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INTRODUCTION

In Poland, the most often used technologies
of biomass energy are [Kubica 2007]:
e direct combustion of biomass — sliced, crushed
or compact (pellets, briquettes, bales),
e direct co-firing with coal with the use of con-

ventional boilers,

e indirect co-firing with coal (initial bio-
mass gasification and then co-firing of

ABSTRACT

Manufacturing units, which use biomass for combustion and co-firing, are obliged to
gradually increase the amount of biomass from agricultural sources in place of timber
biomass from forests. Many different species of trees that grow on arable land, bushes,
grasses or perennials can be used for energy purposes. A huge variety of plants that
give biomass useful in the power industry, is connected with a large diversity of physi-
cal characteristics (hardness, specific gravity, moisture content, porosity) and chemi-
cal composition. It significantly affects not only the calorific value of biomass but also
the condition of the boilers in which it is burnt. This paper presents the results of the
research concerning the influence of the process of combustion biomass from seven
plant species on the boilers fouling on the basis of ash chemical composition. The
indicators used for the analysis were as follows: boilers slagging, the tendency of fuel
to form impurities, sintering and agglomeration. A significant variation in the content
of alkalies was shown that cause the formation of sediment on the boilers heating sur-
faces. The smallest risk of heating boilers fouling is associated with perennial grasses
incineration, especially the ones from the Miscanthus species that contain significant
quantities of silicon monoxide, which is responsible for the heating surfaces erosion.
The usage of polycarpic plants, such as Virginia mallow or Jerusalem artichoke, may
cause pollution deposition and reduce the efficiency of boilers to the greatest degree.
Because the biomass of different plant species exhibits the diversity of energy pa-
rameters and tendencies to foul boilers, there is a need to select the material to the
combustion carefully. Moreover, blends of biomass raw materials (or biomass with
coal) should be composed so that they are adapted to the boiler parameters and to the
conditions of the combustion process.
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The chemical composition of biomass de-
pends on genetic factors and physiological char-
acteristics of different plant species and varieties,
as well as on the development phase, the part of
the plant, fertilization and chemical protection,
soil nutrient availability, the term and method
of harvest, transport, storage and other factors
[Monti et al. 2008, Vasillev et al. 2014b]. This of-
ten causes the divergence of the results obtained
in the research carried out on the same species.

the produced gas).

In this way electricity can be generated; al-
ternatively, electricity and heat can be simultane-
ously produced in co-generation systems — CHP
(combined heat and power).
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The knowledge of the characteristics of the plant
material is important from the energy point of
view, since each parameter affects the efficien-
cy of biomass combustion [Van Loo, Koppejan
2008, Villeneuve et al. 2012].



Journal of Ecological Engineering Vol. 18(6), 2017

One of the most important parameters in the
assessment of the fuels produced from biomass,
which are listed by McKendry [2002], is the
ash content (minerals) and the share of alkaline
oxides in it. A significant proportion of alkaline
metals (e.g. Ca, K, Na) and the presence of chlo-
rine may cause occurrence of adverse phenom-
ena, such as slagging and accelerated corrosion
of certain metal elements (chlorine and chloride
corrosion). Co-firing is an effective way to use
biomass; however, only temporarily. More effi-
cient technologies are gasification combined with
gas-steam systems and the usage of gas or etha-
nol from biomass to power efficient fuel cells.
Golec et al. [2007] showed such advantages of
co-firing as: the possibility of using biomass in
large scale (large boilers), stabilization of com-
bustion by burning coal, less emissions of SO,,
NO,, and CO,, boiler flexibility as well as the in-
dependence of the electricity production from the
biomass availability. The main disadvantages are:
difficulty with delivery and preparation (drying,
fragmentation) of the sufficient amount of bio-
mass and its high price, limited productivity and
efficiency of the boiler, the increased risk of self-
fire or explosion, the side effects of the co-firing
associated with the ash from biomass composi-
tion (slagging, fouling). Kordylewski and Tatarek
[2012] indicated such disadvantages of biomass
co-firing in ash boilers as: high transport costs,
impediments occurring in the course of boiler ex-
ploitation due to biomass sedimentation, forma-
tion of overhangings, reduced milling capacity of
the mills, intensified processes of sintering and
heating surface corrosion. The research indicates
that the origin of raw material (plant species)
and the biomass moisture significantly affects a
number of parameters relevant to the energy pro-
cesses [Gradziuk et al. 2003, Jenkins et al. 1998,
Motka, tapczynska-Kordon 2011, Niedziotka,
Zuchniarz 2006].

The method of fuel preparation, technique and
combustion conditions and the afore-mentioned
factors that form the chemical composition of
biomass also affect the quantity and composition
of ash that is important for energy units [Vasiliev
et al. 2014b]. The proportion of alkaline ash com-
ponents (Fe,0,, CaO, MgO, Na, 0, K,0 and P,O,))
and the acidic ones (SiO,, Al,O, and TiO,) is an
indicator that characterizes the tendency of the ash
to form sediments. High content of alkalies and
chlorine can lead to the corrosion of energy de-
vices [Kowalczyk-Jusko 2009]. The high content

of alkaline oxides in the ash indicates that there is
a danger of sediments accretion on the heating de-
vices. The aim of the research was to estimate the
influence of plant biomass on the boilers fouling
on the basis of ash chemical composition.

MATERIALS AND METHODS

The research material involved the biomass
of seven energetic plant species:

e perennial grasses: Miscanthus sacchariflorus
and prairie cordgrass (Spartina pectinata Bosc
ex Link),

e perennials: Virginia mallow (Sida hermaphro-
dita Rusby) and Jerusalem artichoke (Helian-
thus tuberosus L.),

e annual grasses: corn (Zea mays L.) and sweet
sorghum (Sorghum bicolor Moench),

e shrub: multiflorarose (Rosa multiflora Thunb.).

The biomass of the tested plants was burned
at 600°C and the ash was analyzed by the elemen-
tal composition of the spectrometric method.

In order to characterize fuels in terms of their
tendency to slag and pollute the heating surfaces
of the boiler (forming the sediments), various
indices are used, most often based on the pro-
portions of acidic and alkaline oxides in the ash
[CoalTech 2007, Sciazko et al. 2007, Vassilev et
al. 2014a, Viana et al. 2012]. The following indi-
ces were used:

1. c_index:
m

_ Fe,0,+CaO+MgO+Na,0+K,O0+P,0;
me Si O,+A1,0,+Ti, O

C

This is the ratio of alkaline to acidic oxides
[Scigzko et al. 2007].

2. Base to acid index:

Fe,O;+CaO+MgO+Na,O +K, O

BlA= . :
SiO,+AL O5+Ti, O

If B/A ratio <0.75, impurities can be expected
[Viana et al. 2012]. If B/A<0.4 or B/A> 0.7, the
tendency towards sedimentation is low, but if
0.7>B/4> 0.4 — high [CoalTech 2007].

3. Simplified R, index:
Fe,O,+CaO+MgO
(bra) = Sio,

The lower the value of R P the higher the

melting and flowing temperature of the ash
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and hence the lower the risk of slagging. At
R,., <0.15 these temperatures exceed 1600°C
[Scigzko et al. 2007].

4. S, index:

G Si0,* 100
R Si Oy4+Fe,0; +CaO+MgO

The high value of S, index means high slag
viscosity and thus a low slagging tendency. If S,
> 72 —slag has a low slagging tendepcy, if 72> S,
> 65 — acerage, if S, R <65 — low [Scigzko et al.
2007]. If S, is 7280, the tendency to form impu-
rities is low, if §, ranges between 65-73 — average
and 50-65 — very high [CoalTech 2007].

5. F index:
F,=(Na,0+K,0)-c,,

The F, index determines the tendency of the
fuel to form and subsequently sinter the contami-
nants of the heating surfaces and the tendency to
form deposits that initiate slagging. If Fu <0.6,
then fuel is not prone to pollution, if 0.6 <Fu
<40 — has a high propensity and if Fu> 40 — very
high propensity to create and sinter contaminants
[Sciazko et al. 2007].

6. The sum of iron and calcium oxides:
Fe + Ca = Fe203 + CaO
If the sum of FezO3 + CaO does not exceed

10%, then the fuel has a low tendency to form
pollutants [CoalTech 2007].

7. The ratio of the iron oxides to calcium:
Fe,O,

" CaO

If the /C <0.3 or /C > 3.0, then the tendency

to form pollutants is low, if 0.3 < /C <3.0 — high
[CoalTech 2007].

1

8. The sintering index:
_ CaO+MgO
Na,O+K, O

If ST > 2, the risk of slagging is low, if ST <2 —
high [Viana et al. 2012].

S1

9. The agglomeration index:
Fe,O,
Nay O +K,0
It concerns the potential for sediment forma-

tion on fluidized beds. If BA/ <0.15, then agglom-
erates are formed [Viana et al. 2012].

BAI=

RESULTS AND DISCUSSION

In the authors’ own studies significant dif-
ferences in composition of the ash from biomass
of particular energy plants were found (Table 1).
There are three groups of species whose ash has
similar composition: perennial grass (Miscan-
thus sacchariflorus and Prairie cordgrass), annual
grasses (corn and sorghum), perennials (Virginia
mallow and Jerusalem artichoke). The ash from
the biomass of the multiflora rose was not in-

Table 1. Content and composition of the plant biomass ash [%]

Content Symbol Miscaqthus Spartina Sida . Helianthus Rqsa Zea mays? Sqrghum
sacchariflorus’| pectinata’ |hermaphrodita’| tuberosus’ | multiflora’ bicolor’
Ash A, 3.70 410 2.80 5.60 3.10 7.20 4.80
Silicon dioxide SiO, 77.90 66.10 3.20 6.80 6.74 35.20 35.40
Iron Fe,O, 1.33 0.98 0.76 0.51 1.69 0.82 2.20
Aluminium ALO, 2.06 0.85 0.48 0.46 0.81 0.44 0.36
Manganese Mn,O, 0.09 0.10 0.05 0.05 0.09 0.06 0.05
Titanium TiO, 0.06 0.04 0.04 0.02 0.04 0.04 0.02
Calcium CaoO 8.35 14.30 35.70 18.80 32.00 6.82 6.62
Magnesium MgO 0.82 2.30 5.34 1.06 7.85 2.30 2.45
Sulphur 8O, 2.21 4.63 2.42 1.85 3.50 2.52 2.32
Phosphorus PO, 1.87 2.96 4.85 3.69 16.50 7.31 9.30
Sodium Na,O 0.46 0.88 0.80 0.54 0.82 0.08 0.05
Potassium K,O 2.66 4.97 14.30 35.80 13.00 38.70 35.90
Barium BaO 0.02 0.03 0.03 0.04 0.04 0.01 0.01
Strontium SrO 0.02 0.04 0.10 0.09 0.12 0.02 0.02
Chlorides Cl 0.00 0.25 0.24 4.74 1.00 2.10 2.81
Carbonates CO, 1.22 0.72 30.70 24.60 15.40 2.59 1.56

Source: 1 — Kowalczyk-Jusko 2009; 2 — Kowalczyk-Jusko at al. 2015a; 3 — Kowalczyk-Jusko et al. 2015b
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cluded in any of these groups. The sum of alka-
line oxides constitutes an important parameter for
ash evaluation. Their high content was recorded
in ash obtained from perennials, roses and bed-
ding grasses, but the share of individual elements
in this sum varied for different species. Potassi-
um prevailed in the ash from corn and sorghum
(38.7-35.9%), it was quite similar in the ash from
Jerusalem artichoke (35.8%), while in mallow the
dominating element was calcium (35.7%).

High concentrations of CaO and K,O were
also reported in the ash from the Arudno donax and
Cynara cardunculus biomass [Monti et al. 2008].
Kalembasa [2006] found that the highest concen-
tration of calcium in the ash from the biomass of
the Miscanthus sinensis and the Virginia mallow,
silica and potassium oxide prevailed accounting
for about 70% of the ash and the P,O, content was
about 10% [Baxter et al. 2014]. There is a notice-
able negative correlation between SiO, and K,O
content. Baxter et al. [2014] noted that while the
Giant miscant (Miscanthus * giganteus) harvest
was delayed, the silica content increased and the
potassium oxide decreased. It was also noted that
the content of oxides may depend on the organ
of the plant. The ash from Giant miscant leaves
was characterized by lower K,O and higher CaO
content compared to the ash received from blades
burning [Baxter et al. 2014].

In the authors’ own research, the ratio of al-
kaline to acidic components, which characterized
the ash deposition tendency, was the lowest in the
case of perennial grasses, and many times higher
in the case of Virginia mallow. In the research of
Baxter et al. [2014] it was shown that the ratio
of alkaline to acidic components in the leaves of
Giant miscant was in the range 0.7—-1.3, while in
the stems the proportions were different and the

B/A ratio amounted to 1.3-3.2. In addition, the
parabolic relationship between ash melting tem-
peratures and the ratio of alkaline to acidic com-
ponents is suggested.

The ash from the biomass of Miscanthus sac-
chariflorus and prairie cordgrass (Spartina pecti-
nata) was characterized by a small tendency to form
pollutants and sediments which has been deter-
mined by using various indicators (Table 2). At the
same time, a very high tendency for sintering, slag-
ging and sedimentation on fluidized beds was ob-
served in the case of the ash from Virginia mallow
and Jerusalem artichoke. This is demonstrated by
the values of Fu, SI and BAI that are much higher.

The statistical analysis confirmed the signifi-
cant differences in how the ashes form pollutants
in three groups: perennial grasses, annual grasses
and perennials, which were previously observed
at the level of chemical composition. Interesting-
ly, the common features are not dependent on the
botanical family, but rather on the type of growth
and development, as evidenced by the fact that
Virginia mallow and Jerusalem artichoke, which
belong to different botanical families, affect the
heating devices in a similar way.

CONCLUSIONS

1. Differentiation of the composition of the ash
from biomass of particular plant species is as-
sociated with different risks of heating devices
surfaces contamination and damage (slagging,
agglomeration, deposition, sintering, corro-
sion, erosion), which makes agricultural bio-
mass impossible to be treated homogeneously.

2. We can distinguish groups of species (not al-
ways based on botanical families, but rather on

Table 2. Slagging and fouling indices accounted for ashes from investigated biomass

Index Miscan.thus Spa{tina Sida . Helianthus Rqsa Zoa mays So‘rghum
sacchariflorus pectinata hermaphrodita tuberosus multiflora bicolor
c, 0.19a 0.39a 16.60 8.30c 9.47c 1.57b 1.58b
B/A 0.17a 0.35a 15.30 7.79c 7.29c 1.37b 1.32b
R/a 0.13a 0.27a 13.06¢ 3.00b 6.16b 0.28a 0.32a
Sk 88.12a 78.99a 7.11c 25.03 13.96b 77.98a 75.85a
F, 0.60a 2.30a 250.65¢ 301.50c 130.84c 60.90b 56.79b
Fe+Ca 9.68a 15.28b 36.46¢ 19.31b 33.69c 7.64a 8.82a
IC 0.16a 0.07b 0.02b 0.03b 0.05b 0.12a 0.33c
SI 2.94a 2.84a 2.72a 0.55b 2.88a 0.24b 0.25b
BAI 0.43a 0.17b 0.05¢c 0.01c 0.12b 0.02c 0.06c

Note: The same letters indicate the results that do not differ significantly at the level of 0.05
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growth and durability), with similar effects on
heating devices. The smallest risk of slagging
is associated with the incineration of perennial
grasses (Miscanthus sacchariflorus and prairie
cordgrass), while the largest is observed in the
case of burning perennials (Jerusalem artichoke
and Virginia mallow). Combustion of the grass
biomass may involve the risk of the heating
surfaces erosion due to the high silica content.
On the other hand, the combustion of perenni-
als increases the risk of chloride corrosion.

3. There is a great need to select the raw mate-
rial for combustion carefully and to compose
mixtures of biomass raw materials (or biomass
with bituminous coal) that are adjusted to the
boiler parameters and combustion process
conditions.
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