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ARTICLE INFO ABSTRACT
Keywords: The disposal of spent coffee grounds (SCG) and brewers’ spent grains (BSG) has become an environmental issue.
Waste-to-energy Thus, the waste-to-energy valorization of these two low-cost feedstocks was performed via gasification and

Spent coffee ground
Brewers’ spent grains
Pyrolysis

Gasification
Low-cost feedstock

pyrolysis to assess their potential as syngas and biochar fuels. The processes’ optimum conditions were inves-
tigated by a multiple-criteria decision support method. Firstly, both raw materials were gasified at 1000 °C with
03/N3, 0O2/CO2/Ny and O2/H20/Ny atmospheres. The characteristics and energy performance of the producer
gas were evaluated. In addition, the exergy analysis of green-Hz production was assessed. The pyrolysis exper-
iments were conducted at 300, 500 and 700 °C, followed by a comprehensive characterization of the biochar
properties and its combustion behavior. The syngas production based on COy/Steam-enhanced gasification has
indicated clear energetic and exergetic improvements against Oz/N2 with a promising increase of 32.97%
LHV gy for BSG. Obtained biochar possesses favorable fuel characteristics promoting an HHV enhancement up
to 19.42% (SCG) and 83.11% (BSG). Furthermore, the combustion index indicated a great potential of using SCG
and BSG as solid biofuel for straightforward application to heat generation in small-scale systems. Therefore,
syngas and biochar characteristics encourage feasible biofuels from low-cost feedstocks for energy generation.

of green coffee bean, and about 2 kg of wet SCG are obtained from 1 kg
of soluble coffee during preparation [6].

The high carbon content, higher heating value (HHV), low ash, and
negligible sulfur content of SCG make it an alternative fuel source
through thermochemical conversion [7]. Furthermore, the integration
with biorefinery in general and with pyrolysis process in specific is
considered the most successful solid waste management strategy of SCG
that produces energy and high-value products [4].

In recent years, the beverage sector, especially the beer segment,
showed a tremendous economic impact in all Brazilian states. About 14
billion liters of beer are produced annually in Brazil, occupying third
place in the list of world producers, standing behind only by China and
the USA, respectively, with a 5% share of the world beer market [8].
With the growth of the Brazilian beer market, it was observed that, for
the most part, start-up companies are small and medium-sized [9].

The brewing industries produce millions of tons of residues, which in
the context of a linear economy approach will end up in landfills

Introduction

The human population reached a new height of 7.8 billion in recent
years, boosting the ever-growing food, energy and other resources de-
mands [1]. As a result, the world’s energy consumption reached 14
billion tons of oil equivalent, requiring efforts to mitigate environmental
impacts and higher investments in renewable and sustainable energies
to fulfill fossil fuel demands [2,3].

In Brazil, the massive agroindustry of coffee has grown its economic
contribution to exportation and the internal market. Coffee is the second
most popular drink globally consumed, producing a substantial amount
of valuable organic waste known as spent coffee grounds (SCG) [4]. The
process of coffee beverage preparation regularly produces substantial
SCG and has increased its generation from 8.8 million tons in 2014 to 9.3
million tons in 2017, provoking disposal issues and leading to envi-
ronmental concerns [5]. About 650 kg of SCG are generated from 1 ton
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Nomenclature

Index summary

dy Metric

p biomass correlation factor
BSG brewers’ spent grains

CCE carbon conversion efficiency
CEI carbon enhancement index
CGE cold gas efficiency

(¢(0) carbon monoxide

CO, carbon dioxide

Dy burnout index

D; ignition index

DA dominance analysis

DTG thermogravimetric derivative
Expiomass €xergy of biomass

Exh chemical exergy

Ex kinetic exergy

Ex" physical exergy

Ex?° potential exergy

Eco, gasificaiton CO, emission
EF enhancement factor

EMCI energy-mass-coefficient -index
exsh standard chemical exergy
Exno exergy of hydrogen

EY energy yield

h specific enthalpy

ho specific enthalpy

HHV higher heating value

LHV lower heating value

Mo biomass feeding rate

n molar yield

N, exergy efficiency of hydrogen
Q syngas flow rate

ri mole fraction

S combustion index

s specific entropy

So specific entropy at Ty

SCG spent coffee ground

SD strong dominance

SEM Scanning Electron Microscope
SY solid yield

S/B steam to biomass ratio

Ysyngas syngas yield

T Temperature

t Time

To temperature of environment
T¢ burnout temperature

T; ignition temperature

T, peak temperature

TGA thermogravimetric analysis

tr burnout time

t ignition time

t peak time

Whiochar ~ Diochar weight

Winitial raw biomass weight

WD weak dominance

WTE waste-to-energy

Xcarboni ~ carbon molar fraction

Yearbon feedstock carbon mass fraction
Yco or yu, CO or Hy percentage in syngas

representing a management issue from ecological and economic points
of view [10]. Brewers’ spent grains (BSG) are the primary solid residue
of beer production and corresponds to 93% of the total mass of the
waste. On average, 14-20 kg of dry BSG is generated for 100 L of pro-
duced beer [11]. Consequently, with the growth in beer production,
there is also an increase in residues.

A new perspective allows seeing wastes as low-cost resources, useful
for other processes, within or without the industry that produces them
[5,12]. Move toward the circular economy principles could save up to
20% of the costs for numerous industrial sectors such as beverages, food,
textiles and packaging [13]. Therefore, waste-to-energy systems can be
suitable for converting waste into usable energy within a circular
economy [13-15].

Thermo-chemical processes convert solid organic feedstocks into
three-phase pyrogenic products such as biochar, bio-oil, and syngas
[13,16-18]. Biochar as solid biofuel is among the least studied, although
its logistical advantages (reliable production, straightforward applica-
tion and storage-ability) [19,20]. Typically, biochar has superior prop-
erties such as low heterogeneity, high calorific values, high
combustibility, low moisture content, and grindability than raw biomass
as solid fuels [21-23]. Therefore, in the present research stage, it is
essential to supply biochar feedstock that satisfies some criteria such as
low-cost source, renewable in nature, and long-term sustainability.

The SCG is a residue rich in carbon and can be used as a substrate for
biochar production. Due to its characteristics, pyrolysis technology is
the preferred thermo-chemical procedure and has one of the most
promising potentials for the valorization of SCG due to its high-quality
conversion and yield of solid products [4].

Tsai et al. (2012) produced the biochar with high carbon content and
calorific value by using SCG as a feasible raw material at a fixed heating

value [24]. The carbon content was >80 w/w%, and the calorific value
was more significant than 30.1 M.J.kg_1 [24]. Vardon et al. (2013)
assessed SCG for biodiesel, bio-oil, and biochar. Their biochar obtained
at 450 °C reported an HHV of 31.0 MJ.kg ! showing its potential to be
co-fired as a solid fuel with an energy density comparable to solid fossil
fuels [25]. Li et al. (2014) investigated the pyrolysis efficiency of SCG,
showing promising results with 77 and 85% efficiency at the heating
rates of 10 and 60 °C min~?, respectively [26]. Matrapazi et al. (2020)
conducted pyrolysis experiments on SCG between 430 and 760 °C with a
50 °C.s~ !, obtaining the product yields, composition and calorific values
and allowing a Techno-economic study [27]. Finally, Lee et al. (2021)
evaluated SCG as a potential feedstock for solid biofuel production to
reduce solid waste and generate value products [1]. The combustion
kinetics was investigated, and optimized SCG-biochar showed favorable
fuel characteristics such as high fixed carbon content (82.83%), low
volatile matter (12.28%) and low ash content (2.22%) [1].

The use of BSG in thermochemical conversion processes has been
assessed because of its encouraging potential within the circular econ-
omy principles [28,29]. The valorization of BSG has been investigated,
focusing on bio-oil [30-32] and activated carbons products [33],
description of thermal decomposition kinetics [31,34], as well as the
biochar properties [30,35] and absorption purposes [36].

Sanna et al. (2011) investigated the pyrolysis of BSG between 460
and 540 °C using an activated alumina bed [30]. Results showed that
despite the high nitrogen content on raw BSG material, the process left a
bio-oil with less nitrogen of 68% at 460 °C compared to 82% at 520 °C
[30]. In contrast, a higher proportion of nitrogen remains in the biochar
at 460 °C, indicating that the biochar can be used as a soil amendment
and carbon sequestration agent [30]. Machado et al. (2020) explored the
500-700 °C pyrolysis temperatures, describing product yields and
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biochar properties focusing on adsorption purposes. Finally, centering
on bio-oil and biochar products from BSG, Borel et al. (2020) investi-
gated the effects of pyrolysis temperature and heating rate within a
fixed-bed tubular reactor [35]. Their results showed a biochar product
that could be applied as a biofuel due to its high HHV (27.1-28.3 kJ.
g’l), moderate ash content (11.5%) and low sulfur content (<0.6%)
[35].

The thermochemical process may not require a pretreatment because
C, Hand O elements of cellulose, hemicellulose, lignin, lipid, and protein
can be thermally degraded and ultimately converted into syngas (Hy +
CO) via gasification [37]. Thus, controlling Hy/CO ratios and other
operating conditions, syngas can be directly employed as a fuel and/or
used as an intermediate for synthesizing more value-added chemicals
[38]. In addition, it is known that CO, generated from biomass valori-
zation can be used for the re-growth of biomass, making the entire
process carbon-neutral [37].

As an alternative for energy generation from residues of the coffee
harvest, gasification was extensively reviewed by Martinez et al. (2021),
showing few studies focusing on the coffee pulp [39,40], husks [41-44]
and SCG [45]. In addition, recent studies on SCG gasification described
the kinetic modeling of CO;, gasification for SCG biochar [46], the two-
step gasification of SCG biochar for hydrogen-rich gas production [47],
the thermal behavior and product yield of SCG steam catalytic gasifi-
cation [48] and the steam and CO; gasification under different con-
centrations [7].

Concerning BSG, the gasification literature review presents few
studies. Ferreira et al. (2019) pointed out that the literature about BSG
through pyrolysis and gasification processes is very scarce [38,49].
Ferreira et al. (2019) investigated allothermal steam gasification of BSG
to obtain a combustible gas. The process performance was assessed by
evaluating the cold gas (47.0%-52.1%) and carbon conversion (57.0%—
62.7%,) efficiencies showing a sufficient quality to satisfy energy needs.
Another work investigates BSG gasification in a downdraft reactor
conducting experiments and performing numerical modeling with a
stoichiometric equilibrium model [38]. The study evaluated the syngas
quality employing the gas yield, lower heating value, carbon conversion
efficiency, and cold gas efficiency [38]. The results showed that gasifi-
cation provides a producer gas with enough quality for energy produc-
tion in boilers or turbines using air as a gasifying agent [38].

Due to the limited studies focusing on energy generation from coffee
and beer production chain residues, only partial information describing
the thermochemical process implementations on coffee and beer resi-
dues is available [50]. It is essential to point out that investigating res-
idues from agro-industrial activities is surprisingly less common in the
literature, even though they represent a significant amount of material
with potential energy recovery by gasification [46]. Furthermore, as
shown in Table S1 (supplementary material), the studies focusing on
transforming SCG and BSG into prospective solid biofuels (biochar) by
slow pyrolysis and applying different gasification agents are still limited
in the current literature.

Thus, considering this massive potential and continuous supply of
BSG and SCG wastes and the perspective to achieve sustainable energy
recovery from those waste, the objective of this study was to investigate
their potential as low-cost feedstocks for energy production by ther-
mochemical processes: pyrolysis and gasification. For this purpose, a
comprehensive characterization was performed for steam/COo-
enhanced gasification and pyrolysis processes.

First, gasification experiments contemplated three different opera-
tional conditions for SCG and BSG followed by a detailed characteriza-
tion of the syngas composition, energy properties (LHV, cold gas
efficiency, carbon conversion efficiency and syngas yield) and green
hydrogen exergy efficiency. Next, the biochar production was investi-
gated with three treatment temperatures (300, 500 and 700 °C). After
that, the biochar product was physically characterized by its yield (BY)
and SEM analysis and chemically assessed by ultimate composition (C,
H, O and N) and energy aspects (HHV, energy yield and its enhancement
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factor and energy-mass co-benefit index).

Finally, the syngas and biochar products were submitted to a multi-
criteria decision analysis revealing and ranking the optimum operation
conditions based on the discussed performance indicators. In addition,
the combustion behavior of raw SCG and BSG and derived biochar were
investigated with thermogravimetric analysis, revealing its potential as
a solid fuel for straightforward application.

The meaningful results of this work could assist decision-makers in
proposing optimum routes to the more economic valorization of SCG
and BSG through pyrolysis and gasification treatments. Currently, these
residues have been discarded in landfills generating an environmental
liability. The cost for correct disposal is high and depends on the
availability of receiving inputs. Furthermore, the proposed methodology
can be extended for further thermochemical route valorization with low-
cost feedstock, boosting waste-to-energy development and circular
economy principles.

Material and methods
Feedstock

The BSG was obtained from the Stadt Brewery located in Goias, in
Brazil’s central region. The SCG, supplied by a local coffee brand (café
export), is composed of Arabica species of coffee. The biomass residues
were oven-dried (105 °C for 24 h), ground in a mill and sieved
(60-80mesh) for the thermochemical processes and physicochemical
characterization.

Chemical analysis

The chemical characterization was conducted for SCG and BSG raw
feedstock and pyrolyzed material. The proximate analysis was evaluated
according to ASTM D 5142-09 standard. The ash content was inferred
based on the TAPPI T211 om-93 standard [51]. Soluble and insoluble
lignin contents were determined using laboratory analytical procedures
from the National Renewable Energy Laboratory (NREL, LAP 003, and
004/1995). Moreover, total extractives were quantified in ethanol:
toluene (2:1, v/v) according to TAPPI Standards & Methods (T 204 om-
88), with adaptations [52]. Finally, the holocellulose content without
extractives was calculated by subtracting the total lignin and ash
content.

The changes in the surface morphology were investigated using
Scanning Electron Microscope (SEM) with the TM-4000Plus from Hita-
chi, Japan. The sample images were captured using a voltage of 15 kV
and 400X and 1000X magnification. The ultimate analysis was per-
formed using an EA 2400 series II analyzer, from Perkin Elmer, with
acetanilide as standard [45,46]. Other components were determined
using a Shimadzu X-ray Fluorescence (XRF) spectrometer (model EDX
720) with Rhodium tube as X-ray source.

The higher heating values (HHV) were estimated through the
modified Dulong’s formula (Eq. (1)) [53,54]:

HHY = (0.3393 x C) +[1.443 x (H — 0/8)] + (0.01494 x N) )
The LHV was calculated through Eq. (2) [55]:
LHVipmass = HHV —21.97 x H (2)

In this work, the pyrolysis treatment was evaluated by the carbon
element index (CEI), thus allowing a dimensionless (0-1) parameter to
account for process performance [56]. The CEI (Eq. (3)) is defined as a
function of the weight extent of carbon in the feedstock (CE,,), in the
different biochar products (CE;, where i = raw, biocharsyy ¢, biocharsyy ¢,

and biochar;y ) and in the most severe treatment (CE,,,-ocha,mc() [56].

CE; — CEpuy
CEl = ——7F"—""—"""F7 3
CEbinz‘har o CEmw ( )

700° €
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The obtained chemical properties of raw SCG and BSG are summa-
rized in Table 1.

SCG and BSG gasification

The experimental gasification setup, comprehensively described in
the previous works [57-59], is illustrated in Fig. 1. The gasification
system comprises a biomass feeder, a vertical electrically heated drop
tube reactor (DTR) (12 kW), a particle collection system, and a gas
supply, sampling and analysis system [57,58].

Gasification operational conditions were defined based on previous
studies [57-59]. Three distinct gasification mediums (O2/N3, O2/COy/
Ng and O2/H30/N2 [57]) and one temperature (1000 °C [7,57-61])
were evaluated for both biomass feedstock (SCG and BSG). Biomass was
constantly feeding into the reactor with a constant rate equal to 0.03 and
0.024 kg.h ™! for SCG and BSG, and the residence time was 10 min.

The gasifying agent stream comprises pure N, pure O, and steam, or
COg, blended on the desired proportion. The oxygen equivalence ratio, A
(the ratio between the oxygen fed and the stoichiometric oxygen needed
for the biomass oxidation), was established as 0.4 based on the previous
work [58,59]. The total inlet gas flow was 1 dm3.min_1, being N3 used to
balance [58,59]. The O, flow rate was 0.11 L.min~', and the inlet
concentrations of both CO; and HyO were also kept constant (5 vol%).

The composition of the produced syngas (Hy, CH4, CO2 and CO) was
quantified using a non-dispersive infrared analyzer for CO and CO, a
paramagnetic pressure analyzer for Oy, and a gas chromatograph Clarus
500 for the remaining gases [57]. The following performance indicators
were calculated to identify the optimum conditions of gasification pro-
cesses for both low-cost feedstocks: syngas yield (ryn,), carbon con-
version efficiency (CCE), cold gas efficiency (CGE), lower heating value

Table 1
The physical aspect, proximate, lignocellulosic, ultimate analysis, EDX and en-
ergy parameters for SCG and BSG raw material.

Feedstock SCG BSG

\ g

Aspect

Proximate analysis (Wt%)"

Ash 1.67 3.58
Fixed carbon 17.71 16.13
Volatile Matter 80.62 80.29
Moisture 5.47 76.87
Lignocellulosic analysis (wt%)

Holocellulose 58.58 44.11
Lignin 16.54 34.03
Extractives 21.06 18.67
Ultimate analysis (Wt%)"

C 57.74 44.72
H 7.22 6.86
N 2.39 3.21
o’ 38.65 44.66
S - 0.55
EDX (mg/kgbiomass)

Ca 791 877
K 4201 875
Mg 696 345
Na 122 1203
P 123 563
Si 65 378

Energy parameters

Formula CHi.6700.56 CH1.8300.75
HHV (MJ.kg™1)* 21.04 17.06

LHV (MJ.kg 1) 19.45 15.56

? dry basis.

b by difference O = 100 — (C + H + N + S).
¢ calculated.
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Fig. 1. SCG and BSG thermochemical conversion diagram. (1-column fitting).

of the syngas (LHVgynes) and the exergy efficiency of hydrogen pro-
duction (17,) [54,55,57,61,62].
The CGE and CCE were defined as Egs. (4) and (5) [57,63]:

stngas x LH V:yngas

CGE =
Mpio X LHV

4

n
_ Q.xyngas X Zixmlrbﬂn,i

Mpio X Yearbon

CCE (5)

where the my;, is the biomass feeding rate (kg.h’l) (Table 2), Yearbon 1S
the carbon mass fraction (biomass ultimate analysis in Table 1),
LHViomess are the low heating values of biomass (MJ .kg_l) (Eq. (2)),
Qsyngas is the syngas flow rate (Nm2.h™1), and X,gpon is the carbon molar
fraction in the producer gas products, including carbon in CO, CO5, and
CHy4 [57,63]. The LHVy4q, was determined in terms of the mole fraction
(r;) of a constituent i of dry fuel gas and the lower heating value (LHV;) of
the syngas constituents (i = Hy, CH4, and CO) using Eq. (6) [64]:

LHV:)'ngas = Z riLHV; (6)

Table 2
Reference value (z,,) of Metric Distance (d,) decision analysis.

Process Reference value 2,

Gasification SCG BSG
LHVgyngas 0.089 0.055
CGE 0.006 0.006
CCE 0.005 0.007
Ysyngas 0.014 0.015
N, 0.037 0.036
Eco, 0.411 0.193
Pyrolysis SCG BSG
H/C 0.242 0.524
o/C 0.183 0.114
HHV 0.040 0.032
EF 0.837 0.546
EY 0.031 0.020
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The 705> defined as the amount of Hy and CO generated during the
process of gasification (mol syngas.kgbiomass’l), is calculated as Eq. (7)
[571:

]/S_‘.,,ga: _ (Q.svngas X yC()) JF (Q.wngas X sz) (7)

Myig

Hydrogen production from steam gasification of biomass has been
recently studied from the exergy aspect [54,55,61,65]. Therefore, this
study applies the exergy efficiency of hydrogen production as a gasifi-
cation performance indicator to compare and define the optimum con-
dition of gasification processes for the different process atmospheres and
biomasses. The exergy of hydrogen (Exy,) in kJ.kg ! includes four forms
[55]:

Exy, = Ex" + Ex™ + ExX* + Ex" ®

Here, the kinetic (EX') and potential (Ex*°) exergy, which are mini-
mal parts of the total exergy, are neglected [66]. The physical (Ex"") and
chemical (Ex™) exergy of Hy (kJ.kg™!) are calculated through Egs. (9)
and (10) [54,67]:

Ex"" = n x [(h— hy) — Ty x (s — 50)] ©®
Ex" =n x exff: a0

where n is the molar yield of Hy (mol.kg™1), h the specific enthalpy of Hy
at arbitrary temperatures (kJ.kmol™1); hy the specific enthalpy of Hy in
the environment (7926 kJ.kmol™1); T, the environmental temperature
(298.15 K); s the specific entropy of Hy at arbitrary temperatures (kJ.
kmol K1) and s, the specific entropy of Hy in the environment
(107.71 kJ.kmol’l.Kfl); exfj?2 the standard chemical exergy of Hpa
(236100 kJ.kmol_l) [54]. The chemical exergy of both biomasses’
feedstock (expiomass) can be defined in function of the correlation factor g
and the LHV of raw biomass (kJ .kg’l) according to Egs. (11) and (12)
[9]:

€Xbiomass = ﬁ X LHV piomass an

~ 1.0444-0.0160x H/C—0.3493 x 0/ C(14-0.0531 x H/C)+0.0493 x N /C

b 1-0.4124x0/C

(12)

where, eXpiomass iS described as the exergy of biomass (kJ .kg’l) and the C,
H, O and N are the weight fraction (%) of biomass feedstock in terms of
carbon, hydrogen, oxygen, and nitrogen, respectively. The exergy effi-
ciency of hydrogen production can be defined by Eq. (13) [54,67]:

Exg»
Mgy, = 7——

Xbiomass

x 100% (13)

The thermochemical conversion of biomass has CO; as its main by-
product. Therefore, it is crucial to mitigate its emission or recycle it as
a gasifying medium, reducing its release [7]. Accordingly, the CO5
emission per the produced syngas (CO + Hj) was evaluated for both
biomasses to gain insight into the relative effect of the process on
greenhouse gas emission and/or determine CO production potential to
be applied as feedstock for COy-enhanced gasification (recycling). The
dimensionless Eco, of the conducted gasification experiments is defined
by Eq. (14) [68]:

Ecoy = ——— (14)
where n is the molar yield of CO,, CO and Hy (mol.kg’l).

Pyrolysis

The pyrolysis apparatus exhibited in Fig. 1 consisted of an alumina
recrystallized horizontal tube (inner diameter of 4 cm) placed inside an
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electrically heated furnace (4 kW) with a water-cooled vessel [69]. An S-
type thermocouple continually monitored the temperature of the reactor
system [69]. Nitrogen gas at 1 dm®.min~! supplied an inert atmosphere
during treatment. For each experiment, biomass samples of ~ 3 g were
used.

The oven-dried samples were positioned within the horizontal tube
and heated with a 33 °C min~! heating rate from room temperature until
the desired pyrolysis temperature (300, 500, and 700 °C) and kept
isothermally for 60 min. The experiments were conducted in duplicate
for each operational condition. The biochar yield (BY) was obtained by
Eq. (15) [70-73].

By = bedar . 100% (15)
Winitial
Here, Whiochar is the weight of the obtained biochar and Wiy the
initial biomass weight. The energy yield (EY) of biochar was calculated
considering the HHV enhancement factor (EF) and the BY for each py-
rolysis condition as Egs. (16) and (17), respectively [23,74,75].

EY = EF x BY (16)
HHVbio(‘har
EF = —— 4t 1
HHV 14y, an

The difference between the energy yield and the solid yield is defined
as the energy-mass co-benefit index (EMCI) [76,77] and can be used as a
performance value to establish the optimum operating condition for
biomass pyrolysis [78,79]. The EMCI is determined with Eq. (18)
[22,78-80]:

EMCI = EY —BY (18)
Thermogravimetric analysis (TGA)

The thermogravimetric combustion experiments were conducted
with a Shimadzu DT-60 TGA. The experiments were performed for SCG
and BSG biochar products (300, 500 and 700 °C) under air atmosphere
(30 ml.min~1). The samples (4 + 0.1 mg) were heated with linear
heating of 20 °C.min"! from room temperature to 1000 °C. The exper-
iments were performed in duplicate to verify reproducibility.

The combustion characteristic of SCG and BSG biochar products
were evaluated by combustibility indexes such as the ignition index D;
(%.min"2) and the burnout index Dy (%.min"‘) [81,82]. In addition, and
the characteristic combustion index S (%_Z.min_z."C_3) was assessed
[83]. The combustion performance indicators are defined by Equations
(19-21).

DTGy

D, — 19
1, X t; a9
DTGHXMK
At 12 X Iy X 1y
D TG,MX D TGmwn
§ = DTGras X DTGrean @1

T2 < T;

Here, the ignition temperature T; (°C) describes the temperature at
which a material starts burning and can be determined by TG-DTG
tangent method [84]. The peak temperature T, (°C) is the temperature
corresponding to the peak of the maximum DTG value (DTGpyqy). The
burnout temperature Ty (°C) is taken as the point immediately before the
combustion reaction is completed, when the rate of weight loss becomes
less than 2%. min~! of DTG [81]. The time in which the ignition, peak
and burnout temperatures occur are t;, t, and t (min), respectively. The
DTGean is the average combustion rate considering the 1% of the
DTG as the start and the end of the process. At/ is the time range of

PR = 0.5 [85].
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Decision analysis for optimized biofuel

Usually, a decision problem accounts for several targets, so the most
satisfactory solution to the problem is investigated considering several
criteria [69]. Understanding that there is no global solution for all
products concurrently, and multiple solutions can be achieved for
different purposes, a decision analysis must be applied to select the ideal
process variables. Therefore, in the present study, the decision analysis
is performed by applying two methods: Dominance Analysis (DA) and
Metric Distance (d,) based on compromise programming [47]. The DA
method can be described by Eq. (22) [69].

F0) <FViel, - p

Fel,Mfi(x) <fi(x) @

x < xziﬁ"{

Wherein a problem with p decision criteria f, = {fi(xn),f2(Xn), ",
fu(xn)} and a set of N solutions x, = {x1,Xz, -,Xn}, solution x; domi-
nates solution x if and only if x; is not worse than x; in all criteria and
x; is strictly better than x, in at least one criteria [69]. A solution
dominates others strongly (SD) if it has a better or equal result in all
criteria [69]. A solution dominates others weakly (WD) if it has a better
result in at least one criterion [69].

Given a reference point (z,,), the compromise programming method
benefits a solution closer to the desired value or farther to an undesired
value [86]. The metric distance (d,) of a solution n (Equation (23))
represents the distance (measured by a specific vector — the Euclidean
distance) between the solution n and z,, in the solutions space.
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(23)

dy = {f} V() = 2 P} '/”

m=1

Here, M is the number of all solutions and f;,, (x) is the value of solution n
in the criterion m. The best solutions have shorter distances between
them and a reference desired solution [86]. The reference point repre-
sents the coordinates of the preferred values of all the criteria presented
for each product: biochar and syngas (biofuel) [69]. The reference value
zm (Table 2) is defined considering the advantages for each specific
parameter, based on the raw biomass and product characterization, and
the described performance indicators for gasification and pyrolysis
processes in Section 2.2 and 2.3 and results in Section 3 [69]. Table 2

The decision was straightened as a minimization problem for both
methods, where the evaluated criteria are seen as benign when lower (or
minimized) [69]. Hence, the best (to be) higher criteria were dealt with
as the numeric inverse (1/higher = lower) [69]. The values presented in
Table 2 follow this criterion.

Results and discussions
Gasification

Fig. 2(a and b) show the producer gas composition (Hy, CO, CO2, and
CHy) for SCG and BSG for the conventional (05/N5y) and CO,/Steam-
enhanced gasification (02/CO2/Ny and O3/H20/Nj). The presented
syngas concentrations were calculated using an Ny free basis. Fig. 2(c)
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Fig. 2. Producer gas composition for SCG (a) and BSG (b). (c) Hy/CO ratio and LHVjynes and (d) CGE, CCE and Syngas yield (syngas) @S @ function of the gasification

gas medium. (2-column fitting).
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provides the calculated LHVgynes and Hp/CO ratio, while Fig. 2(d)
evaluated the CGE, CCE and yy,,, for the three gasification mediums.
The producer gas composition of SCG gasification with O2/CO2/Ny
evidenced a minor increase of 3.77, 2.94 and 2.8% for Hy, CH4 and CO,
respectively, compared to Oz/N,. On the other hand, the CO, relative
content, with 32.81%, reduced 5.86% compared to Oy/Ny results. This
behavior might be attributed to the char reactions (C + CO,—2CO) and

CO; reforming reactions (CxHy + xCO, <> 2xCO + <3§’>H2) promoted by

COo, leading to an increase of Hy and CO and decreasing CO, concen-
tration in the gas [87]. This performance of producer gas composition
aligns with biomass gasification results at 1000 °C with O3/CO2/Ny
medium [57,87].

The Steam-enhanced atmosphere evidenced for SCG a 21.30% rela-
tive content of Hj, presenting no significant improvement for Hy pro-
duction compared to O2/N; medium. CH4 presented a slight reduction
from 8.09 to 7.40%. Meanwhile, the CO showed an increase from 35.77
to 44.32%. The results corroborate with Steam-enhanced gasification of
SCG reported by [7]. However, unlike [7], which reported a CO5 in-
crease with the steam to biomass (S/B) molar ratio, the CO, decreased
(from 34.85 to 26.98%). Therefore, the increase in Hy and CO and
decrease in CH4 might be ascribed to the water gas reaction (C +
H;O—H; + CO) and methane reforming (CH4s + H,0—CO + 3H,),
promoted by steam medium [7]. Consequently, the Hy/CO molar ratio
(Fig. 2(c)) of SCG increased (1%) for O2/CO2/N; and decreased (19.3%)
for Oz/Hzo/Nz.

Fig. 2(b) evidenced an improved producer gas quality obtained by
modifying the gasifying agent for BSG (increase of Hy and CH4 content).
H; and CH4 production increased significantly (up to 71.35 and
48.50%), with O2/Ny < 02/C0O2/N3y < 02/H20/N,. This behavior can be
ascribed to the steam reforming of char and tar, as well as the water-gas
shift reactions promoted by the steam and (indirectly) the CH4-pro-
ducing reactions [88,89].

Meanwhile, CO and CO5 content for BSG presented the same trend,
with O3/CO2/N3y < 03/Ny < O2/H20/Ny, where O,/H0/N> presented
higher values with an increase of 4.23% and 26.64% compared to Oy/
Ns. Accordingly, comparing the Oy/Ny with O5/CO2/N, gasification
mediums, a decrease of 10.77% and 2.08% was evidenced for CO and
COs. Therefore, the Hy/CO molar ratio of BSG gasification increased
33.52 and 64.39% for O2/CO2/N3 and O3/H0/Na,

Fig. 2(c) presents Hy/CO ratios lower than 1 for both feedstocks.
Therefore, the obtained syngas are suitable for synthesizing long-chain
hydrocarbons, where lower Hy/CO values (between 0.25 and 0.9) are
desired, and CO, is also required [57,90]. However, the lower Hy/CO
limits the syngas’ direct use in a Fischer-Tropsch process, which requires
H,/CO ratios between 2 and 3 [57,90].

The LHVye4, estimated by Equation (6), is intrinsically related to
the producer gas composition. Fig. 2(c) show that for SCG, the LHVyneqs
obtained with O5/CO5/N5 and O5/H20/N5 medium, increased 3.09%
and 7.73% compared to O5/Ns. It can be seen that CO relative content
has an important influence on this behavior since Hy and CH4 minimally
varied (positive or negative) with gasification medium. The result is in
line with [7], which evidenced higher LHVyne,s with increasing S/B and
CO4 concentration for SCG gasification.

A significant increase of LHV e (up to 32.97%) was evidenced for
BSG, following the same trend (O2/N3 < 02/CO2/Ny < 02/H20/N3) as
the Hy and CHy relative content, corroborating with gasification of farms
residues in the same reactor [57]. The calculated LHVyqs values were
13.59, 13.92 and 18.07 MJ.Nm 2 for 05/N3, 02/C0O2/N; and O5/H0/
Na, respectively.

The calculated CGE, CCE and Ysyngas (Fig. 2(d)) are functions of the
syngas flow rate (Qsyngas), obtained experimentally. The results of Qsyngqs
for SCG (Table 3) were 0.075, 0.074 and 0.098 Nm®>.h~! for O2/N», O/
CO2/Na, and O2/H20/No, respectively. For BSG, the experimental Qgyngqs
values were 0.026, 0.030, 0.037 Nm>.h™! for O5/Ny, 05/CO4/Ny, and
0,/H30/No, respectively.
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Table 3

Syngas flow rate (Nm3h™!), H, molar yields (mol.kgpiomass '), chemical and
physical exergy values (kJ.Kgpiomass ') of produced hydrogen and H, exergy
efficiency (%).

Qyyngas Hy yield ® Exth Exh M,

SCG (4 = 1.439)

02/N, 0.0754 25.21 5952 410.30 20.57
0,/CO,/Ny 0.0745 25.82 6096 420.20 21.07
02/H,0/N, 0.0979 32.74 7730 532.80 26.72
BSG (4 = 1.783)

02/N, 0.0260 12.52 2956 203.80 11.41
0,/C0O,/N; 0.0295 16.95 4002 275.90 15.44
0,/H,0/N, 0.0374 30.87 7288 502.40 28.12

Fig. 2(d) evidence that the performance indicators (CGE, CCE and
Ysyngas) had a similar trend for both biomasses, with higher values
following the gasification mediums order O3/H20/N3 > O3/Ng > O/
CO2/Nj, which is consistent with producer gas composition and
LHVyneqs. Although the SCG gasification presented a higher my;, and
carbon content (Y.qrhon) ON its biomass feedstock compared to BSG, its
CGE and CCE values were superior due to the higher Qsngqs. The CGE,
CCE and . varied between 122.28 and 170.97%, 141.07-189.03%
and 91.97-129.54 mol syngas.kgbiomss’1 for SCG and 94.76-181.27%,
80.8-136.22% and 27.90-67.52 mol syngas.kgbiomass’1 for BSG,
respectively. The obtained results align with SCG gasification results
from [7] and other biomasses [57].

In this study, the exergy of produced Hs (Fig. 3(a)) and the Hj exergy
efficiency (Fig. 3(b)) provide another performance indicator for gasifi-
cation processes. Generally, exergy analysis is more meaningful and
valuable than energy analysis, and it provides more insights into effi-
ciency assessment [54,55]. Fig. 3

Fig. 3(a) and Table 3 show a higher total Hy exergy for SCG than BSG
for the Steam and COz-enhanced gasification mediums against conven-
tional gasification, aligning with energy results. The results corroborate
with gasification literature for SCG and are in the range of other com-
mon biomass residues [55,61]. The Hy total exergy of COs-enhanced
gasification increased by 2.42 and 35.39% for SCG and BSG compared to
02/Ny, in line with [61] that reported an Hy exergy increase with
increasing COy/B ratio in gasification medium for different biomass
feedstocks. Regarding Steam-enhanced gasification, the total exergy of
Hj production (Fig. 3(b)) increased 29.87 and 146.5% for SCG and BSG
against conventional gasification.

Fremaux et al. (2015) investigated steam-enhanced gasification of
wood residue at various S/Bs (0.5-1) for hydrogen production and re-
ported an exergy efficiency increasing for higher S/Bs [91]. The
increasing exergy of Hy production might be attributed to the Hy yields
growths, which can be fundamentally associated with the fact that more
moisture content at high gasification temperatures boosted the steam
reforming reactions [55,92]. As expected, the resulted growth in the Hy
yield during Steam-enhanced gasification led to higher exergy of pro-
duced H; and consequently to a higher 7, for SCG and BSG (Table 3).

Fig. 3(b) presents the exergy efficiency of hydrogen production. The
increase of the 7y, followed the gasification order Oy/Naz < 02/CO2/N>
< 02/H20/Nj, varying between 20.57 and 26.72% for SCG and 11.41 to
28.12% for BSG. Comparing SCG and BSG biomasses, the 5, was higher
for SCG with O3/N; and 0»/COy/N; gasification atmospheres.
Contrarily, for O2/H20/Na, the 5y, was higher for BSG. It can be seen
from Table 3 that the Hy yield and the chemical and physical exergy are
similar for the Steam-enhanced gasification of SCG and BSG. Therefore
the lower 57, of SCG with O2/H20/N> conditions might be attributed to
the lower LHV}jomqss of BSG compared to SCG. Results indicate that both
biomasses reported encouraging H, exergy values and efficiency for
green-hydrogen production.

Char and soot formed during the gasification experiments as a
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function of the gasification medium are presented in Fig. 3(c). The char
formed during SCG gasification reduced for Steam/CO-enhanced gasi-
fication being O2/Ng > 05/CO2/Ng > 05/H20/Ns. The char yields were
336.01 Mg.Zhiomass * (02/N2), 195.13 mg.ghiomass * for 02/COs/Ny  and
182.65 mg.gbiomass’1 for O2/H20/Nj. The BSG gasification reported
greater char yield values for Oy/Ny with 73.22 mg.gbiomass’l, followed
by a decrease for O2/CO2/Ny (59.99 mg.gbiomass’l) and 62.86 mg.
gbi(,mS{1 for O2/H20/Ns. The results are in line with steam gasification
(1000-1400 °C) of beech sawdust in a DTR [93,94].

Concerning SCG gasification, soot formation presented 10.53, 8.33,
and 19.12 mg.gpiomass . for Oa/Nj, 0/COs/Ny and Oa/HyO/Ny,
respectively. For BSG, the soot formation was decreased with the Steam/
COg-enhanced gasification, with 27.30 mg.gbio,ms{1 for O5/Ny
compared to 20.77 and 16.02 rng.gbiomas{1 for 03/CO2/Ny and Os/
H20/Nj. The reduction of soot formation for BSG steam gasification
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could be ascribed to an increase in soot oxidation or suppression of soot
formation (due to OH) [57,94]. The results are in line with other bio-
masses showing that steam in the gasifying agent could promote the
reforming of the tars and the soot reforming reaction, inhibiting the soot
formation [57,58,93,94].

The CO; emission (E,,) results are presented in Table 4 for SCG and
BSG. This performance indicator is related to the producer gas compo-
sition discussed previously and presented in Fig. 2(a and b). Considering
the SCG, the E,,, decreased from 0.61 (O2/N>) to 0.56 (O2/CO2/N2) and
0.41 (O2/H30/N5). The BSG presented lower values when compared to
the SCG. Equal E,,, values of 0.2 were obtained for O2/N2 and O2/H20/
Ny, and 0.19 for O3/CO3/N.

The multi-criteria decision analysis was used to evaluate the success
rate of each biomass feedstock and gasification atmosphere considering
the several performance indicators discussed here. Table 4 presents the
obtained results for the SD, WD and d,, analyses. The last column (total
success rate) is the average of the WD, SD, and d, success rates [69]. The
value expressed in the WD column represents how many other solutions
have worse results than the one being analyzed [69]. Meanwhile, the SD
values represent how many other solutions are inferior (considering all
criteria) to the one being analyzed [69].

As can be seen, the same trend for the performance indicators was
obtained for both low-cost biomass residues, aside from CCE and E,,.
The O03/H,0/N; atmosphere provided the higher WD, SD, and dy;
therefore, the higher total success rate. For instance, the Steam-
enhanced gasification (S/B = 0.5) characterizes the optimal opera-
tional condition within the considered indicators. Pondering SCG and
BSG, the total success rates were 78% and 54% for O/H50/N,,
compared to 20% and 48% for O2/CO3/N> and 11% for conventional
gasification (O3/N3) atmosphere.

Table 4
Producer gas results and its multi-criteria decision analysis.
0,/Ny 02/CO2/N> 02/H20/N>

Spent coffee ground
LHVy, 10.45 10.77 11.26
CGE 122.28 124.42 170.97
CCE 141.07 139.45 189.03
Femgas 56.24 57.58 73.86
i, 20.57 21.07 26.72
Eco, 0.61 0.56 0.41
Sp 1.00 1.00 2.00
Wp 0.00 0.00 2.00
dy 0.20 0.15 0.00
Sp 33% 33% 67%
Wp 0% 0% 67%
d, 0% 27% 100%
Total 11% 20% 78%
Brewing spent grain
LHV, 13.59 13.92 18.07
CGE 94.76 110.24 181.27
CCE 80.83 87.33 136.22
Feyngas 27.90 37.32 67.52
Ny, 11.41 15.44 28.12
Eco, 0.20 0.19 0.20
Sp 1.00 2.00 2.00
Wp 0.00 1.00 0.00
dy 0.05 0.03 0.00
Sp 33% 67% 67%
Wp 0% 33% 0%
dn 0% 44% 94%

Total 11% 48% 54%
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Pyrolysis

Pyrolysis products are evaluated as liquid (bio-oil), solid (biochar),
and non-condensable (biogas) extents [95]. This work comprehensively
investigates the biochar product as solid biofuel. Table 5 shows the
biochar yields, its ultimate analysis and H/C and O/C molar ratios for
the SCG and BSG.

The temperature effect on solid yield reduction is due to the devo-
latilization occasioned from the break of strong organic bonds of
biomass organic matter [35]. The biochar yield reduced up to 72.74 and
73.02% for SCG and BSG. A noticeable decrease is evidenced between
300 and 500 °C treatments with a 28.44 and 20.88% reduction for SCG
and BSG. This decrease can be ascribed principally to hemicelluloses and
cellulose degradation [13,18]. The smoother reduction and the minor
difference between biochar yields with increasing temperature
(500-700 °C) might be attributed to the degradation of remaining lignin
[51].

The difference between biochar yields in this temperature range was
1.5% for SCG and 1% for BSG. The SCG results align with [1] that re-
ported 28.73 and 27.28% biochar yields for 500 and 700 °C pyrolysis
experiments. Concerning the BSG, the results agree with [35] that show
biochar yields of 27.96 and 26.11% for 450 and 650 °C pyrolyzes. Fig. 4
illustrates the H/C and O/C molar ratios (Table 5) in the Van Krevelen
diagram for raw and obtained biochar of SCG and BSG.

The raw SCG and BSG presented a H/C of 1.67, 1.85 and O/C of 0.56,
0.76, in line with literature for SCG [4] and BSG [30,35]. It can be seen
from Fig. 4 that during pyrolysis, H and O are released, and the
aromaticity (H/C) and polarity (O/C) decrease with increases in the
reaction temperature, converting it into a more coal-like fuel [35].

The pyrolysis temperature effect can be observed with the increasing
carbon content of the biochar and the parallel decrease in the oxygen
and hydrogen because of the decarboxylation and dehydration of
biomass [35]. The H/C and O/C ratios indicate the degree of biochar
reactivity to the different gases present in the combustion systems [96].
The low ratios obtained for biochar evidence a more aromatic and
carbonaceous composition, releasing less water vapor and smoke than
raw feedstock during combustion [35,96].

The CEL, which were calculated as a function of the biochar carbon
content, are presented in Fig. 5(a and b) for SCG and BSG, providing a
performance indicator for pyrolysis. A higher CEI is desired when
applying biochar as biofuel. For instance, the results showed a linear
increase as the pyrolysis temperatures grew, and the CEI values were
0.36, 0.57 and 1 for SCG and 0.51, 0.75 and 1 for BSG considering 300,
500 and 700 °C treatment, respectively.

The HHYV value is closely related to the CEI and the atomic ratios of
O/C and H/C [56]. As presented in Fig. 5(a), the calculated HHV of SCG
increased for obtained biochars with 300 and 700 °C pyrolyzes. How-
ever, the 500 °C biochar presented lower HHV than biochar obtained at
300 °C and is similar to raw SCG. This behavior on HHV of 500 °C
biochar might be attributed to the higher decrease of H content
(67.04%) and a minor increase of C (28.30%) in comparison to raw SCG
induced by a higher loss of organic liquids (coffee oils) related to
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BSG. (c) Van Krevelen diagram. Data of raw SCG from ([4]) and BSG from
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extractible contents [97].

The increase of the HHV, evaluated by its EF, varied between 17.5
and 19.42 MJ .kg’1 for SCG. On the other hand, the HHV of BSG (Fig. 5
(b)) presented a notorious linear increase (EF up to 83.11%) as the py-
rolysis temperature increased, varying between 17.06 and 31.23 MJ.
kg~ L. Results corroborate with elemental composition modification in
the obtained biochar (Table 5) and BSG pyrolysis results reported by
[30].

The solid fuel upgrading from pyrolysis aims to obtain biochar with
high energy yield at a low solid volume to increase the processing effi-
ciency and simplify handling, transportation, and logistics [76], and the
EMCI provides the required information for this evaluation. For
example, Fig. 5(c) shows that 300 °C and 700 °C provided interesting
results concerning energy densification (higher EY than BY) with EMCI
of 9.79 and 5.29. However, the 500 °C evidenced a negative result with
an EMCI of —0.16, not optimizing the energy density of the obtained
biochar.

Meanwhile, all performed pyrolysis were beneficial for BSG con-
cerning energy densification (Fig. 5(d)), with the optimal condition at
700 °C, followed by 300 °C and 500 °C with EMCI values of 22.42,17.33
and 14.58, respectively. Thus, comparing both biomasses EMCI, BSG
presented higher values as optimized solid biofuel. The worst condition
was obtained at 500 °C for both biomasses with optimized biochar at
300 °C for SCG and 700 °C for BSG.

The surface morphological modifications caused by SCG and BSG

Table 5

Biochar yield (SY) and ultimate analysis (wt%) results for different pyrolysis temperatures considering SCG and BSG.
Temperature BY C H N H/C o/C Formula
SCG
raw 100.00 51.74 7.22 38.65 2.39 1.66 0.56 CHj1.6600.56
300 °C 55.70 61.06 6.40 29.21 3.33 1.25 0.36 CH;.2500.36
500 °C 28.79 66.38 2.38 28.16 3.08 0.43 0.32 CHo.4300.32
700 °C 27.26 77.29 1.57 18.85 2.29 0.24 0.18 CHo.2400.18
BSG
raw 100.00 44.72 6.86 44.66 3.21 1.83 0.75 CH 530075
300 °C 48.84 63.28 5.03 31.20 0.49 0.95 0.37 CHo.9500.37
500 °C 27.96 71.67 4.11 23.84 0.38 0.68 0.25 CHy,6800.25
700 °C 26.98 83.17 3.66 12.62 0.55 0.52 0.11 CHo5200.11
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Fig. 5. (a) HHV, (b) EF, (c¢) MY, EY and EMCI, (d) CEI of the pyrolyzed biochar for SCG and BSG as a function of temperature treatment. (2-column fitting).

pyrolysis can be observed by comparing the SEM images of the raw
materials and the biochar particles for 300, 500 and 700 °C treatments.
The SEM images for SCG and SCG-biochar are shown in Fig. 6(a-h) at
magnifications of 400X and 1000X for raw, 300, 500 and 700 °C,
respectively.

The SCG raw material surface consists mainly of flakes presenting
uneven lumps of different sizes with shallow pores. After pyrolysis
treatment, minor differences are observed on the biochar surfaces with
higher treatment severities. As a result, the surfaces of SCG presented a
more vivid porous-like structure, in line with [1,7]. This char charac-
teristic might be helpful in other applications as absorption of a wide
range of contaminants (heavy metals) in the water cleaning process,
energy storage application (electrode), fabrication of humidity sensor
[98].

Considering the BSG, Fig. 6(e) shows that the surface of the biochar is
amorphous and heterogeneous, with microporous and fibrous texture
regions, in line with [35]. Machado et al. (2020) and Fontana et al.
(2018) reported that the morphology of the vegetative tissue of raw malt
bagasse formed a kind of fibers overlapping, presenting a rigid structure
with irregularities, which probably composes the vascular system of the
plant [36,99], in line with Fig. 6(e).

Through Fig. 6(f-h), it was possible to observe the effect of pyrolysis
on the biochar surface. The magnification of 1000X provided details of
some cavities in the plant wall, which are characteristic of plant struc-
tures [36]. For higher temperatures, the opening of these cavities can be
evidenced. This observation might be attributed to the fast volatile
release at high temperatures (700 °C), leading to an internal over-
pressure [100]. According to the performed analysis, the results reveal
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that the pyrolysis process significantly impacts the SCG and BSG biochar
chemically rather than on its physical characteristics, agreeing with SEM
results for SCG and BSG [1,35].

The multi-criteria decision analysis was conducted for a compre-
hensive and extended assessment of SCG and BSG biochars. Table 6
presents the evolved performance parameters and the results for the Sy,
Wy and d, methods. The optimal operational condition is attained for
the higher total success rate contemplating each decision method [69].

As can be seen, both biomasses obtained the optimal performance at
700 °C, due to lower H/C and O/C ratios, higher HHV and EF. The EY is a
critical performance parameter to be considered in the DA because it
accounts for the BY reduction promoted by pyrolysis (in contrast to the
higher desired BY for a more significant amount of biochar).

As discussed later, a lower EY for 500 °C SCG and BSG was evi-
denced, indicating the worst EMCI for both biomasses in this tempera-
ture. Throughout the DA, the lower EY pondered the Sy, W, and d, in a
way that 300 and 500 °C pyrolyzes had similar (BSG) or intermediate
(SCG) success rates. Regarding all the evolved performance indicators,
the SCG and BSG showed that 700>300>500 °C, with a minor differ-
ence between 300 and 500 °C, corroborating the EMCI results.

This work focused on solid biofuel (biochar) production via pyroly-
sis. It is well known that the pyrolysis process’s operation conditions are
essential in defining pyrolytic products yields and providing different
physicochemical properties for respective products. Future studies may
include using multi-parameter analysis further to investigate bio-oil and
pyro-gas production for different applications.
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Fig. 6. SCG SEM images with 400 and 1000X for Raw (a), 300 °C (c), 500 °C (b), and 700 °C(d). BSG SEM images with 400 and 1000X for Raw (e), 300 °C (f), 500 °C

(g), and 700 °C (h). (2-column fitting).

Table 6

Energy performance indicators for the SCG and BSG biochar and its multi-criteria decision analysis for biofuel application.
(o) H/C o/C HHV EF EY Sp Wp dn Sp Wp d, Total
Spent coffee ground (SCG)
raw 1.66 0.56 21.04 1.00 100 3 0 1.42 75% 0% 0% 25%
300 1.25 0.36 24.73 1.18 65.49 3 0 1.01 75% 0% 29% 35%
500 0.43 0.32 20.92 0.99 28.63 2 0 0.69 50% 0% 52% 34%
700 0.24 0.18 25.12 1.19 32.55 3 1 0.02 75% 25% 99% 66%
Brewing spent grain (BSG)
raw 1.83 0.75 17.06 1.00 100 3 0 1.32 75% 0% 0% 25%
300 0.95 0.37 23.11 1.35 66.10 3 0 0.43 75% 0% 67% 47%
500 0.68 0.25 25.95 1.52 42.50 2 0 0.18 50% 0% 87% 46%
700 0.52 0.11 31.23 1.83 49.35 3 1 0.01 75% 33% 99% 69%

Combustion behavior

The TG, DTG curves for SCG and BSG, as well as the two-dimensional
TG mapping with the combustion temperatures, are presented in Fig. 7
(a—f), respectively for SCG and BSG. In addition, the characteristic
combustion parameters of the SCG and BSG biochar are listed in Table 7.
Determining these performance indicators for combustion requires the
characteristic parameters reflecting thermal behavior during the com-
bustion process [101]. The T;, Ty, Ty, D;, Dy and S can be obtained from
the analysis of combustion TG and DTG curves [84,102,103], which
allows a quantitative comparison of the combustion characteristics of
SCG and BSG biochars.

Fig. 7 shows that thermal stability increases after the drying phase as
the pyrolysis temperature increases for SCG and BSG. Therefore, the TG
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and DTG profiles shift for the regions of high temperatures, in line with
biochar of babassu coconut combustion [104] and semicokes derived
from pyrolysis of low-rank bituminous coal [105]. Consequently, the T,
(Fig. 7(e and f)) were smaller for raw SCG and BSG with 312.55 and
299.22 °C compared to biochar’s. The SCG and BSG presented closer T,
for 300 and 500 °C treatments, differing by ~ 4 °C. Regarding 700 °C
treatment, the T, decreased for SCG and increased for BSG compared to
500 °C.

As can be seen in Fig. 7 and Table 7, the raw material showed more
reactivity in the initial phase of combustion, presenting a T; of 274.48 °C
and 256.06 °C for SCG and BSG, respectively. Results are in line with
other biomass residues [103,104], describing relatively low tempera-
tures than charcoal [105] due to the higher volatile matter/fixed carbon
ratio in the solid fuel [104]. The burnout temperature (T;) of raw
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Fig. 7. TG (a)(b), DTG (c)(d) and TG contour mapping (e)(f) of SCG and BSG for 300, 500 and 700 °C. (2-column fitting).

material was 872.92 °C and 956.83 °C for SCG and BSG. The obtained T
were higher than other raw biomass residues [103,104]. Wnorowska
et al. (2020) investigated different fuel types and showed that the
burnout temperature was higher when higher heating rates were
applied. Therefore, the higher T; obtained for SCG and BSG might be
attributed to the 33 °C.min ! applied in comparison to 1.67 °C.min ! for
babassu coconut [104] and (5, 10, 15 and 20 °C.min_1) for herbaceous
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and cereal straw biomasses [103].

The D; denotes the ignition capacity of fuel so that the higher D;, the
more volatile compounds are separated from fuel, the easier the fuel
ignition occurs [81,82]. The Dy denotes the combustion capacity of a
fuel [81]. Table 7 shows that the ignition index D; of SCG and BSG
biochar were lower than raw material. The D; and Dy remained almost
unchanged when pyrolysis temperature was 300 and 500 °C, but both
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Table 7

Combustion characteristic parameters of SCG and BSG.
SCG T; (°C) T, (°C) T; (°C) D;x 10° Dyx 10* $x 10°
Raw 274.48 312.55 874.43 1.52 34.34 9.08
300 °C 325.34 432.72 890.82 0.32 4.84 2.13
500 °C 371.37 437.46 845.84 0.30 4.46 1.87
700 °C 386.15 417.70 982.73 0.24 3.07 1.14
BSG
Raw 256.06 299.22 962.52 89.88 18.32 8.34
300 °C 378.35 560.85 820.08 12.33 3.47 1.86
500 °C 482.95 556.59 816.97 14.60 3.75 1.47
700 °C 521.63 585.09 880.40 10.99 2.60 1.04

D; (%.min’s), Df(%.min"‘) and S (% 2min 2.°C~%).

indexes decreased for 700 °C pyrolysis, agreeing with [104,105]. In
other words, the biochar obtained at higher pyrolysis temperatures
presented inferior ignition performance, which is harder to ignite, and
the burnout efficiency is lower, in line with [105]. This behavior might
be attributed to the faster releasing and the greatest amount of volatile
materials within raw biomass and obtained biochar at lower pyrolysis
severities contributing decisively to accelerate the fuel ignition at a
lower temperature [106]. Regarding BSG, it is important to note that D;
and Dy increased a small percentage of 1.46 and 8.06% for 500 °C
compared to 300 °C, showing better ignition performance and burnout
efficiency.

The characteristic combustion index (S) reflects the reactivity of
biochar combustion throughout the oxidation reaction [83,104,105].
SCG and BSG presented a similar range for S and linear decreased as the
pyrolysis temperature increases with 23.5 and 22.3% for 300 °C, 20.6,
17.6% for 500 °C and 12.5% for 700 °C. Results are in line with
carbonization for bamboo sawdust and cotton stalk [101] and babassu
nutshell [104]. Therefore, the obtained biochars at lower temperatures
are easier to ignite and have better combustibility, burning more quickly
and powerfully [101,104].

The obtained combustion index for SCG and BSG are considerably
higher than those obtained by Protasio et al. (2017) for babassu nutshell
pyrolysis (450-850 °C) and Qian et al. (2012) for pyrolyzed low-rank
coal (450-650 °C) that reported S values ranging between
4.93x1077-1.56x1077 and 1.24x1077-9.40x10~® %2 min2°C™>. As a
result, the compared S values indicated the great potential of using SCG
and BSG as solid biofuel for straightforward application to heat gener-
ation in small-scale systems.

Conclusion

This work comprehensively investigated steam/CO,-enhanced gasi-
fication and pyrolysis processes for the low-cost and constantly supplied
SCG and BSG residues. The multi-parameter decision analysis allowed
identifying and comparing optimal operational conditions for the gasi-
fication and pyrolysis parameters.

SCG gasification evidenced high LHVyne with increasing S/B and
CO4 concentration gasification. A significant increase of Hy and CHy4
relative content, consequently LHV 445 (up to 32.97%) was evidenced
for BSG. Therefore, the performance indicators (CGE, CCE and ysy,,gas)
had a similar trend for both biomasses, with higher values following the
gasification mediums order O2/Hy0/Ng > O3/N3 > 02/CO2/Na.

Steam-enhanced gasification promoted the increase of Hj relative
yield during gasification boosting the exergy of produced green
hydrogen and, consequently the 5y, for SCG and BSG. The multi-
parameter analysis revealed that the Steam-enhanced gasification (S/
B = 0.5) provided the higher WD, SD, and d,; therefore, the higher total
success rate of 78% and 54% for SCG and BSG, characterizing the
optimal operational condition within the considered indicators.

The produced biochar reported reduced H/C and O/C, promoting an
HHV enhancement of 19.42% (SCG) and 83.11% (BSG). Decision
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analysis results showed that 700 > 300 > 500 °C, with minor differences
between 300 and 500 °C, in line with the energy-mass co-benefit index
analysis. Moreover, pyrolysis significantly impacts the SCG and BSG
biochar chemically rather than on its physical characteristics.

The TGA allowed identifying higher ignitions temperatures and
burnout indexes and lower ignition indexes for biochar produced at
lower pyrolysis temperatures, which characterizes better ignitability
and combustibility, burning more quickly and powerfully. The S values
indicated a great potential of using SCG and BSG as solid biofuel for
straightforward application to heat generation in small-scale systems
compared to other biomass residues.

The perceptive conclusions of this paper could support in recom-
mending optimum paths to more economically valorization of low-cost
feedstock through pyrolysis and gasification valorization route,
encouraging waste-to-energy development and circular economy
principles.
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