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Simultaneous combustion of biomass (wood or straw) with coal represents an alternative energy source with
economic potential and smaller pollutant emission. Under the current environmental legislation, biomass is
seen as a zero emitter of carbon dioxide emissions. The paper analyses the potential corrosion and the forma-
tion of adherent deposits in the coal–biomass co-combustion process at two pilot installations. Three types of
experiments with a mixture of coal, straw and wood are conducted. For the slagging phenomena, two instal-
lations pilot (grate-fired furnace) were used: one of 55 kW thermal power and other of 2 MW. As a control
sample, different types of steels were used. The results can lead to the implementation of measures to reduce
the effects of corrosion. The final aim is to increase the boilers efficiency and life duration. Furthermore, the
ash analyses allow their use as fertilizer in agriculture.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

A critical factor currently facing the world is the global warming,
which is considered to be caused by the increase in greenhouse gas
(GHG) emissions, of which conventional power generation represents
a major source [1]. Nowadays, global warming concerns increased the
interest in CO2-neutral energy sources for power production. The use
of biomass can contribute to the reduction of CO2 emissions, but raises
several technical and economic challenges in energy production due
to the relatively high contents of easily vaporizable alkali metals and
chlorine in most biomass fuels [2].

Most problems of firing process of biomass, or biomass with coal,
have their origins in fuel properties [3,4]. The coal and biomass have
many common characteristics, like the elemental analyses and technical
analyses. The conditions of determination of these analyses (especially
in technical analyses) are different. Still, the differences between the
biomass and coal which can be summarized [5]:

- volatile matters content of biomass at the initial state is about
70–80% compared to 30–40% for coal;

- the carbon from biomass has a higher reactivity, leading to a high-
speed combustion; biomass, unlike coal, has a bulk density sensi-
tive lower;
lazaroiu@yahoo.com
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- the ash resulted from biomass combustion has a higher content of
alkaline compounds which leads to deposit formation;

- biomass has a higher content of chlorine, but contains less sulfur,
ash and minerals;

- as part of the combustion process, the pyrolysis is initiated easier
to the biomass combustion compared to coal;

- on pulverized combustion, coal particle size is usually smaller than
that of the biomass [6].

The purpose of the present paper is to compare, on one side, the coal
combustion with the combustion of coal–biomass mixture, and on the
other side to compare the biomass combustion in two different pilot in-
stallations. Two pilot installations are used: 55 kW and 2 MW grate-
fired furnaces. The experiments determined the forms and depth of cor-
rosion of tubes exposed to corrosive environments of gas combustion.
The surfaces of heat transfer and the chemical analysis of the ash were
also investigated. The experimental results revealed clearly the negative
effects of using the biomass over plant reliability and overall boiler.
2. Theoretical work

The energy characteristics and physical-chemical properties of
fuels used within the experiments are reported in Table 1.

Consequently, we have to consider the implications in biomass
combustion or in biomass–coal co-firing processes like:

• slag deposit formation and increasing rate of deposit formation;
• greater risk in corrosion occurrence;
• higher temperatures of flue gases;
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Table 1
Physical–chemical characteristics of fuels used in experiments.

Characteristics (at working mass) Coal Straw Wood

Superficial moisture, Wi
i, % 3.00 6.80 6.40

Hygroscopic moisture, Wh
i , % 2.40 5.40 1.40

Total moisture, Wt
i, % 5.40 12.20 7.80

Ash, Ai, % 14.20 5.47 0.10
Carbon, Ci, % 63.86 40.44 44.96
Hydrogen, Hi, % 4.19 5.79 5.83
Nitrogen, Ni, % 1.90 0.71 0
Total sulfur, Sti, %: 0.26 0.193 0.083
Total sulfur fuel, Sfueli , % 0.20 0.19 0.08
Total sulfur ash, Sashi , % 0.06 0.003 0.003
Chlorine, % 0 0.36 0.06
Volatile maters, Vi, % 29.05 71.30 77.80
Superior calorific power, Qs

i , kJ/kg 25,730 16,072 17,180
Inferior calorific power, Oi

i, kJ/kg 24,.650 14,460 15,670

Fig. 1. Chemical equilibrium for potassium compounds relevant for ash formation
(wooden waste fuel).
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• supplementary work for cleaning the heat exchange surfaces on the
flue gases side;

• shorter intervals for soot blowing.

The ash management has a strong impact on the lifetime of heating
equipment and environment and therefore has economic and ecological
relevance. During the combustion process, the ash compounds behave
different, according to their volatility. Some of the slightly volatile spe-
cies, like K, Na, S, Cl, Zn and Pb, are passing in gaseous phase due to
the high combustion temperature, when suffer homogeneous chemical
reactions [7]. Then, due to super saturation, forms nucleation centres,
followed by condensation on the surfaces of existing particles in the
gas flow. Related to the entrainment process from biomass combustion,
three categories of elements are distinguished [8]:

• Si, Al, Fe: negligible entrainment (exception only in fragmentation
case for specific minerals);

• Ca, Mg, Mn, P, Ti (wood waste, straw): 20–50% entrainment;
• Na, K, Cl, S, Zn, Pb: 80–100% entrainment (Na and K finally).

The slagging can be defined as flying ash particles stored on heat ex-
change surfaces located in the furnace [9]. In combustion systems on
grate, this can disrupt the process of combustion and in extreme case
can damage the grate. Deposits (including clogging) can be defined as
flying ash stored on heat exchange surfaces in the convective side of in-
stallation by deposition at a temperature below the melting point. De-
posits accumulated on the heat exchange surfaces can occur as:

• inertial impact: most of the ash (particle size >10 μm) can not fol-
low the gas flow and adhere to heat exchange surfaces;

• condensation of vaporized compounds in contact with heat exchange
surface at a sufficiently low temperature;

• diffusion became important especially for the vapours and ash par-
ticles b1 μm (aerosols);

• chemical reactions in the deposit layer and between solid and gaseous
compounds.

The deposit layer thickness, clogging and slagging depend on
many factors [10]: local gas temperature, metal temperature, the ve-
locity of the flue gases, the burners distribution, the distribution and
the diameter of pipes, directional movement of flue gases, fuel nature
and its preparation, ash properties and its behaviour in oxidizing or
reducing atmosphere, the combustion installation, combustion air
distribution, the location of heat exchange surface, etc. The deposit
formation, determining slagging and corrosion, is a complex phenome-
non involving chlorine and alkaline metals. These metals can be found
in the ash formed during the co-firing process, gaseous phase reactions,
transport phenomena, the temperature of the flue gases and metal sur-
faces, metal surface interaction and chemical reactions.
Furthermore, high temperature corrosion of the surfaces of heat
exchange becomes a priority in the combustion of biomass with high
chlorine and alkali metals, as alkali chlorides formed deposited on the
surfaces of heat transfer, leading to serious consequences for them.
Forms of manifestation of corrosion are numerous, the most important
being pitting corrosion (point), inter-granular corrosion, crevice corro-
sion, selective and uneven. Knowing the reaction mechanism and the
influence of various parameters on the rate of speed, corrosion is a pre-
requisite for scientific substantiation of corrosion processes control.
Chloride-induced corrosion at high temperatures appears regardless
of the type of furnace (the firing) and the combustion conditions, both
in the furnace area and the convective super-heaters zone, where tem-
peratures produce overheating of the steam over 350 °C.

• Chlorine induced corrosion in the furnace area (unless the causes
are due to reducing conditions and direct contact with the flame)
in cases where multiple layers of metal oxide have pin low (thick
layer closest to the wall b1 mm) and where there are concentrations
of chlorine (e.g. FeCl2).

• Chlorine induced corrosion in the convection zone of super-heaters
appears mainly due to requests of temperature and high mechani-
cal stresses in combination with “the formation of burning” (oxida-
tion) in the presence of oxygen and sulfur oxides [1].

In the process of biomass burning, the phenomena of corrosion at
high temperature are characterized as an “active oxidation.” In this
case, evaporation of metallic chlorides and their transformation into
oxides are responsible for rapid, but un-protected growth, of the
layer of oxide. These alkali chlorides will condense/sublime on the
surface of pipes and will react with the combustion gases forming sul-
fates and releasing chlorine, according to reaction 1:

2NaClþ SO2 þ O2 ¼ Na2SO4 þ Cl2;
2KClþ SO2 ¼ K2SO4 þ Cl2

ð1Þ

According to thermodynamic calculations of equilibrium, alkaline
sulfate formation is favoured at temperatures below 1000 °C. Contrary
to these facts, many alkali chlorides are mainly formed during combus-
tion of biomass due to high velocity response [11]. Thermodynamically
stable, the reaction of sulphating can be too slowly in the gas phase, so
that solid KCl or NaCl have enough remaining time to react inconsis-
tently with SO2 (g) or SO3 (g) and to form K2SO4, and Na2SO4, in layer
ash (reaction 1), during the sulphating reaction Cl2 (g) being liberated.
Since this reaction takes place inside the store of the filing, the concen-
tration of chlorine gas near the metal surface will increase, higher than
in the combustion gases. Part of the free chlorine can diffuse through



Fig. 2. Chemical equilibrium for potassium compounds relevant for ash formation
(straw fuel).
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the porous crust covering pipe. Iron chlorides are stable only if oxygen
pressure is close to zero. This is possible at the interface iron/warehouse
application, where chlorine reacts to form iron dichloride. Due to rela-
tively high pressure of vapours of FeCl2 and depending on temperature
and concentration, the iron dichloride formed is partially vaporized and
Fig. 3. Pilot installation of 55 kWt used to test the co-combustion process: 1, furnace; 2, gra
spread through the surrounding crust in the direction of the combus-
tion gases.

Because of high partial pressure of oxygen, FeCl2 will react with
oxygen and oxides of iron forming ferric-ferrous or ferrous oxide
and releasing chlorine, according to reactions (2, 3 and 4):

3FeCl2 þ 2O2 ¼ Fe3O4 þ 3Cl2 ð2Þ

2FeCl2 þ 1:5O2 ¼ Fe2O3 þ 2Cl2 ð3Þ

FeCl2 þ O2 þ Fe3O4 ¼ 2Fe2O3 þ Cl2 ð4Þ

Further, the free chlorine can react again with the pure metal. Con-
sequently, chlorine is a key catalyst in this process, by transporting
iron from the pipe wall and by bringing severe corrosion. Corrosion of
the heat exchange surfaces is growing, especially in the ash deposits
formed on the pipes heat exchangers. The original deposits are formed
because of thermal‐boring forces,which are caused by large temperature
gradient between the hot gas and thewall of the pipe of the boiler, having
a dominant effect on very small particles (b1 μm), formedby processes of
nucleation, condensation, chemical reactions and agglomeration. With
these relevant mechanisms, the highest concentrations of species
te; 3, primary air; 4, secondary air; 5, tertiary air; 6, screw feeder; 7, convective zone.

image of Fig.�3
image of Fig.�2


Table 2
Variation of layer's thickness.

No. e
xp.

Fuel Type of steel Forms of
corrosion

Depth of corrosion
(μm)

Thickness of deposit layer
(μm)

Interval Average Interval Average

1 100% straw OLT 35 *Crevices
*Cracks

47.7–62.11
372.9–1634

54.95
1003.45

62.11–53.76 57.93

10CrMo910 *Crevices
*Cracks

31. 9–22.63
173.5–485.8

26.13
357.6

31.92–20.7 26.31

X20CrMo121 *Pitts 127.2–131.1 129.1 17.8–24.57 21.17
2 80% straw+20% coal OLT 35 *Crevices 105.8–278 191.9 17.02–23.41 20.21

10CrMo910 *Crevices 162.6–211.4 187 14.7–23.99 19.34
X20CrMo121 * Crevices max 76.32 – 10.84–19.15 14.99

3 50% straw+50% coal OLT 35 * Crevices 210.5–240.8 225.4 153.6–192.7 173.16
10CrMo910 * Crevices 12.41–25.58 18.99 9.86–14.321 12.09
X20CrMo121 * Crevices very small – 7.65–10.64 9.14

4 100% wood OLT 35 * Crevices 129.2–151.7 140.45 26.31–8.7 14.03
10CrMo910 * Crevices 93.96–70.45 82,20 17.22–10.64 13.93
X20CrMo121 * Crevices 35.24–43.25 39.24 21.62–12.96 17.29

5 30% wood+70% coal OLT 35 * Crevices 97.85–123.3 110.57 10.64–16.06 13.35
10CrMo910 * Crevices 127.2–395.4 261.3 10.84–17.22 14.03
X20CrMo121 * Crevices 96.95–111.5 104.22 14.7– 20.31 17.50
13CrMo44 * Crevices 239–398.4 318.7 – –
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vaporized and subsequently condensed K, Cl, and S are found in smaller
particles [12].

If in the combustion gas the chemical equilibrium is reached at
high temperatures, according to data from Figs. 1 and 2, the initial po-
tassium (K) exists in the form of KCl (g) at straw burning and in the
form of KOH (g) from burning wood, while sulfur and excess chlorine
is present in the form of SO2 (g) and HCl (g) [13].

The HCl (g) is formed at lower temperatures during the straw burn-
ing, as compared to waste wood burning. The KOH (g) is converted into
K2SO4 (g,s) and K2CO3(g) following the reaction of gas phase, while KCl
(g) is converted to KCl (s). According to chemical equilibrium, sulfur is
recovered in solid form of K2SO4 at temperatures below 900 °C [14].
According to kinetic considerations, formation of K2SO4 rarely reaches
equilibrium in the gas phase and therefore only part of K seeks reaction
path. Considering this kinetic limitation and high speed of the cooling of
the combustion gases (through the exchange of gas-water heat),
Fig. 4. The aspect of samples after exposure to the burning of 100% straw (experiment no. 1).

Fig. 5. The aspect of samples after exposure to the burning of 100% wood (experiment
no. 4).
conversion phases without chemical reactions such as condensation of
KCl in comparison with the formation of K2CO3 are easier to achieve.
However, according to reaction equilibrium, K2CO3 is formed only
Fig. 6. The aspect of heat exchange surfaces after 100 h of 100% straw burning (experi-
ment no. 1).

Fig. 7. The aspect of heat exchange surfaces after 100 h of 30% wood+70% coal mixture
co-firing (experiment no. 5).

image of Fig.�4
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Table 3
The chemical composition of furnace ash and flying ash from heat exchange surfaces, classified on types of experiments.

Chemical composition
(%)

Experiment type

100% straw 80% straw +
20% coal

50% straw +
50% coal

100% wood 30% wood +
70% coal

1 2 3 4 5

Grate
ashes

Deposit
flying ashes

Grate
ashes

Deposit
flying ashes

Grate
ashes

Deposit
flying ashes

Grate
ashes

Deposit
flying ashes

Deposit⁎ flying
ashes (2200 h)

Grate
ashes

Deposit
flying ashes

SiO2 59.04 44.25 45.50 33.47 50.92 33.07 34.16 33.05 12.60 44.97 32.41
TiO2 0.09 0.53 0.82 0.46 0.91 0.21 2.94 1.42 0.28 1.32 1.29
Al2O3 1.45 10.12 17.06 10.40 22.07 2.88 12.97 10.01 2.94 20.48 13.08
Fe2O3 1.02 13.25 6.76 11.42 9.56 30.54 6.32 9.04 37.50 6.12 9.36
MnO 0.09 0.20 0.06 0.14 0.11 0.45 0.21 0.28 0.95 0.06 0.18
CaO 8.82 7.74 4.68 5.94 4.33 9.04 12.67 9.14 18.68 3.72 7.70
MgO 2.80 2.42 2.16 1.96 2.36 2.19 1.74 2.01 1.76 1.72 1.86
Na2O 1.16 0.97 0.49 0.42 0.48 1.05 0.43 0.53 0.63 0.27 0.55
K2O 7.95 18.57 7.04 9.22 6.20 7.04 4.74 6.28 3.25 2.68 6.36
P2O5 3.78 2.40 1.32 2.01 1.04 2.28 1.18 1.87 0.96 0.31 1.52
SO3 3.44 6.96 6.12 12.04 1.36 8.86 4.33 10.88 18.97 2.57 10.03
Zn (ppm) 31 218 12 0.168 6.32 122 7.35 4.08 915 1.49 3.94
Pb (ppm) 21.8 27.4 9.6 10.13 4.4 18.7 0.52 1.01 90.4 0.10 1.03
Cl− – 1.96 – 1.90 – 1.65 – 1. 51 1.7 – 1.35

⁎ Species of wood different from the ones used to experiments lasting 100 h.
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when there is an excess of K, Cl and S. For alkali metals, the release from
biomass burning is limited to the following mechanisms [15]:

• fuel wood, which has a relatively low content of alkali metals and
chlorine, alkali are the first released by the vaporization or decom-
position of alkaline sulfate;

• fuel with high content of chlorine and alkali metals, such as cereal
straw, alkali chlorides are the first released;

• for fuels with high alkali content and low chlorine, alkali are re-
leased in the form of alkali hydroxide.

3. Experimental work

Three experiments were performed as follows:

A) Experiments of co-firing of biomasswith coalwere conducted on
a pilot plant of 55 kW (Fig. 3). Two types of biomass are used:
wheat straw (lighters) with Qs

i=16095 kJ/kg, Clanh=0.36%,
Kanh=0.5% and wood stuffing with Qs

i=17180 kJ/kg,
Clanh=0.06%. The purpose of the analysis was to determine the
type (forms) and depth of corrosion of tubes exposed to corro-
sive environments of gas combustion. The S/Cl relation between
themixtures of fuel (biomass–coal) used in the experiments was
S/Cl b2. Combustion control was followed by the thermal power
of the boiler, the combustion gas analysis, the pollutant emis-
sions, the amount of slag trapped in outbreak, the circulation of
the plant (depression in late outbreak) and the boiler efficiency.
Experiments were conducted over a period of 100 h at 900–
950 °C temperatures in the furnace, with an air excess between
3 and 5 for the following reports in the mixture: experiment 1
Table 4
The characteristic temperatures of the ash obtained during the experiments.

No. exp. Combustion mixture Ash type Color

1 100% straw Flying ash deposit black
2 80% straw+20% coal Flying ash deposit brown
3 50% straw+50% coal Flying ash deposit black
4 100% wood Flying ash deposit black
5 30% wood mince+70% coal Flying ash deposit black
(100% straw); experiment 2 (80% straw+20% coal); experiment
3 (50% straw+50% coal experiment 3); experiment 4 (100%
wood); experiment 5 (30% wood+70% charcoal). The evalua-
tion of corrosion processes was performed on 3 types of steel:
carbon steel (OLT 35), low alloy steel (13CrMo910) and stainless
steel (X20CrMoV121), using the optical microscopically tech-
nique (a microscope Reichert Univar equipped with software
for image analysis). The analyzed tube samples have been
taken on cross sections, which were prepared metallographic.
Researches on optical microscope were performed on samples
un-attacked to highlight the forms and depth of corrosion. Opti-
cal microscopy revealed, for all types of steel and irrespective of
fuel type, the deposition on the tubes of a layer adherent under
which have been shownuneven forms of corrosion in the crevice,
with the smaller locations of inter-granular attack and corrosion
located on certain types of steel. The thickness of this layer varies
depending on fuel/mixture used in the co-firing and on the type
of steel tested (Table 2). From burning straw, the thickness of
the layer deposition is noticeably greater on steel OLT35 that
the burning wood; differences decrease for low alloy steel and
stainless steel.
The experimental results revealed clearly the negative effects of
using the biomass over plant reliability and overall boiler.

B) The same 5 experimentswere performed on the same pilot boiler
of 55 kWt. The purposewas to analyse the surfaces of heat transfer
and to determine the chemical analysis of the ash. Steels selected
for testing were chosen from those used in the construction of
heat exchange surfaces. For each experiment, 3 samples of steel
from each kind were used, in order to decrease errors and obtain
more reliable data. The samples were made from boiler pipes
Deformation temperature
°C

Melting temperature
°C

Flow temperature °C

1180 1180–1200 1200
b1000 b1000 b1000
1185 1220 1230
1185 1220 1230
1220 1230 1230



Table 5
Quantitative chemical analysis of the deposit layers on tested samples.

Exp.
no.

Chemical analysis, % weight

Al Si P Mo S Cl K Ca Mn Fe Na Mg Cr Zn Ti C O

1 0.61 3.39 0.66 3.4 3.74 1.26 10.35 2.38 0.77 25.57 0.47 0.76 – – – 27.55 17.08
2 4.46 8.57 0.40 2.74 1.24 0.46 3.52 2.04 0.34 2.88 0.83 0.7 – – – 45.75 13.78
3 2.4 4.5 0.42 2.48 0.95 0.24 2.41 1.28 0.38 23.39 0.53 0.52 0.96 – – 51.18 20.65
4 0.41 0.54 0.23 1.23 0.22 0.22 0.45 0.30 0.20 1.34 0.3 0.25 – – – 89.24 5.06
5 10.31 14.66 0.35 – 5.06 – 12.34 1.74 – 18.58 – 0.89 – 3.74 0.69 4.27 27.37
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subjected to operation of the superficial layer removal, polished
on metallographic paper of different granulation (100–600),
degreased in benzene, measured and weighed to analytical
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Fig. 9. Appearance of tubes: (a) radiation zone; (b) fine furnace zone; (c) convective zone.
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layer from the samples varied on temperature zones (the higher
thickness layer was for the convective aria of steel OLT 35) and
type/ratio biomass used. The higher thickness of the layer has
been obtained on straw combustion/co-firing. During the exper-
iments, the parameters by measurements fiches and flue gases
analysis were monitored. After each experiment, the samples
were removed and subjected to the following investigation, also:
• pyroscope resistance determination (refractoriness);
• electron microscopy SEM type for characterization of de-
posits and corrosion products.
As an example, in Fig. 4 some samples exposed to the burn-
ing process of straw (100%) are illustrated, while Fig. 5
shows some samples exposed to the burning process of
wood (100%). The samples from the heat exchange area of
the boiler at the end of experiments for combustion of
straw 100% are shown in Fig. 6. The samples from the heat
exchange area of the boiler at the end of experiments for
combustion of 30% wood+70% coal mixture are shown in
Fig. 7.
The analysis methods used were plasma spectrometry induc-
tively coupled (IPC), combustion, gravimetric and volumetric
methods. The results are reported in Tables 3–5.

C) In this case, the straw burning in 2 MW thermal pilot plant
(Fig. 8) over 200 h was conducted. Wheat straw in the form
of briquettes was cylindrical with a diameter of 80 mm and a
length of 150 mm, a content of chlorine at the dry mass
(Clanh=0.36%) and a lower heating value of 14500 kJ/kg. The
briquettes are stored in the biomass bunker and crushed by
screw feeder (Fig. 8). The pilot plant, used in coal combustion,
has been amended accordingly and adapted for the technology
of burning straw briquettes (in this case, burning on the grid
has become fixed). As a result, the boiler was fitted to the bot-
tom of the furnace (the funnel cold) with a fixed grid, the var-
iant design inclined at an angle of 8°. For the air supply, the
facility was equipped with a second air fan (flow 2500 m3N/h
at 20 °C) blowing cold air in the grid, the air ensuring complete
combustion of the fuel located on the grid. Fuel flow (flowing
from top to grid) was thus determined to ensure a thermal
load close to the nominal, but also a lighter layer height on
the grid to allow passage of air injected on the grid to achieve
as complete combustion. The value of excess air and combus-
tion gas temperature, both in furnace area and in the convec-
tive area, was similar to boilers with burning technology of
straw on fixed and removable grids. Throughout the experi-
ment, the combustion process was controlled and the key
parameters were monitored, including the analysis of combus-
tion gases. During experiments, the ash samples were taken
from furnace to determine the chemical composition and the
periscope resistance. Also, steel specimens (test tubes) were
introduced in the boiler for the study of corrosion and deposits
adherent. Tubes made of three types of steel (the same) were
placed on these areas of the boiler: furnace, fine furnace and
convective zone. The used determinations and investigation
techniques were:

▪ chemical analysis of compounds and elements from the
ashes of the furnace;

▪ determine periscope resistance (refractive) of ash;
▪ chemical analysis of compounds and elements in the ash de-
posits trained;

▪ quantitative and qualitative characterization of deposits and
corrosion products using electronic microscopy technique
type SEM;

▪ determinate the type and depth of corrosion by optical mi-
croscopy technique.
Inspection condition and appearance of tubes provide
comparative data, approximate on the thickness and consis-
tency of deposit layers on the test-pieces. Fig. 9 shows the ap-
pearance of tubes after exposure in the combustion
environment in the 3 areas of the boiler (deposit thickness
was about 1 mm).
The results of chemical analysis of ash are reported in Table 6
(compared with the 55 kWt boiler) and Table 7, compared
with those obtained from the singular burning of straws in
the burning experimental thermal plant of 55 kW. The ob-
served values are quite close to those of chemical compounds
in the ash, for most, except for zinc (volatile component)
which is reflected in a quantity approximately triple in the
ashes produced in large thermal power plant (2 MW). This
can occur because, probably, the temperature value is not
high enough and the zinc did not the possibility to melt down.
4. Conclusions

A) • The use of a fuel mixture of a mass percentage greater than
20% of biomass leads to a dramatic growth rate of corrosion



Table 7
Quantitative and qualitative chemical analysis of fly ash deposits on the test-pieces control (on 2 MWt pilot installation).

Location Type of steel Chemical analysis, %

Na Mg Al Si P S Cl K Ca Mn Fe Cr

Furnace OLT 35 0.30 0.77 0.92 3.58 0.56 1.09 0.64 2.42 1.50 – 22.52 –

10CrMo910 0.10 0.53 3.46 5.76 0.18 0.67 0.38 1.36 1.64 0.54 44.85 1.12
X20CrMoV121 0.38 0.80 2.09 4.74 0.38 1.18 0.50 1.68 1.83 0.04 26.84 4.86

Fine of furnace OLT 35 0.33 0.41 0.74 1.63 0.27 0.75 0.58 1.07 0.63 – 22.02 –

10CrMo910 1.07 0.61 1.56 2.77 1.44 1.13 0.50 1.09 1.27 0.74 31.98 2.01
X20CrMoV121 0.95 0.89 2.28 4.41 0.40 1.37 0.52 1.58 2.00 0.48 22.04 4.50

Convective zone OLT 35 0.41 0.55 1.90 5.06 0.16 0.90 0.87 1.22 1.34 – 31.68 –

10CrMo910 0.35 0.50 1.60 3.76 0.46 0.90 0.58 0.64 0.95 0.41 36.43 1.31
X20CrMoV121 0.72 0.86 2.74 5.70 1.44 1.48 0.74 1.19 1.81 0.51 30.23 5.62

Table 6
Comparative chemical analysis of ash (slag) from the furnaces.

No. Fuel SiO2

%
TiO2

%
Al2O3

%
Fe2O3

%
MnO
%

CaO
%

MgO
%

Na2O
%

K2O
%

P2O5

%
SO3

%
Zn
ppm

Pb
ppm

Cl
%

Time
[h]

1 Straw
(55 kW pilot)

33.07 0.21 2.88 10.01 0.06 9.04 2.19 1.05 18.57 2.28 6.12 3.2 0.03 1.9 100

2 Straw
(2 MW pilot)

34.2 0.21 2.29 2/02 0.11 8.47 2.75 2.31 11.3 3.52 2.94 8.97 7.7 0.89 200
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(corrosion depth) for all types of steel, under the following
forms:
▪ Crevices with depths ranging from 48 to 278 μm in straw
combustion (carbon steel, mixtures of 50%, 80%, and
100%) and between 97.85 and 151.3 μm from burning
wood (carbon steel, mixtures of 30% and 100%);

▪ Cracks with inter-granular character occurred on carbon
steels and low alloyed, with depths significantly higher
at carbon steel (depth between 373 and 1634 μm), fol-
lowing the single burning of straw;

▪ Pitting appeared after 50 h of testing in stainless steels,
with depths ranging between 127 and 132 μm (100%
straw combustion).

• In terms of forms of corrosion and penetration depth of cor-
rosion, burning wood is proving to be more advantageous
due to lower content of chlorine and alkali metals;

• Development under layer of deposit of various forms of corro-
sion is a function of the S/Cl ratio in the combustionmixture: a
ratio S/Cl≥4 leads to a decreased risk. For temperatures below
900 °C appears the probability to formmore stable alkaline sul-
fates than chlorides and for higher temperatures the conver-
sion to sulphates is off. Therefore a rapid corrosion of the
metal appears due to formation of potassium chloride and of
HCl—the species most probable to form, thermodynamically
speaking.

B) The behaviour at high temperatures and the chemistry of
resulted ash for biomass co-firing are major problems to be
considered in designing and operating energy equipment:
• The results of the experimental researches have revealed that
the type of fuel and the percentage of biomass in combustion
mixture are the main parameters that contribute to aerosol
formation during biomass combustion. The aerosols have an
important contribution in ash deposit formation and corro-
sion development;

• The high content of chlorine and alkaline metals from agri-
cultural biomass (particularly wheat straw) suggests that
the deposit formations by volatilization and condensation re-
actions are significant in the process of biomass co-firing.

C) • As a general assessment can be concluded that in terms of
burning straw developed in the pilot plant of 2 MWt, due to
lower temperatures in the combustion space over the
installation of 55 kWt (results reported in other articles),
the process of training the alkali metals and chlorine (com-
ponents that have an important contribution in developing
corrosive deposits) was reduced. This contributed to the gen-
eration of less serious forms of corrosion of steels tested (ex-
cept for carbon steel). Also, determined deposition layer
thickness was relatively small (approximately 1 mm from
3 mm really motivated also by the deposit flow calculated
flow (15 μg/cm2h), considered as intermediary, in accordance
with the scale indicated in literatures [2] (high-flow deposi-
t>30 μg/cm2h).

• The high content of silicon dioxide (SiO2) and low calcium (Ca)
determined in the ashes, along with a lower content of po-
tassium (K), contributed to the lack of occurrence of the phe-
nomenon of agglomeration/melting, as confirmed by the
temperature values of low fusion of ash.

• Experimental research results indicate synergism between
oxidation process and alkali compounds of ash from biomass,
an effect that helps in case of lower temperature of combus-
tion to the appearance of corrosive processes.

• Temperatures developed in the process proved to be too small
for the formation of protective oxide layers on metal surface
but large enough to release alkali metals. This shows that the
process of volatilization, condensation and nucleus of the alkali
in biomass combustion is inevitable.
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