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Abstract: Biomass co-firing in coal-fired power plants has been widely accepted to reduce the
environmental burden. In this study, food waste (FW) and sewage sludge (SS), which are the main
types of municipal organic waste, were selected as solid refuse fuel (SRF). To compensate for the
limitations of FW and SS, a mixture of FW and SS with varying ratios was processed using pyrolysis
and desalination. The fuel properties such as the calorific value, chlorine content, alkali and alkaline
earth metallic species (AAEMs) content, and heavy metal content were determined. The calorific
values of all biochars were greater than 12.6 MJ/kg, which satisfies the national threshold of Bio-SRF
in Korea. Chlorine and AAEMs contents exhibited clear trends for the FW ratio and pyrolysis
temperature. Increasing concentrations of heavy metals were observed with increasing SS ratio
and pyrolysis temperature. These results provide important insights into the practical application
of municipal waste-based biochar in coal-fired plants, as well as the influence of mixing ratio and
pyrolysis temperature.
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1. Introduction

Thermoelectric coal-burning plants account for 38% of global primary energy consumption [1].
Coal combustion is a major source of energy; however, it causes air pollution with the emission of
significant amounts of CO,. According to the International Energy Association (IEA), coal is responsible
for 9.8 Gt of CO, emissions [2]. To alleviate air pollution from thermoelectric plants, the co-combustion
of biomass and coal has been proposed [3,4].

The potential of biomass as a solid recovered fuel (SRF) has been evaluated in previous studies [5-7].
The application of SRF in thermoelectric plants helps curtail reliance on coal and its negative environmental
impacts. It also promotes the efficient management of organic waste as it does not require additional
energy for treatment and can be used as a renewable energy resource [3,5]. Various types of biomass
are available as co-firing materials, including agricultural residue, algae, wood-processing residue,
sewage sludge, and food waste. Furthermore, the application of biochar with coal reduces greenhouse
gas emissions because biomass is considered to be carbon neutral. However, the inherent characteristics
of biomass should be considered for its practical application. Biomass has a low calorific value,
high volatile content, and high moisture content, which may reduce thermal efficiency during plant
operation [7]. In addition, high chlorine, alkali, and alkali earth metal (AAEM) contents may lead to
slagging and fouling issues [8].

Among the various types of biomass, this study focuses on municipal organic waste, i.e., food waste
(FW) and sewage sludge (SS). FW and SS have previously been identified as sources of renewable
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energy in the form of biogas, bio-oil, and biochar [9-13]. The simultaneous treatment of FW and SS has
been conducted in several ways: anaerobic co-digestion of FW and SS [14], dark fermentation [15],
and co-pyrolysis [13]. According to Huang et al. [12], the co-pyrolysis of SS, rice straw, and sawdust
produces biochar with a higher content of organic matter and lower yield of biochar.

Increasing attempts to use municipal waste with coal in thermal electric plants have revealed
some limitations. First, SS contains a large amount of heavy metals, which will presumably contribute
to air pollution [16]. Various heavy metals have been detected in SS, with variable profiles that differ
with sampling time and site. Second, the high chlorine content in FW requires a desalination procedure
before co-firing as the presence of chlorine leads to the formation of dioxins and dioxin-like compounds
as byproducts, which can cause a serious health risk and the corrosion of plant facilities [17,18].
Third, AAEMs in biomass impact ash-related issues such as slagging and fouling [19,20]. As FW
typically contains a substantial amount of chlorine and AAEMs, water or acid washing pretreatment
procedures may be adopted for de-ashing and desalination. Finally, sufficient biomass calories should
be guaranteed to maintain the efficiency of electrical power generated in a coal-fired plant. The lower
calorific value of biomass implies that a greater amount of biomass must be combusted to generate the
same electrical power. Therefore, to compensate for the abovementioned limitations of FW and SS,
this study analyzes different mixtures of FW and SS for application as Bio-SRF in a coal-fired power
plant. It is hypothesized that Bio-SRF based on an appropriate proportion of FW and SS will exhibit
lower concentrations of heavy metals, chlorine, and AAEMs, as well as a satisfactory calorific value.

Therefore, this study aims to characterize biochar based on food waste and sewage sludge to
derive the optimal co-firing material for thermoelectric plants. Bio-SRF is prepared with varying
ratios of FW and SS and treated by pyrolysis at 300-500 °C and following desalination. The specific
objectives are (1) to determine the calorific value of Bio-SRF and (2) to explore heavy metal and element
contents and their relationship to the FW to SS ratio. The specifications of the resulting Bio-SRF are
compared with the regulatory criteria of the Republic of Korea [21] and the international standard BS
EN 15359:2011 [22].

2. Materials and Methods

2.1. Materials and Production of Biochar

SS was collected from the Ilsan wastewater treatment plant in the Republic of Korea. SS was
prepared by dewatering and mixing sludges from primary and secondary sedimentation basins.
Artificial FW was prepared using grains (16%), vegetables (51%), fruits (14%), meat (4%), fish (12%),
and eggshell (3%) [23]. The composition and specific ratio of FW followed the protocol proposed by
the Ministry of Environment, “Standard Food Waste Sample” [24]. In Korea, Food waste is separately
discharged and transported into the treatment facility, not collected together with other municipal
wastes. As a large quantity of food waste is combined and treated in a mass, the heterogeneous
nature of food waste from various origin can be offset and the averaged composition of food waste
can be estimated. Basic information, including the major elemental composition, can be found in a
previous study [23]. The compositions and atomic ratios of FW were as follows: C (51.5%), H (13.2%),
N (3.1%), O (32.2%), C/N (16.38), H/C (0.26), and O/C (0.63). The mixture ratios of SS and FW were set
to 100:0, 66.7:33.3, 50:50, 33.3:66.7, and 0:100, and referred to as SS100, FW33, FW50, FW67, and FW100,
respectively. Artificial FW samples and SS were dried at 105 °C for 24 h, then mixed and pulverized to
ensure homogeneity of samples.

The experimental set-up, including pyrolysis and desalination, was the same as that of a previous
study [25]. Briefly, the pyrolysis of a mixture of SS and FW in various ratios was performed using a
customized pyrolyzer (Handuk R-FECO Co., Ltd., Gyeonggi-do, Republic of Korea). The pyrolyzer
consists of an electric furnace with sampling chamber, cooler, and gas combustor. Nitrogen gas was
supplied at 5 L/min during the operation and biogas from pyrolysis unit was combusted. The size of
the sample tray was 50 X 200 X 45 mm. Pyrolysis temperatures of 300 °C, 400 °C, and 500 °C were tested
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and the heating rate was 10-15 °C/min. At each pyrolysis temperature, the retention time was 60 min.
After pyrolysis, the samples were washed with water for desalination (1:10 w/v ratio). Desalination was
performed for 30 min and washed biochar was filtered with a glass fiber filter (0.7 um, Whatman®).
The filtered biochar was dried overnight at 105 °C. The samples were then stored in a centrifuge tube
until further analysis.

2.2. Analysis

All Bio-SRF samples were characterized with respect to their calorific value, chlorine content,
and elemental composition, as well as by proximate analysis including moisture, volatile, fixed carbon,
ash, and heavy metal contents. A bomb calorimeter (6300 Calorimeter A1200 DDEE, Parr, IL, USA) was
used to determine the calorific value based on ASTM D 5468-95. Elemental and metal analyses were
conducted using an inductively coupled plasma atomic emission spectrometer (ICP-AES, ICP-730ES,
Varian, Australia) and inductively coupled plasma mass spectrometry (ICP-MS, Varian 820-MS, Varian,
Australia) after microwave digestion. Proximate analysis was performed using KS E 3804. For sample
preparation, a microwave sample digestion system (MARS-6, CEM Corp, USA) based on EPA 3051A
was applied. Chlorine concentration was measured before desalination and AAEM and heavy metal
contents of biochar were determined after desalination. All data work-up was processed using Origin
2019b (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

3.1. Calorific Value

The calorific values of all biochar samples are presented in Figure 1. The calorific value gradually
increases with increasing FW ratio and ranges from 12.6 to 27.1 MJ/kg, 15.5 to 28.6 MJ/kg, and 18.0
to 27.8 MJ/kg at pyrolysis temperatures of 300 °C, 400 °C, and 500 °C, respectively. Three apparent
trends are shown in Figure 1. First, the addition of FW in biochar clearly augments the fuel efficiency,
which results in a 115.1% increase in the calorific value at a pyrolysis temperature of 500 °C. The calorific
value depends on the relative proportions of carbon, hydrogen, and oxygen in the biochar. In general,
the C content in FW is greater than that in SS, leading to a higher calorific value, as shown in Figure 1.
This implies that a greater amount of 55100 than FW100 would be required to generate the same
electric power because of the low calorie of SS100. Considering that the calorific value is the most
critical factor of the fuel, SRF with a higher proportion of FW is desirable for the practical operation of
a coal-fired plant.
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Figure 1. Calorific value (M]/kg) of S5100, FW33, FW50, FW67, and FW100 under pyrolytic temperatures
of 300 °C, 400 °C, and 500 °C.
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Second, a low calorific value is observed at higher pyrolysis temperatures. This result indicates
that increasing the pyrolytic temperature reduces the energy content of biochar. Lastly, the pyrolytic
temperature also affects the rate of calorific value increase. The slopes presented in Figure 1 increase
from 22.8 (300 °C) to 31.7 (400 °C), then 34.4 (500 °C). In turn, the difference of calorific values in
55100 samples range from 12.6-18.0 MJ/kg, which is an increase of 43.1%. This difference decreases
to 5.6% (27.1-28.6 MJ/kg) for FW100. A possible explanation for this is the influence of pyrolysis
temperature on volatile matter and carbon content [26]. At higher pyrolysis temperatures, the final
product of biochar may contain less volatile matter and concentrated carbon than the raw mixture
of FW and SS, leading to a higher heating value [27,28]. Consistent with the findings of previous
studies, this study reveals decreased volatile contents and increased fixed carbon at higher pyrolysis
temperatures (Table 1). Additionally, the volatile content does not change significantly with the FW
ratio, whereas the fixed carbon content increases with an increasing FW ratio, implying that condensed
carbon predominantly originates from FW. As the organic component of SS is easily decomposed,
most of the carbon content in SS is volatilized during pyrolysis [29]. Such characteristics of SS lead to a
lower calorific value at higher pyrolysis temperatures.

Table 1. Proximate analysis of a raw mixture of food waste (FW) and sewage sludge (SS) (dried at
105 °C) and biochar pyrolyzed at 300 °C, 400 °C, and 500 °C. Fuel ratio (unitless) is calculated by
dividing fixed carbon content by volatile content.

Sample FW:SS Ratio  Moisture (%)  Volatile (%)  Ash (%) Fixed Fuel Ratio

Description Carbon (%) (Unitless)
100:0 (FW100) 7.07 77.20 3.09 19.70 0.26
Raw mixture of 67:33 (FW67) 12.20 72.50 10.60 16.90 0.23
FW and SS 50:50 (FW50) 10.40 72.00 13.10 15.00 0.21
33:67 (FW33) 12.00 67.70 17.70 14.60 0.22
0:100 (SS100) 11.40 63.80 23.70 12.50 0.20
100:0 (FW100) 1.71 61.30 433 34.40 0.56
67:33 (FW67) 0.46 59.00 14.10 26.90 0.46
Pyrolysis at 300 °C  50:50 (FW50) 1.28 58.90 16.40 24.70 0.42
33:67 (FW33) 1.80 54.30 23.30 22.40 0.41
0:100 (SS100) 3.34 55.20 29.20 15.60 0.28
100:0 (FW100) 1.34 32.30 7.20 60.50 1.87
67:33 (FW67) 1.19 37.30 20.30 42.40 1.14
Pyrolysis at 400 °C  50:50 (FW50) 0.68 30.90 28.50 40.60 1.31
33:67 (FW33) 2.76 32.20 34.00 33.80 1.05
0:100 (SS100) 2.16 30.50 42.80 26.60 0.87
100:0 (FW100) 3.40 19.50 9.24 71.20 3.65
67:33 (FW67) 2.67 21.60 27.60 50.80 2.35
Pyrolysis at 500 °C  50:50 (FW50) 1.10 19.30 38.20 4250 2.20
33:67 (FW33) 3.79 17.70 40.00 42.30 2.39
0:100 (SS100) 5.90 19.50 50.50 30.00 1.54

The observed calorific values are compared with two regulatory thresholds: Bio-SRF requirements
of the Republic of Korea, “Enforcement rule of the act on the promotion of saving and recycling of
resources” (Enforcement date 27 May 2020) (Ordinance of Prime Minister No. 869, 27 May 2020,
Partial Amendment), and BS EN 15359:2011 (Solid recovered fuels—Specifications and classes) [21,22].
The minimum calorific value required for Bio-SRF is 3000 kcal/kg (i.e., 12.6 MJ/kg) (Table 2). BS EN
15359:2011 classifies fuel by three criteria: calorific value, chlorine content, and mercury content.
First-class fuel under BS EN 15359:2011 requires over 25 MJ/kg, whereas second-class fuel requires over
20 M]/kg. Thus, most samples in this study satisfy the calorific threshold of Bio-SRE. Biochar with a
high proportion of FW has a higher calorific value and all FW 100 biochar samples fulfill the first-class
criteria for BS EN 15359:2011.
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Table 2. Specifications of biomass-solid refuse fuel (Bio-SRF) based on the “Enforcement rule of the act
on the promotion of saving and recycling of resources” (Enforcement date 27 May 2020) (Ordinance of
the Prime Minister No. 869, 27 May 2020, Partial Amendment) in Republic of Korea [21].

Characteristic Unit Pellet Non-Pellet
Shape and size mm Diameter <50 Width <120
Length <100 Length <120
Moisture wt.% <10 <25
Net calorific value  kcal/kg Mell?lltffgzttiiestgRiszlg?)O 0
Ash wt.% <15
Chlorine wt.% <0.5
Sulfur wt.% <0.6
Biomass wt.% >95
Hg <0.6
Metal o mg/kg =50
Pb <100
As <5.0
Cr <70.0

3.2. Chlorine Content

Incineration of waste has been identified as a major source of polychlorinated dibenzo-p-dioxin
(PCDD) and dibenzofuran (PCDF) emissions [18]. As the presence of chlorine triggers the formation
of PCDD/Fs, low-chlorine-content biomass is a regulatory requirement. According to the regulatory
threshold (Table 2), the chlorine content should be less than 0.5%. Conversely, first-class SRF under BS
EN 15359:2011 should have a chlorine content of less than 0.2%.

In this study, chlorine concentrations are 0.18-1.06%, 0.22-1.24%, and 0.17-1.77% at pyrolysis
temperatures of 300 °C, 400 °C, and 500 °C, respectively. Figure 2 reveals a gradual increase in
chlorine content with an increasing FW ratio. As a high concentration of chlorine is contained in FW,
an increase in the chlorine concentration of biochar with an increasing FW ratio is expected. All S5100
samples exhibit a chlorine content of less than 0.5%, which adheres to Bio-SRF criteria. Except for
that produced under a pyrolysis temperature of 400 °C, the SS100-based biochar samples satisfy BS
EN 15359:2011. Note that chlorine concentration in Figure 2 was measured before the desalination
procedure. Therefore, less chlorine content is expected to retain in the final product of SRF after water
washing. A sudden drop is observed in the chlorine concentration in FW50 at pyrolysis temperatures
of 400 °C and 500 °C, as shown in Figure 2. This could be attributed to the moisture content of biochar
(Table 1), which exhibits a similar pattern to chlorine. Chlorine is present in biochar as alkali metal
chlorides such as NaCl and KCI; therefore, the chlorine content can be related to the moisture content.
It is difficult to generalize the unexpected drop in chlorine and moisture content observed in this study,
which remains speculation.

Approximately half of the chlorine content is released from biochar during pyrolysis at
temperatures below 500 °C, mainly in the form of HCIl [30]. At pyrolytic temperatures above
800 °C, complete removal of chlorine is expected during pyrolysis [31]. In this study, a high chlorine
concentration remains in the biochar, probably because the low pyrolysis temperature limits the
complete volatilization of chlorine during pyrolysis. Accordingly, a water washing procedure should
be conducted for desalination to satisfy the regulatory criteria for chlorine concentration. To efficiently
remove the chlorine in biochar, either a high pyrolysis temperature of greater than 800 °C or desalination
such as water washing or acid treatment can be viable options for lowering the chlorine content.
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Figure 2. Elemental composition of biochar samples produced by various mixing ratios of FW and SS:
(a) chlorine content and alkali, and alkali earth metals AAEMs contents (b) Na, (c) Ca, (d) K, (e) Mg.
Elemental concentrations were measured after pyrolysis at 300-500 °C and desalination.

3.3. AAEMSs Content

Combustion of biomass, including coal, SS, and FW, generates solid waste in the form of ash.
Ash-related issues are linked to the amount and composition of the inherent AAEMs. It has previously
been observed that the co-firing of biomass with coal increases the liquid ratio in fly ash due to
the high AAEMs content of biomass [32]. To estimate the synergistic effect of municipal waste
and coal, the AAEMs contents of biochar with varying ratios of FW and SS were investigated.
Furthermore, the molar distribution of SRF was calculated using the following equation [8]:

Molar distribution = (2Ca + 2Mg + Na + K) /(2S5 + Cl)

A comparison of the molar distribution to one implies the relative distribution of AAEMs, sulfate,
and chloride in SRE. The calculated molar distribution ranges from 1.91 to 4.66 (Figure 3), implying that
approximately 20-50% of AAEMSs are present in the form of sulfate and chloride. At low pyrolytic
temperatures (i.e., 300 °C), the ratio of FW in biochar does not significantly influence the molar
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distribution; however, the influence of pyrolytic temperature becomes clear at 400 °C and 500 °C.
This is probably because alkali salts generally start to be released from biochar above 300 °C [26].
The form of sulfate and chloride with AAEMSs in biochar decreases with increasing SS ratio and
pyrolytic temperature.

Regarding the individual AAEM components, Na and K concentrations increase with increasing
FW ratio, whereas Ca and Mg concentrations decrease (Figure 2b—d). Overall, biochar samples prepared
with FW and SS are enriched with AAEMs components. The influence of pyrolytic temperature is clear
for all AAEMs components. Higher concentrations are observed at higher temperatures because of
concentrated AAEMs with pyrolytic temperatures. A significant proportion of AAEMs is expected
to volatilize during pyrolysis. Rearranging and restructuring of the chemical bonds in biochar is
generally initiated at 350 °C [33]. Specifically, the majority of Na and K, which are monovalent cations,
are vaporized and released from biochar in the form of aerosols, whereas a certain amount of Ca and
Mg, which are divalent cations, are retained in the biochar [34]. This is because the volatilization of
calcium during pyrolysis occurs at higher pyrolytic temperatures than that of Na and K [31,35]. In this
study, the temperature was set to 300-500 °C, indicating that a certain amount of AAEMs is retained in
the biochar.

It should be noted that the removal of AAEMs from biomass is not mandatory for the co-firing
of biomass because (1) there are no regulatory guidelines for AAEMs concentration in biomass and
(2) the content of AAEM species does not significantly affect the yields of biochar or bio-oil [36].
However, reducing AAEM species is desirable because the content and composition of AAEMs affect
the properties of pyrolyzed products and byproducts (e.g., ash and syngas). To reduce the AAEMs
concentration in biochar, a higher pyrolytic temperature or fortified washing treatment can be applied.
When the pyrolysis temperature is sufficient (i.e., over 1000 °C), most of the AAEMs are evaporated
and released from the biochar. However, as the application of higher pyrolysis temperatures consumes
a lot of electric power, biochar washing after pyrolysis can be a practical option. In this study, the water
washing approach was efficient for removing chlorine, but not AAEMs. Therefore, CO;-saturated
water and/or acid treatment should be applied in further studies [36].
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Figure 3. Molar distribution (unitless) of biochar samples under various pyrolytic temperatures (300 °C,
400 °C, and 500 °C).

3.4. Heavy Metal Content

SS is a byproduct of wastewater treatment plants (WWTPs) that contains not only high amounts
of organic matter but also various heavy metals. Accordingly, a high heavy metal concentration is
expected in SRF with a higher SS ratio. The contents of seven heavy metals were monitored: arsenic (As),



Sustainability 2020, 12, 9411 8 of 12

cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb), and zinc (Zn). These values were
compared with the regulatory concentration standards stated in the Bio-SRF guidelines (Table 2).
Figure 4 presents the results of the heavy metal analysis. Among the target metals, mercury is not
detected in any sample. The concentrations of As and Pb at 400 °C, Cr at 300 °C, and As at 500 °C are
not presented in Figure 4 due to being lower than the detection limits or not present. Overall, a higher
metal concentration is observed at a higher sludge ratio, as expected [37,38]. For all heavy metals,
the highest concentration is found in SS100 at a pyrolysis temperature of 500 °C: Zn 1437.4 mg/kg,
Cu 738.5 mg/kg, Cr 37.6 mg/kg, Pb 22.1 mg/kg, As 2.8 mg/kg, and Cd 1.9 mg/kg. In contrast, the lowest
metal concentrations are found at FW100. Except for copper and zinc, the other four metals exhibit
concentrations of less than 1 mg/kg. Zinc and copper account for over 97% of the total heavy metal
content, wherein the concentration of zinc is approximately twice that of copper. This significant
proportion of zinc and copper in SS-based biochar agrees with the results of previous studies [39].

300 400 500
2500
32000- |
= ==
()] =
£
S o
= 1500 o
& 1
= — o
5 —
(5]
. .
o 4 —
_z 1000 -
< T | Cr
= = = | Cd
© Zn
= 500 4 — A
= L L s
] Pb
- — — I Cu
T 1 T 1 T 1 1 L] T 1 1 T T T 1
0 333 50 667 100 O 333 50 667 100 O 33.3 50 667 100
FW ratio

Figure 4. Total concentrations of six heavy metals (mg/kg) with varying FW ratios. Metal concentrations of
biochar pyrolyzed under temperatures of 300 °C, 400 °C, and 500 °C are presented as cumulative values.

Furthermore, the total heavy metal concentration gradually increases with pyrolysis temperature
(Figure 4). This is because a higher pyrolysis temperature enhances the stability of metals in biochar [39].
Among the heavy metals, Cd can be released at a pyrolysis temperature of over 600 °C due to its
volatile nature [40]; however, other metals appear to become concentrated with pyrolysis temperature.
The increase in heavy metal concentration with increasing sludge ratio is not always linear (Table 3).
At a pyrolysis temperature of 400 °C, the zinc concentration decreases from 890.0 mg/kg (FW67)
to 749.1 mg/kg (FW50). This characteristic is also observed in Cu (452.1 mg/kg to 371.4 mg/kg),
Cr (18.0 mg/kg to 17.2 mg/kg), and Pb (11.5 mg/kg to 9.5 mg/kg). However, this sudden drop is not
observed at a pyrolysis temperature of 500 °C. As the sample amounts are not sufficient for multiple
measurements, it is difficult to generalize this temporary decrease in heavy metal concentration;
thus, further study is required.

The concentrations of heavy metals in most biochar samples are greater than the national guidelines
of Korea (Table 2). In particular, the considerable amounts of copper and zinc exceed the regulatory
criteria of 10 mg/kg and 100 mg/kg, respectively. Heavy metals are not completely volatilized during
pyrolysis or removed during desalination, but retained in the biomass. The only exception is FW100,
whose metal concentrations are either negligible or lower than the detection limits. Heavy metals are
difficult to remove from biochar because of their stable and immobile nature [41], in which they bind
to the organic matter in biochar and sulfides. In addition, the pyrolytic temperature applied in this
study is not sufficient to break the metal-biochar bond and release the metal components. The results
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of this study indicate that a higher proportion of FW in biochar is advantageous with acceptable heavy
metal concentrations.

Table 3. Concentrations of six heavy metals (Cu, Pb, As, Zn, Cd, and Cr) (mg/kg) under pyrolysis
temperatures of 300 °C, 400 °C, and 500 °C.

Pyrolysis Temperature FW Ratio Cu Pb As Zn Cd Cr
FW100 19.28 0.63 0.25 59.67 0.06 N.D.
FWe67 238.76 5.51 1.57 457.99 0.55 10.00
300 °C FW50 251.02 6.39 143 491.27 0.61 10.55

FW33 434.03 11.24 2.28 813.10 1.03 18.95
55100 475.92 12.58 2.76 892.16 1.10 18.32

FW100 16.96 N.D. N.D. 78.05 0.09 0.23
FWe67 452.05 11.48 1.28 889.99 1.05 18.04
400 °C FW50 371.39 9.51 1.55 749.11 0.87 17.16
FW33 493.50 12.57 1.81 951.04 1.12 21.75
55100 661.05 18.81 3.05 1242.89 1.62 31.19

FW100 10.51 0.43 N.D. 96.27 0.07 0.22
FWe67 369.00 10.07 1.31 744.99 0.86 17.21
500 °C FW50 575.32 17.39 1.85 1216.10 1.48 25.40
FW33 642.61 20.00 227 1318.09 1.77 29.67
SS100 738.49 22.08 2.83 1437.43 1.88 37.55

N.D. stands for “not detected.”.

3.5. Application of FW- and SS-Based Biochar as Bio-SRF

Previous and existing treatment approaches for municipal waste include incineration, landfilling,
and mechanical biological treatment (e.g., composting and anaerobic digestion). Landfill and
incineration lead to serious environmental pollution and consume a lot of energy, whereas mechanical
biological treatment is limited by low efficiency and burdensome management. Considering that the
amount of FW and SS is increasing, a realistic and efficient management strategy is urgently required.

In Korea, the renewable energy portfolio standard (RPS) was introduced in 2012 to endorse
the development of renewable energy. With the enforcement of the “Act on the Promotion of the
Development, Use, and Diffusion of New and Renewable Energy (Act No. 17169, 1 July 2020)” entities
engaged in electricity generation of over 500 MW have an obligation to use new and renewable energy.
The total amount of power generated by new and renewable energy is determined by a presidential
decree on a yearly basis within 10%. Under this regulatory guideline, the SRF to coal ratio was set at
5% in 2019, and an increased ratio of SRF of up to 10% is planned for after 2023.

As the loading ratio of SRF to coal is typically less than 10% [42], the fuel characteristics
determined in this study should be interpreted with caution. Note that both SS and FW have
heterogeneous characteristics, which could result in inconsistent fuel properties including calorific
value, chlorine content, and heavy metal content. Although various types of biomass have been
applied for co-firing with coal [43], it is still difficult to standardize the preparation of municipal
solid waste-based biochar and predict the influence of SRF in coal-fired plants. The similarity of fuel
characteristics between coal and the co-firing material is an important factor in the co-firing process.
The fuel ratio is typically calculated by the fixed carbon/volatile ratio; the accepted fuel ratio is generally
1.0-2.5 in thermoelectric power plants [44]. As shown in Table 1, a combination of FW and SS produces
better biomass for co-firing than either FW or SS alone.

For the practical application of SRF in coal-fired plants, several issues should be addressed.
First, this study reveals the potential of municipal solid waste-based biochar; however, the quality
of fuel is not satisfactory and lacks various criteria. Further treatment, such as higher pyrolytic
temperatures or different washing methods, should be employed to improve the performance of
the fuel. Second, other properties of the fuel, such as moisture content and particle size, should be
investigated. Moisture content is a critical aspect of fuel because it can reduce the calorific value and
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lead to incomplete combustion [45,46]. Moreover, the broad particle size range of biochar may hinder
the direct blending of biochar with coal. Potential agglomeration resulting from deficient blending
could also increase CO, emissions [47].

4. Conclusions

This study explored the characteristics of biochar based on municipal organic waste (FW and
SS) and its potential application as a co-firing material in a coal-fired plant. To optimize the biochar
composition and pyrolysis conditions, different FW and SS mixing ratios and pyrolysis temperatures
from 300-500 °C were tested. Both FW and SS showed clear advantages and disadvantages, which were
reflected in the characteristics of the resulting biochar. A higher ratio of FW led to high chlorine contents
and calorific value, whereas a higher ratio of SSled to increased heavy metal contents. Overall, all biochar
samples exhibited successful fuel performance, especially with respect to calorific value. Pyrolysis and
subsequent desalination improved the fuel properties of biochar by eliminating moisture and volatiles.
However, chlorine and heavy metal concentrations should be further reduced to meet regulatory
criteria, and a greater reduction of AAEMs concentrations is desirable for preventing slagging and
fouling. To ensure efficient operation and similar or better energy output in thermoelectric plants,
the co-pyrolysis of municipal solid waste and resulting fuel characteristics require further investigation.

Author Contributions: Conceptualization, methodology, and investigation, Y.J. and Y.-E.L.; data curation and
writing—original draft preparation, Y.J.; writing—review and editing, I.-T.K., Y.J. and Y.-E.L.; supervision and
funding acquisition, I-T.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Korea Institute of Civil Engineering and Building Technology (KICT),
grant number 20200166-001.

Conflicts of Interest: The authors declare no conflict of interest.

References

. IEA. Coal 2018; IEA: Paris, France, 2018.

2. IEA. Global Energy & CO, Status Report; IEA: Paris, France, 2019.

3. Tillman, D. Biomass cofiring: The technology, the experience, the combustion consequences. Biomass Bioenergy
2000, 19, 365-384. [CrossRef]

4. Robinson, A.L.; Rhodes, ].S.; Keith, D.W. Assessment of Potential Carbon Dioxide Reductions Due to
Biomass-Coal Cofiring in the United States. Environ. Sci. Technol. 2003, 37, 5081-5089. [CrossRef] [PubMed]

5. McEvilly, G.; Abeysuriya, S.; Dix, S. Facilitating the Adoption of Biomass Co-Firing for Power Generation;
Rural Industries Research and Development Corporation: Wagga Wagga, Australia, 2011; ISBN 978-1-74254-252-2.

6. Garg, A.; Smith, R.; Hill, D.; Simms, N.; Pollard, S. Wastes as Co-Fuels: The Policy Framework for Solid
Recovered Fuel (SRF) in Europe, with UK Implications. Environ. Sci. Technol. 2007, 41, 4868-4874. [CrossRef]

7. Velis, C.A.; Wagland, S.; Longhurst, P.; Robson, B.; Sinfield, K.; Wise, S.; Pollard, S. Solid Recovered
Fuel: Influence of Waste Stream Composition and Processing on Chlorine Content and Fuel Quality.
Environ. Sci. Technol. 2012, 46, 1923-1931. [CrossRef] [PubMed]

8.  Ruan, R; Tan, H,; Wang, X,; Li, Y.; Li, S.; Hu, Z.; Wei, B.; Yang, T. Characteristics of fine particulate matter
formation during combustion of lignite riched in AAEM (alkali and alkaline earth metals) and sulfur.
Fuel 2018, 211, 206-213. [CrossRef]

9.  Yang, G.; Wang, J. Biohydrogen production by co-fermentation of sewage sludge and grass residue: Effect of
various substrate concentrations. Fuel 2019, 237, 1203-1208. [CrossRef]

10. Zieliriska, A.; Oleszczuk, P. Effect of pyrolysis temperatures on freely dissolved polycyclic aromatic hydrocarbon
(PAH) concentrations in sewage sludge-derived biochars. Chemosphere 2016, 153, 68-74. [CrossRef]

11. Lee, E.; Bittencourt, P; Casimir, L.; Jimenez, E.; Wang, M.; Zhang, Q.; Ergas, S.]. Biogas production from high
solids anaerobic co-digestion of food waste, yard waste and waste activated sludge. Waste Manag. 2019, 95,
432-439. [CrossRef]

12.  Algapani, D.E.; Wang, ].; Qiao, W.; Su, M.; Goglio, A.; Wandera, S.M.; Jiang, M.; Pan, X.; Adani, F.; Dong, R.
Improving methane production and anaerobic digestion stability of food waste by extracting lipids and
mixing it with sewage sludge. Bioresour. Technol. 2017, 244, 996-1005. [CrossRef]


http://dx.doi.org/10.1016/S0961-9534(00)00049-0
http://dx.doi.org/10.1021/es034367q
http://www.ncbi.nlm.nih.gov/pubmed/14655692
http://dx.doi.org/10.1021/es062163e
http://dx.doi.org/10.1021/es2035653
http://www.ncbi.nlm.nih.gov/pubmed/22191490
http://dx.doi.org/10.1016/j.fuel.2017.08.114
http://dx.doi.org/10.1016/j.fuel.2018.10.026
http://dx.doi.org/10.1016/j.chemosphere.2016.02.118
http://dx.doi.org/10.1016/j.wasman.2019.06.033
http://dx.doi.org/10.1016/j.biortech.2017.08.087

Sustainability 2020, 12, 9411 11 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Huang, H.-J.; Yang, T,; Lai, E-Y.; Wu, G.-Q. Co-pyrolysis of sewage sludge and sawdust/rice straw for the
production of biochar. J. Anal. Appl. Pyrolysis 2017, 125, 61-68. [CrossRef]

Wickham, R.; Xie, S.; Galway, B.; Bustamante, H.; Nghiem, L.D. Anaerobic digestion of soft drink beverage
waste and sewage sludge. Bioresour. Technol. 2018, 262, 141-147. [CrossRef] [PubMed]

Battista, F.; Frison, N.; Pavan, P; Cavinato, C.; Gottardo, M.; Fatone, F.; Eusebi, A.L.; Majone, M.; Zeppilli, M.;
Valentino, E; et al. Food wastes and sewage sludge as feedstock for an urban biorefinery producing biofuels
and added-value bioproducts. . Chem. Technol. Biotechnol. 2020, 95, 328-338. [CrossRef]

Van Wesenbeeck, S.; Prins, W.; Ronsse, F.; Antal, M.J. Sewage Sludge Carbonization for Biochar Applications.
Fate of Heavy Metals. Energy Fuels 2014, 28, 5318-5326. [CrossRef]

Aracil, I; Font, R.; Conesa, J.A. Semivolatile and volatile compounds from the pyrolysis and combustion of
polyvinyl chloride. J. Anal. Appl. Pyrolysis 2005, 74, 465-478. [CrossRef]

Altarawneh, M.; Dlugogorski, B.Z.; Kennedy, E.M.; Mackie, J.C. Mechanisms for formation, chlorination,
dechlorination and destruction of polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs).
Prog. Energy Combust. Sci. 2009, 35, 245-274. [CrossRef]

Li, R; Kai, X,; Yang, T.; Sun, Y,; He, Y.; Shen, S. Release and transformation of alkali metals during
co-combustion of coal and sulfur-rich wheat straw. Energy Convers. Manag. 2014, 83, 197-202. [CrossRef]
Wu, D.; Wang, Y.; Wang, Y.; Li, S.; Wei, X. Release of alkali metals during co-firing biomass and coal.
Renew. Energy 2016, 96, 91-97. [CrossRef]

Ministry of Environment. Enforcement Rule of the Act on the Promotion of Saving and Recycling of Resources;
Ministry of Environment: Sejong City, Korea, 2020.

British Standards Institution. BS EN 15359:2011—Solid Recovered Fuels. Specifications and Classes;
British Standards Institution: London, UK, 2011.

Lee, Y.-E.; Jo, J.-H.; Kim, I.-T.; Yoo, Y.-S. Chemical Characteristics and NaCl Component Behavior of Biochar
Derived from the Salty Food Waste by Water Flushing. Energies 2017, 10, 1555. [CrossRef]

Ministry of Environment. A Study on Food Waste Reduction Equipment Guidelines and Quality Standard;
Ministry of Environment: Sejong City, Korea, 2009.

Lee, Y.-E.; Shin, D.-C.; Jeong, Y.; Kim, L-T.; Yoo, Y.-S. Effects of Pyrolysis Temperature and Retention Time
on Fuel Characteristics of Food Waste Feedstuff and Compost for Co-Firing in Coal Power Plants. Energies
2019, 12, 4538. [CrossRef]

Tomczyk, A.; Sokotowska, Z.; Boguta, P. Biochar physicochemical properties: Pyrolysis temperature and
feedstock kind effects. Rev. Environ. Sci. Bio Technol. 2020, 19, 191-215. [CrossRef]

Yan, J.; Jiang, X.; Han, X. Study on the Characteristics of the Oil Shale and Shale Char Mixture Pyrolysis.
Energy Fuels 2009, 23, 5792-5797. [CrossRef]

Song, F.; Wang, X.; Li, T.; Zhang, ].; Bai, Y.; Xing, B.; Giesy, ].P.; Wu, F. Spectroscopic analyses combined with
Gaussian and Coats-Redfern models to investigate the characteristics and pyrolysis kinetics of sugarcane
residue-derived biochars. J. Clean. Prod. 2019, 237, 117855. [CrossRef]

Tarelho, L.A.C.; Hauschild, T.; Vilas-Boas, A.; Silva, D.; Matos, M. Biochar from pyrolysis of biological sludge
from wastewater treatment. Energy Rep. 2020, 6, 757-763. [CrossRef]

Johansen, ].M.; Jakobsen, J.G.; Frandsen, EJ.; Glarborg, P. Release of K, Cl, and S during Pyrolysis and
Combustion of High-Chlorine Biomass. Energy Fuels 2011, 25, 4961-4971. [CrossRef]

Wang, J.-R.; Chen, F;; Zhao, B.; Li, X.; Qin, L. Volatilisation and transformation behavior of sodium species at high
temperature and its influence on ash fusion temperatures. Fuel Process. Technol. 2017, 155, 209-215. [CrossRef]
Li, G,; Li, S.; Huang, Q.; Yao, Q. Fine particulate formation and ash deposition during pulverized coal
combustion of high-sodium lignite in a down-fired furnace. Fuel 2015, 143, 430-437. [CrossRef]

Hassan, M.; Liu, Y.; Naidu, R.; Parikh, S.J.; Du, J.; Qi, E; Willett, I.R. Influences of feedstock sources
and pyrolysis temperature on the properties of biochar and functionality as adsorbents: A meta-analysis.
Sci. Total. Environ. 2020, 744, 140714. [CrossRef]

Yi, B.; Yuan, Q.; Cao, H.; Niu, W.; Wang, M.; Zhu, Y.; Yan, S. Effect of alkali and alkaline earth metal species
on the combustion characteristics of cattle manures. RSC Adv. 2018, 8, 11705-11713. [CrossRef]

Niu, Y; Tan, H.; Hui, S. Ash-related issues during biomass combustion: Alkali-induced slagging,
silicate melt-induced slagging (ash fusion), agglomeration, corrosion, ash utilization, and related
countermeasures. Prog. Energy Combust. Sci. 2016, 52, 1-61. [CrossRef]


http://dx.doi.org/10.1016/j.jaap.2017.04.018
http://dx.doi.org/10.1016/j.biortech.2018.04.046
http://www.ncbi.nlm.nih.gov/pubmed/29704761
http://dx.doi.org/10.1002/jctb.6096
http://dx.doi.org/10.1021/ef500875c
http://dx.doi.org/10.1016/j.jaap.2004.09.008
http://dx.doi.org/10.1016/j.pecs.2008.12.001
http://dx.doi.org/10.1016/j.enconman.2014.02.059
http://dx.doi.org/10.1016/j.renene.2016.04.047
http://dx.doi.org/10.3390/en10101555
http://dx.doi.org/10.3390/en12234538
http://dx.doi.org/10.1007/s11157-020-09523-3
http://dx.doi.org/10.1021/ef9008345
http://dx.doi.org/10.1016/j.jclepro.2019.117855
http://dx.doi.org/10.1016/j.egyr.2019.09.063
http://dx.doi.org/10.1021/ef201098n
http://dx.doi.org/10.1016/j.fuproc.2016.06.009
http://dx.doi.org/10.1016/j.fuel.2014.11.067
http://dx.doi.org/10.1016/j.scitotenv.2020.140714
http://dx.doi.org/10.1039/C8RA00965A
http://dx.doi.org/10.1016/j.pecs.2015.09.003

Sustainability 2020, 12, 9411 12 of 12

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Mourant, D.; Wang, Z.; He, M.; Wang, X.S.; Garcia-Perez, M.; Ling, K.; Li, C.-Z. Mallee wood fast pyrolysis:
Effects of alkali and alkaline earth metallic species on the yield and composition of bio-oil. Fuel 2011, 90,
2915-2922. [CrossRef]

Lu, H,; Zhang, W.; Wang, S.; Zhuang, L.; Yang, Y.; Qiu, R. Characterization of sewage sludge-derived biochars
from different feedstocks and pyrolysis temperatures. J. Anal. Appl. Pyrolysis 2013, 102, 137-143. [CrossRef]
Chan, K.; Xu, Z. Biochar: Nutrient Properties and Their Enhancement. In Biochar for Environmental Management:
Science and Technology; Earthscan Publications Ltd.: London, UK, 2009; pp. 67-84.

He, Y,; Zhai, Y,; Li, C; Yang, F; Chen, L.; Fan, X.; Peng, W.; Fu, Z. The fate of Cu, Zn, Pb and Cd
during the pyrolysis of sewage sludge at different temperatures. Environ. Technol. 2010, 31, 567-574.
[CrossRef] [PubMed]

Kistler, R.C.; Widmer, E; Brunner, PH. Behavior of chromium, nickel, copper, zinc, cadmium, mercury, and lead
during the pyrolysis of sewage sludge. Environ. Sci. Technol. 1987, 21, 704-708. [CrossRef] [PubMed]

Liu, W.-J.; Li, W-W,; Jiang, H.; Yu, H.-Q. Fates of Chemical Elements in Biomass during Its Pyrolysis.
Chem. Rev. 2017, 117, 6367-6398. [CrossRef] [PubMed]

Iacovidou, E.; Hahladakis, J.; Deans, I.; Velis, C.A.; Purnell, P. Technical properties of biomass and solid
recovered fuel (SRF) co-fired with coal: Impact on multi-dimensional resource recovery value. Waste Manag.
2018, 73, 535-545. [CrossRef] [PubMed]

Pahla, G.; Ntuli, F; Muzenda, E. Torrefaction of landfill food waste for possible application in biomass
co-firing. Waste Manag. 2018, 71, 512-520. [CrossRef] [PubMed]

Kurose, R.; Ikeda, M.; Makino, H.; Kimoto, M.; Miyazaki, T. Pulverized coal combustion characteristics of
high-fuel-ratio coals. Fuel 2004, 83, 1777-1785. [CrossRef]

Dai, J.; Sokhansanj, S.; Grace, ].R.; Bi, X.; Lim, C.J.; Melin, S. Overview and some issues related to co-firing
biomass and coal. Can. . Chem. Eng. 2008, 86, 367-386. [CrossRef]

Demirbas, A. Combustion characteristics of different biomass fuels. Prog. Energy Combust. Sci. 2004, 30,
219-230. [CrossRef]

Wu, H.; Glarborg, P; Frandsen, EJ.; Dam-Johansen, K.; Jensen, P.A.; Sander, B. Co-combustion of pulverized
coal and solid recovered fuel in an entrained flow reactor—General combustion and ash behaviour. Fuel
2011, 90, 1980-1991. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.fuel.2011.04.033
http://dx.doi.org/10.1016/j.jaap.2013.03.004
http://dx.doi.org/10.1080/09593330903514466
http://www.ncbi.nlm.nih.gov/pubmed/20480831
http://dx.doi.org/10.1021/es00161a012
http://www.ncbi.nlm.nih.gov/pubmed/19995048
http://dx.doi.org/10.1021/acs.chemrev.6b00647
http://www.ncbi.nlm.nih.gov/pubmed/28337906
http://dx.doi.org/10.1016/j.wasman.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28697964
http://dx.doi.org/10.1016/j.wasman.2017.10.035
http://www.ncbi.nlm.nih.gov/pubmed/29110938
http://dx.doi.org/10.1016/j.fuel.2004.02.021
http://dx.doi.org/10.1002/cjce.20052
http://dx.doi.org/10.1016/j.pecs.2003.10.004
http://dx.doi.org/10.1016/j.fuel.2011.01.037
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Production of Biochar 
	Analysis 

	Results and Discussion 
	Calorific Value 
	Chlorine Content 
	AAEMs Content 
	Heavy Metal Content 
	Application of FW- and SS-Based Biochar as Bio-SRF 

	Conclusions 
	References

