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Abstract

With CO; generation and emissions requirements, the cement industry faces huge pressure
for reducing carbon emissions. Choosing alternative fuels instead of coal is a promising
approach. However, the fuel properties of the alternative fuels have not been comprehen-
sively studied. In this work, the fifty typical alternative fuels were selected based on the
compositions for different classifications, and the basic fuel properties including proximate
analysis, ultimate analysis, and low calorific values were analyzed. Most fuels from plastics
and clothes have relatively low moisture; the values of as-received basis moisture (M)
and air-dry basis moisture (M,;) of the others are all lower than 30 wt%. However, the
alternative fuels of plastic and cloth all have relatively high contents of air-dry basis volatile
compounds (V) (>60 wt%), and they all have low contents of air-dry basis fixed carbon
(FC,g) (commonly <20 wt%) and air-dry basis ash (A4,;) (<30 wt%). The air-dry basis carbon
contents (C,4) of plastics are higher than 40 wt%, while the C,; values of biomass are lower
than 50 wt%. As for air-dry basis hydrogen (H,;), the contents are all lower than 14 wt%
and relatively stable for different kinds of alternative fuels. As for air-dry basis nitrogen
(N,4), the contents are all lower than 9 wt%, and most of them are lower than 3 wt%. In
addition, the contents of air-dry basis sulfur (S,;) of different alternative fuels are also
lower than 3 wt%, while plastics, biomass, and clothes are all lower than 1 wt%. Also, the
low calorific values (Qyet qr) for the alternative fuels of plastic are commonly high, and the
values for biomass are commonly between 500 and 1500 k] / kg, while Qy.t 4 values for the
alternative fuels of cloth and others vary. The fuel properties of the fifty typical alternative
fuels can guide fuel selection and optimization when they are mixed for combustion with
coals in cement decomposition furnaces.

Keywords: alternative fuel; fuel properties; proximate analysis; ultimate analysis; low
calorific value

1. Introduction

Nowadays, the CO, emission amount is continuously increasing with the development
of society, and the high CO; emissions lead to temperature rise [1,2]. The phenomenon
results in the melting of glaciers and so on, bringing devastating consequences to the living
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environment of human beings [3,4]. Under the huge pressure of CO; emission reductions,
many industries face requirements for reducing CO, generation and emissions [5,6]. Ce-
ment production plants are traditional and a key CO, emission source, where carbon-based
fuels such as coals, biomass, and so on are combusted to generate CO,; cement production
plants thus also need CO, reduction and control [7,8].

During the production process of traditional cement, cement raw materials are mixed
with coal for combustion, which leads to CO, emissions. Therefore, in order to reduce
the CO, generation and emission in cement production plants, many studies focus on
decreasing coal consumption by adding some other carbon-based fuels [9,10]. The carbon-
based fuels used instead of coal in cement decomposition furnaces are named alternative
fuels, and they are typically composed by plastics, biomass, and so on [11,12]. The specific
contributions of published research on alternative fuels are shown in Table 1. As for the
contributions of the alternative fuels, their use in the cement industry can also reduce
energy and environmental costs, because alternative fuels are cheaper and can help reduce
heavy metals emission [10]. Eugeniusz proposed the usage of alternative fuels in the
cement industry and analyzed the specific economic and ecological benefits [13]. Huh
studied the effect of fuel price on cement production and proposed guidance for alternative
fuel selection [14]. Ali provided a comprehensive analysis of options for future cements
and an up-to-date summary of the different alternative fuels and binders that can be used
in cement production to mitigate carbon dioxide emissions [15]. In addition, the fuel
properties are key for the selection of fuel and combustion optimization; it is thus important
to study the fuel properties of alternative fuels. However, there are no comprehensive
studies focusing on fuel properties for many kinds of typical alternative fuels.

Table 1. Specific contributions on alternative fuels of published works.

Author Objectives Reference
Rahman Development on the uses of alternative fuels in cement manufacturing process [10]
Eugeniusz The specific benefits, economic, ecological values of usage [13]
of alternative fuels in the cement industry
Huh The effect of fuel price on the cement production and alternative fuel selection [14]
Al Summary of the different alternative fuels and binders that can be used in [15]

cement production

Herein, the fifty typical alternative fuels were selected based on the compositions for
different classifications, and the basic fuel properties including proximate analysis, ultimate
analysis, and low calorific values were comprehensively analyzed.

2. Experimental and Analysis Methods
2.1. Alternative Fuel Sample Treatment

The alternative fuels were composed mainly of biomass, plastics, waste clothes, and
other kinds. Thus, based on the alternative fuel types and production amounts, fifty
different typical alternative fuels were collected from Liyang Zhongcai Environmental
Protection Co., Ltd. in Changzhou located in China. The collected alternative fuels were
firstly cut or ground into uniform sizes based on whether the alternative fuels can be ground,
and the samples were stored and labeled as shown in Figure 1 for subsequent usage.

In addition, the specific alternative fuels are named and listed in Table 2. According to
compositions of the collected alternative fuels, the fifty samples can be classified into four
groups as plastic, biomass, cloth, and others, and the specific classification is also shown
in Table 2. The format No.: XXX: A/B/C/D is used to show the name and classification,
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where No. corresponds to the number in Figure 1, XXX is the name, and A/B/C/D is
plastic/biomass/cloth/others.

(; - ’-

Figure 1. Photos and numbers of alternative fuel samples.

Table 2. The specific names and classifications of the fifty alternative fuels in this work.

Alternative Fuels

1: Plastic granulation
residue: A

11: Chrysanthemum
pollen: B
12: Biomass
briquette particle: B
13: Urban sludge: B

14: White resin: A

2: Sponge: C
3: Resin particle: A
4: Glass fiber: D

5: Water pipe: A 15: Plastic bag: A

6: Grey sponge: C 16: Chrysanthemum

stem: B
7: Automobile 17: Gasification
interior: A slag: D
8: Black resin: A 18: Fermented cow
dung: B

9: Dry mud: B 19: Hard plastic: A

10: Waste plastic

molding fuel: A 20: Sawdust: B

21: Wool fabric: C

22: Carbonized
rock: D
23: Coal slime: D
24: Camellia oil
shell: B
25: Washing
material: A

26: Plastic residue: A
27: Tailings: D

28: Waste wool: C

29: Papermaking
sludge: B

30: Rubber: D

31: Caragana
branches: B
32: Industrial

41: Rice husk: B

42: Cotton stalk: B

wastewater sludge: B

33: Cardboard: B
34: Shoe material: C

43: Pig manure: B
44: Plastic label: A

35: Landfill cloth: C 45: Furfural
residue: B
36: Biomass

briquette block: B 46: Polyurethane: A

37: Dry paper 47: Formed
mud: B carbon: D
48: Medicine
38: Nylon: A residue: B
39: Fabric: C 49: Cow dung: B

40: Ground film: A 50: Carbon black: D

2.2. Fuel Property Analysis and Calculation Methods of Alternative Fuels

In order to study the fuel properties, the fifty alternative fuel samples were used to
conduct proximate analysis, ultimate analysis, and analysis of low calorific value. As for
proximate analysis, the parameters (Mgr, Mg, V,aq, FCpy, Asg; Wt%) were studied based on
the relevant national standard GB/T 28731 [16]. Proximate analysis results for air-dry basis
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were automatically determined by a proximate analyzer (Kaiyuan, China, 5E-MAG6700I).
M,y was analyzed by Equation (1), where My (wt%) was mass percent of external moisture,
calculated by Equation (2).

100 — My
Mgy = Mf"’Mad(T) ey
LMy
My = T 100 )

My was measured as follows: An appropriate amount of the sample was weighed, and
the initial mass was recorded as n11 (g). The sample was spread in a drying oven at 40 °C to
dry until the mass was constant (weighed at an interval of 2 h, with a mass change < 0.1%).
The mass after drying was recorded as m (g).

During ultimate analysis processes, appropriate amounts of the alternative fuel sam-
ples were, respectively, placed into an ultimate analyzer (Kaiyuan, China, 5E-CHN2200) to
acquire Cgr, Hyr, Nor, (Wt%) and a sulfur element analyzer (Kaiyuan, China, 5E-AS3200B)
to obtain S, (Wt%) based on the relevant national standard GB/T 31391 [17]. In addition,
Oqr (Wt%) was calculated by difference. Low calorific values (Qyetar, kJ/kg) of the fifty
alternative fuels were recorded and measured by a calorific value analyzer (China Lichen,
LC-CV-430) based on the relevant national standard GB/T 30727 [18]. In addition, in order
to compare the low calorific values of the fifty alternative fuels, Qyet or was also calculated
by Mendeleev’s formula, which is shown in Equation (3), and the formula was based on
low calorific values from coals and as shown in many books about coal properties. The
error was calculated by Equation (4):

Qnet,ar = 339C, + 1030Hy — 109(Ogr — Sar) — 25M,y 3)

Calculated value — Experimental value

Error = Calculated value

x 100% (4)

3. Results and Discussion
3.1. Proximate Analysis Results of Alternative Fuels

The proximate analysis experiments of the fifty alternative fuels were measured two
times to be averaged to reduce the relative errors, and the results are shown in Table 3. It
can be seen that the compositions (Mur, Myg, Vaq, FCpa, Agg) of different alternative fuels are
different, and they were further analyzed based on the classifications; the results are shown
in Figure 2A-E.

Figure 2A,B show M, and M,; of different alternative fuels based on the classification,
respectively, and it can be clearly seen that M, and M,; show some obvious characteristics.
For plastic, most of the fuels have relatively low moisture except for washing material,
because it is obtained by washing; for biomass, the moisture is varied since the compositions
are different, especially for sludges. For cloth, most of them have relatively low moisture
except for wool fabric; M, and M,; of the others are all lower than 30 wt%. However, the
alternative fuels of plastic and cloth all have relatively high content of volatile compounds
(higher than 60 wt%), and they all have low contents of fixed carbon (commonly lower
than 20 wt%) and ash (lower than 30 wt%). As a whole, the A,; values of clothes and
plastics are lowest since there are not many additives in them. The others are composed of
inorganic matter, leading to high values of A,;. In addition, the fixed carbon contents of the
alternative fuels except for carbon black are all lower than 30 wt%, and they are similar,
which can determine the burnout characteristics.
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Table 3. Proximate analysis results (wt%) of alternative fuels.

No. Fuels Mg, Mud Vud FC,ld Aad
1 Plastic granulation residue 2.04 1.55 70.05 1.65 26.75
2 Sponge 2.93 1.95 88.91 6.19 2.95
3 Resin particle 0.40 0.30 97.70 0.35 1.65
4 Glass fiber 4.38 3.90 23.46 1.62 71.02
5 Water pipe 1.69 1.20 67.23 21.71 9.86
6 Grey sponge 1.88 1.58 88.60 9.05 0.77
7 Automobile interior 0.42 0.32 70.94 2.26 26.48
8 Black resin 4.45 3.97 78.47 7.08 10.48
9 Dry mud 48.10 42.33 25.27 22.67 9.73
10 Waste plastic molding fuel 4.03 3.55 70.37 5.73 20.35
11 Chrysanthemum pollen 16.32 10.98 63.22 14.56 11.24
12 Biomass briquette particle 12.72 8.13 71.40 16.82 3.65
13 Urban sludge 66.88 61.03 14.41 5.99 18.57
14 White resin 231 2.02 71.69 2.02 24.27
15 Plastic bag 1.76 1.27 94.86 3.13 0.74
16 Chrysanthemum stem 13.84 9.30 70.16 17.23 3.31
17 Gasification slag 12.80 10.10 0.00 22.42 67.48
18 Fermented cow dung 48.11 36.72 41.30 10.47 11.51
19 Hard plastic 0.45 0.35 87.16 0.16 12.33

20 Sawdust 14.17 9.65 67.32 15.88 7.15
21 Wool fabric 64.93 58.74 28.72 3.42 9.12
22 Carbonized rock 0.69 0.49 22.80 13.94 62.77
23 Coal slime 27.33 19.25 16.75 23.88 40.12
24 Camellia oil shell 15.79 10.41 65.76 21.60 2.23
25 Washing material 31.62 25.67 64.80 7.21 2.32
26 Plastic residue 0.76 0.56 84.17 4.44 10.83
27 Tailings 9.39 7.54 19.22 4.67 68.57
28 Waste wool 0.95 0.75 88.96 7.74 2.55
29 Papermaking sludge 56.15 51.28 34.62 2.70 11.40
30 Rubber 2.02 1.53 61.83 19.97 16.67
31 Caragana branches 13.81 8.31 76.25 13.76 1.68
32 Industrial wastewater sludge 741 4.55 74.83 5.79 14.83
33 Cardboard 8.40 5.57 72.67 17.33 4.43
34 Shoe material 0.65 0.45 85.47 13.61 0.47
35 Landfill cloth 1.58 1.28 81.18 10.88 6.66
36 Biomass briquette block 12.38 8.73 50.40 13.01 27.86
37 Dry paper mud 9.74 5.98 45.33 5.47 43.22
38 Nylon 1.77 1.47 95.57 2.99 0.00
39 Fabric 7.84 5.96 83.03 10.03 0.98
40 Ground film 4.00 2.54 78.09 1.39 17.98
41 Rice husk 17.73 11.54 62.28 14.63 11.55
42 Cotton stalk 17.85 10.71 66.46 18.81 4.02
43 Pig manure 73.88 67.35 22.72 422 571
44 Plastic label 0.86 0.66 90.69 7.34 1.31
45 Furfural residue 37.06 28.48 50.21 17.26 4.05
46 Polyurethane 3.67 3.19 80.98 11.86 3.97
47 Formed carbon 13.45 11.68 29.72 14.72 43.88
48 Medicine residue 45.54 38.11 45.87 8.95 7.07
49 Cow dung 44.28 32.05 34.60 10.93 22.42
50 Carbon black 1.37 1.07 2.40 89.94 6.59
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Figure 2. (A) M, of different alternative fuels. (B) M,; of different alternative fuels. (C) V,; of
different alternative fuels. (D) FC,; of different alternative fuels. (E) A, of different alternative fuels.

3.2. Ultimate Analysis Results of Alternative Fuels

The ultimate analysis experiments of the fifty alternative fuels were also analyzed two
times and averaged to reduce the relative errors, the results of which are listed in Table 4.
Cad, Hag, Ny, and S,; were analyzed by an experimental instrument, and O,4 was calculated
by the differences. It can be found that the element compositions for the alternative fuels
are different. Furthermore, they are also analyzed based on the classification, and the
results are shown in Figure 3A-D. The figure for O, of different alternative fuels is not
shown, because the parameter was calculated, rather than measured.

Figure 3A shows the C,; of different alternative fuels, and it can be clearly seen
that carbon contents of plastics are higher than 40 wt%, while the carbon contents of
biomass are lower than 50 wt%. In addition, the alternative fuels for cloth and others
varied in carbon content. Hydrogen content values are all lower than 14 wt% and are
relatively stable for different kinds of alternative fuels: H,; of plastics is commonly higher
since they are composed by organic polymers, while H,; of the others is lowest since
their main component is inorganic matter. As for nitrogen content, the values are all
lower than 9 wt%, and most of them are lower than 3 wt% which is lower than most
coals, suggesting the alternative fuels can produce fewer nitrogen oxides when they are
reasonably blended for combustion. In addition, S,; of different alternative fuels are also
lower than 3 wt%, while plastics, biomass, and clothes are all lower than 1 wt%. The
results of sulfur contents also directly show that the alternative fuels can be blended before
the combustion process to reduce sulfur when the sulfur content of coal is high, which is
beneficial for gas pollutant control.

Table 4. Ultimate analysis results (wt%) of alternative fuels.

No. Fuels Cad Had Oud Nad Sud
1 Plastic granulation residue 57.03 8.87 5.48 0.24 0.08
2 Sponge 58.20 7.29 23.24 6.28 0.09
3 Resin particle 83.84 11.68 2.32 0.14 0.07
4 Glass fiber 11.45 271 3.83 7.08 0.01
5 Water pipe 76.88 9.24 2.06 0.20 0.56
6 Grey sponge 59.76 7.63 22.87 7.38 0.01
7 Automobile interior 47.68 5.42 19.83 0.26 0.01
8 Black resin 50.75 7.29 23.19 4.14 0.18
9 Dry mud 29.80 7.04 10.14 0.31 0.65
10 Waste plastic molding fuel 56.44 7.29 11.13 1.02 0.22
11 Chrysanthemum pollen 43.71 7.26 24.72 1.86 0.23
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Table 4. Cont.

No. Fuels Cud Had Oud N Sud
12 Biomass briquette particle 46.18 7.19 32.26 2.51 0.08
13 Urban sludge 7.95 8.63 2.10 1.48 0.24
14 White resin 53.09 8.53 6.80 5.18 0.11
15 Plastic bag 72.70 12.86 10.18 2.23 0.02
16 Chrysanthemum stem 46.82 6.17 33.84 0.48 0.08
17 Gasification slag 19.74 1.00 1.50 0.09 0.09
18 Fermented cow dung 26.49 5.31 18.92 0.90 0.15
19 Hard plastic 77.34 9.31 0.60 0.00 0.07
20 Sawdust 47.54 5.72 29.87 0.05 0.02
21 Wool fabric 19.47 6.24 6.42 0.00 0.01
22 Carbonized rock 11.08 1.47 24.14 0.00 0.05
23 Coal slime 34.66 3.04 1.27 0.43 1.23
24 Camellia oil shell 46.44 6.91 33.74 0.20 0.07
25 Washing material 42.60 341 25.84 0.13 0.03
26 Plastic residue 57.21 6.76 24.61 0.00 0.03
27 Tailings 6.74 0.91 13.62 0.00 2.62
28 Waste wool 65.83 5.80 24.55 047 0.05
29 Papermaking sludge 22.14 8.95 5.95 0.16 0.12
30 Rubber 71.79 7.14 2.27 0.14 0.46
31 Caragana branches 47.95 7.12 32.94 1.88 0.12
32 Industrial wastewater sludge 18.38 7.62 53.64 0.78 0.20
33 Cardboard 40.51 6.85 34.34 8.27 0.03
34 Shoe material 49.98 7.60 36.74 473 0.03
35 Landfill cloth 61.38 491 25.26 0.38 0.13
36 Biomass briquette block 33.34 441 22.68 2.51 0.47
37 Dry paper mud 21.50 2.63 24.52 1.90 0.25
38 Nylon 80.97 11.53 5.81 0.21 0.01
39 Fabric 64.68 5.93 21.34 1.04 0.07
40 Ground film 65.23 10.05 3.22 0.06 0.92
41 Rice husk 42.20 5.64 26.27 2.57 0.23
42 Cotton stalk 41.97 7.44 34.52 1.16 0.18
43 Pig manure 13.64 9.29 3.35 0.52 0.14
44 Plastic label 45.97 5.79 46.23 0.00 0.04
45 Furfural residue 36.85 6.39 23.18 0.31 0.74
46 Polyurethane 62.65 5.90 17.70 6.50 0.09
47 Formed carbon 23.15 3.15 16.43 1.45 0.26
48 Medicine residue 28.92 5.79 18.98 1.03 0.10
49 Cow dung 24.28 6.55 12.58 1.74 0.38
50 Carbon black 89.26 1.03 0.45 0.86 0.74

Note: O,y was calculated by difference.
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Figure 3. (A) C,; of different alternative fuels. (B) H,; of different alternative fuels. (C) N, of different
alternative fuels. (D) S,; of different alternative fuels.

3.3. Low Calorific Value Results of Alternative Fuels

The low calorific value (Qyet ) experiments of the fifty alternative fuels were still
repeatedly analyzed two times, and the results were averaged to reduce relative errors. The
experimental values of Q. 4r are shown in Table 5. In addition, the calculated values of
Quet ar were calculated based on Equation (3), where the proximate and ultimate analysis
results were transformed to as-received basis. Moreover, the errors were calculated by
Equation (4), and the results are listed in Table 5.

Figure 4 shows the relationship of low calorific values by experimental and calculated
methods, and it can be seen that the as-received basis low calorific values calculated by
Mendeleev’s formula are generally close to the experimental values, which also verifies the
rationality of the experimental detection results. Furthermore, the deviation rates of the
low calorific value of the 50 alternative fuels are mostly below 10%, and the rest are mainly
between 10% and 20%. This is primarily due to the following reasons: (1) the complexity
and non-uniformity of the components of the alternative fuel samples; (2) Mendeleev’s
formula is mainly derived from coals and is relatively less adaptable to alternative fuels.
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The average deviation rate of the 50 samples was calculated to be 6.1%, which was relatively
small, indicating the reliability of the experimental results.

Table 5. Low calorific value results (Qyet ar, k] /kg) and errors of alternative fuels.

No. 1 2 3 4 5 6 7 8 9 10

Exp. 24,370 25,519 37,516 6457 32,591 23,256 17,602 21,715 11,394 20,460
Cal. 27,691 24,395 40,157 6116 35,198 25,501 19,556 21,983 13,484 25,225
Error 11.99%  —4.61%  6.58% —558%  7.41% 8.80% 9.99% 1.22% 15.50%  18.89%

No. 11 12 13 14 15 16 17 18 19 20

Exp. 15,019 15,126 9843 22,073 36,955 13,782 8738 7275 33,861 16,097
Cal. 18,041 18,258 8001 25,919 36,557 17,273 7021 8968 35,703 17,462
Error 16.75%  17.15%  —23.03% 14.84% —1.09% 20.21% —24.46% 18.88% 5.16% 7.81%

No. 21 22 23 24 25 26 27 28 29 30
Exp. 7525 2538 10,359 15,393 16,641 26,081 1962 26,304 10,992 33,660
Cal. 8856 2622 12,705 17,643 13,138 23,611 1748 25,544 13,077 31,287
Error 15.03% 3.20% 18.46%  12.75%  —26.66% —10.46% —12.25% —297% 1594% —7.59%
No. 31 32 33 34 35 36 37 38 39 40
Exp. 15,632 6198 14,458 23,157 20,562 11,827 5498 36,532 23,560 31,634
Cal. 18,466 7822 16,328 20,712 23,016 12,577 6814 38,530 25,006 31,631
Error 15.35%  20.76%  11.45% —11.81% 10.66% 5.97% 19.32% 5.19% 5.78% —0.01%
No. 41 42 43 44 45 46 47 48 49 50

Exp. 14,596 13,787 7633 19,053 12,105 23,881 8814 8848 8419 25,382
Cal. 15,624 16,251 9227 16,458 13,707 25,178 8807 10,925 10,084 31,222
Error 6.58% 1516%  17.82%  —15.77% 11.68% 515%  —0.08% 19.01%  16.51%  18.71%

Note: Exp. means experimental value; Cal. means calculated value.

7
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Figure 4. The correlation between Qjt 4r-Exp. and Qyt 4r-Cal.

Also, Qpet ar values of different alternative fuels for the specific classification are shown
in Figure 5. It can be found that the alternative fuels of plastic commonly have high values,



Processes 2025, 13, 2767

11 of 12

and biomass has commonly low values between 500 and 1500 kJ/kg, while the alternative
fuels for cloth and others have varied values as for different alternative fuels. The low
calorific values of the fifty alternative fuels can guide fuel selection and optimization when
they are mixed for combustion with coals in cement decomposition furnaces.
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Figure 5. Qyet or of different alternative fuels.

4. Conclusions

The fifty typical alternative fuels were selected based on the compositions for different
classifications, and the basic fuel properties including proximate analysis, ultimate analysis,
and low calorific values were comprehensively analyzed.

Most alternative fuels from plastics and clothes have relatively low moisture; M, and
M, of the others are all lower than 30 wt%. However, the alternative fuels of plastic and
cloth all have relatively high contents of volatile compounds (>60 wt%), and they all have
low contents of fixed carbon (commonly <20 wt%) and ash (<30 wt%). The carbon contents
of plastics are higher than 40 wt%, while the carbon contents of biomass are lower than
50 wt%. As for hydrogen content, they are all lower than 14 wt% and relatively stable for
different kinds of alternative fuels. As for nitrogen content, they are all lower than 9 wt%,
and most of them are lower than 3 wt%. In addition, S,; values of different alternative
fuels are also lower than 3 wt%, while plastics, biomass, and clothes are all lower than
1 wt%. Also, Quet,ar values for the alternative fuels of plastic are commonly high, and
biomass commonly shows values between 500 and 1500 k] /kg, while Qyt or values for the
alternative fuels for cloth and others are varied.

The work provided abundant basic fuel properties of typical alternative fuels, which
can be used to analyze actual applications by coupling with AL
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