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Abstract 
 

Under environmental legislation, biomass is seen as a zero emitter of carbon dioxide emissions releasing only recently fixed 
carbon following combustion. Simultaneous combustion of biomass with coal is such an alternative energy with economic 
potential. Among the many stages that occur during combustion of biomass, combustion of coke (the final solid phase) is most 
relevant to the issue of alkali metals. The paper analyses the potential corrosion and the formation of adherent deposits in the 
coal-straws co-combustion process at the pilot installations. The straw (in the form of cylindrical briquettes) burning experiments 
carried out on 2 MW thermal pilot plant. The results of chemical analysis of ash were presented, compared with those obtained 
from the singular burning of straws in the burning experimental thermal plant of 55 kW. 
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1. Introduction 
 

Widespread use of biomass boilers that burn 
coal is also understood as an effective way to start 
producing energy from biomass industry. Although 
there are many years of experiments and tests and 
even industrial operation and a good understanding 
of the problems of corrosion and the formation of 
deposits on the flue gas, considerable uncertainties 
remain regarding the negative effects of the addition 
of biomass in dust coal flow. Combustion / co- 
combustion of biomass in boilers to produce energy 
can often lead to an increased corrosion of heat 
exchange surfaces. This led to limit the final 
temperature of steam, with obvious economic 
repercussions. Among the renewable fuels available, 
wood and agricultural residues - straw - are two 
distinct types, available in large quantities and are 
relatively easy to manipulate in the operation of 
combustion plants. 

At least nine elements are recognized in the 
literature (Jenkins, 1998), for their contribution to the 
chemical structure of deposits formed from co- 
combustion of biomass consisting mainly in: O, Si, 
Al, Fe, Ca, Na, K, Cl and S, together with other items 
with a minor role as Ti, Mg, P and C. These can be 
presented in various chemical forms such as silicates, 
oxides,  sulfates  and  chlorides  (Baxter,  1992). 
Possible  potential  problem are  represented by 
couples of young energy crops as alkali metals, with 
K the lead role, is concentrated in areas with the 
fastest growth. 

Among the many stages that occur during 
combustion  of  biomass,  combustion  of  coke  (the 
final solid phase) is  most relevant to  the issue of 
alkali metals. Involvement of alkali metals in fly ash 
leads to the formation of deposits (deposits adherent) 
on colder surfaces of heat exchangers of boilers, with 
adverse consequences in most cases. Chlorine 
facilitates the mobility of several chemical species, 
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particularly potassium, which is confirmed by this 
KCl in deposits adherent, (Nielsen, 2000; Dayton, 
1995) shows in Table 1 quantities of major species of 
adherent deposits for various types of solid fuels. 

 
Table 1. Quantities of major species of adherent deposits 

 
Quantity, 
mg/MJ 

 

Si 
 

K 
 

S 
 

Cl 

Straws 50-800 100-1,100 50-100 50-620 
Wood 
splits 

50-600 25-200 0-50 0-50 

Coal - 0-150 200-1,200 0-150 
 

Increased role is observed for K and Cl in 
alkaline index increase of straw. This index indirectly 
shows the melting behavior of ash, which has 
implications for the formation reaction of corrosive 
deposits.  A detailed overview of factors contributing 
to the formation of deposits in the co-combustion of 
biomass has been described in literatures (Jenkins, 
1998; Pîşă, 2009; Rădulescu, 2010). The main factors 
mentioned are: 
• ash formation - particle size and granule 

distribution; 
• fluid dynamics and particle transport; 
• the deposition rate of ash; 
• periscope properties of ash (melt + glue); 
• consistency of deposits. properties and trends; 
• heat transfer through the ash layer. 

Illustrating  the  conceptual  structure  of 
deposits formed on convective surfaces of heat 
exchange, linked to the heat transfer mechanism is 
given (Kawahara, 1996) and presented in Fig. 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. The structure of a typical deposit formed in the 
combustion of straw 

 
In the co-combustion of straw steam 

condensation plays an important or even dominant 
role characteristic to the initial training phase of 
submission,  when  the  temperature  of  the  metal 
surface is cold. The separation effect (nucleus) of 
vapor condensates increases the deposit surface 
temperature, reducing these forces, when the 
temperature  of  the  surface  layer  approaches  the 

temperature of the gas deposit. The temperature 
reached in some cases even a critical value at which 
the deposit is partially melted. From now on, due to 
the impact of inertia, the particles are actually 
captured by the surface deposit, finally reaching a 
steady state in which the deposit favored by grey 
alkaline salts on the surface of metal is balanced by 
destructive processes such as: erosion and rupture 
under the weight of its own. 

It is noted also the thermal dissociation of 
compounds in the ash, resulting in the formation of 
eutectics  of   low   melting   point.   These   deposits 
destroy  the  protective  layer  of  iron  oxides, 
developing chain reaction completed corrosion. 
Nielsen (Nielsen, 2000) made a brief characterization 
of  the  structure  layers  of  deposit  resulting  from 
burning straw (Table 2). 
 
Table 2. Layered structure of a typical deposit formed from 

burning straw 
 
Layer Description Thickness 

1 Thin oxide layer Fe/Cr 40-80   m 
2 Dense  layer  K2SO4   including 

FexOy 

40-100   m 

3 Porous thin dense layer of KCl 200-2,000   m 
4 Thick solid layer of KCl 300-1,500   m 
5 Thick   solid   layer   of KCl 

including ash particles 
400-2,000   m 

6 Porous   sinthetized   layer   of 
flying ash particles 

200-5,000   m 

 
In  terms  of  heat  transfer  Nielsen  estimated 

that, the first two layers near the metal can be 
neglected, being very thin and relatively dense. Layer 
3 is a porous inner layer of KCl followed by layer 4, 
KCl. The transition to the next layer indicate local 
store that makes metal surfaces to exceed the melting 
point of KCl. From this view, partially molten layer 
of KCl captures particles of fly ash that marks the 
transition to layer 5. Outer 6 layers is a porous layer 
of sintered ash particles. 
 

 
 

Fig. 2. The diagram of stability for Cr-Fe-Ni-O-Cl system 
at 727 oC 
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Experimental studies on the corrosion occurrence during biomass combustion process 
 

If the temperature of the combustion 
environment exceeds the melting temperature of 
reaction products contained in the deposit layers, 
some of them go on to become secondary vectors of 
chloride and through a synergetic effect accelerates 
the corrosion process. The thermodynamically 
conditions  and  products  of  reaction  can  be 
determinate from diagram of stability of the current 
steel - Fig. 2 (McGrann, 1996). 

 
2. Experimental 

 
Straw burning experiments carried out on 2 

MW thermal pilot plant (Rădulescu, 2010) was run 
over 200 hours. Wheat straw in the form of briquettes 
were cylindrical with a diameter of 80 mm and a 
length of 150 mm, a content of Cl = 0.36% at dry 
matter and a lower heating value of 14,500 kJ / kg. 
Other characteristics of straw are presented in Fig. 3. 
Pilot plant (Fig.  3),  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 bottom of the furnace (the 
funnel cold) with a fixed grid, the variant design 
inclined at an angle of 80. For air supply, the facility 
was  equipped  with  a  second  air  fan  (flow  2,500 
Nm3/h at 20° C) blowing cold air in the grid, air 
ensuring complete combustion of the fuel located on 
the grid. Fuel flow 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 combustion gas 
temperature, both in area of the furnace and in the 
convective area was similar to boilers with burning 
technology of straw on fixed and removable grids. 
Throughout the experiment, the combustion process 
was controlled and the key parameters work was 
monitored, including analysis of combustion gases. 
During experiments, ash samples were taken from 

furnace to determine the chemical composition and 
the periscope resistance. Also, steel specimens were 
introduced in the boiler for the study of corrosion and 
deposits adherent. Tubes made of three types of steel 
(carbon steel, low alloy steel 10CrMo910 and 
stainless steel X20CrVMo121) were placed on these 
areas of the boiler: furnace, fine furnace and 
convective zone. Determinations and investigation 
techniques used 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 deposits trained; 
• quantitative and qualitative characterization of 
deposits  and  corrosion  products  using  electronic 
microscopy technique type SEM; 
•  determination the type and depth of corrosion by 
optical microscopy technique. 
 
3. Results and discussion 
 

Inspection condition and appearance of tubes 
provide comparative data, approximate on the 
thickness and consistency of layers of deposits on 
test-pieces at the combustion process. Fig. 4 presents 
the appearance of tubes after exposure in the 
combustion environment in the 3 areas of the boiler 
above (deposit thickness was about 1mm). 

Results of chemical analysis of ash are 
presented in Table 3, compared with those obtained 
from the singular burning of straws in the burning 
experimental thermal plant of 55 kW. 

The observed 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) because, 
probably, that the value of temperature is not high 
enough and the zinc had not the possibility to melt 
down. 

 

 
 

Fig. 3. The location of tubes in pilot plant: 1 furnace; 2-fine furnace; 3-convective zone 
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Fig. 4. Tubes appearance a. radiation zone; b. fine furnace zone; c. convective zone (Scale 1:1 mm) 
 

Table 3.Comparative chemical analysis of ash (slag) from the furnace on two pilot plants 
(contents expressed in %, except Zn and Pb expressed in ppm) 

 
No. Fuel SiO2 TiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O K2O P2O5 SO3 Zn Pb Cl Time 

[h] 
 

1 
Straw 
(55kW 
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 
(2MW 
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 

 

 
 

Fig. 5. Morphological aspects of the layers of deposits formed on X20CrMoV121 (location furnace) 
 

It has been noted also the presence of 
remarkable quantities of alkali metal (especially 
potassium), of the Si dioxide (currently more 
amorphous  form)  and  of   P2O5    (present  as  the 
majority as potassium phosphate). These inorganic 
elements, along with the presence of sulphur, 
contribute (as reflected by determinations periscope 
below) to lower the melting point of ash by forming 
silicate of Na and K with low melting point, which 
have implications for accelerating the attack surface 
metal. As a result, the ash resulting from burning 
biomass has a low fusion point, the temperature in 
the range 750-1,000oC, lower results from coal 
(Tfusion> 1,000oC). Even if a small percentage of 
biomass is used in the fuel mixture, co-combustion of 
biomass can have a major impact on the melting 
behaviour of ash. 

The determination of the forms and depths of 
corrosion for different type of steels was determinate 
using the optical microscope technique (Pîşă, 2009). 
For example, in Fig. 4, it presents the forms and 
depths of corrosion for X20CrMoV121 steel. Also, 
the layers of deposits are relatively uniform, with 
approximately equal thickness. As to corrosion, 
stainless steel X20CrMoV121 had the best attitude, 
the low one being of carbon steel 35 OLT who 
developed an inter-granular corrosion with crazing. 
The  layers  of  deposits  on  the  specimens  were 

analyzed by electronic microscopy technique type 
SEM (Scanning Electronic Microscopy). In Fig. 5 it 
presents   morphological   aspects   of   the   deposits 
formed on test-pieces placed in furnace (selection) as 
well as the quantitative chemical analysis results and 
their quality. 

Table 4 presents the characterization of ash 
deposits formed on test-pieces of control, per types of 
steels and other locations. Based on Table 4, the 
following observations and discussion: 
•  test-pieces  of  OLT35  exposed  in  the  furnace 
present a layer of deposits with an average depth of 
18.36    m,  below  which  were  observed  corrosive 
cavity  with  depths  between  25  -  50     m,  very 
common. Also, inter-granular corrosion occurs, 
accompanied by the appearance of crazing; 
•  10CrMo910  low  alloy  steel  test-pieces  at  the 
furnace have a layer of deposit, with an average 
thickness  of  11.96     m;  below  this  layer   were 
observed rare corrosive cavities with depth ranging 
between 31 and 50   m; 
•  on      the      test-pieces     of      stainless     steel 
X20CrMoV121 exposed in the furnace were 
measured  thickness of deposit layer with a depth of 
7.9   m below which were observed small corrosive 
cavities, very rare with depths ranging from 31-39 
m; 
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Table 4. Quantitative and qualitative chemical analysis of fly ash deposits on the test-pieces control 
 

 

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 
 
 

•  the test-pieces of OLT35 - at the end of the fine 
furnace had layers of deposits with an average depth 
of 12.48   m below which were observed corrosive 
cavities with cavity depths between 43-90   m; 
•  on  test-pieces  of  10CrMo910  exposed  at  fine 
furnace was identified a layer with an average thick 
of 18.87   m, under which have developed corrosive 
cavities with depths ranging from 19.6-31.3   m; 
•  test-pieces  of  X20CrMoV121  exposed  at  fine 
furnace presents a layer with an average depth of 
5.09   m, below which small holes have developed 
corrosive with depths ranging from 2-15   m; 
•  test-pieces  of  OLT35  exposed  in  convective 
present a layer deposition with an average depth of 
8.3 m,    below which were identified corrosive 
cavities with depths ranging from 14 to 31.4   m; 
•  on   test-pieces   of   10CrMo910   exposed   in 
convective were identified thickness of layer with an 
average  size   of   12.58     m,   below  which   were 
observed corrosion cavities whose depth varies 
between 18-48   m; 
•  test-pieces   of   stainless   steel   X20CrMoV121 
exposed in convective, had layers with an average 
thickness of 7.9   m below which small corrosive 
cavities   have   developed   corrosive   with   depths 
ranging from 9-25   m, very rare; 
•  migration of alloying elements of steels in the 
layers of deposit / crust (Cr - significant migration), a 
process that confirms the development of corrosion 
processes; 
•  presence of Fe oxides in deposits, it shows the 
deterioration of the basic metal; 
• the presence of this silicon (Si) in significant 
quantities in the ashes of the furnace (34.2%); 
•  training chlorine in fly ash was relatively low - 
0.74% - (corresponding to temperature) compared to 
deposits formed during experiments on small thermal 
power plants, where higher temperatures favored the 
process (1.9% Cl); 
• heavy metals Zn and Pb, which have a high 
volatility, were not found in fly ash deposits, due to 
lower  temperatures of  the  process conducted to  2 
MW pilot plant. 

4. Conclusions 
 

As a general assessment can be concluded that 
in terms of burning straw developed in the pilot plant 
of 2 MW, due to lower temperatures in the 
combustion space over the installation of 55 kW 
(results reported in other articles), the process of 
training the alkali metals and chlorine (components 
that have an important contribution in developing 
corrosive deposits) was reduced, which contributed 
to the generation of less serious forms of corrosion of 
steels tested (except 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   g/cm2h), considered as intermediary, in 
accordance with the scale indicated in literatures 
(Nielsen, 2000), (high-flow deposit> 30   g/cm2h). 

The high content of silicon dioxide (SiO2) and 
low calcium (Ca) determined in the ashes, along with 
a lower content of potassium (K) contributed to the 
lack of occurrence of the phenomenon 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 combustion 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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