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Abstract: Nowadays it is important to limit the use and combustion of fossil fuels such as oil and
coal. There is a need to create environmentally acceptable projects that can reduce or even stop
greenhouse gas emissions. In this article, we dealt with the objectives of energy policy with regard
to environmental protection, waste utilization, and conservation of natural resources. The main
objective of the research was to assess the possibility of the use of spent coffee grounds (SCG) as fuel.
As a part of the solution, the processing of coffee waste in the form of pellets, analysis of calorific
value and combustion in the boiler were proposed. The experiments were done with four samples of
pellets. These samples were made from a mixture of wood sawdust and spent coffee grounds with
ratio 30:70 (wood sawdust: spent coffee grounds), 40:60, 50:50 and 100% of spent coffee grounds.
The calorific values were compared with wood sawdust pellets (17.15 MJ.kg™!) and the best lower
calorific value of 21.08 MJ.kg~! was measured for 100% of spent coffee grounds. This sample did
not achieve the desired performance during the combustion in the boiler due to the low strength of
the sample.
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1. Introduction

Inrecent years, renewable energy has come to the forefront and biomass is the world’s fourth-largest
energy source. One of the main problems of biomass grown primarily for energy use is that it displaces
the cultivation of conventional crops intended to provide food to the population. Thus, the use of
waste biomass, for example, sawdust, straw, etc., is much more advantageous. Renewable energy
sources are a means of reducing greenhouse gases and alternative forms of biomass also fall into this
category. Generally, alternative biomass sources form unused residues of food processing, which
often end up unused as waste in landfills. Spent coffee ground is included in the category of waste
biomass. Therefore, the recycling of waste to energy and value-added products is one effective
way to solve the problem where many countries face a serious challenge in dealing with the huge
amount of waste generated daily due to their increasing populations, industrial growth, and human
consumption [1] as well as in dealing with the loss of valuable resources from waste and environmental
degradation [2]. Spent coffee ground (SCG) constitutes a large number of organic compounds (more
than 1000 individual compounds) such as proteins, carbohydrates, tannins, fibers, caffeine, cellulose,
non-protein nitrogenous, fatty acids, amino acids, polyphenols, minerals lignin and polysaccharides [1].
The lower heating value of wet SCG accounts for approximately 8.4 MJ.kg™! [3] while the lower
calorific values of dried SCG range between 19.3-24.9 MJ.kg~! [1].
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Nowadays, there are a variety of options for the utilization of SCG in the field of agriculture
and numerous possibilities for converting SCG to biofuels. The most recent technologies for
valorization of SCG include anaerobic digestion, pyrolysis, liquefaction or gasification, oil extraction,
fermentation [4] and other technologies for value-added products from SCG such as composting,
adsorbents, antioxidants and nutrients. Atabani et al. reported that SCG can be recycled in different
ways to produce various types of biofuels such as biohydrogen, biobutanol, biodiesel, fuel pellets,
bio-o0il, bioethanol, biogas and hydrocarbon fuels, or value-added products such as bioactive
compounds for food, pharmaceutical, cosmetic and chemical industries and antioxidants and anti-tumor
activities, adsorbents, composting, co-composting, vermicomposting, nanocomposites, biopolymers,
creams-scrubs, soaps and detergents, odor control, textile, facile preparation of pyrolytic carbon as
anode in sodium-ion battery, inks and screen painting, yarn, and pulp and paper production [1].

The recent research studies underlined the valorization of SCG as a valuable source of phenolic
compounds and bioenergy [5], the integration of chlorogenic acid recovery and bioethanol production
from SCG [4], the co-production of biodiesel and bioethanol from SCG [6,7], the coffee oil extraction
from SCG using four solvents and prototype-scale extraction [8] and the production of bio-o0il and
biochar from the defatted SCG by slow pyrolysis [6]. The high calorific value of spent coffee grounds
(SCG,) has the potential for producing refuse-derived fuel (RDF), however the burning of pure SCG
pellets can lead to low boiler efficiency resulting in increased particle emissions, thus additional
material is required to produce good quality pellets [9]. Therefore, the research studies highlight the
utilization of waste paper and coffee residue for briquette production [8], production of the carbonized
briquettes from Rain tree (Samanea Saman) and SCG/tea waste [10], analysis of the effect of mixing
SCG and coffee silverskin (CS) on the quality of pellet fuel produced [11] and production of the eco-fuel
briquettes with 32% spent coffee ground, 23% coal fines, 11% sawdust to benefit lower toxic emissions
compared to fossil fuel [12].

Likewise, in the last decade, a great deal of research has been conducted to burn waste biomass
in various boilers, for example, for the analysis of the combustion tests in a commercial residential
wood pellet boiler with a pure SCG pellet, a blended pellet (50% SCG and 50% sawdust) and a pure
pine wood pellet [13], for the fuel and combustion test in a small boiler (6.5 kW) with SCG [2], the
combustion tests of wood pellet on a fixed bed reactor with various conditions [14], and the combustion
test of a fluidized bed boiler with fuel of a normal sold waste and mixing with animal wastes [15].
The combustion of straw, olives, tomatoes, cocoa beans, etc., achieved a relatively high boiler efficiency,
but the problem is the emerging ash with a relatively low melting point. It is necessary to limit the
clogging of the heat exchanger. Mixing these waste biofuels with wood becomes very advantageous,
thus avoiding this undesirable phenomenon. By burning this biofuel, we would be able to reduce
waste and obtain a renewable energy source at the same time.

Therefore, the study dealt with the objectives of energy policy with regard to environmental
protection, waste utilization and conservation of natural resources in order to assess the possibility for
the use of spent coffee grounds (SCG) as a fuel and to propose the processing of coffee waste in the
form of pellets, analysis of calorific value and combustion in the boiler. In this article, the technical
feasibility of producing biofuel from SCG is evaluated. Additionally, the experimental combustion of
produced samples with the content of SCG was performed and the measurement of emissions from
tests is examined.

2. Materials and Methods

In this research sawdust and SCG (Figure 1a,b) with moisture contents ranging from 45%-55%
were used as input material. There was a risk of degradation of SCG with such a high water content,
therefore, the moisture was reduced to 6.50% by drying in a laboratory oven at 100 °C for 12 h.
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Figure 1. Input material: (a) spent coffee grounds and (b) sawdust.

The SCG was mixed with an appropriate amount of sawdust and the prepared material was then
used to produce pellets in a vertical pellet press. The samples were made in the following proportions:
100% of spent coffee grounds, 50/50, 40/60 and 30/70 of SCG/sawdust, respectively.

Pelleting of each sample took approximately three minutes. Due to the low strength of the pellets,
the procedure was usually repeated three times. Approximately 5 kg of samples (pellets) were made
from each type of material mixture.

In the case of samples composed of 100% SCG, even after six repeated attempts and several moisture
changes, pellets of the desired shape were not formed. The samples were soft and disintegrating.
A similar result was obtained for the sample containing 50% of SCG and 50% of sawdust, but the
pellets had a better cylindrical shape compared to the sample with 100% SCG (Figure 2a,b).

Figure 2. Samples: (a) 100% spent coffee grounds (SCG), (b) 50/50 SCG/sawdust, (c) 40/60 SCG/sawdust
and (d) 30/70 SCG/sawdust.

Further, the SCG and sawdust were combined in the ratio 40/60, respectively, with an output
moisture of 15%. The produced pellets had a more cylindrical shape compared to the 50/50 sample, but
this sample did not have the required strength and durability. This was checked by hand compression
and compared to the strength of the wood pellets. The sample with a 30/70 SCG/sawdust ratio also
had the same moisture content of 15% of input material. The result showed that pellets have strength
properties close to the reference sample (wood sawdust pellets). Subsequently, the combustion tests
were carried out in an automatic boiler (type Lokca, model Uspor, power 18 kW).

3. Experimental Research and Results

3.1. Calorific Values

The calorific values of produced samples were measured using the LECO AC 500 device.
This calorimeter is intended for the determination of the higher calorific value (HCV) of solids and
liquids. The measurement of the HCV, the analysis of carbon, hydrogen, and nitrogen in the samples
was performed. Its objective was to determine the hydrogen content of the produced pellets and to
calculate the lower calorific value (LCV). The elemental compositions of the samples are given on a dry
basis in Table 1.
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Table 1. Ultimate analysis of produced samples.

. 50/50 40/60 30/70

Parameter 100% of SCG  gG/Sawdust  SCG/Sawdust  SCG/Sawdust
Total Carbon (%) 54.56 52.69 5213 51.29
Total Nitrogen (%) 17.78 46.87 50.64 61.66
Total Hydrogen (%) 744 6.99 6.89 6.74

The collected results of studies compare the C, H and N content of SCG (Table 2). It can be seen
that the concentration of carbon (54.56%) and hydrogen (7.44%) of tested SCG are in agreement with
reported ranges [1]. In the case of nitrogen, a higher content was recorded, compared to the values
presented in Table 2. The fertilization of soil contributes to a higher content of nitrogen and increases
its concentration in the coffee beans during growth.

Table 2. Comparison of ultimate analysis of SCG [3].

C (%) H (%) N (%)
SCG 46.42-71.6  6.04-8.99 2.03-15.5

Figure 3 shows calculated lower calorific values of samples; the highest value was obtained from
100% spent coffee grounds. As already mentioned, the LCV of dried coffee grounds ranges between
19.3-24.9 MJ.kg™! [1] and the LCV of pure SCG in this study had 21.08 MJ.kg ™.
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Figure 3. Lower calorific values of tested samples.

3.2. The Boiler Measurements

The boiler was placed on the scale and the supply of combustion air was provided by a ventilator.
Emission probes were inserted to the outlet of the boiler, as well as a thermocouple and a draft pressure
sensor. The actual boiler heat power was measured by a heat exchanger station and all data was
recorded by the data logger (Figure 4).
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Figure 4. Scheme of experimental setup: 1—fuel tank, 2—pellet boiler, 3—chimney, 4—blower, 5—
heat exchanger station, 6—flue gas analyzer and data logger, 7—scale, 8—draft pressure sensor, 9—
and 10—mission probes, 11—thermocouple, 12—cold water, 13—hot water.

3.3. The Analyses of Results

Five samples were tested and each measurement lasted around 60 min. Heat power and emissions
measurements were performed continuously throughout the experiment. The concentration of CO
and CO, were measured in the flue gas and the results are shown in Figure 5a,b.
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Figure 5. (a) Comparison of average CO emissions and (b) comparison of average CO, emissions.

The highest CO concentrations were recorded in the 100% coffee ground samples due to low
pellet strength. This was checked by hand compression and compared to the strength of the wood
pellets. Most of the sample volume was coffee powder, so the combustion was incomplete. In the 50/50
samples, similar results were observed. Also, these pellets did not have the required strength and
therefore high CO emissions were recorded. In general, coffee pellets had incomparably higher CO
emissions compared to certified wood pellets. The standard STN EN 303-5 2012 gives a maximum CO
concentration of 3000 mg.m~3 and all of the produced samples meet this standard. In contrast to CO,
CO; emissions were the lowest during 100% of SCG combustion, indicating precisely the incomplete
combustion. Thus, most of the carbon contained in the coffee grounds has left the combustion chamber
in the form of CO. Samples with ratios 40/60 and 30/70 had emissions comparable to wood pellets.

The formation of nitrogen oxides is accompanied mainly by high combustion temperature and
chemical composition of the fuel. During the test of the 100% SCG sample, incomplete combustion
occurred, the combustion temperature was low, and this was reflected in low NO values (Figure 6a).
Samples containing SCG and sawdust show comparable NO emissions since the nitrogen content in
SCG (17.78%) is higher than the concentration of nitrogen in wood pellets (0.3%).

The performance of the boiler is mainly related to the quality of the fuel and proper settings
of the heat source’s control system. As mentioned above, the durability of the pellets from 100% of
coffee grounds was low and the boiler heat power was four times lower compared to wood pellets
(Figure 6b).
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Figure 6. (a) Comparison of average NO emissions and (b) comparison of average heat power of
the boiler.

4. Discussion and Conclusions

The chemical properties of coffee waste take the top position among the different types of material
for wood pellet production and the short growing period for coffee beans is also an advantage of
SCG compared to trees. Lisowski et al. [16] confirmed that the chemical composition of the SCG is a
very good quality raw material for use as a biofuel, by highlighting that moisture had a greater and
nonlinear effect on the density and strength of pellets than the height of the pelleting die.

This study showed that compared to the other samples studied here, the highest LCV was
obtained from 100% SCG, due to the presence of a higher carbon content. The LCV of 100% SCG
sample yielded about 21.08 MJ.kg~! while the LCV of SCG/Sawdust (30/70) sample yielded 20 MJ.kg~".
However, the use of pure SCG can lower boiler efficiency along with an increase in particle and gas
emissions [1,15]. The SCG mixed with pine sawdust (50/50 wt%) could provide similar combustion
parameters (emissions and boiler efficiency) to wood pellets and satisfy the NF agro-pellets standard
(French standards), as stated by Atabani et al., 2019, Limousy et al., 2013 and Jeguirim, 2014 [1,13,17].

The study conducted by Kristanto and Wijaya [9] on the determination of the characteristics of
SCG and CS and the effect of mixing SCG and CS on the quality of pellet fuel showed that the physical
characteristics of CS were suitable for producing pellets with better density, durability, and combustion
levels, but large amounts of CS in pellets potentially produces particulate and NOx emissions during
combustion. Based on the German pellet standard DIN 51731, the sample with 75% SCG, 20% CS,
and 5% artificial adhesive has the highest durability and optimum water content. This kind of sample
had a constant flame and a decrease in temperature during the combustion process. The decrease in
temperature caused by mixing CS with SCG was relatively constant because the pellet density affects
combustion efficiency.

The aim of this research was to verify the potential of the coffee ground as an alternative fuel.
The samples from 100% SCG proved the highest value of LCV, reduced durability, and therefore the
results show low heat-power of the boiler and high CO emissions. The high concentration of carbon
monoxide can be a result of incomplete combustion and a carbon content higher than 50% of SCG. It has
been found that the combustion of pure SCG decreases boiler efficiency and increases the concentrations
of emissions, especially in the case of carbon monoxide [13]. Moreover, CO emission during combustion
of 100% SCG (2248 mg.Nm_3 at 10% O,) is lower than those obtained by Limousy et al. during pure
SCG combustion (3069 mg.Nm_3 at 10% O,) in a 12 kW boiler (Pellematic PES12—PVB 2000) [13].
Kang et al. combusted dried spent coffee ground and the results also confirmed the presence of the
highest concentration of CO among the measured emissions [3]. Pilusa et al. reported that carbon
monoxide from the combustion of already mentioned eco-fuel briquettes dominated in the flue gas [12].
Besides, CO is the most abundant gas in the flue gas and it is necessary to cut this emission. The 30/70
(spent coffee grounds/sawdust) sample appears to be the most ideal when compared to other analyzed
samples, taking into account the measured performance of the boiler and emissions. For practical use
of coffee grounds, it would be necessary to produce pellets with higher quality pelletizing machines in
order to improve their strength and durability [18-20]. These parameters affect the reported emissions
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and heat power of the boiler. The combustion of SCG could be one of the options for utilization of
coffee waste, based on its high calorific value [21], but according to the Paris Agreement, one of the key
targets for 2030 is to reduce greenhouse gases and therefore, there is a need to find an environmentally
acceptable solution.
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