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Abstract

In the paper the data set from the experimental study on the influence of a fuel blend composition on the
efficiency of steam co-gasification process was explored with the application of the Principal Component
Analysis (PCA) and the Hierarchical Clustering Analysis (HCA). Based on the analysis the synergy effects
observed in the steam co-gasification process at the temperature of 700 and 900°C were interpreted. In the co-
gasification tests the significant differences between studied biomasses (Miscanthus Giganteus and Sida
Hermaphrodita) were observed. The more pronounced synergy effects were reported in co-gasification of coal
and Sida Hermaphrodita biomass blends than for coal and Miscanthus Giganteus biomass. Furthermore, more
significant synergy effects in co-gasification of coal and Sida Hermaphrodita biomass were observed at lower
temperature. A further, in-depth analysis of the relationships between the physical and chemical parameters of
fuels and the product gas quality and volume enabled to determine the biomass content in a fuel blend, and the

thermal conditions optimal for the hydrogen-rich gas production.
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1. Introduction

The utilization of biomass/biowaste, as a “zero-emission” energy source, in gasification systems is still
negligible, mainly because of the limited supplies of biomass, resulting in a relatively small scale and poor cost-
effectiveness of such systems. The technical problems inherently combined with the physical and chemical
properties of biomass, such as tars formation and corrosion, are also disadvantageous. On the other hand, the
conventional processes of thermochemical conversion of solid fuels, especially coal, are significant sources of
emission of air contaminants, like particulates, carbon dioxide, sulfur and nitrogen oxides. Therefore, the process
of co-gasification is expected to be the desired alterative to coal or biomass/biowaste gasification, with the
particularly attractive option of hydrogen-rich gas production [1]. The process of steam co-gasification of coal
and biomass is considered to be offering the benefits of scale (abundant reserves of a fossil fuel), decreased CO,
emission, since the “zero-emission” fuel is co-utilized, and production of a prospective, clean and environment

friendly energy carrier — hydrogen. Numerous studies have been reported so far on co-gasification of various
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fuel blends in different gasifier configurations, but still further research is needed before a wide implementation
of co-gasification is possible [2-4]. The research in the field of thermochemical processing of biomass is focused
in particularly on fuel blends composition, optimization of a feeder design, selection of the adequate catalysts
and operating conditions for gasification/co-gasification process [4-9]. A proper biomass pre-treatment is also
crucial for the gasification process efficiency. The synergy effects in co-processing of biomass with other fuels
have also gained a research interest recently, though the results are often contradictory and further investigations
are needed for the in-depth understanding of the phenomena [10-20].

In the paper the effects of steam co-gasification of Miscanthus Giganteus (MXG) and Sida Hermaphrodita (SH)
biomass with coal at 700 and 900°C are presented. For a more in-depth analysis of the relationships between the
physical and chemical parameters of fuels and the product gas quality in steam gasification at various
temperatures the chemometric methods of the Principal Component Analysis (PCA) and the Hierarchical
Clustering Analysis (HCA) were applied. This allowed to determine the optimal biomass content in a fuel blend,
and the thermal conditions for the hydrogen-rich gas production.

2. Materials and methods

2.1 Experimental stand

The experimental study on steam gasification and co-gasification of coal and biomass was conducted in a
laboratory scale installation with a fixed bed reactor (see Fig.1) [21,22].

Fig.1 Laboratory scale fixed-bed reactor installation: (1) gas inlets with valves and flow regulators, (2) water

pump, (3) steam generator, (4) fixed bed reactor with resistance furnace, (5) flow meter, (6) gas chromatograph

The tested hard coal samples (HC1, HC2, and HC3) were supplied by three different coal mines located in the
Upper Silesian Coal Basin (Poland). The tested biomass samples, Miscanthus X Giganteus (MXG) and Sida



Hermaphrodita (SH) were provided by plantation in Féhren (Germany) and Department of Agricultural Sciences
in Zamos$¢ of University of Life Sciences in Lublin (Poland), respectively. The proximate and ultimate analyses
of the tested fuels are presented in Table 1. The analyses were conducted in the accredited laboratory of the
Department of Solid Fuel Quality Assessment of the Central Mining Institute according to the relevant standards:
PN-G-04560:1998 (contents of moisture and ash), PN-G-04516:1998 (contents of volatiles), PN-1SO 1928:2002
(heat of combustion and calorific value), PN-G-04571:1998 (contents of carbon, hydrogen, and nitrogen), PN-G-
04584:2001 (content of sulfur) and PN-G-04516:1998 (content of fixed carbon).

Table 1 Proximate and ultimate analyses of studied fuels

No. Parameter Unit HC1 HC2 HC3 MXG SH

1 Moisture, W %wiw  6.02 6.50 11.05 6.78 8.76
2  Ash A %w/w 569 2873 1040 1.60 2.63
3 Volatiles, V %w/w 3212 2529 31.82 76.00 71.47
4 Heat of combustion, Q; kJ/kg 28,805 20,043 24,515 16,546 16,484
5  Calorific value, Q; kJlkg 27,616 19,120 23,318 14,942 15,030
6  Sulfur, S %w/w 0.5 0.82 1.85 0.05 0.04
7  Carbon, C %w/w 70.64 49.62 60.47 53.71 47.18
8 Hydrogen, H %w/w  4.08 3.46 3.46 6.59 5.68
9  Nitrogen, N %w/w  0.98 0.89 0.54 0.00 0.00
10  Fixed carbon %w/w 57.17 3948 46.73 1562 17.14

Studied coal and biomass samples were dried, grinded and sieved to the fractions of particle size below 0.2 mm
for coal and below 3 mm for biomass. The experiments were conducted in two stages. In the first one a sample
of 10 g of coal or biomass was gasified with steam. In the second one fuel blends composed of coal and 20 or
40%w/w of biomass (MXG or SH) of the total mass of 10g were processed in steam co-gasification. The
gasification and co-gasification tests were performed at 700 and 900°C. The fuel samples tested were fed into the
fixed bed reactor, and heated up in nitrogen atmosphere to the set process temperature (700 or 900°C). After
temperature stabilization the steam as a gasification agent was injected with a flow rate of approximately 5-107
cm®s. A dried and cooled product gas was analyzed on-line with the application of a gas chromatograph

Agilent 3000A (gas composition analysis) and a flow meter (gas volume).

2.2 Chemometric methods of data analysis

In the chemometric analysis of the data studied the Principal Component Analysis (PCA) and the Hierarchical
Clustering Analysis (HCA) were applied. The studied experimental data set was organized into matrix X(17 x
20), where row represent studied fuel samples (see Table 2) and columns correspond to the studied parameters
listed in Table 3. The studied data organized into matrix X(17 x 20) included measurements performed within
different magnitude ranges, and therefore it was centered and standardized before the PCA and HCA models

were constructed [23].



Table 2 List of objects applied in PCA and HCA

No. Object
1 HC1
2 HeC2
3 HC3
4 MXG
5 SH
6 HC1+20MXG
7 HC1+20SH
8 HC1+40MXG
9 HC1+40SH
10 HC2+20MXG
11  HC2+20SH
12 HC2+40MXG
13 HC2+40SH
14  HC3+20MXG
15 HC3+20SH
16 HC3+40MXG
17 HC3+40SH

Table 3 List of parameters applied in PCA and HCA

No. Parameter

1  Total moisture, M

2  Ash A

3 Volatiles, V

4 Heat of combustion, Q,
5  Calorific value, Q;

6  Sulfur, S

7  Carbon, C

8  Hydrogen, H

9  Nitrogen, N

10 Fixed carbon

11  Total gas yield at 700°C
12 H, yield at 700°C

13 COyield at 700°C

14 CO, yield at 700°C

15 CHy, yield at 700°C

16  Total gas yield at 900°C
17  H, yield at 900°C

18 COyield at 900°C

19 CO, yield at 900°C

20 CH,yield at 900°C

The PCA is a chemometric technique of exploratory analysis of multivariate data sets [23-26] which allows to
reduce data dimensionality, its visualization and interpretation. It decomposes the initial data organized in a
matrix X(m x n) into two matrices, S(m x fn) and D(n x fn), called score and loading matrices, respectively. M
and n denote the number of objects and parameters, respectively, whereas fn denotes the number of significant
factors called the principal components (PCs). Score and loading matrices are orthogonal. Providing that the

reduction of data dimensionality is effective, it is possible to apply score vectors and loading vectors (i.e. the



columns of a matrix S and D, respectively) to visualize and interpret the relationships between the objects and
the parameters in a matrix X.

The Hierarchical Clustering Analysis [23,27-32] enables analyzing the structure of the data organized in a matrix
X(m x n) by tracing the similarities between the examined objects in the parameter space, and between the
measured parameters in the object space. The results of the HCA are presented in the form of dendrograms
differing in terms of the applied similarity measure between objects, as well as the way the similar objects are
connected. For the continuous variables the Euclidean distance or the Manhattan distance are the similarities
measures most often applied, whereas among the methods of similar objects clustering the single linkage, the
complete linkage, the average linkage, the centroid linkage and the Ward’s linkage method may be distinguished
[33,34]. The HCA does not allow for simultaneous tracing of the relationship between objects and parameters.
This could be however overcome by complementing the HCA with a color map of the experimental data,
enabling a more in-depth interpretation of the data structure, and tracing the similarities and differences between

the clusters on a dendrogram [35,36].
3. Results and discussion

The total volumes of the main gas components generated in one-hour tests of coal and biomass gasification and
co-gasification at the temperature of 700 and 900°C are presented in Fig.2.
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Fig.2 Total volume of the main gas components generated in the gasification and co-gasification of coal and
biomass at (a) 700°C and (b) 900°C, respectively

The temperature is crucial in the endothermic processes of gasification and co-gasification. The total gas yields
produced in hard coal and biomass steam gasification and co-gasification at 900°C was higher than at 700°C. The
average total gas volume increased in all studied gasification and co-gasification tests of approximately 11.52%
with the temperature rise from 700 to 900°C At the temperature of 700°C relatively low carbon conversion was
observed. Moreover, the reversed Boudouard reaction led to the increase in carbon monoxide content in the
product gas and a minor influence of the water gas shift reaction (WGS) on the ratio of carbon monoxide to
carbon dioxide could be observed. At the temperature of 900°C the reverse WGS reaction was observed resulting
in the decreased content of carbon dioxide in the product gas. Based on the experimental results presented in
Fig.2 the synergy effects in steam co-gasification of coal and biomass could be also observed. These included the
increase in the total gas yield in co-gasification in comparison with the values reported for gasification of coal
and biomass separately. Significant differences between studied biomass samples (MXG and SH) were also
observed; the more profound synergy effect was observed in co-gasification of coal with Sida Hermaphrodita
biomass than for fuel blends containing Miscanthus Giganteus biomass (see Fig.3). Furthermore, for SH blends
relatively stronger synergy effects were observed at lower process temperature. The synergy effects consisting in
an increase in product gas yield in co-pyrolysis and co-gasification of coal and biomass have been previously
reported in the literature [3, 7, 16, 20]. The differences in the observed synergy effects for coal blends with

different biomass could be attributed to the differences in the metal oxides in the biomass samples (see Table 4).

Table 4 Ash composition of studied biomass samples

No Parameter, unit MXG SH
1 SiO,, %w/w 69.01 3.65
2 Al,03, %w/w 0.38 0.06
3  Fe,03, %ow/w 0.19 0.28
4  CaO, %w/w 15.27 42.43
5 MgO, %w/w 1.79 4.66
6 Na,O, %w/w 0.73 1.75




7 K0, %w/w
8 SO03;, %w/w
9 TiO,, %w/w
10 P,0s, %w/w
11 ZnO, %w/w

2.98
4.95
0.05
3.99
0.00

21.77
5.56
0.05

17.30
1.07

The alkali and alkali earth metals may present a potential catalytic activity in the gasification process [1, 5, 8, 36,
37]. Significant differences between MXG and SH were observed in terms of calcium, potassium, manganese
and sodium content
characterized by lower contents of these elements in ash than Sida Hermaphrodita, which was reflected in

weaker synergy effects observed in co-gasification of coal with MXG than in co-processing of coal and SH

biomass.
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Fig.3 Relative change in the total gas volume generated in co-gasification of coal and (a) MXG and (b) SH

biomass and gasification of coal and biomass separately at 700 and 900°C



The chemometric methods of the PCA and the HCA were applied in a more in-depth analysis of the influence of
a fuel blend composition, physical and chemical parameters of fuels tested and process temperature on process
efficiency, and the synergy effects observed in steam co-gasification. The PCA model with four significant PCs
described 95.35% of the data variance. Score plots and loading plots obtained as a result of the analysis are

presented in Fig.4.
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Fig.4 Score plots (a) and loading plots (b) as a result of PCA for the centered and standardized data X(17 x 20)



The PC1 which described 60.32% of the total variance revealed the differences between MXG and SH biomass
(objects nos 4 and 5) and all the remaining fuel samples resulting from the highest content of volatiles and
hydrogen in a sample (parameters nos 3 and 8) and the lowest heat of combustion, calorific value, content of
nitrogen and fixed carbon, as well as the lowest total gas, hydrogen, carbon monoxide and carbon dioxide yields
at 700 and 900°C (parameters nos 4, 5, 9-14 and 16-19). Moreover, four groups of fuel samples and the
unigqueness of HC1 (object no. 1) could be distinguished along PC1. The first group was composed of biomass
samples (objects nos 4 and 5), the second of HC2 blends with 40%w/w of MXG and SH biomass, and HC3
blends with 40%w/w of MXG and SH biomass (objects nos 12, 13, 16 and 17). The third group collected HC1
blends with 40%w/w of MXG and SH biomass, HC2 blends with 20%w/w MXG and SH, and HC3 blends with
20%w/w of MXG and SH biomass (objects nos 8, 9, 10, 11, 14 and 15). The fourth group was composed of
HC2, HC3 and HC1 blends with 20%w/w of MXG and SH biomass (objects 2, 3, 6 and 7, respectively). HC1
(object no. 1) differed from all these groups mainly because of the highest heat of combustion, calorific value,
the lowest content of nitrogen and fixed carbon in a sample, and the lowest total gas, hydrogen, carbon monoxide
and carbon dioxide yields at 700 and 900°C (parameters nos 4, 5, 9-14 and 16-19, respectively). The PC2
(describing 17.76% of the total variance) additionally reflected the difference between the sample HC1 and HC1
blends of 20 and 40%w/w of MXG and SH biomass content (objects nos 1, 6, 7, 8 and 9), and all the remaining
fuel samples. Based on the loading plots these differences could be attributed to the relatively high carbon
content (parameter no. 7) and low ash content in a sample (parameter no. 2). The PC2 revealed also the
uniqueness of sample HC2 resulting from the highest ash content (parameter no. 2) among all the studied fuel
samples. The PC3, describing 14.23% of the total variance, showed the uniqueness of sample HC3 and blends of
HC3 of 20%w/w of MXG biomass content (objects nos 3 and 14), whereas the PC4, describing 3.04% of the
total variance, was constructed mainly due to the difference between the HC3 blend of 40%w/w of MXG
biomass content (object no. 16) and blends of HC1 with 40%w/w of SH biomass and HC2 with 20%w/w of
MXG biomass content (objects nos 9 and 10). The uniqueness of sample HC3 and HC3 blends with 20%w/w of
MXG biomass (objects nos 3 and 14) could be attributed to the highest moisture content in a sample (parameter
no. 1) and the lowest content of ash and nitrogen in a sample (parameters nos 2 and 9). The HC3 blend with
40%w/w of MXG biomass (object no. 16) was characterized by relatively high content of the total moisture, and
sulfur in a sample, high volume of carbon monoxide produced at 900°C (parameters nos 1, 6 and 18) and low
yield of methane generated in co-gasification at 900°C (parameter no. 20).

The loading plots revealed a positive correlation between the volatiles and hydrogen content in a sample
(parameters nos 3 and 8); heat of combustion, calorific value, and yield of CO, produced at 700 and 900°C
(parameters nos 4, 5, 14 and 19); as well as content of nitrogen in a sample, and the total gas yield and hydrogen
yield at 700 and 900°C (parameters nos 9, 11, 12, 16 and 17). Furthermore, a negative correlation was observed
between ash and hydrogen content in a sample (parameters nos 3, 8), and nitrogen content in a sample, the total
gas and hydrogen yields at 700 and 900°C (parameters nos 9, 11, 12, 16 and 17); content of hydrogen in a
sample (parameter no. 8) and heat of combustion, calorific value of a sample and carbon monoxide yield at
900°C (parameters 4, 5 and 18).

An efficient compression of the studied data was not possible with the application of the PCA, as the standard

method of data exploration, and the results obtained required investigation of many two-dimensional plots. All



the detailed conclusions presented above allowed extracting only general information on the analyzed
experimental data. Therefore, the HCA method was applied to further explore the studied data organized in the
matrix X(17 x 20). It allowed to reveal the internal data structure and thereof its clustering tendency. It enabled
to analyze the data structure by tracing the similarities between studied fuel samples (objects) in the parameters
space and parameters in the objects space. The Euclidean distance was applied as the similarity measure. The
results of the analysis (see Fig.5) were presented in the form of dendrograms constructed with the Ward’s
linkage method.
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Fig.5 Dendrogram of (a) 17 studied fuel samples in the space of the 20 measured parameters (listed in Table 3)
and (b) parameters in the objects space with (c) the color map of the studied data sorted according to the Ward
linkage method

The dendrogram presenting the studied fuel samples in the space of 20 measured parameters (see Fig.5a)
revealed three main clusters. Cluster A collected coal samples HC2, and HC3, blends of HC2 with 20 and
40%w/w of MXG and SH biomass, as well as blends of HC3 with 20 and 40%w/w of MXG and SH biomass
(objects nos 2, 3, 10-17). Cluster B grouped coal sample HC1, and blends of HC1 with 20 and 40%w/w of MXG
and SH biomass (objects nos 1 and 6-9), while cluster C was composed of MXG and SH biomass samples

(objects nos 4 and 5). Furthermore, in cluster A two sub-clusters could be distinguished:
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— sub-cluster A; composed of coal sample HC2, blends of HC2 with 20 and 40%w/w of MXG and SH
biomass, and blends of HC3 with 20%w/w of SH biomass (objects nos 2, 10-13 and 15), and

— sub-cluster A, grouping coal sample HC3, blends of HC3 with 20%w/w of MXG biomass, and blends of
HC3 with 40%w/w of MXG and SH biomass (objects nos 3, 14, 16 and 17).

The dendrogram constructed for the studied parameters in the objects space revealed four main groups (see

Fig.5h):

— group A composed of parameters nos 4, 5, 7, 10, 14 and 19, representing heat of combustion, calorific value,
carbon and fixed carbon content in a sample, and carbon dioxide yield at 700 and 900°C, respectively,

— group B including parameters nos 2, 9, 11, 12, 13, 16, 17 and 18, representing content of ash, and nitrogen
in a sample, as well as the total gas, hydrogen and carbon monoxide yield at 700 and 900°C, respectively,

— group C collecting parameters nos 1, 6, 15 and 20, representing the total moisture and sulfur content in a
sample, and methane yield at 700 and 900°C, respectively, and

— group D composed of parameters nos 3 and 8, representing the volatiles and hydrogen content in a sample,

respectively.

The dendrogram showed in Fig.5a presented the data structure, but did not allow investigating the observed
patterns in terms of studied parameters. To solve this problem the HCA was complemented with a color map of
experimental data sorted according to the specific order of the studied fuel samples (objects) and parameters
presented in Fig 5a and 5b, respectively. The analysis of the dendrogram presenting studied fuels in the space of
the measured parameters with the color data map (see Fig.5c) enabled a more in-depth investigation of the
resulting clustering tree.

Based on the interpretation of the dendrogram of objects in the space of measured parameters, and the color map
of the experimental data it was concluded that coal samples HC2 and HC3, blends of HC2 with 20 and 40%w/w
of MXG and SH biomass, blends of HC3 with 20 and 40%w/w MXG and SH biomass (objects nos 2, 3, 10-17)
collected in cluster A were characterized by low volatiles and hydrogen content in a sample (parameters nos 3
and 8). The uniqueness of coal sample HC2, blends of HC2 with 20 and 40%w/w of MXG and SH biomass, and
blends of HC3 with 20%w/w of SH biomass (objects nos 2, 10-13 and 15) grouped into sub-cluster A; was
attributed to high ash content in a fuel sample (parameter no. 2), low heat of combustion, calorific value, fixed
carbon content, and carbon dioxide yield at 700 and 900°C (parameters nos 4, 5, 10, 14 and 19) and the lowest
carbon content in a sample (parameter no. 7). Furthermore, the distinctiveness of coal sample HC2 was reported
resulting from the highest ash content (parameter no. 2), relatively high nitrogen content in a sample, as well as
high total gas, hydrogen, carbon monoxide and carbon dioxide yields at 700 and 900°C (parameters nos 9, 11-13
and 16-18, respectively). Coal sample HC3, blends of HC3 with 20%w/w of MXG biomass, and blends of HC3
with 40%w/w of MXG and SH biomass (objects nos 3, 14, 16 and 17) collected in sub-cluster A, were
characterized by high total moisture and sulfur content in a fuel sample as well as methane yield at 700°C
(parameters nos 1, 6 and 15). The coal sample HC3 (object no. 3) was characterized by the highest total moisture
and sulfur content in a sample (parameters nos 1 and 6) and high heat of combustion, calorific value and fixed
carbon content in a sample (parameters nos 4, 5 and 10), whereas the blend of HC3 with 20%w/w of MXG

biomass (object no. 14) was unique due to the highest methane yield at 700°C (parameter no.15).

11



The coal sample HC1, blends of HC1 with 20 and 40% of MXG and SH biomass (objects nos 1 and 6-9)
collected in cluster B were characterized by high heat of combustion, calorific value, carbon and fixed carbon
content in a sample, and carbon dioxide yield at 700 and 900°C (parameters nos 4, 5, 7, 10, 14 and 19) as well as
low total moisture and sulfur content in a sample and methane yield at 700°C (parameters nos 1, 6 and 15).
Moreover, the uniqueness of the coal sample HC1 was observed resulting from the highest heat of combustion,
calorific value, carbon, nitrogen and fixed carbon content in a fuel sample and the total gas, hydrogen, carbon
monoxide and carbon dioxide yields at 700 and 900°C (parameters nos 4, 5, 7, 9-14, 16-19).

MXG and SH biomass samples belonging to cluster C (objects nos 4 and 5) differed from the remaining studied
samples largely because of the lowest ash, nitrogen and fixed carbon content in a sample, the lowest heat of
combustion and calorific value and the total gas, hydrogen, carbon monoxide and carbon dioxide yields at 700
and 900°C (parameters nos 2, 4, 5, 9-14 and 16-19), as well as the highest volatiles and hydrogen content in a
fuel sample (parameters nos 3 and 8). Furthermore, the uniqueness of SH biomass was observed attributed to the

relatively high total moisture content in a sample, and high methane yield at 700°C (parameters nos 1 and 15).

4. Conclusions

The average total gas yields produced in coal and biomass steam gasification and co-gasification at 900°C was
approximately 11.52% higher than the respective values reported at 700°C. Increase in the total gas yields in co-
gasification of coal with 20 and 40%w/w of biomass was observed in comparison with the gasification of coal
and biomass separately. The significant differences between studied biomass samples were observed, reflected in
the stronger synergy effect reported in co-gasification of blends of coal and Sida Hermaphrodita biomass than
for blends of coal and Miscanthus Giganteus biomass. More profound synergy effects were observed in co-
gasification of coal blends with Sida Hermaphrodita biomass at 700°C than at 900°C. These differences may be

attributed to various content of selected metals in samples tested.
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