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Abstract: In order to reduce global warming, new energy fuels that use waste biomass to replace
traditional coal are rapidly developing. The main purpose of this study is to investigate the feasibility
behavior of different biomass materials such as spent coffee grounds (SCGs) and spent tea grounds
(STGs) as fuel during combustion and their impact on the environment. This study involves using
fuel shaping and co-firing methods to increase the fuel calorific value and reduce the emissions of
pollutants, such as NOX and SO2, and greenhouse gas CO2. The produced gas content was analyzed
using the HORIBA (PG-250) laboratory combustion apparatus. The results indicate that, among the
measured formed particles, SCG:STG = 8:2, 6:4, and 4:6 had the lowest post-combustion pollutant gas
emissions. Compared to using only waste coffee grounds as fuel, the NOx emissions were reduced
from 166 ppm to 102 ppm, the CO emissions were reduced from 22 ppm to 12 ppm, and the CO2

emissions were reduced from 629 ppm to 323 ppm. In addition, the emission of SO2, the main
component of acid rain, was reduced by 20 times compared to the combustion of traditional fuels.
The SO2 emission of five different proportions of biomass fuels was 5 ppm, which is much lower
than that of traditional coal fuels. Therefore, SCG and STG mixed fuels can replace coal as fuel while
reducing harmful gasses.

Keywords: waste biomass; spent coffee grounds; calorific value; spent tea grounds; pelleting; co-firing;
combustion test; emission

1. Introduction

The need for alternative and renewable sources of energy has never been more press-
ing [1]. In response to the global energy crisis, efforts have been devoted to exploring and
exploiting a myriad of unconventional, sustainable, and green potential energy sources [2].
One such alternative is waste biomass and, more specifically, spent coffee grounds (SCGs)
and spent tea grounds (STGs). The ubiquity of coffee and tea consumption has created a
wealth of bio-waste, much of which remains underutilized [3].

SCGs and STGs are both abundant and underutilized sources of biomass [4]. After
the process of brewing, these grounds are typically discarded, contributing significantly to
food waste [5,6]. However, the spent grounds are still rich in lignocellulosic substances,
indicating their potential as an alternative and renewable source of energy. The initiative
to repurpose these waste materials into biomass fuel integrates a resource-conservative
approach into a green energy solution [7]. It is not only logical but also highly beneficial
from an environmental perspective to solve the problem of waste recycling and effectively
replace fossil fuels. Furthermore, the biomass mixture showed good grindability, which
is an important aspect of the pulverization process in most power generation systems.
Traditional biomass sources such as wood, bamboo, etc., need to be pulverized to adjust the
particle size for mixing with other biomasses. The waste SCGs and STGs collected in this
article are materials with a relatively uniform particle size distribution, which can save labor
and machinery costs in the pulverization process, promote uniform combustion, and reduce
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the possibility of blocking the fuel supply system [8]. The concept of a biomass mixture
involves the amalgamation of different types of renewable organic materials, in this case,
SCG and STG, to be co-fired as sources of energy [9]. Co-firing is a promising solution for
energy generation from renewable sources as it leverages the existing power infrastructure
and lays a foundation for a reduced reliance on fossil fuels [10]. Recent research into the
energy potential of SCGs and STGs has indicated that they may provide a viable source of
renewable energy, making them an area of interest for further investigation [11].

In the process of pellet formation, biomass mixing plays an indispensable role. For
producing efficient energy from SCGs and STGs, pelleting has proven to be a decisive step.
This section explains the importance of biomass mixing, its influence on pellet quality, and
its role in combustion performance. Biomass mixing primarily influences the physical and
thermal properties of the pellets [12,13]. For example, the particle size, moisture content,
and volatile matter content of the blend can impact pellet density, durability, and calorific
value—critical parameters for a fuel’s efficacy [14]. Additionally, the proportion of biomass
components used in the blending process significantly affects the pellet’s combustion char-
acteristics and energy potential. It is important to note that the success of biomass mixing is
heavily reliant on the uniformity of the mix. Uniform mixing ensures a stable and controlled
burning process by promoting homogeneity in the combustion properties [15,16]. A ho-
mogeneous mix guarantees consistent heat release, reducing chances for clinker formation
and slagging in the combustion unit. The influence of blending extends beyond the level of
pellet formation to the performance of the pellet during combustion. The blend composition
can also dictate the emission characteristics of the produced pellets. SCG and STG have
notably low sulfur and chlorine percentages, thereby reducing the emission of harmful
sulfur oxides (SO2) and chlorides when combusted [17]. In summary, biomass mixing in
pellet formation not only improves the pellet quality but also maximizes the efficiency and
sustainability of the resultant fuel. Further studies could delve into the precise composition
and ratio of SCGs and STGs required to optimize pellet performance. Furthermore, there is
a largely unexplored area concerning the emissions resulting from SCG and STG co-firing.
As with all combustion processes, emissions may contain pollutants that could potentially
affect human health and contribute to climate change. The identification and measurement
of the possible pollutants and their potential impacts is a vital part of this study [18].

The purpose of this study is to evaluate the chemical and physical preparation of
SCGs and STGs as alternative biomass fuels through to the environmental impact of their
emissions [19]. Because the temperature of SCGs and STGs during the roasting process is
80–120 ◦C, they can be regarded as raw materials after low-temperature carbonization. In
the research, it was found that more SCG biochar was used and mixed with coal or other
biomass [20]. There was a lack of research on SCG as a raw material, especially when the
mixed materials were all waste biomass from beverages. This fills the research gap in this
area. It further provides a comprehensive understanding that will inform future research
and the development of this promising renewable energy source [2].

2. Materials and Methods
2.1. Collection of Spent Coffee Grounds and Spent Tea Grounds

Spent coffee grounds (SCGs) were collected from various local restaurants within
Tokyo, Japan. The collection process was designed to conveniently match the daily oper-
ation schedule of the restaurants, and it was structured to not interfere or impede their
operations under any circumstances [21]. For SCGs, upon collection, they were stored
in separate sealed glass containers to prevent contamination and maintain their physical
properties as much as possible. The containers were labeled according to the source and
the date of collection. The average quantity collected daily was 1 kg of SCGs. The collected
waste coffee grounds were wet waste coffee grounds. Following collection, they were
oven-dried (Kosumosu SSN-113S, Isuzu, Yokohama, Japan) at 105 ◦C for 72 h until an
acceptable moisture level approximately under 10% was achieved. This material was used
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as a raw material and stored at room temperature. Since coffee grounds have a strong water
absorption capacity [22], the moisture content is bound to increase during storage.

Because the particle size of the hot coffee powder (HSCG, UCC Company Blended
Coffee Granze Strong, UCC Ueshima Coffee Co., Ltd., Tokyo, Japan), iced coffee powder
(CSCG, UCC Company Iced Coffee Granze Strong), and origin of the used STG ( tea powder
residue (originating local tea plantations in Hangzhou, China, but material already existing
in the laboratory) was less than 1 mm in size, the grinding step was omitted, saving the
manual energy which would have been consumed during grinding, with increased cycling
possibilities for fuel formation.

2.2. Pelleting Process for Spent Coffee and Tea Grounds

In the pelleting process, as shown in Figure 1, both SCGs and STGs were initially dried
to a moisture content of less than 10% and a particle diameter of less than 1 mm.
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Figure 1. Procedure for making pellets of spent coffee and tea grounds.

The next step involved the mixing of the spent coffee and tea grounds in specific ratios
(10:0, 8:2, 6:4, 4:6, 2:8, and 0:10), as shown in Figure 2, to achieve optimal calorific properties.
One consideration was to balance the high-energy coffee grounds with the lower-energy tea
grounds to produce pellets with a good calorific value while remaining cost-efficient [23].
In the actual pelleting process, the pressure of the manual hydraulic press was 10 Mpa,
and the holding time was 30 s. This high pressure resulted in heat generation, reaching
temperatures of around 60–80 ◦C [24]. This caused the inherent lignin content within the
materials to soften and act as a binding agent, facilitating the formation of solid pellets.
The pellets were released from the pelleting machine, and a cooling process occurred. Once
cooled, the pellets hardened, with the natural lignin inside the biomass solidifying [25].
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The pelleting process’s efficiency was measured not only by the throughput, but also
in terms of the pellets’ mechanical durability and hardness, as well as the process’s energy
consumption [26,27]. Therefore, optimization of the pelleting parameters was crucial in
ensuring an efficient and sustainable production of fuel pellets from SCGs and STGs [28].
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2.3. Analyzing the Properties of the Waste Biomass Mixture

The SCGs and STGs were dried and ground into a fine powder. The moisture content,
volatile matter, ash content, and fixed carbon needed to be independently analyzed for
both the SCGs and the STGs before testing, following the ASTM standard D3173 [29].

In the proximate analysis using the Ceramic Muffle furnace (CM-150, Sibata Scien-
tific Technology Ltd., Tokyo, Japan), the percentage of volatile matter was substantial, a
characteristic which typically corresponds to enhanced combustion properties. As part of
the analytical procedure, the results of the ultimate analysis of the SCGs and STGs were
examined using CHN-coder (MT-5, Yanaco Ltd., Kyoto, Japan) and the Microcomputer
Han Display Sulfur Analyzer (HYDL-9, Minsheng Ltd., Hebi, China). We then determined
the metal content of the SCGs and STGs with an X-ray analytical microscope (XGT-5000,
Horiba Ltd., Tokyo, Japan). We measured the cellulose, hemicellulose, and lignin contents
of the SCGs and STGs in the same way as [30], using an aspirator (A-3S, Tokyo Rikakikai
Co., Ltd., Tokyo, Japan) and water baths (Yazawa scientific Ltd., Tokyo, Japan) to determine
the content of cellulose and lignin. ATR-FTIR (attenuated total reflectance; ATR PRO ONE
Base Kit, JASCO FTIR-6100, JASCO Co., Ltd., Tokyo, Japan) equipment was used to de-
termine the functional groups of the materials [27]. A variable-pressure scanning electron
microscope (VP-SEM, Hitachi Ltd., Tokyo, Japan ) SU-1510 with an accelerating voltage of
15 kV (Hitachi Ltd., Tokyo, Japan) was used to observe the surface lignin and cellulose and
the surface morphology of the SCGs and STGs. Finally, a portable gas analyzer (PG-250,
Horiba Ltd., Tokyo, Japan) was used to evaluate the exhaust gas.

2.4. Assessment of Calorific Value

We calculated the calorific value using the results of the ultimate analysis obtained
using CHN-coder. The heating value including both the higher heating value (HHV) and
lower heating value (LHV) was determined using Equations (1) and (2), given by the Japan
Environmental Sanitation Center. We entered the carbon (C), hydrogen (H), oxygen (O),
and sulfur (S) amounts obtained from the ultimate analysis and the moisture content (W)
from the proximate analysis results in the below equations.

HHV (kcal/kg) = 81C + 345H − 33.3 × O + 25S (1)

LHV (kcal/kg) = 81C + 345H − 33.3 × O + 25S − 6(9H + W) (2)

2.5. Analysis of Surface Functional Groups

The surface functional groups on the surface of the produced pellet from spent coffee
and tea grounds as waste biomass fuel with ratios of CSCG:STG = 10:0, 8:2, 6:4, 4:6, 2:8, and
0:10 were identified using ATR-FTIR (attenuated total reflectance; ATR PRO ONE Base Kit,
JASCO FTIR-6100) equipment. Before employing the device to evaluate the mixed biomass,
it was emptied. The samples with ratios of CSCG:STG = 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10 were
then placed directly inside the FTIR equipment for analysis [31].

2.6. Test Setup and Equipment

The test setup and equipment employed to assess the feasibility of co-firing SCGs
and STGs as potential fuel options are presented in Figure 3. To conduct the experiment, a
lab-scale combustor system specifically designed to evaluate the emissions of alternative
fuels was utilized. The system, equipped with appropriate fuel feeding and air supply
mechanisms, was also connected to a gas-analyzing equipment (HORIBA-PG250, HORIBA,
Ltd., Kyoto, Japan) for real-time emission monitoring [32].
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As shown in Figure 3, the thermal efficiency and emission characteristics of SCG and
STG co-firing were studied using a bench-scale combustion-testing facility, equipped with
a fuel hopper, a feeder, a combustion chamber, an air flow meter, an exhaust fan, and a
chimney. The combustion chamber was a tubular updraft combustor, specifically designed
to simulate the typical conditions of a grate-fired burner system.

The system was connected to a gas analyzer (HORIBA-PG250) that consisted of
carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOX), and sulfur dioxide
(SO2) analyzers for the real-time analysis of flue gas composition. The pellet combustion
experiment was carried out at 800 ◦C and an air flow rate of 30 L/min. Flue gas samples
were continuously collected during the combustion tests.

3. Results and Discussion
3.1. Chemical Properties of Spent Coffee and Tea Grounds
3.1.1. Proximate and Ultimate Analyses of Spent Coffee and Tea Grounds

SCGs and STGs are agro-industrial by-products, saturated with organic matter such
as carbon, oxygen, nitrogen, sulfur, and ash content. These elements primarily define the
fuel characteristics of these biomass fuels.

For instance, the carbon content of SCGs and STGs directly correlates with the heating
value of the fuel. The oxygen content, meanwhile, influences both the heating value and
the fuel characteristics [33]. A higher oxygen content often results in a lower heating value
and higher combustion rates. As shown in Table 1, the nitrogen and sulfur contents affect
the emission of nitrogen oxide (NOX) and sulfur oxide (SO2) gasses.

Table 1. Proximate and ultimate analyses of HSCGs, CSCGs, and STGs.

Proximate Analysis (Weight %) Ultimate Analysis (Weight %)

Water
Content Ash Volatile

Matter
Fixed

Carbon C H N O S

HSCG 6.00 ± 0.12 1.45 ± 0.04 77.66 ± 0.38 14.89 ± 0.29 53.65 ± 0.55 6.77 ± 0.13 2.38 ± 0.11 36.61 ± 0.18 0.10 ± 0.00
CSCG 6.81 ± 0.06 0.99 ± 0.06 79.58 ± 0.61 12.62 ± 0.24 57.61 ± 0.16 7.74 ± 0.41 2.44 ± 0.17 32.14 ± 0.75 0.09 ± 0.01
STG 7.16 ±0.06 3.66 ± 0.04 68.25 ± 0.01 20.95 ± 0.04 45.44 ± 0.16 5.92 ± 0.01 3.26 ± 0.05 45.24 ± 0.19 0.17 ± 0.01

The chemical composition of the SCGs was measured using elemental analysis, and
Table 1 showcases the results of nine experiments, showing that CSCGs consisted of 57.61%
carbon, 7.74% hydrogen, 2.44% nitrogen, 0.09% sulfur, and 32.14% oxygen by weight, while
HSCGs consisted of 53.65% carbon, 6.77% hydrogen, 2.38% nitrogen, 0.1% sulfur, and
36.61% oxygen. The ash content was determined to be 1.45%.

The STGs were found to have 45.44% carbon, 5.92% hydrogen, 3.26% nitrogen, 0.17%
sulfur, and about 45.24% oxygen by weight. The ash content of the STGs was slightly higher
than in the SCGs, with a value of 3.66%.
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As revealed by JIS M8813 [34], a higher carbon content contributes directly towards a
high calorific value. Additionally, as shown in Table 1, the nitrogen and sulfur contents
were reasonably low, suggesting reduced emissions of harmful gasses such as NOX and
SOX during combustion.

It is worth noting that both SCGs and STGs showcased high carbon and oxygen
contents in this study, hinting at their potential as viable renewable biomass fuels. However,
differences in the carbon, oxygen, hydrogen, nitrogen, sulfur, and ash contents in both
SCGs and STGs might result in variations in their fuel properties, combustion behaviors,
and emission characteristics. It should be noted that there are certain limitations associated
with the individual use of these materials. For instance, tea grounds have a relatively high
nitrogen content, which could lead to elevated nitrogen oxide emissions. Comparatively,
coffee grounds have a lower nitrogen content. However, co-firing these materials in
appropriate proportions can potentially moderate these limitations.

Moreover, the ash content of both SCGs and STGs is appreciably significant, which may
cause slagging and fouling issues during combustion. Slagging and fouling are common
problems in biomass combustion, where ash components form deposits on combustion
chamber surfaces, leading to a reduced heat transfer efficiency and, eventually, equipment
damage [35]. Future studies might focus on developing effective solutions for ash-related
issues in SCG and STG co-firing. However, the measured ash content in the biomass
mixture in this study fell within the acceptable range for typical biomass fuels.

The proximate and ultimate analyses demonstrate the potential of this biomass mixture
to be an effective co-firing fuel possessing combustion characteristics that are comparable
to traditional biomass fuels such as wood pellets.

3.1.2. Calculation of the Calorific Value

As shown in Table 2, the calorific value of the HSCGs ranged between 21.16 and 22.84 MJ/kg,
whereas, for CSCG, the energy potential ranged from 24.29 to 26.2 MJ/kg, which is compa-
rable to the calorific value of some lignite varieties. This was even higher than the LHV of
16.53 MJ/kg found in Fushun peat and was similar to the low calorific value of 21.31 MJ/kg
observed in ordinary clean coal, such as Nantong coal, from China. This clearly demon-
strates that these waste products have the potential to serve as an effective alternative to
traditional fuels, also promoting recycling and reducing the environmental burden.

Table 2. Calorific value of HSCGs, CSCGs, STGs, FuShun peat, and NanTong coal.

HHV (MJ/kg) LHV (MJ/kg) LHV/HHV (%)

HSCGs 22.84 21.16 92.65
CSCGs 26.20 24.29 92.68
STGs 17.64 16.13 91.41

FuShun peat 17.36 16.53 95.23
NanTong coal 22.03 21.31 96.69

The high heating value of SCGs and STGs was largely due to their high carbon and hy-
drogen contents (Table 1) and the presence of several organic compounds such as cellulose,
hemicellulose, and lignin (Table 3). Also, the moisture content, which negatively affected
the heating value, was relatively low, further enhancing their potential as a fuel source.

Table 3. Chemical composition analysis of lignin and cellulose contents in SCGs and STGs.

Holocellulose (Weight %) Lignin (Weight %)

SCGs 47.29 22.05
STGs 55.73 29.33
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3.1.3. Biomass Composition of Spent Coffee and Tea Grounds

The SCGs consisted mainly of cellulose, hemicellulose, and lignin, as shown in Table 3
and Figure 4. In Table 3, the holocellulose in the SCGs accounts for 47.29% of the total
weight, while the lignin is 22.05%. The holocellulose content in STGs is 55.73%, and the
lignin is 29.33%. The same results are presented in Figure 4.
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3.1.4. Metal Contents of Spent Coffee and Tea Grounds

The metal analysis results are shown in Table 4. SCGs and STGs contained trace metals,
and the metal content of STGs was higher than that of SCGs. Since the root system of tea
trees is more developed, tea leaves may absorb more metal elements from the soil during
growth. On the other hand, this content is also related to the brewing method. Although
coffee grounds and tea grounds contain some metal elements, the content of these metal
elements is very low and does not pose a threat to human health. In addition, these trace
metals form ash after combustion. The metal content in STGs is higher, so more ash is
produced. The experimental results are the same as those in Table 1.

Table 4. Metal analysis of Na, K, Ca, and Mg contents in SCGs and STGs.

Na (Weight %) K (Weight %) Ca (Weight %) Mg (Weight %)

SCGs 0.51 0.16 0.06 N.D.
STGs 0.75 0.21 0.11 N.D.

N.D.: not detected.

3.1.5. Functional Group Analysis of SCG and STG Pellet Fuels

The FTIR graph in Figure 4 shows the infrared spectral transmission data of the
CSCG and STG samples with different ratios, namely 0:1, 2:8, 8:2, 4:6, 6:4, and 1:0. Several
characteristic absorption peaks are marked in the spectrum, indicating the main chemical
groups in the samples. The main absorption peaks include the following: S=O bond
vibration peak at 1365 cm−1, indicating the presence of thioester or thioketone groups; C-N
bond vibration peak at 1217 cm−1, which may be attributed to nitrile or amine bonds; C=O
bond vibration peak at 1738 cm−1, suggesting the presence of carboxyl or carbonyl groups,
indicating carbon dioxide emissions; and a broad peak at about 2850 cm−1, representing
the stretching vibration of O-H. Samples with different CSCG and STG ratios show obvious
differences in the intensity and position of these absorption peaks, indicating that their
chemical composition and structure change with the ratio. For example, the intensities
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of the O-H and C=O peaks change with the change in the CSCG and STG ratio. In the
following combustion experiments, the emission gas output of the mixed pellet fuels
with different ratios was different due to the strength of the functional groups. The most
noticeable was CSCG:STG = 2:8. There were noticeable differences in the strength of the S-N,
S=O, and C=O functional groups compared to the other five mixed pellet fuels. Indeed, they
were all stronger than their respective values in the other five mixed pellet fuels. Therefore,
the emission of SO2, NOX, and CO2 after CSCG:STG = 2:8 combustion was also higher than
that measured with the other five mixed pellet fuels. These data reveal the diversity in the
chemical composition of samples with different CSCG and STG ratios, which is of great
significance for material science and chemical analysis research [23,36].

3.2. Physical Properties of SCG and STG Pellet Fuels
3.2.1. SEM Analysis of SCG and STG Pellet Fuels

The set of scanning electron microscope (SEM) images showed the microstructure of
the material under different mixing ratios of SCGs and STGs. The images corresponded to
samples with SCG:STG ratios of 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10, respectively. It could be
observed that, when the SCG content was high (such as in SCG:STG = 10:0), the surface of
the material presented a denser, wrinkle-like rough structure with relatively few pores. As
the STG content increased (such as in SCG:STG = 8:2, 6:4), more linear structures could be
seen, the surface became relatively looser, and the pores became more recognizable. When
STGs completely replaced SCGs (such as in SCG:STG = 0:10), the surface of the material
showed a large number of fibrous structures, the pores were more significant, and the
structure was more porous overall. These microstructural differences can have significant
effects on the physical and chemical properties of a material. For instance, regarding
chemical properties such as the cellulose content when the STG ratio was high, the fibrous
materials were intertwined with the bulk materials to form a tightly aggregated structure
(such as in SCG:STG = 4:6). Meanwhile, for physical properties such as the calorific value,
a higher SCG content corresponded to higher calorific values, both in terms of the high
calorific value and the low calorific value. Hence, the calorific value of SCG:STG = 10:0 was
the highest among the six pellets and comparable to that of conventional coal fuel [36].

3.2.2. Physical Characterization of SCG and STG Pellet Fuels

The length, width, height, volume, and bulk density of the six mixed pellet fuel
particles are shown in Table 5. Under the same extrusion pressure of 10 MPa and holding
time of 30 s, the bulk density of CSCG:STG = 2:8 and CSCG:STG = 0:10 was significantly
lower than that of the other four mixed pellet fuels. Although Table 3 and Figure 5 mention
that the STGs had a higher cellulose content, this was easier to form after extrusion. The
reason for the opposite result is that coffee grounds are a special material that contains a
large amount of biomass oil [37], which just acts as an adhesive. Therefore, the higher the
CSCG ratio, the greater the bulk density after forming. At the same time, this material is
not easy to break.

Table 5. Physical characterization of SCG and STG pellet fuels.

Materials d (cm) L (cm) m (g) V (cm3) ϱ (g/cm3)

CSCG:STG = 10:0 1.20 0.90 0.78 1.02 0.76
CSCG:STG = 8:2 1.20 0.90 0.76 1.02 0.75
CSCG:STG = 6:4 1.20 0.90 0.75 1.02 0.74
CSCG:STG = 4:6 1.20 0.90 0.76 1.02 0.75
CSCG:STG = 2:8 1.20 0.85 0.68 0.96 0.71

CSCG:STG = 0:10 1.20 0.80 0.62 0.90 0.69
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3.3. Results of the Combustion Test

The combustion tests of the SCG and STG pellets were conducted in a laboratory-scale
combustion facility to assess their emission characteristics.

The initial combustion test focused on evaluating the combustion performance of the
pellets individually. The SCG and STG pellets exhibited a comparable calorific value to
traditional fuels. During the combustion process, both types of pellets burned efficiently,
with a relatively high heat value and a low ash content. The specific combustion char-
acteristics of the SCG pellets were as follows: The SCG pellets showed a high level of
thermal efficiency [11]. The temperature distribution within the combustion chamber was
uniform, indicating that the burning of the coffee ground pellets was stable. The emission
analysis (Figure 6) showed a low level of carbon monoxide (CO), implying a high level of
oxidization. The sulfur dioxide (SO2) emissions were also negligible.
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Similar to the coffee grounds, the tea ground pellets demonstrated a consistent tem-
perature distribution within the combustion chamber. As shown in Figure 7, the pellets
produced less heat compared to the coffee ground pellets but had a lower emission of
pollutants. Both CO and SO2 emissions were low.
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Figure 7. CO, NOX, CO2, and SO2 emissions during the combustion of STG-based pellets
(CSCG:STG = 2:8).

The co-firing test was then conducted using a blend of SCGs and STGs. The blend
provided a balanced combustion, where the coffee grounds’ higher heat compensated for
the less heat generated by the tea grounds. Thus, the combination worked successfully in
providing a stable temperature and a clean burn with reduced emissions.

In terms of gaseous emissions, a significant reduction in carbon emissions was ob-
served in the co-firing test compared to traditional biomass fuels. The nitrogen oxide (NOX)
and SO2 emissions were within permissible limits, affirming the eco-friendliness of using
SCGs and STGs as biofuel.

In conclusion, the results of the combustion test illustrate that SCGs and STGs possess
good combustion properties and can serve as viable sources of clean energy. However, more
large-scale tests must be conducted to assess the practicality of applying this technology in
real-world conditions.

3.4. Concentrations of Different Gasses from the Emissions

One of this study’s primary objectives was measuring the levels of sulfur dioxide
(SO2), nitrogen oxide (NOX), carbon dioxide (CO2), and carbon monoxide (CO) generated
during the co-firing process.

In Figure 8, the results from the laboratory experiment show a significant reduction in
the emission of sulfur dioxide (SO2) in the co-firing process compared to traditional fossil
fuels. Figure 8a shows the SO2 emissions versus time for six different CSCG and STG mix
ratios (CSCG:STG = 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10). The SO2 concentration of each fuel
proportion is relatively low, the peak concentration is below 10 ppm, and the fluctuation
is small. With the exception of CSCG:STG = 8:2, the peak value of the combined pellet
fuels (CSCG:STG = 10:0, 6:4, 4:6, 2:8, and 0:10) is lower compared to that of traditional fuels,
averaging below 5 ppm. However, Figure 8b shows that the SO2 concentration of NanTong
coal quickly peaks at around 90 ppm after about 100 s and gradually decreases after 400 s.
The SO2 concentration of FuShun peat is significantly lower than that of NanTong coal,
with a peak value of about 15 ppm. The sulfur dioxide emissions from traditional fuel coal
are about 20 times higher than those of mixed biomass fuels such as coffee and tea residues.
The low sulfur content of the SCGs and STGs used contributed to this significant reduction.
This low-emission feature of SCGs and STGs renders them an environmentally friendly
alternative to other fuel sources.
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8:2, 6:4, 4:6, 2:8, and 0:10) and (b) NanTong coal and FuShun peat from China.

Conversely, the nitrogen oxide (NOX) emissions from our pellets were slightly higher
in comparison to other fuels. This can be attributed to the higher nitrogen content within
the biomass of SCGs and STGs. Figure 9a shows that the NOx emissions of each fuel ratio
reach their peak at about 150 s, and the peak concentration is between around 60 ppm
and 180 ppm. As the proportion of STGs in the mixture increases, the NOx concentration
gradually increases.
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Figure 9. Nitric oxide and nitrogen dioxide emissions during the combustion of (a) the produced pel-
lets (CSCG:STG = 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10) and (b) NanTong coal and FuShun peat from China.

In Figure 9b, we can see that the NOx concentration of NanTong coal is higher than that
of FuShun peat as a whole and that both gradually drop to 0 ppm after around 600 s. Some
strategies to mitigate this increase could be the optimization of the combustion temperature
and the oxygen supply during co-firing, which, in future studies, could significantly reduce
the levels of NOX.

In Figure 10, the carbon dioxide (CO2) emissions of the produced pellets (CSCG:STG = 8:2,
6:4, 4:6, and 0:10) are comparably lower than those of traditional fossil fuels. In particular,
traditional fuels burn for a long time, and the total amount of carbon dioxide emitted also
increases during this process. In Figure 10a, the CO2 emissions of each fuel ratio reach their
peak at about 150 s, and the peak concentration is between about 200 ppm and 700 ppm. In
the pellets with ratios of CSCG:STG = 8:2, 6:4, and 4:6, as the STG ratio increases, the peak
concentration of CO2 decreases in a relative manner. On the right, Figure 10b shows that
the maximum CO2 concentration of NanTong coal is about 300 ppm, while that of FuShun
peat is slightly higher, at about 600 ppm, and then gradually decreases.
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Figure 10. Carbon dioxide emissions during the combustion of (a) the produced pellets (CSCG:STG = 10:0,
8:2, 6:4, 4:6, 2:8, and 0:10) and (b) NanTong coal and FuShun peat from China.

Secondly, considering the renewability potential of coffee and tea residues as a biomass
source, these waste materials absorb CO2 from the atmosphere during their growth process,
reducing the CO2 content from the net global emissions to complete the cycle of carbon
dioxide in plants, thus achieving zero carbon dioxide emissions.

In Figure 11, the levels of carbon monoxide (CO) emissions released during the co-
firing of SCGs and STGs were significantly higher than those of conventional fuels. This
indicates that incomplete combustion occurs during the combustion of biomass. This is
related to the fact that biomass contains a small amount of metal elements, which results in
a small amount of ash after combustion.
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3.5. Comparing Emissions with Traditional Coal Fuels

The comparison of the emissions derived from the co-firing of SCGs and STGs with
those produced by regular fuels presents crucial insights into the potential benefits of adopt-
ing sustainable fuel alternatives. It should be noted that the emissions produced during
the combustion of both SCGs and STGs vary substantially relative to the characteristic
properties of regular fuels such as coal, diesel, and natural gas.

Preliminary studies have revealed lower levels of harmful emissions, particularly SO2
and NOX compounds, which significantly contribute to air pollution, from the combustion
of SCGs and STGs compared to regular fuels. This is mainly attributed to the low sulfur
and nitrogen content present in tea and coffee grounds, which highly contrasts with the
relatively elevated values in conventional fuels [38]. The emission of greenhouse gasses,
a critical concern in today’s energy sector, is reportedly diminished in SCG and STG
combustion. Specifically, the carbon dioxide emissions are lower compared to coal and gas.
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With the increasing emphasis on carbon reduction and climate change mitigation, such
a reduction gives SCGs and STGs a competitive edge over regular, fossil-derived fuels.
Unquestionably, coffee and tea waste possesses a relative moisture content that can have
a bearing on the emissions. Preliminary findings suggest that this can amplify the total
emissions, given that a portion of the energy is expended on the evaporation of water rather
than the generation of heat [3,39]. However, ample drying and appropriate processing of
these types of bio-waste can decrease their moisture content, mitigating its impact on the
emission levels.

It is important to acknowledge that the variability in the emission outcomes from SCG
and STG co-firing could be associated with multiple factors. These include the original
characteristics of the feedstock, differences in the processing methods, and the specifics of
the combustion technologies utilized [40]. Continued research and development efforts
are required to establish consistent emission traits for such biofuels for their widespread
industrial application.

In summary, the comparatively lower emission rates of harmful compounds from the
combustion of SCGs and STGs highlight their potential as an environmentally friendly
alternative to conventional fuels. Further technological and infrastructural advancements
shall harness this potential, aligning it with environmental sustainability goals.

3.6. Comparing the Results with Traditional Coal Fuels

In this section, we compare the results obtained from co-firing SCGs and STGs with
those from traditional fossil fuels in terms of fuel preparation, properties, combustion
tests, and emissions. Firstly, concerning fuel preparation, traditional fuels such as coal and
petroleum need extensive mining or drilling, which can result in significant environmental
damage [26]. In contrast, spent tea and coffee grounds constitute waste materials that are
readily available, requiring only drying and, possibly, pelletizing before their conversion
into fuel. This preparation process is a more eco-friendly and effective method, prompting
a positive move towards spent tea and coffee ground utilization [3].

The fuel properties of SCGs and STGs are also considered favorable when compared with
traditional fuels. Both have high calorific values and low moisture and ash contents, which
are desirable properties for fuels. Their energy content is approximately 21.16–26.20 MJ/kg,
which is fairly competitive against conventional fuels like coal. In addition, the organic
compounds found in SCGs and STGs can lead to a higher efficiency during combustion,
enhancing the potential of their position as alternative fuels. Interestingly, in the combustion
tests conducted, waste tea and coffee grounds showed a stable and efficient combustion
process. The reaction was relatively slow and controlled due to a lower volatility, allowing
for a more efficient energy extraction [4,41]. On the other hand, the use of traditional fuels
such as coal often leads to unstable and faster burning rates, indicative of a less efficient
energy usage.

Finally, emissions from the combustion of SCGs and STGs were found to be within
the permissible limits. They produced lower levels of CO2 emissions compared to fossil
fuels, making them an environmentally friendlier choice. The significant reduction in SO2
and NOX emissions, major culprits in the formation of acid rain, further underscores their
potential as an alternative fuel source.

Overall, the co-firing of SCGs and STGs provides several potential benefits over tra-
ditional fossil fuels. These include a more sustainable and cost-effective fuel preparation,
favorable fuel properties, an efficient combustion process, and reduced harmful emis-
sions [4]. However, it is crucial to note that more extensive research and pilot tests are
needed to optimize the co-firing process and evaluate the long-term implications of this
alternative fuel source.

4. Conclusions

In this study, the fuel properties of SCGs and STGs after drying and pelletizing
were analyzed. The results showed that the calorific value of the biomass pellets met the
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requirements of commercial solid biofuels. In our studies, we observed that the biomass
mixture displayed a relatively high bulk density, which allowed for easier handling and
transportation. The moisture content was found to be minimal, suggesting that the drying
process had been effectively carried out prior to co-firing. The SCG and STG biomass
mixture possessed several advantageous properties, optimal for co-firing applications.
These included a high calorific value, low ash, sulfur, and nitrogen contents, favorable
grindability, and stable thermal degradation behaviors. More in-depth studies need to
be carried out to fully understand the combustion and emission behaviors of this novel
biomass fuel, particularly on a larger, industrial scale. In our study, subsequent combustion
tests showed that the SCG and STG pellets could achieve stable combustion in small-
scale burners, and their sulfur oxide (SO2) emissions were lower than those of traditional
coal fuels. Since SCGs and STGs showed good emission characteristics in thermal power
applications, these biomass pellets could be used as economically viable alternative fuels in
power plants, schools, hospitals, and private gardens. In addition, the ash obtained after
combustion is rich in nutrients and can be used as an organic soil conditioner or fertilizer.
However, how to achieve the large-scale collection and processing of SCGs and STGs and
ensure their economic feasibility remains a challenge to be solved. At the same time, future
research also needs to further evaluate the heavy metal and toxin content in the leftover
ash to ensure its environmental friendliness. In summary, SCGs and STGs have great
research potential and application prospects as renewable energy sources, but technical
and economic barriers need to be overcome to achieve their widespread application.
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