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ABSTRACT

A few industries, such as the beverage industry, have experienced some growth in sales during
the COVID-19 pandemic. Globally, beverage companies alone generate over 200 million tonnes of
biomass annually, which largely ends up as animal feed or in landfills. With the UK government'’s
commitment to reduce its carbon footprint by at least 68% in 2030, many companies, especially
small and medium enterprises (SMEs), are exploring options to reduce carbon emissions and
develop roadmaps to become carbon neutral. It has thus become imperative for beverage compa-
nies to find value in or repurpose their waste. This paper unlocks the potential for improving the
fuel properties of beverage waste through a blending process and explores the determination of
optimal fractions for the blends via characterization. With an initial moisture content of 82 and
58 wt.% brewery spent grain (BSG) and spent coffee grounds (SCG), respectively, the pre-treatment
process reduced moisture content by approximately 10-15wt.%. The study concludes that biomass
blending improved the fuel properties of the biomass, providing a competitive comparison with
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coal for energy applications.

Introduction

Oil prices witnessed significant stagnation during the cur-
rent year, for two main reasons: an oil price war between
two of the world’s strongest oil producing countries, Saudi
Arabia and Russia, in early 2020; and the COVID-19 pan-
demic, which dramatically reduced the demand for oil [1,
2]. The SARS COV-2 pandemic worsened the looming issues
with the fall in demand, affecting an extensive range of
energy markets. A further impact on the oil was the world
lockdown in March 2020 and governments’ requirement
for the general public to stay at home and social distance;
for instance, the losses of the oil industry in Africa could
worsen by at least 35.0% from the levels achieved in 2019,
equivalent to about $27 billion [3]. Generally, economic
studies demonstrate that the COVID-19 crisis shrunk the
growth of the global economy, during the first 6 months
of 2020, by 0.4% or about $3,500 billion [4], and caused
significant drops in gross domestic product (GDP) growth.
For instance, it decreased the GDP in industrial and devel-
oping countries by 1.8% and 2%, respectively. Some devel-
oped countries witnessed much worse scenarios; GDP
growth in Australia and South Africa deeply contracted by
about 15.0% and 10.0%, respectively [5, 6]. However, a glo-
bal review of the economic impact of the COVID-19 epi-
demic indicated that some industries, such as the beverage
and personal protection equipment industries, experienced
substantial sales in 2020. Due to staying at home and

social distancing, alcohol consumption and purchase of
liquor have soared, with sales increasing by 240%, includ-
ing sales of spirits by 75.0%, wine by 66.0%, and beer by
42.0% [7]. The rise in sales for some alcoholic beverage
companies suggests they may be generating more biomass
waste. In contrast to the rise observed in the alcohol bever-
age companies, coffee shops, bars, and restaurants were
closed, which has caused a fall in sales of coffee. For
instance, in February 2020, Starbucks sales in China
decreased by 78.0% from the levels achieved in February
2019; globally, Starbucks lost about $915 million in sales
during its fiscal second quarter because of store closures
[8, 91.

These commodities - coffee beans and brewery grains -
are both well traded in the commodity market, with coffee
being second most traded commodity next to oil and
brewery grains being fifth [10, 11]; the global production
of coffee reached more than 9.513 billion kg in 2017-2018
[12]. Hence, processing these products generates large
amounts of waste in the beverage industry. Recovering
these wastes (biomass) for energy use, enhancing their fuel
properties and reducing the amount sent to landfills would
contribute significantly to the renewable energy directives
EU 2030 targets. Presently, biomass contributes a large per-
centage of the UK's renewable energy production com-
pared to solar, hydro and turbines. Recovering and
unlocking the potential for blending brewery spent grain
(BSG) and spent coffee grounds (SCG) as a pre-treatment
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Figure 1. (a) spent coffee ground (SCG) (b) brewery spent grain (BSG).

for enhancement of their biomass properties for energy
use would contribute to achieving the renewable energy
directives EU 2030 targets for the UK.

Carbon emission pollution continues to grow while
energy demand remains a challenge. The need to balance
these related issues presents a challenge for the UK gov-
ernment with respect to meeting the renewable energy dir-
ective EU2030 targets for the UK and the carbon-neutral
targets in 2050. Wood, a readily available biomass, remains
the primary energy source for a large proportion of the
world’s population. Hence, practices such as deforestation
are increasingly popular in many regions in the developing
world. However, in developed countries and low-middle-
income countries, the increasing growth in industrialization
begs the review of some of the waste materials from man-
ufacturing processes, such as beverage production, for
recycle, upcycle or reuse. Therefore, it becomes imperative
to address and repurpose the rich biomass waste resources
from industries such as the beverage industry and to chan-
nel these resouces for energy use. In addition, the calorific
value for wood is low compared to these rich biomass
sources and compared to coal. Some biomass types com-
pete favourably with wood and are often slightly higher in
calorific value than wood. However, the major drawback to
this type of biomass is its high moisture content. Hence,
reducing the moisture content requires densifying these
biomass types. Densification of biomass in the form of pel-
lets or briquettes is an important process in the production
of innovative fuels. In addition, in selecting the right mate-
rials for good pellets or briquette production, it is para-
mount to ensure qualities such as eco-friendliness and
non-toxicity.

A good number of small and medium enterprises (SMEs)
in the beverage industry have process lines and conse-
quently produce waste on a daily basis, and are unsure of
how to repurpose these resources. Kerby and Vriesekoop
[13] reported on the utilization of brewery by-products and
suggested that breweries located rurally essentially dispose
of their brewery waste as animal feed, whilst breweries
located in urban areas could explore a much wider range of
applications. A preliminary survey on the spatial distribution
of the brewery companies and coffee shops situated in the
Baltic Triangle in Liverpool identified over 20 brewery com-
panies and approximately 100 coffee shops. The survey
found that the most common practice for disposal of BSG is
as animal feed while SCG is disposed of as municipal solid
waste. It is necessary to redress this practice by repositioning
waste resources at the centre of the argument to recover
and reclaim these waste streams. In recent years, the number

of publications has increased on the application of coffee
waste (coffee husk, coffee chaff and SCG) as individual or
combined biomass explored for energy use [14, 15].
Similarly, researchers have reported on the various applica-
tions of BSG [13, 16, 17]. This paper presents, for the first
time, a unique exploration of biomass composite from these
two waste streams: BSG and SCG. The challenge to reduce
the carbon footprint within the SMEs, which includes reduc-
tion of waste being sent to landfills, inspired this study to
explore the potentials of the two waste types as a biomass
composite for energy use application.

This study explores an innovative approach to add value
to the beverage industry, in particular via coffee and brewery
waste. Characterization of individual biomass and biomass
composite product was investigated by carrying out proxim-
ate, ultimate elemental, and calorific value analyses. The
resulting product is an inexpensive lignocellulosic biomass
with enhanced fuel properties, which may find application in
the production of char pellets or briquettes for energy use.

Materials and methodology
Samples

The biomass materials were obtained from the beverage
industry. brewery spent grains (BSG) and spent coffee
grounds (SCG) were supplied by Love Lane Brewery
Liverpool and Coffee Bean Shop Liverpool, UK, respectively.
The brewery samples were provided in the form of the
shaft while the coffee waste was provided in the form of
particulate powder. The appearance of the samples as
received is shown in Figure 1. The samples when collected
were immediately stored in a freezer box to prevent micro-
bial growth prior to analysis.

Proximate analysis of biomass material

Proximate analysis is a widely acceptable method for bio-
fuel characterization, and it is cost effective. It presents the
moisture, fixed carbon, volatile matter, and ash contents of
biomass. The fixed carbon content was evaluated using an
empirical expression as indicated in the section ‘Fixed car-
bon percentage’.

Moisture content
The moisture content of the biomass materials was deter-
mined using British Standard BS EN 14774-3:2009. The pre-
pared sample is dried at a temperature of 105+2°C in an
air atmosphere until a constant mass is achieved.
Subsequently, the percentage moisture is calculated from
the loss in mass of the sample. Heating value decreases
with increasing moisture content, so excessive levels of
moisture can reduce combustion temperature and quality.
The experimental process involves a weight difference
measured in a hot air oven, using 1g of biomass sample
(with similar particle sizes not finely ground) and crucibles,
fixing temperatures at 105°C for 1.5h. Weight loss repre-
sents the moisture content. Moisture was calculated using
the following equation:

Xo—X

Moisture(%) = (1

dso



where X, represents the combination of the weight of the
crucible and the original weight of sample; X presents the
consequential dry weights dry sample and crucible; and
Xgso is the original sample weight.

Ash content

The ash content of the biomass material was determined
using BS EN 14775-2:2009, by calculating the mass of the
deposit after the sample was heated in a furnace at tempera-
ture of 550+10°C in the air under controlled conditions of
1.0h, sample weight, and equipment specifications. Then the
crucible and the residue were taken out of the furnace and
placed in a desiccator to cool down at room temperature.
The crucible and the residue were weighed again. The ash
content was calculated using the following equation:

Xo—X

dso

Ashcontent(%) = 100 —

)

The inorganic part of the fuel residue after complete
combustion is referred to as the ash content, varying from
1% to 40%. At high temperatures ash melts, producing
slag in the furnace during the combustion process. Slag
production could be reduced by introducing favourable
conditions and ensuring the ash content is higher than
10% [18].

Volatile matter content

Volatiles and fixed carbon were determined according to
the BS EN 15148:2009 standard. The volatile matter is
evaporated during the heating, so the difference between
the starting weight and the final weight represents the
volatile matter. In determining the volatile matter, biomass
samples were placed in a crucible with a lid, heated at
95°C for 5min, and then cooled in a desiccator at room
temperature. After deducting the corresponding moisture
content, the difference in weight was attributed to the loss
of volatile matter, as follows:

VM(%) + Moisture(%)
_ Weightlossduetovolatilematter + moisturecontent(%)

x 100%
Xdso

(3)

The volatile matter equation is rearranged as follows:
VM(%) = A — moisture(%) (4)
where

A Weightlossduetovolatilematter + moisturecontent(%)

x 100% (5)
deo

Fixed carbon percentage

This is the mass of the residue left after the release of vola-
tile matter (ash and moisture contents excluded). This may
be calculated as %FC= 100 — (%m + %a + %VM), where
%FCis the percentage value of fixed carbon and %VMand
%m are the percentages of volatile matter and moisture
content, respectively, that were previously calculated.
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Ultimate elemental analysis

The elemental analysis was carried out using a
Perkin-Elmer 2004 Elemental Analyzer, to measure the dif-
ferent elements. Carbon, hydrogen, nitrogen, and sulphur
contents are elements of interest while oxygen content is
derived as the difference. The Pregl-Dumas method was
used in analysing samples burnt in a pure oxygen atmos-
phere while combustion gases are automatically measured.
Subsequently, complete combustion is achieved and the
sample is converted into gases such as CO,, H,O, N,, and
SO,. This study applied the carbon-hydrogen-nitrogen-sul-
phur mode, which permits the calculation of these four ele-
ments in organic materials, while the amount of oxygen
was determined by subtracting the sum of the other elem-
ent contents from 100%. Many researchers, such as Garcia-
Perez et al. [18], Strezov et al. [19] or Obernberger et al.
[20] have suggested a similar procedure. The oxygen per-
centage was determined as follows:

Oxygen(%) = 100 — (C+H+ N +5) (6)

Calorific value analysis

A calorimetry procedure was used to evaluate the higher
heating value (HHV) of the biomass material. The IKA
Werke C5000 Control calorimetric bomb equipment is com-
pletely adequate for repetitive assessments of the HHV.
The American Society for Testing and Materials (ASTM) E-
711 [21] standard was followed for the analysis, which
required the combustion to be established under certain
defined conditions for determining the HHV.

The samples as received were crushed and filtered to
1 mm prior to feeding into the calorimeter. Samples were
pressed into capsule form to avoid incomplete combustion
and inconsistency in terms of weight. Using the bomb cal-
orimeter, the HHV or gross calorific value for each substrate
was analysed.

Phenolic content analysis

The phenolic compounds were measured using the
method detection limit (MDL). The method detection limit
is the minimum detection limit of a substance that can be
measured and reported with 99% confidence that the ana-
lyte concentration is greater than zero and is determined
from analysis of a sample in a given matrix containing the
analyte. The MDL was raised to test the sample matrix
causing interference, while interference was reduced by
dilution to improve the signal-to-noise ratio. Samples were
analysed by Socotec Energy Services based on United State
Environmental Protection Agency (USEPA) method 8270.

Densification of biomass composite into pellets
or briquettes

The decision to utilize biomass for energy application
depends on the energy profile, moisture content, calorific
value (higher heating value), and density. The use and the
actual application of certain types of biomass are depend-
ent on these variables [22, 23]. A high HHV for a biomass
material suggests the biomass releases large quantities of
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Table 1. The higher heating value (HHV) of some substrates.

Table 2. Proximate analysis results for biomass substrates.

Substrate HHV (MJ/kg)
Wood 10-20
Wood pellet 20
Briquette 18.5
Sawdust 12
Vineyard pruning 14-18
Rice husk 12-14
Red maple (RM) 19.322
Torrefied red maple 28.11°
Mixture of RM + Coal 25.85°
Torrefied yellow poplar 26.44°

Coal 28
“Data from Singh and Zondlo [24].

energy per kilogram biomass material during combustion
(Table 1). In comparison with coal, these values are slightly
lower. However, in order to optimize the available varied
biomass and likewise harness the advantages of this poten-
tial energy, it becomes imperative to consider densification.
A ‘substance with higher density and higher heating value
has much more energy per occupied volume, which
becomes one of the main features in the design of equip-
ment for biomass energy usage’ [23, 25]. The different
types of agricultural wastes presented in Table 1, as
reported by Singh and Zondlo [24], show similar heating
values (between 12 and 28 MJ/kg) for biomass materials
they investigated. Pelletized biomass materials have slightly
higher values (20 MJ/kg), suggesting that they are good
potential sources for energy production in comparison with
wood, briquettes, or coal [26]. Nunes et al. [27] identified
the need for the pellet industry to explore other types of
waste biomass due to the incapacity of logging companies
to generate adequate wood biomass for the pel-
let industry.

Torrefaction process for biomass composite products

Torrefaction is a thermochemical process involving the
interaction between drying and incomplete pyrolysis. The
different parameters that influence the torrefaction process
are (a) reaction temperature, (b) heating rate, (c) absence
of oxygen, (d) residence time, (e) ambient pressure, (f) flex-
ible feedstock, (g) feedstock moisture, and (h) feedstock
particle size. The torrefaction process can be either a dry or
a wet process, each of which has its challenges and draw-
backs. Biomass feedstock is typically pre-dried to <10% wt.
moisture content prior to the dry torrefaction process,
while the wet torrefaction process is suitable for biomass
with higher moisture content. Bach and Skreiberg [14]
compared dry and wet torrefaction and concluded that the
wet torrefaction process is superior in terms of the overall
cost of biomass hydro char production.

The present study explored two streams of biomass
feedstock, with 82 and 58% wt. moisture content, respect-
ively. The moisture content requires at least 60% wt. reduc-
tion prior to loading in a dry torrefaction process. The wet
torrefaction process was investigated for comparison.
Particle size plays an important role in both dry and wet
torrefaction as this influences certain parameters such as
the reaction mechanisms, reaction kinetics, and duration of
the process, given a specific heating rate. The duration of
the process varies with the need to produce pulverulent,
hydrophobic, or energy-rich enhanced biomass fuel. The
dry torrefaction process utilizes the microwave atmospheric

Moist%. Ash% VM% FC%

Sample % (%) 9%(%) %(%) %(%) Total
BSG, 81.8 3.82 9.92 4.46 100
SCG, 57.7 0.90 35.06 6.34 100
BSGe 76.2 3.16 13.8 6.84 100
SCGe 60.3 1.56 29.7 8.44 100
BSG60SCG40, 70.71 243 18.31 8.55 100
BSG50SCG50, 70.28 0.98 18.44 10.3 100
BSG40SCG60, 67.91 0.90 21.59 9.6 100
Biomass® 2.5-62.9 0.1-34.3 30.4-79.7 6.5-35.3

Coal® 0.4-20.2 15-48.9 12.2-44.5 17.9-70.4

?Data for biomass and coal reported by Singh and Zondlo [24]. VM % = A-
moist. %, FC= 100 — (moisture % +-Ash % + VM %), I; IC LAB LIMU
(all samples werecollected November 2019), E; externally certified labora-
tory SOCOTEC (all samples were collected March 2020). Samples were
analysed at least 3 times to assure reproducibility, using approximately
19 each under the required conditions. Data represent statistical differen-
ces at a 95% confidence level (p <0.05).

plasma (MAP) torch, which has been extensively reported
upon [28-30]. It offers advantages over the conventional
thermochemical processes, such as fast heating, ease of
control, and low power consumption. This study explored
different blends of feedstock fractions as a method to
reduce the moisture content of the biomass composite,
prior to using the MAP torch as a unique torrefaction pro-
cess to handle biomass feedstock with high mois-
ture content.

Results and discussion

The decision to use biomass for energy use depends on
the energy profile, moisture content, and calorific value
(HHV). This characterization involved proximate, elemental/
ultimate, and calorimetric analyses.

The matrix of this sample has been found to interfere
with the result of this test. The sample was therefore
diluted by 20x to improve the signal-to-noise ratio, and in
doing so the detection Ilimit for this test was
also evaluated.

Comparison of fuel properties of biomass and
biomass blend

Moisture content

The high moisture content in biomass is one of the draw-
backs of using biomass waste materials. Moisture in bio-
mass is a mineralized aqueous solution containing anions,
cations, and neutral species. AS shown in Table 2, 100% wt.
SCG and BSG have high moisture levels, of 58 and 82% wt.,
respectively. These moisture contents are too high in the
present state and will not produce optimum energy release
for biomass combustion. These potential biofuels would be
considered unsuitable for use in heating as a result of their
high moisture content. the high moisture content in bio-
mass materials implies there is less dry material per mass
unit, and therefore less released heat. Blending the BSG
and SCG into biomass composite, however, reduced the
moisture content by 10-15% wt.

Ash content

A low ash content is required and beneficial for higher fuel
quality, providing increased heating value, less fouling and
slagging, reduced corrosion, etc. As shown in Table 2,



BIOFUELS . 5

Table 3. Comparison of data from the proximate analysis of spent coffee grounds (SCG) and brewery spent grain (BSG) with values reported in

the literature.

Qty in % wt. (present study) Qty in % wt. Qty in % wt. Qty in % wt.
Parameter SCG (literature) SCG Ref. (present study) BSG (literature) BSG Ref.
Moisture content 57.7-60.3 60 (@) 76.2-81.8 75-85 (b)
3.60 82.6+0.10
60.6
57.6
6.09
Ash content 0.9-1.56 0.50 () 3.16-3.82 23-7.9 (d)
2.2 2-5
1.8 3.8+0.00
Volatile matter 35.06 84.86 (e) 13.8 83.4+28 f)
Fixed carbon 8.44 56.1 (9) 6.84 425+2.5 (h)
13.85
Heating value 23.5 MJ/kg 23.4MJ/kg (i) 22.7 MJ/kg 27.0 MJ/kg (1))

(a) [30, 33-35]
(b) [36-38]

(o) [30, 39-41]
(d) [16, 29, 35]
(e) [33]

(f) [42]

(9) 33]

(h) [43]

(i) [43]

(j) [35, 44]

Table 4. Elemental analysis of dried, and dry ash-free samplesof biomass
substrates, compared with commercially available biomass substrate/fuels.

Oxygen
Substrate Carbon  Hydrogen  Nitrogen Sulphur  (100-CHNS
BSG aa 427+71 45+17 27+02  0.18%0 49.92
SCG an 434+76 48+19 20+04  0.12+003 49.68
BSG p 512401 54+14 33+01  0.23+001 39.87
SCG p 542+1.1 5813 25+004 0.15+0 3735
BSG ar 536+0.1 57+15 35+01  0.24+001 36.96
SCG 555412 5913 26+004 0.15+0 35.85
Barley 41.59° 6.08° 1.79° 0.35° 50.18°
Coffee husk  45.06° 6.42° 2.53° 0.48° 4551°
Saw dust 4534° 6.02° 0.53° 1.07° 47.05°
Briquette 46.74° 6.39° 1.24° 0.10° 45.52°
Vegetal coal ~ 79.34° 274 0.65°-2.8° 0.30° 16.97°

AA: Sample as analysed. D: Dried sample dried. AF: Ash-free dried sample.
Data represent statistical differences at a 95% confidence level (p < 0.05).

Value reported by Singh and Zondlo [24].

bValue reported by Garcia et al. [51].

100% wt. BSG and SCG samples have ash contents of 3.8
and 0.9% wt., respectively. Similarly, the biomass compo-
sites (BSG60SCG40, BSG50SCG50, BSG40SCG60), as shown
in Table 2, had reduced ash content values (0.9-2.4% wt.)
that fall within the range recorded in the literature
(0.1-34.3% wt.) for biomass substrates [31]. The ash con-
tents recorded for coal (5-48.9% wt.) in other studies were
higher [31, 32] compared to biomass.

Volatile matter, combustion temperature, and fuel ratio
The volatile matter content is an important determinant of
ignition and flame stability for most biomass. Using bio-
mass with higher volatile matter contents can be beneficial
for combustion. The volatile matter contents for 100% wt.
BSG and SCG were 13.8 and 35.1% wt., respectively, as indi-
cated in Table 2. The volatile matter content for the bio-
mass composite slightly improved and was consistent
across all fractions, with values ranging from 29.7 to
18.31% wt. In contrast, volatile matter contents of biomass
as reported in the literature, and presented in Tables 2 and
3, were higher (30.4-79.7% wt.) than the values observed
in this study. However, these observed differences might
be attributable to the initial moisture content, which was

relatively low for the substrates reported in the previous
studies [33, 36]. Interestingly, the volatile matter content
reported for coal in the literature is low (12.2-44.5% wt.),
and values were close in range to those of the biomass
blends and individual biomass studied here.

Fuel ratio is the ratio of fixed carbon content to volatile
matter content, which indicates the combustion character-
istic of coal and biochar [45-47]. The present study showed
that the fuel ratios of BSG and SCG are 0.2 and 0.1,
respectively. Both values are below 1.5, which is defined as
the threshold for combustion characteristics [48].
Combustion is difficult when the ratio is higher than 1.5
and easy when the ratio is lower than 1.5.

Fixed carbon, carbon, and hydrogen

The results obtained for fixed carbon content indicated low
values for 100% wt. BSG and SCG. This was consistent with
the biomass composite/blend. These values range between
446 and 10.3% wt.,, as shown in Table 2. Ozcimen and
Ersoy-Mericboyu [49] recorded a range of values for the
fixed carbon content (6.5-35.3% wt.) in some biochar,
which agrees with our study. In comparison with coal
(17.9-70.4% wt.), the fixed carbon content is higher. The
carbon content and fixed carbon play a substantial role in
reducing CO, emissions during biomass conversion. Carbon
dioxide is the main product from the combustion of bio-
mass fuels and its emissions are rendered CO, neutral. The
low carbon and fixed carbon are responsible for the
reduced energy value of biofuels, leading to lower energy
contained in C-O, C-H, and C-C bonds [50]. The fixed car-
bon, carbon (C), and hydrogen (H) have a positive relation-
ship with calorific value.

The elemental analysis of biomass presented in Table 4
suggests the dried and dry ash-free samples of the BSG &
SCG blend had a carbon content of 51.2-55.5% wt. at a
95% confidence level (p <0.05), which competes well with
the vegetal coal carbon content (79.34% wt.) reported by
Garcia et al. [51]. In contrast, the 100wt.% BSG and SCG
(42.7-43.4 wt.%) samples analysed as received were low at
a 95% confidence level (p <0.05) in comparison to values
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Figure 2. BSGAA- brewery spent grain sample as analysed SCGAA-spent cofee ground sample as analysed BSGD-brewery spent grain sample dried SCGD-spent
coffee ground sample dried BSGAF-brewery spent grain sample ash-free dried SCGAF-spent coffee ground sample ash-free dried.

Table 5. Phenolic content analysis for spent coffee grounds (SCG) and brewery spent grains (BSG).

Determinand MDL SCGT (mg/kg) SCG2 (mg/kg) BSG1 (mg/kg) BSG (mg/kg)
2,4,5-trichlorophenol 0.1 2 2 2 2
2,4,6-trichlorophenol 0.1 2 2 2 2
2,4-dichlorophenol 0.1 2 2 2 2
2,4-dimethylphenol 0.1 2 2 2 2
2,4-dinitrophenol 0.5 10 10 10 10
2-chlorophenol 0.1 2 2 2 2
2-methylphenol 0.1 2 2 2 2
2-nitrophenol 0.1 2 2 2 2
3,4-methylphenol 0.1 0.2 0.2 0.2 0.2
4,6-dinitro-2 methylphenol 0.2 4 4 4 4
4-chloro-3-methylphenol 0.1 2 2 2 2
4-chlorophenol 0.5 10 10 10 10
4-nitrophenol 0.5 10 10 10 10
Pentachlorophenol 0.5 10 10 10 10
Phenol 0.1 2 2 2 2
Total phenolic content 62.2 62.2 62.2 62.2

reported for coal. This further confirms that the pre-treat-
ment of biomass (i.e. biomass blending) improves the com-
bustion properties of biomass fuels. Conversely, hydrogen
contents were higher for the biomass blend and the indi-
vidual biomass types (4.5-5.9% wt.) at a 95% confidence
level (p <0.05), in comparison with coal (2.74% wt.), as
depicted in Table 4.

Alkaline earth compound and mineral composition

Low nitrogen and sulphur contents in converted biomass
and coal are desirable to reduce emissions such as NO, and
SO,, slag, smog, corrosion, and acid precipitation [31, 50, 52].
The alkaline earth compounds such as nitrogen produced
values of 2.7 and 2.0% wt. at a 95% confidence level
(p <0.05) for BSG and SCG biomass,respectively, in compari-
son with coal at 0.65-2.8% wt., as presented in Table 4.
Conversely, the sulphur contents in BSG and SCG were rela-
tively lower (0.18 and 0.12% wt.) at a 95% confidence level
(p <0.05) compared to coal (0.30% wt.). High potassium,
chlorine, and sulphur contents in biomass fuels are contribu-
ting factors to corrosion problem in biomass-fired boilers.
The major ash-forming elements (Al, Si) and the composition
of the gas (05, N,O, H,0) phase have a significant influence
on the behaviour of chlorine and alkali metal and the forma-
tion of corrosion in heating units. Consequently, the flue gas
generated per kg of fired fuel is dependent on both the car-
bon and the hydrogen contents of the fuel.

Low heating value and high heating value

The low bulk density and heating energy value are signifi-
cant disadvantages for biomass conversion. The lower
energy density requires biomass resources close to the
processing facility, while the bulk density of the biomass
particle makes it prone to adhesion due to the build-up of
static electric charges [53]. Available pre-treatment process-
ing such as drying, bailing, chopping, milling, screening,
pelletization, briquetting, and torrefaction could address
this challenge by increasing the energy density, depressing
self-ignition, improving grindability and storage, etc. [52,
54]. The results presented in Figure 2 and Table 1 show
HHVs (17.81-23.51 MJ/kg) for BSG, SCG, and BSG & SCG
blends in comparison with other biomass substrates, such
as barley. The BSG & SCG blend (23.5MJ/kg) competed
favourably with coal (29.7 MJ/kg), while BSG competed
favourably with other biomass types, with the lowest val-
ues recorded (17.8MJ/kg) other than barley (16.5MJ/kg).
Similarly, the gross calorific value for the BSG & SCG blend
competed well with those of briquette and wood pellets,
as recorded in the literature [51].

Toxic material and emission

Phenolic content was evaluated to determine the quality
and quantity of phenolic compounds present in the bio-
mass substrates. The total phenolic content for all samples



was <62.2*20-time dilution = 1244mg/kg (see Table 5).
Murkovic and Pichler [55] reported values of phenolic com-
pounds in roasted coffee ranging between 300 and
2900 mg/kg. The value recorded for the present study falls
within the range reported in the literature. The individual
phenolic content in each substrate suggests that the quan-
tity is well below the method for detection for each deter-
minant analysed. Hence, the application of the biomass
blend or individual substrate for heating would not cause
harm to the environment.

By comparison of fuel properties, as presented in
Tables 2-5 and Figure 2, the biomass product investigated
here can be characterized as having low ash content,
moderate to low carbon, good fuel ratio, high heating
value, low sulphur content, 10-15% wt. reduction as bio-
mass blend, low toxic emissions, possible low corrosion
influence, and potential as a solid fuel. The data from this
study shows that the biomass blend improves the fuel
properties, and blending the two waste substrates (BSG &
SCG) from the beverage industry could be identified as a
form of pre-treatment. The biomass blend can undergo a
further pre-treatment process for various industrial appli-
cations as renewable energy and an alternative to solid
fuel. Torrefied biomass from previous studies presents a
higher calorific value [24, 54], as shown in Table 1. The
bio-oil products from the pre-treatment process can be
presented as biofuel candidates due to their high calor-
ific values.

Conclusions

The challenge to reduce the carbon footprint of SMEs,
which includes the reduction of waste being sent to land-
fills, inspired this study to explore the potential of two
waste types as a biomass composite/blend for energy use
application. Globally, the beverage companies alone gener-
ate over 200 million tonnes annually of untapped biomass
resources. The results of this study provide useful data in
the exploration of BSG, SCG, and BSG & SCG composites/
blends as potential biomass products, for biofuel in heating
and energy applications. The results show that biomass
blend improves the fuel properties, and the blending pro-
cess could be identified as a form of pre-treatment to
enhance fuel properties, with an emphasis on biomass
wastes generated from SMEs. The analysis shows a 10-15%
reduction in the initial moisture content, ash content, and
mineral composition such as nitrogen content for the bio-
mass composite/blend, in comparison with 100% wt. BSG
or 100% wt. SCG. Conversely, the sulphur content in BSG
and SCG was relatively lower compared to the sulphur con-
tent of coal. Similarly, the phenolic content analysis for BSG
and SCG suggests the results for both were below the
detection limit of the selected method, suggesting they are
more environmentally friendly fuels in comparison to coal.
The gross calorific value for the BSG and SCG ranged
between 17.8 and 23.5MJ/kg, in comparison with coal at
29 MJ/kg. Further research work is required on BSG & SCG
biomass composite/blend densification and torrefaction
(wet and dry) processes. However, wet torrefaction has
already demonstrated high potential to convert a wide
range of biomass, with emphasis on biomass with higher
moisture content, to energy-dense solid biofuels.
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