposit 
system (Dw) could cause greater damage than the 70/30 mol.% chlo
ride/sulphate deposit system (Dh) (Fig. 5), it becomes necessary to 
consider the cations’ role. 

2((Na,K)Cl )+ 1/2O2 +H2O+ 2e− ⇄2((Na,K)OH)+ 2Cl− (8) 

Cl attack, described by ion diffusion [41] (Eq. (8)), utilises alkali 
metal components. To evaluate the high temperature corrosivity of salts, 
Karlsson et al. [13] used EDX to observe K2CrO4 and Na2CrO4 scale 
formation from protective oxides on 304L steel exposed to KCl and NaCl 
(respectively) in a 40 % H2O, 5% O2 (N2 bal.) atmosphere at 600 ◦C (Eq. 
(9)). 

8(Na,K)Cl+ 2Cr2O3(s) + 3O2 + 4H2O⇄4
(
(Na,K)2CrO4

)

(s) + 8HCl(g)
(9) 

A current (Eq. (10)), driven by oxidation [41], provides electrons 
which facilitate the electrochemical decomposition process of the alkali 
metal scales formed in Eq. (9). 

Cr(s)⇄Cr3+ + 3e− (10) 

As such, the electrochemically assisted decomposition of alkali metal 
chromate or ferrite releases alkali metal-OH at the scale surface (Eq. 
(11)) which would either react further with oxide scales or be 
volatilized. 

Fig. 8. Grain boundary damages on 347HFG samples exposed to (a) Dw and (b) Dh at flux 50 µg/cm2h for 500 h in WWF test gas conditions at 600 ◦C.  

Table 7 
Vapour condensation parameters used in Equation (1)-Equation (5).  

Parameter Input value 

Flue gas density, ρg (kgm−3) [35]  0.2571 
Tube diameter, dt (m) [11]  0.038 
Flue gas dynamic viscosity at 1100 ◦C, ug (Pa.S) [35]  5.01 × 10−5 

Flue gas velocity, υg (ms−1) [36]  5.80 
Diffusion coefficient, Di(KCl) (m2s) [36]  1.36 × 10−4 

Diffusion coefficient, Di(K2 SO4 )
(m2s) [36]  9.06 × 10−5 

Diffusion coefficient, Di(Na2 SO4 )
(m2s) [37]  1.08 × 10−5  

Table 8 
Partial pressure values quantified from simulated flue gas compositions occur
ring at 1100 ◦C. CaSO4 is assumed to be deposited as particulate for heat ex
change deposition rate calculations.  

KCP compounds Partial pressure, ‘Pi’ (Pa) 

WWF HGB 

KCl  4.68  21.36 
K2SO4  0.22  2.29 
Na2SO4  0.16  –  

Table 9 
Calculated KCP mass transfer fluxes, ‘Mc,i’, at heat exchanger surface tempera
tures of 600 ◦C.  

KCP 
compounds 

WWF HGB 

‘Mci’ (µg/ 
cm2h) 

% Molar 
ratios 

‘Mci’ (µg/ 
cm2h) 

% Molar 
ratios 

KCl 295  97.9 1566  96.6 
K2SO4 12  1.7 129  3.4 
Na2SO4 2.14  0.4 –  –  
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(Na,K)2CrO4(s) + H2O(g) + 3e−⇄2((Na,K)OH )(l,g) +Cr2O3(s) (11) 

Karlsson et al. [13] however, observed difference between the 
K2CrO4 and the Na2CrO4 decomposition rates. The rate disparity was 
explained by the higher volatility of KOH compared to NaOH (equilib
rium vapour pressure at 600 ◦C: 4.9X10−5 and 5.3X10−7 bar for KOH 
and NaOH respectively [13]). Thus, NaOH formed by the decomposition 
of Na2CrO4 (Eq. (11)) accumulated, while KOH easily evaporated. 

In conclusion, alkali metal ions are damaging to Fe oxide scales at 
600 ◦C (Eq. (9)), however, the loss of K+ ions as KOH may limit the 
damage influence of these species to such scales. At combustion gas 
water vapour levels as low as 1 ppm, Eqs. (8) and (9) can proceed under 
WWF (~10 mol.% H2O) exposure conditions at 600 ◦C [42]. 

The following can be deduced:  

i. Where Cl‾ ion diffusion is reliant on K availability (Eq. (8)), the 
damage rate of Fe oxide (Eq. (9)) may not be sustained as KOH is 
lost from the system. Eq. (11) explains the lack of K in 347HFG- 
Dh post-exposure (Fig. 8b).  

ii. Cl‾ ion diffusion dependent on both Na+ and K+ ions (in the case 
of deposit Dw), will be more sustained due to increased alkali 
metal ion retention (as NaOH). The positioning of Na, relative to 
the Cl cluster at the internal corrosion zone (Fig. 8a) suggests a 
prevalent role of Na+ ions in the penetrative Cl‾ ions attack for 
347HFG-Dw.  

iii. In addition, the presence of similarly positioned K and Na species 
within a Fe-Cr depleted and corroded grain in sample 347HFG- 
Dw (Fig. 8a), suggests similarities in the alkali metal reaction 
mechanisms, and may indicate the presence of a Na-K eutectic. 

To summarise, while both deposit systems result in severe damage, 
surface and internal damage is more extensive in the Na-K system where 
the chloride ion level (30 mol.%) is sufficient for Cl‾ ion assisted dam
age. The increased corrosion damage of Dw, relative to Dh, can also be 
related to the lower eutectic melt temperatures attainable in the Na-K 
system, compared to the K-cation system [31], which is in line with 
the lower temperature range of KCP concentration profiles for WWF 
presented in Fig. 1. Evaluation of the KCP chloride and Na concentration 
thresholds required to maintain the higher corrosivity of a Na-K deposit 
(than a K deposit system) would enable further categorisation of WWF 
fireside corrosion behaviour. 

4.2. Deposit compositions 

There are numerous routes to the deposition of material on a heat 
exchanger surface (such as stickiness probabilities, deposit shedding, 
direct impaction) [34], however this research focusses on vapour 
condensation, omitting these other deposition/deposit loss routes. The 
mass transfer values calculated (Table 9) enabled the comparison of the 
alkali deposition fluxes for the fuel categories based on parameters listed 
in Table 7. 

The deposition fluxes calculated for heat exchangers are increased 
for HGB combustion compared to WWF (Table 9) which is the reason for 
the enhanced fireside corrosion rates of heat exchangers encountered 
during HGB fuel firing [3]. There are, however, disparities between the 
deposit compositions predicted by MTData (Table 4) and those deter
mined from mass transfer rate calculations (Table 9). 

While a combustion gas stream is cooling, the constituent compo
nents could be expected to undergo changes, which MTData can be used 
to approximate, assuming thermodynamic equilibrium. Some of these 
gas composition changes are illustrated in Fig. 9. Due to the changes in 
stable compounds with temperature, the condensing gas species and 
condensate compositions calculations are different. One example of 
these thermodynamically-predicted changes are the important gas phase 
reactions (relating to fireside corrosion) illustrated in Eqs. (12) and (13), 
where the sulphation of alkali metal chlorides leads to alkali deposition 

as sulphates [33]. 

4(((Na,K)Cl )(g) + 2SO2(g) + O2(g) + 2H2O(g)→2
(
(Na,K)2SO4

)

(l,s) + 4HCl(g)
(12)  

4((Na,K)Cl )(g) + 2SO3(g) + 2H2O(g)→2
(
(Na,K)2SO4

)

(l,s) + 4HCl(g) (13) 

The Cl/sulphate alkali metal transitions predicted by MTData (Fig. 9) 
show two distinct condensation behaviours for WWF firing: 

i. At 1050–600 ◦C, the alkali metal sulphate condensation flux in
creases (similar behaviour is noted by [43]). Thermodynamic 
simulation shows no Cl-containing phase condensation occurs 
(defined as present at levels above 10−5 mol/kg fuel) within this 
temperature range. This temperature range is also characterised by 
an increase in HCl gas concentration and subsequent drop in gas 
phase alkali metal and sulphate content. These compositional change 
trends align with Eqs. (12) and (13). 

ii. Below 600 ◦C, the condensation of KCl(g) as KCl(l,s) becomes domi
nant. It is likely that the corresponding drop in K2SO4(l,s) and HCl(g) is 
related to the proposed reaction given in Eq. (14): 

K2SO4(s) + 2HCl(g)→2KCl(g) +SO3(g) + H2O(g) (14) 

At 620 ◦C (Fig. 9), NaCl(g) is sulphated by SO3 (released in Eq. (14)), 
contributing to the rapid increase in Na2SO4 condensate, according to 
Eq. (13). 

By contrast, the KCP (and fluxes) obtained from the mass transfer 
rate prediction model (Table 9) assume alkali metal associations will be 
maintained during condensation, despite the temperature gradient from 
bulk gas to alloys surface. As this technique assumes no chemical 
changes, it may be unsuitable for predicting alkali metal deposition from 
biomass firing. 

These discrepancies in the final composition of the condensed de
posit, obtained from these two methodologies, highlight a major chal
lenge in fireside corrosion evaluation. Similarly, data (e.g. swabs) taken 
in maintenance periods from plants are known to have potentially 
different chemistries than would be anticipated under operating con
ditions. The alkali metal sulphate/chloride ratio of cooled deposits will 
be different at firing conditions [44]. MTData thermodynamic 
condensed phase KCP compositions (Table 4) more closely resemble Cl/ 
sulphate ratios of several deposit samples collected by Michelson et al. 

Fig. 9. MTData predicted alkali metal association changes occurring across the 
condensation temperature range. Composition outputs have been simulated for 
WWF (median values) combustion at 8:1 air/fuel feed ratio (kg/kg). (g) denotes 
gas phase, (l,s) denotes liquid/solid (or condensed) phases. 
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[7] on air-cooled probes in a 10 MW straw fired boiler. 

5. Conclusion 

The corrosive properties of key condensed phase (KCP; compounds 
of corrosive tendencies at heat exchanger temperature range, 450-600̊C) 
deposits occurring in WWF and HGB fuels have been evaluated at 600 ◦C 
on sectioned 347HFG and T91 tube samples. The deposits and gas 
compositions used were derived from thermodynamic simulations, by 
MTData, at 600 ◦C and 1100 ◦C respectively. While the vapour 
condensation demonstrated the much higher deposit fluxes occurring for 
HGB fuels compared to WWF (~5 times higher for HGB), the MTData 
deposit compositions (with K/Na/Ca sulphates and chlorides for WWF 
and KCl/K2SO4 for HGB), were more realistic, as determined by com
parison with the Cl/sulphate ratios of power plant deposits in literature. 

The fireside corrosion rates encountered in this study did not 
correlate with deposits’ Cl contents. Indeed, the multi-cation WWF de
posit Dw, with 30/70 mol.% Cl/sulphate (30 mol.% KCl, 20 mol.% 
K2SO4, 20 mol.% Na2SO4, 30 mol.% CaSO4), caused more corrosion 
attack on both steels at a deposit application flux of 100 µg/cm2h than 
the single-cation HGB deposit Dh, with 70/30 mol.% Cl/sulphate (70 
mol.% KCl, 30 mol.% K2SO4). The corrosion damage differences be
tween both deposits were related to:  

i. The lower vapour pressure of decomposing scale products, NaOH 
compared to KOH. Compared to KOH, NaOH may be retained more 
at corrosion sites (slower evaporation rate), thus promoting further 
alkali metal assisted corrosion attack.  

ii. The lower eutectic melting temperatures attainable in a combined 
alkali metal system. Thermodynamic data demonstrated different 
peak molten temperature ranges for the deposit components which is 
lower for Dw (500–600 ◦C) than Dh (580–720 ◦C). 

The nature of fireside corrosion damage influenced by WWF com
bustion has thus been more clearly defined as being less deleterious than 
corrosion damage due to HGB firing on the basis of the lower heat 
exchanger deposit fluxes encountered when WWF are employed in 
biomass firing. This work has however found the WWF deposit to be 
more damaging than HGB deposit at the same KCP deposition flux. 
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