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Abstract
This study presents research that was conducted to determine the impact of biomass chemical composition on the charac-
teristic ash melting behaviour of a biomass–coal blend made for use in the co-firing of power plants. It was conducted using 
two different types of biomass: wood biomass—pine (Pinus sylvestris L.) residue from sawmill, and agrarian biomass—mis-
canthus (Miscanthus giganteus). The design-of-experiments matrix was prepared using the simplex–lattice design method 
with four independent variables (i.e. coal A and B and biomass A and B). The characteristic melting points of ash (ash 
fusibility temperatures, i.e. the sintering, softening, melting and flowing temperatures) were used as the dependent variables, 
which were analysed under two atmospheres (e.g. oxidative and reductive). The analysis of the ash fusibility temperatures 
in oxidized and reduced atmospheres was conducted under accredited standards and test procedures using a PR-25/1750 
furnace that was capable of reaching a maximum temperature of 1650 °C at a heating rate of 30 K min−1 to 1200 °C and 
10 K min−1 between 1200 and 1650 °C, which provided an adequate zone of uniform temperature. In addition to the analyses 
of the ash melting point, full characterization of the physico-chemical properties of the applied fuels and their mixtures was 
performed. Based on the results of these analyses, the ash deposit behaviour was calculated, and its impact was discussed.

Keywords Ash melting behaviour · Biomass co-firing · Design of experiments · Slagging hazard determination

Introduction

Global-warming-related  CO2 emissions into the atmos-
phere and shrinking fossil fuel resources are increasing the 
importance of the search for new technologies that could use 
environmentally friendly renewable fuels. Therefore, basic 
raw material (i.e. biomass) is being used more often as an 
energy source and is currently the third largest natural and 
renewable source of energy in the world. Biomass samples 
are burnt and co-fired with coal and are increasingly being 
used for thermal processes (e.g. torrefaction, pyrolysis and 
gasification; Kalisz et al. 2015). Based on a report from the 

International Energy Agency, the world’s bioenergy sources 
are sufficient to ensure the supply of biomass and biofuels 
for energy purposes without the need to compete with food 
production (World Energy Outlook 2012).

Currently, firing and co-firing in fluidized bed technol-
ogy is increasingly important, especially in the case of bio-
mass–coal co-combustion for high-efficiency steam genera-
tors in power plants. This method has the benefit of reducing 
greenhouse gas emissions. Adding biomass to coal reduces 
 SO2 emissions, and a reduction in  NOx emissions is also 
possible due to the low sulphur and nitrogen contents pre-
sent in biomass (Savolainen 2003; Baxter 2005; Al-Man-
sour and Zuwala 2010; The European Bioenergy Networks 
(EUBIONET 2017). The co-firing of biomass–coal blends 
can provide a reasonably attractive option for the utilization 
of biomass for power generation. Biomass–coal co-firing in 
most countries is one of the most economical technologies 
available for providing significant  CO2 reductions. Biomass 
has zero net  CO2 emissions, while coal represents the most 
intensive  CO2 emissions per kWh of electricity production. 
Unfortunately, biomass is typically characterized by a high 
moisture content, relatively low calorific value, low bulk 
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density compared to coal, low ash melting point and dif-
ferent chemical compositions. Often, biomass has a high 
chlorine content, which increases its corrosivity and can 
thus influence deposit formation (i.e. slagging and fouling), 
agglomeration, corrosion and/or erosion, and ash utilization.

The impacts of these difficulties depend on the quality 
and concentration of biomass used in the fuel blend; the 
type of combustion that occurs; the co-firing configuration 
of the system; and the properties of the coal used (Sajdak 
et al. 2015; NIST/SEMATECH 2017).

For these reasons, it is important to conduct research 
on the suitability of biomass–coal mixtures and determine 
their relative proportions in a mass fuel stream to minimize 
the possible adverse impacts of using biomass. This type of 
study has been conducted with different scales of experi-
ments (Grammelis et al. 2006; Theis et al. 2006a, b; Wigley 
et al. 2007). These studies are focused on the co-combustion 
of coal with different types of biomass. Some types, such as 
sawdust, have relatively low deposition rates, which means 
they are relatively safe, since co-firing with coal would not 
significantly influence or even decrease the ash deposition 
rate. Experiments on the behaviour of ash deposition for bio-
mass co-fired with different types of coal in an electrically 
heated entrained pulverized fuel flow experimental reactor 
(Kazagic and Smajevic 2007) showed no significant differ-
ence in the ash deposition characteristics of the coal–bio-
mass ash against the single coal ash samples at tempera-
tures up to 1250 °C. Above this temperature, fouling was 
significant for the coal–biomass blends. However, a better 
understanding of the burning characteristics of these types 
of blends requires special attention.

In this paper, a slightly different approach to this issue has 
been presented. To describe slagging and fouling behaviours 
of ash from the co-combustion of coal with different types 
of biomass, the design-of-experiments method was applied. 
This approach showed the effects of biomass in the fuel feed 
blends on the ash fusibility temperatures and slagging haz-
ard in a clear way. The ANOVA prepares a nonlinear regres-
sion (in this case) to calculate the optimal ratio for biomass 
and coal to obtain the lowest values for the slagging hazard 
parameters.

All presented experiments, analysis and data were 
obtained in 2016 in Institute for Chemical Processing of 
Coal in Poland.

Materials and methods

Proximate and ultimate analysis

In this study, two hard coals (KWK Murcki-Staszic [coal 
1] and KWK Mysłowice Wesoła [coal 2]) and two different 

types of commercially available biomass: wood biomass 
(Pinus sylvestris L.), which was composed of sawmill wood 
waste [biomass 1], and agrarian biomass, i.e. miscanthus 
(Miscanthus giganteus) [biomass 2], were used. Technical 
analyses of the selected materials were performed using the 
classical method. First, all raw samples were subjected to 
basic analyses, including measurements of ash content (Ash) 
and volatile matter content (VM) and ultimate analysis. All 
materials for analysis were ground to pass through a 212-µm 
sieve. A portion of the sample was separated for moisture 
measurements in parallel with VM measurements. For the 
volatile matter analysis, 1 g of each sample was heated out of 
contact with ambient air at 900 °C for 7 min. The percentage 
of volatile matter was calculated based on the loss of mass 
from the sample due to moisture reduction. The ash contents 
of the samples were determined via incineration by placing 
the sample in a muffle furnace, heating it in air at a specific 
rate to a temperature of 815 ± 10 °C and maintaining this 
temperature until a constant weight was reached.

Ultimate analysis: determination of the carbon, 
hydrogen, nitrogen and sulphur contents

The samples were then analysed using automatic quantita-
tive combustion in an oxygen stream at 1350 °C for sulphur 
determination and 950 °C for carbon, hydrogen and nitrogen 
content determination. The combustion products were trans-
ferred through a quartz bridge into a reduction tube where 
the sulphur and nitrogen oxides were reduced to  SO2 and 
 N2. When measuring sulphur content, the gas steam passed 
through traps of glass wool and magnesium perchlorate. 
Then, the gas steam passed through a cell in which  SO2 was 
measured by an infrared absorption detector. Analysis of the 
combustion gases (e.g.  N2,  CO2 and  H2O) was conducted 
using a thermal conductivity detector. Elemental analysis 
was performed on a LECO TruSpec CHN device (LECO, 
USA) and a LECO SC632 device (LECO, USA; Procedure 
of Institute for Chemical Processing of Coal).

The gross calorific value was analysed using 1 g of each 
sample via burning in high-pressure oxygen at a constant 
volume at the reference temperature of 25 °C in a bomb cal-
orimeter that was calibrated by the combustion of certified 
benzoic acid. The combustion heating values were measured 
using a LECO AC500 apparatus (LECO, USA; Procedure of 
Institute for Chemical Processing of Coal). The results from 
the proximate and ultimate analyses are given in Table 1. 

Chemical composition of ash

Quantification of the major components of the samples 
was conducted using an ICP-OES device (iCAP6500 Duo, 
Thermo Fisher Scientific, USA). Because this ICP-OES 
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device requires the sample to be in the form of a solution, 
acid digestion of the solid ash residue was performed. For 
each sample, at least three digestion replicates and three 
ICP-OES instrumental replicates were performed (Table 2). 

Ash fusibility temperatures

The analysis of the ash fusibility temperatures in an oxi-
dized and reduced atmosphere were conducted using a 

PR-25/1750 furnace (PIE/ITR, Poland) that was capable of 
reaching a maximum temperature of 1650 °C at a heating 
rate of 30 K min−1 to 1200 °C and 10 K min−1 between 1200 
and 1650 °C, which provided an adequate zone of uniform 
temperature. The analysis of the fusibility of ash was per-
formed under two different types of atmosphere: reducing 
(i.e. a mixture of carbon monoxide and carbon dioxide at a 
ratio of 3:2) and oxidizing (i.e. air and carbon dioxide). The 
temperatures at which characteristic changes in the shape 
occurred are described as follows:

1. Sintering temperature (tS)—first signs of rounding of the 
tip or edges of the test piece;

2. Softening temperature (tA)—height and length of the test 
piece are equal to the width of its bottom, the edges of 
the test piece are round, and its length does not change;

3. Melting temperature (tB)—the height of the test piece is 
equal to half its base diameter based on visual observa-
tions; and

4. Flowing temperature (tC)—the temperature at which ash 
is spread over the supporting tile in a layer of one-third 
of the height of the tC temperature.

Determination of the characteristic melting temperature 
of ash is performed in oxidizing (when air is used in the 
process) and reducing (when the process is carried out in 
a gas mixture of carbon monoxide and carbon dioxide at 
a ratio of 3:2) atmosphere. The study of the characteristic 
melting temperature is carried out in two different atmos-
pheres because the results can be applied to the real condi-
tions existing during the combustion of solid fuels in power 
plants. The melting temperature of ash observed in both 

Table 1  Properties of selected 
biomass and coal materials

M moisture, A ash, VM volatile matter, LHVa low heating value in the analytical state, LHVr low heating 
value in the “as- received” state
a Analytical state, ddry basis

Parameter Unit Coal 1 Coal 2 Biomass 1 Biomass 2

Proximate analysis
Ma wt% 1.7 ± 0.1 2.2 ± 0.1 2.5 ± 0.1 3.1 ± 0.1
Ad 3.7 ± 0.2 3.8 ± 0.2 0.5 ± 0.2 4.6 ± 0.2
VMd 32.03 ± 0.17 31.94 ± 0.17 84.02 ± 0.45 78.72 ± 0.45
FC 62.5 ± 0.3 62.0 ± 0.3 13.0 ± 0.3 13.6 ± 0.3
LHVa MJ  kg−1 32.76 ± 0.83 32.04 ± 0.83 19.960 ± 0.148 18.810 ± 0.148
LHVr 31.41 ± 0. 83 30.33 ± 0.83 17.08 ± 0.14 16.12 ± 0.14
Ultimate analysis
Ct

d wt% 83.01 ± 0.63 81.70 ± 0.6 50.00 ± 0.7 45.90 ± 0.7
Ht

d 4.82 ± 0.27 4.58 ± 0.27 6.06 ± 0.32 5.86 ± 0.32
Nd 1.33 ± 0.15 1.32 ± 0.25 0.30 ± 0.16 0.47 ± 0.16
St

a 0.22 ± 0.04 0.21 ± 0.04 0.03 ± 0.03 0.12 ± 0.03
Ot

a 6.95 ± 0.69 8.41 ± 0.69 43.11 ± 0.76 43.05 ± 0.76

Table 2  Chemical composition of ashes from the studied fuels

SiO2 silica dioxide, Al2O3 aluminium(III) oxide, Fe2O3 iron(III) 
oxide, CaO calcium oxide, MgO magnesium oxide, P2O5 diphospho-
rus pentoxide, SO3 sulphur trioxide, Mn3O4 trimanganese tetraoxide, 
TiO2 titanium dioxide, BaO barium oxide, SrO strontium oxide, Na2O 
disodium oxide and K2O dipotassium oxide

Parameters Coal 1 Coal 2 Biomass 1 Biomass 2
(%)

SiO2 17.64 ± 1.85 22.94 ± 1.92 13.54 ± 1.05 57.97 ± 1,28
Al2O3 13.15 ± 1.23 17.46 ± 1.32 9.36 ± 0.23 1.13 ± 0.32
Fe2O3 13.59 ± 0.48 14.18 ± 0.41 14.76 ± 0.28 0.55 ± 0.25
CaO 18.79 ± 0.18 14.28 ± 0.15 22.88 ± 0.87 8.64 ± 0.71
MgO 10.68 ± 0.09 8.90 ± 0.06 11.22 ± 0.09 3.65 ± 0.10
P2O5 0.87 ± 0.04 0.27 ± 0.18 1.11 ± 0.15 3.24 ± 0.18
SO3 17.95 ± 0.18 13.86 ± 0.20 3.81 ± 0.08 2.33 ± 0.06
Mn3O4 0.24 ± 0.02 0.33 ± 0.02 0.3 ± 0.01 0.62 ± 0.01
TiO2 0.47 ± 0.04 0.81 ± 0.03 0.32 ± 0.02 0.08 ± 0.03
BaO 0.41 ± 0.01 0.36 ± 0.01 0.23 ± 0.01 0.06 ± 0.01
SrO 0.25 ± 0.01 0.15 ± 0.01 0.12 ± 0.01 0.03 ± 0.01
Na2O 2.94 ± 0.03 4.76 ± 0,03 1.51 ± 0.04 0.24 ± 0.03
K2O 0.84 ± 0,05 0.97 ± 0.06 1.77 ± 0.61 11.06 ± 0.51
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atmospheres was monitored to avoid adverse results from 
the slagging process in the boilers.

The analysis of the ash fusibility temperatures was con-
ducted under accredited standards and test procedures. It is 
a graphical method that uses image analysis to interpret the 
results while carrying out the analysis. In order to ensure 
the quality of measurements and for continuous monitor-
ing, laboratories participate in domestic and foreign inter-
laboratory studies, e.g. DCC Delta Coal Control GmbH. The 
analyser—a furnace-type PR-25/1750 (made by ITR), which 
is used for the analysis, was subjected to cyclic calibration 
by noble metals with sufficient purity, having a defined melt-
ing point: silver (960.5 °C), gold (1064 °C) and palladium 
(1554 °C), with a maximum difference of ± 10 °C (accord-
ing ISO 540 standard).

Results for each material are given in Table 3.

Mixture design: simplex–lattice method

To optimize the melting temperature of the mixture of bio-
mass and coal ash, the concept of mixture design was used. 
The design method was applied to the studied coal-and-bio-
mass mixture ratio in order to determine the characteristic 
melting temperature and furnace slagging and fouling prop-
erties of the blend (Sajdak et al. 2015; NIST/SEMATECH 
2017).

The mixture can be described by the following equation:

(1)
n
∑

i=1

x
i
= x1 + x2 +⋯ + x

n
= 1.0,

(2)x
i
> 0; i = 1, 2, 3,… , n,

where n is the number of components in the study (e.g. type 
of fuels) and xi is the proportion of the ith component in the 
mixture.

The first step in this method is to define the so-called use-
ful area and the mathematical model to predict the properties 
of the mixture (e.g. in the case of a change in the ratio of 
different types of fuel ashes). This step is critical to design 
the properties and composition of the studied mixture. If the 
composition mixture must be modified, then the selected 
method (as a standard design-of-experiments method—
DOE) can solve the problem. If the mixture consists of three 
or four components, then the usable space can be shown on 
the side of a triangle (Appendix A), where the vertices of the 
triangle determine the amount of pure components present.

The number of experiments was calculated by sim-
plex–lattice method (NIST/SEMATECH 2017). For exam-
ple, if p = m = 3, then the number of experiments equals 
10 (Fig. 1b), and xi = 0, 1

3
 , 2
3
 , 1. The same values of factor 

numbers (p = 3) and numbers of factor levels (m = 3) were 
applied in experiments.

Each of the three sides of the triangle represents a part of 
the mixture and defines part of one of the three components. 
In this study, the characteristic melting points of the studied 
samples were considered to be dependent variables, while 
the blends of ash from the coal and biomass were considered 
to be independent variables. The detailed mass ratios of the 
coal and biomass are given in Appendix B. In each test, the 
test sample was formed into a cylinder, and the measurement 
was taken three times.

Determination of slagging hazard

Biomass co-firing with hard coal can have a negative impact 
on slagging, fouling and corrosion. High biomass concen-
trations (e.g. straw) can cause chlorine corrosion in boil-
ers (Pronobis 2005; Dahl et al. 2010; Zuwala and Sciazko 
2010). During the combustion process, alkali chlorides can 
be converted into silicates and sulphates and can therefore 
minimize corrosion damage. Another aspect of large-scale 
biomass co-firing is the hazard of surface slagging, which 
strongly depends on the properties of the ash. The hazard 
of surface slagging can be described by the characteristic 
ash fusion temperatures of sintering, softening, melting 
and flowing. Ashes over the softening temperature can be 
strongly adhesive. For the precise prediction of ash fusi-
bility, various correlations between the fusion temperatures 
and the standardized chemical composition of ashes, which 
are given in the form of oxides, have been proposed (Pro-
nobis 2005; Dahl et al. 2010; World Energy Outlook 2012). 

Table 3  Characteristic melting temperature of ashes from the studied 
fuels

a Measurement uncertainty

Parameters Mua Coal 1 Coal 2 Biomass 1 Biomass 2
(°C)

Oxidizing atmosphere
ts(O) 30 1060 1190 1280 680
tA(O) 20 1340 1270 1360 840
tB(O) 1350 1310 1360 1220
tC(O) 1350 1320 1370 1280
Reducing atmosphere
ts(Or) 30 850 1070 1110 670
tA(Or) 20 1310 1160 1310 810
tB(Or) 1320 1200 1320 1290
tC(Or) 1330 1210 1340 1360
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The most frequently applied parameters used for slagging 
hazard determination are described below (Couch 1994; 
Bryers 1996; Ots and Zelkowski 2000; Öhman et al. 2004; 
Zuwala and Sciazko 2010; Pawlak-Kruczek et al. 2013; Ji 
et al. 2016; Shi et al. 2016):

• the ratio of the amount of basic compounds present to the 
amount of acidic compounds present:
  

• the slagging (Babcock) index Rs:
  

where Sd is the percentage of S in the dry fuel;
• the fouling index Fu:

  

• the slag viscosity index:
  

• the iron–calcium ratio:

(3)B∕A =
Fe2O3 + CaO +MgO + Na2O + K2O

SiO2 + Al2O3 + TiO2

;

(4)Rs =
B∕A ⋅ S

d,

(5)Fu = Rs ⋅
Na2O + K2O

Sd
= B∕A ⋅

(

Na2O + K2O
)

;

(6)SR =
SiO2

SiO2 + Fe2O3 + CaO +MgO
;

  

• the amount of iron plus calcium present:
  

Based on the chemical properties of coal, biomass and 
its blend ashes can be used as input data to determine the 
correlations of the fusibility, slagging and corrosion haz-
ards. The limiting values for the relevant slagging factors 
are given in Appendix G.

Results and discussion

The results of this study were analysed using an analysis of 
variance (i.e. ANOVA) to determine the nature of the change 
in individual ash fusibility temperatures depending on the 
quantitative fuel mass ratio (Massart et al. 1997; Sajdak and 
Słowik 2014). As given in Table 4, changes in temperature 
exhibit quadratic characteristics with a relatively low p value 
in an oxidizing and reducing atmosphere, which indicates 
that these changes are statistically significant. In the case of 
an oxidizing atmosphere, the changes in the ash fusibility 
temperatures may be affected by the coexistence of oxides 

(7)Fe − Caratio =
Fe2O3

CaO
;

(8)
∑

Fe&Ca = Fe2O3 + CaO.

Fig. 1  Analysis of the ash fusibility temperatures, a PR-25/1750 furnace PIE/ITR and examples of the behaviour for each sample: b sample 
before heating, c melting temperature (1399 °C) and d flowing temperature (1405 °C)
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Table 4  Results from the multivariate analysis of the fusibility temperatures of the studied ashes and mixtures in oxidizing and reducing atmos-
pheres

tS sintering temperature, tA softening temperature, tB melting temperature, tC flowing temperature, O reducing atmosphere, Or oxidizing atmos-
phere, L linear effect, Q quadratic effect, SS sum of squares, df degrees of freedom and MS mean square

Oxidizing atmosphere Reducing atmosphere

ts(O) tA(O) tB(O) tC(O) ts(Or) tA(Or) tB(Or) tC(Or)

Effect Q Q Q Q Q L Q Q
Interaction AD, CD AD, CD AD, BD, CD AB, BD, CD CD CD BD, CD AD, BD, CD
p value 0.0007 0.0034 0.0062 0.0050 0.0205 0.0001 0.0221 0.0066
F value 135.71 275.43 30.37 16.58 18.59 53.34 15.46 19.71
R2 0.989 0.995 0.950 0.909 0.919 0.918 0.903 0.923
SS 370,893.3 20,440.0 27,493.33 23,600.00 344,373.31 212,640.01 35,573.33 44,173.33
df 14 14 14 14 14 14 14 14
MS 26,492.38 14,950.00 1963.81 1685.71 24,598.10 15,188.57 2540.95 3155.24

Fig. 2  Change in the ash fusibility temperatures in an oxidizing atmosphere as a function of coal. a sintering temperature ts(O), b softening tem-
perature tA(O), c melting temperature tB(O) and d flowing temperature tC(O)
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in both tested biomasses, which may be closely related to 
the fact that the study used two different compositions and 
characteristics of oxide biomass samples.

The data show that the chemical composition of biomass 
2 (miscanthus) has a markedly stronger negative effect on 
the ash fusibility temperature (Appendix H) than of biomass 
1 (sawmill waste). This effect is also strong under a reducing 
atmosphere, where the interactions primarily occur between 
biomass 2 (miscanthus) and biomass 1. This effect is associ-
ated with a significantly higher content of potassium oxide 
in the ash of biomass 2 (Appendix I)

Figures 2 and 3 show the response surface for each ash 
fusibility temperature, which depends on the quantita-
tive ratio of the ash used in the test fuel. The sintering 

temperatures ts(O, OR) in both cases show different charac-
teristics compared to the softening, melting and flowing 
properties. This behaviour of the sample is related to the 
different chemical compositions of the coal ash used for 
the tests. The results of the response surface for the ash 
fusibility temperatures of biomass 2 blends are given in 
Appendices H and I.

In the conditions studied, adding coal 1  (C1), biomass 
1  (B1) and biomass 2  (B2) showed a negative effect on the 
sintering temperature. In the case of the combustion of 
tested coal blends under an oxygen atmosphere in a 51:49 
ratio (%), which yields an ash mass ratio of 1:1, the sin-
tering temperature was 1100 °C. Considering the other 
characteristic temperatures of the physical changes, there 

Fig. 3  Change in the ash fusibility temperatures in a reducing atmosphere as a function of coal. a sintering temperature ts(O), b softening tem-
perature tA(O), c melting temperature tB(O) and d flowing temperature tC(O)
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was a small (i.e. 30–50 °C) decline in the test values (sof-
tening temperature tA(O) = 1290 °C, melting temperature 
tB(O) = 1310 °C and flowing temperature tC(O) = 1320 °C) 
compared to the temperatures for clean coal. Both of these 
fuels are different as to the content of silicon oxide, alumin-
ium oxide, calcium oxide and sodium oxide by an average 
of 2–6%. Similar characteristic temperatures were obtained 
with the mixture of ashes with a mass fraction for  C1/C2/
B1/B2 of 70:10:10:10. For this mixture, the characteristic 
temperatures of the ash were as follows: melting tempera-
ture ts(O) = 1100 °C, softening temperature tA(O) = 1300 °C, 
melting temperature tB(O) = 1310 °C and flowing temperature 
tC(O) = 1310 °C. To obtain a fuel mixture with the mass ratio 
of ash described above, the tested fuel should be prepared 
with the dry weight ratios 44:6:45:5. Using the right type of 
biomass for co-combustion in a power plant could increase 
its participation in the fuel stream to more than 40% without 
a radical change in the ash fusibility temperature. Under a 
reducing atmosphere, the characteristic fusibility tempera-
tures of this mixture  (C1/C2/B1/B2 of 70:10:10:10) showed 
much higher values (melting temperature ts(Or) = 1130 °C, 
softening temperature tA(Or) = 1260 °C, melting temperature 
tB(Or) = 1290 °C and flowing temperature tC(Or) = 1300 °C).

For co-combustion with a high proportion of coal  C2 
(10:70:10:10), the characteristic temperatures of the physical 
transformations were: melting temperature ts(O) = 1120 °C, 
softening temperature tA(O) = 1260 °C, melting temperature 
tB(O) = 1270 °C and flowing temperature tC(O) = 1280 °C. 
Under a reducing atmosphere, the 70:10:10:10 mix was com-
pared to the degraded properties of the 10:70:10:10 mixture 
(melting temperature ts(Or) = 1080 °C, softening temperature 
tA(Or) = 1190 °C, melting temperature tB(Or) = 1220 °C and 
flowing temperature tC(Or) = 1230 °C).

In addition to analysing the ash fusibility temperatures 
of the studied mixtures of ashes, calculations for selected 

slagging hazard parameters of ash were also done, including 
the following:

• the ratio of the amount of basic compounds present to the 
amount of acidic compounds present;

• the slagging (Babcock) index Rs;
• the fouling index Fu;
• the slag viscosity index;
• the iron–calcium ratio; and
• the amount of iron present plus the amount of calcium 

present.

Based on the chemical composition of ash and according 
to Eqs. 3–8, the parameters used for slagging hazard deter-
mination were calculated and then subjected to an analysis 
of variance (ANOVA). The results of this analysis are given 
in Tables 5 and 6.  

Table 5  Effect of biomass 
parameters on selected slagging 
hazard parameters for the 
studied blends

tS sintering temperature, tA softening temperature, tB melting temperature, tC flowing temperature, O reduc-
ing atmosphere, Or oxidizing atmosphere, L linear effect, Q quadratic effect, SS sum of squares, df degrees 
of freedom and MS mean square

B/A Rs Fe/Ca Fe + Ca Fu SR

Effect Q L Q L Q Q
Interaction AD, BC, CD AD AD,

BD, CD
AB AB AB, 

AD, 
CD

p value 0.0006 0.0000 0.00001 0.0000 0.0048 0.0002
F value 1022.54 70.68 1444.87 108.05 7.64 1713.16
R2 0.998 0.972 0.998 0.991 0.913 0.999
SS 2.26 0.09 1.41 782.43 5.91 2784.22
df 14 14 14 14 14 14
MS 0.16 0.006 0.11 55.89 0.42 198.93

Table 6  Constant values for multiple regressions used in Eq. 4 with 
the interaction among the studied variables for the slagging parameter

B/A basic–acidic compounds ratio, Fe/Ca iron–calcium ratio, Fu foul-
ing index and SR slag viscosity index

Material Y

B/A Fe/Ca Fu SR

C1 1.50 0.97 5.55 29.32
C2 1.03 1.21 5.65 38.38
B1 2.26 0.65 7.55 21.43
B2 0.40 2.05 5.18 82.12
C1C2 – – 2.67 − 3.95
C1B1 – – – –
C1B2 − 0.99 − 1.29 – 13.15
C2B1 − 0.58 – – –
C2B2 – − 0.84 – –
B1B2 − 1.65 − 2.068 3.35 9.08
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An analysis of variance was used to determine the 
changes in the characteristics of the slagging parameter 
depending on the ratio of the mass of ashes from the fuel. 
As given in Table 5, only two of the calculated variables are 
linear: the sum of the iron oxide and the calcium oxide. The 
analysis shows that the content of calcium oxide and iron 
in biomass 2 (miscanthus;  Fe2O3 = 0.54%, CaO = 8.63) is 
sufficiently low in the studied range, that is, does not have a 
statistically significant effect (p value = 0.315, for a specified 
level of significance α = 0.05) on the calculated parameter. 
Therefore, in the case under examination, this relationship 
can be written as:

The coefficient of determination R2 = 0.959 and p 
value = 0.000.

The RS ratio indicates a statistically significant (nega-
tive) interaction between coal 1  (C1) and biomass  (B2) mis-
canthus. This relationship can be written as:

The coefficient of determination R2 = 0.937 and p 
value = 0.000.

With the other parameters, only changes in a square char-
acteristic with variable amounts of the interaction between 
the test samples are observed when the mass ratio of ash 
changes. The relationships of each of the tested slagging 
hazard parameters in the tested range can be described by 
Eq. 4.

The general equation for each of the studied slagging 
hazard parameters, which vary based on the test conditions 
(i.e. chemical characterization of ash in the test fuel), can be 
used only for the analysis of fuels that are similar to those 
investigated in this study.

Neither fuel exhibited low slagging parameters com-
pared to other fuels (e.g. measurements from a Polish 
power plant in Skawina—1532 MW; Zuwala and Sciazko 
2010). In these studies of the co-combustion of coal and 
biomass, the coal added into the boiler was characterized 
by the following slagging parameters: (1) the ratio of the 
amount of basic compounds present to the amount of acidic 
compounds present—B/A = 0.18, (2) the slagging (Babcock) 
index—Rs = 0.13, (3) the iron–calcium ratio—Fe/Ca = 4.36, 
(4) the amount of iron and calcium—Fe + Ca = 36.47, (5) 
the fouling index—Fu = 0.65, and (6) the slag viscosity 
index—SR = 82.66.

(9)
CaO
∑

Fe2O3

= 25.97C1 + 30.35C2 + 24.00B1.

(10)
RS = 0.31C1 + 0.21C2 + 0.07B1 + 0.05B2 − 0.41C1B2.

However, based on that study, there are no contraindica-
tions for the co-firing of biomass  B1 when burning a 1:1 
blend of coals  C1 and  C2. At specific weight ratios of bio-
mass 1 and the studied coals, the addition will not affect the 
deterioration of the slagging hazard parameters.

For coal ash 1:1 ratio (coal 1 and coal 2), comparable 
values of the ratio of the amount of basic compounds present 
to the amount of acidic compounds (B/A) can be obtained 
for a mixture of ashes with biomass  B1 ash additions with a 
ratio of  C1/C2/B1 equal to 15:70:15 (Fig. 4a).

This ratio was calculated on the amount of raw dry fuel, 
and the mass ratio of the fuel directed to co-firing may be up 
7:37:56 m/m  (C1/C2/B1). In the case of biomass  B2, the addi-
tive has a positive effect on the value of values of the ratio 
of the amount of basic compounds present to the amount 
of acidic compounds (B/A), which is given in Appendix J: 
B/A  C1/C2—1:1 ≈ 1.3, the values of the ratio of the amount 
of basic compounds present to the amount of acidic com-
pounds (B/A) for  C1/C2/B1—15:70:15 m/m ≈ 1.1. With the 
slagging index (RS) when the test coal ash mass ratio for 
 C1/C2 is 1:1, comparable values can be obtained for a mix-
ture of coal ashes with biomass  B1 ash additions in the ratio 
of  C1/C2/B1—15:70:15 (Fig. 3b), for which the amount of 
fuel directed to the co-mass ratio (of raw dry fuels) was 
7:37:56 m/m. The results were similar for biomass  B2. For 
the other parameters (i.e. the sum and quotient of iron tri-
oxide and calcium oxide—Fe/Ca, Fe + Ca), the addition of 
biomass caused decreased values, but the values were too 
high based on the limits specified in Appendix G and thus 
contributed to an increased risk of slagging. As shown in the 
enclosed diagrams (Fig. 4 and Appendix J), the addition of 
biomass from sawmill waste does not affect the fouling index 
Fu in the studied case. Biomass from Giant Miscanthus 
(Miscanthus giganteus) was found to marginally improve 
this ratio, where lower values yield better performance. 
With the slag viscosity index, the addition of biomass had 
a positive effect, which is best seen in the case of biomass 
 B2 (Miscanthus giganteus), as in the other cases tested in 
this study; thus, larger quantities of  B2 increase the ratio SR.

Conclusion

In this study, the design-of-experiments approach very 
easily showed the effects of biomass additions to fuel feed 
blends with coal on the ash fusibility temperatures and slag-
ging hazard. Based on the collected experimental data, the 
response surface graphs of the fusibility temperatures in two 
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Fig. 4  Change in the characteristic slagging hazard coefficients of 
fuel depending on the amount of coal present. a ratio of the amount 
of basic compounds present to the amount of acidic compounds pre-

sent, b slagging (Babcock) index Rs, c fouling index Fu, d slag viscos-
ity index, e iron–calcium ratio and F iron plus calcium
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atmospheres (i.e. an oxidizing atmosphere and a reducing 
atmosphere) were presented.

Using response surface graphs and nonlinear regression 
equations obtained based on the ANOVA allowed to calcu-
late the optimal biomass–coal ratio in the feed mixture. This 
leads to maximize the amount of biomass and reduce the 
slagging hazard to the limit accepted in the process used or 
low and medium values for slagging factors of ash (Appen-
dix G).

The equations were characterized by determination coef-
ficients above 0.97 for the slagging index and the sum of iron 
and calcium oxide and above 0.99 for the other examined 
factors. In the presented case, the slagging hazard param-
eters had quadratic characteristics, except for the fouling 
index (RS) and the sum of iron and calcium oxide, as in the 
case of the fusibility temperatures.
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