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This paper evaluated steam and CO,-enhanced gasification of spent coffee ground (SCG) biomass, including
energy and exergy aspects focusing on hydrogen production. The waste-to-hydrogen (WTH) conversion was per-
formed via gasification (1000 °C) with a drop-tube-reactor investigating six different steam to biomass (SBR of
0.5, 0.8 and 1.2) and CO, to biomass (CO,BR 0.09, 0.18 and 0.27) ratios. The syngas production indicated clear
improvement against O,/N, with an H, yield increase up to 69.21% and 18.32% for steam and CO, mediums.

The energy and exergy analysis points out the 0.8 SBR as the optimum condition with 210% CGE and 48.05%
exergy efficiency for H, production. As a strategy for carbon capture and usage, the medium with 0.27 CO,BR
provided a 28.52% exergy efficiency for H, production and reduced soot formation, showing a potential gasifi-
cation medium for SCG. Results encourage waste-to-hydrogen prospection within circular economy principles,
boosting circular economy principles in urban districts.

1. Introduction

An enhanced amount of greenhouse gas (GHG) released from energy
production units and industrial sectors using fossil fuels is a significant
cause of global warming (Detchusananard et al., 2018). Environmen-
tal issues have raised global awareness, reflected in research on car-
bon mitigation, conversion, and storage (Prasertcharoensuk et al., 2021;
Silveira et al., 2022a). The focus on sustainable goals permeates compa-
nies’ responsibility for their processes and disposal of products, pursuing
strategies that demonstrate their concern for environmental sustainabil-
ity (Deutsch et al., 2022). The replacement of the model based on the
refining of fossil sources for a model of biorefineries of organic material
residues indicates a great effort in carbon management and mitigation
of global warming (Cséfalvay and Horvath, 2018; Santanna et al., 2020).

Previous studies provided insights into the use of unavoidable and
carbon-neutral residues produced in urban districts (Evaristo et al.,
2021; Ghesti et al., 2022; Menezes et al., 2022), promoting the biorefin-
ery perception and urban symbiosis, leveraging high-value-added prod-
ucts that increase the overall financial system and the move to a circular
concept in urban areas (Silveira et al., 2022¢, 2022b). In this context,
the environmental concerns because of the disposal of SCG, summed
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to its valuable properties (high carbon content, high heating value, low
ash, and negligible sulfur content, encourage this waste as an alternative
fuel source (Atabani et al., 2022a; Kibret et al., 2021).

Coffee beans are produced in over 46 countries, offering about 8.60
million tons worldwide (Dang and Nguyen, 2019). Brazil (30%), Viet-
nam (19%), and Columbia (9%) are the primary producers and exporters
of coffee beans (Dang and Nguyen, 2019). Coffee is an agro-based prod-
uct, widely consumed as a beverage drink and the 2nd largest commod-
ity after petroleum and its derivatives (Atabani et al., 2022b; Rajesh
Banu et al., 2021). Consequently, the coffee industry generates vast or-
ganic waste, where the spent coffee ground (SCG) is the most valuable
(McNutt and He, 2019).

SCG amounts to approximately 40% of the total coffee bean mass
(Efthymiopoulos et al., 2018). Around 650 kg of SCG is generated from
1 ton of coffee beans, representing an average annual production of
8 million tonnes (Colantoni et al., 2021). It is estimated that 93% of
SCG is directly forwarded to landfills without proper treatment, pro-
moting environmental threats as GHGs emissions (mainly CO, and CH,)
(Atabani et al., 2022a).

Hydrogen (H,), recognized as one of the cleanest energy vectors,
can be produced from lignocellulosic biomass, a promising raw mate-
rial for achieving a sustainable bioeconomy (Moreira et al., 2021; Rajesh
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Index Summary

B biomass correlation factor
CCE carbon conversion efficiency
CEI carbon enhancement index
CGE cold gas efficiency

CO carbon monoxide

CO, carbon dioxide

DTG thermogravimetric derivative
EXpiomass ~ €xergy of biomass

Ex¢h chemical exergy

Exk kinetic exergy

ExPh physical exergy

ExP° potential exergy

exZ’z standard chemical exergy
Expy exergy of hydrogen

h specific enthalpy

hy specific enthalpy

LHV lower heating value

Mo biomass feeding rate

n molar yield

N, exergy efficiency of hydrogen
Oyngas syngas flow rate

r; mole fraction

s specific entropy

o specific entropy at Ty

SCG spent coffee ground

SEM Scanning Electron Microscope
Ysyngas syngas yleld

T temperature

t time

WTH waste-to-hydrogen

Xcarbon, i carbon molar fraction

Yearbon feedstock carbon mass fraction

Yco Or yy, CO or H, percentage in syngas

Banu et al., 2021). The increasing projection of H, demand is around
17% per annum in the coming years from a current baseline of 55 mil-
lion tonnes/year due to its wide range of applications in chemical (57%),
petroleum (37%), and agrochemical (6%) industries (Ashik et al., 2015;
Prasertcharoensuk et al., 2021). The previous review has focused on
WTH technologies, the associated environmental impacts, and economic
and social aspects (Wijayasekera et al., 2022). Regarding the thermo-
chemical WTH routes, past work pointed out that gasification and py-
rolysis are the two primary processes (Wijayasekera et al., 2022).

The gasification process converts any carbon-based raw material into
synthetic gas (Midilli et al., 2021; Santanna et al., 2021). Gasification
evolves a partial oxidation reaction of organic substances at a tempera-
ture range of 900—1500 °C. The process is considered the most cost-
effective and efficient method to produce hydrogen that can replace
the steam reforming of fossil fuels (Prasertcharoensuk et al., 2021).
Furthermore, gasification can occur in different atmospheres, e.g., O,
depleted air, CO,, steam, or mixtures of these compounds (Adédnez-
Rubio et al., 2020). Table 1 summarizes previous literature on ligno-
cellulosic biomass focusing on WTH production by applying different
gasification mediums.

As an alternative for energy generation from residues of the coffee
harvest, gasification was extensively reviewed by (Mendoza Martinez
et al.,, 2021a), which shows few studies focusing on the coffee pulp
(Parascanu et al., 2017; Torres et al., 2019), husks (Couto et al., 2013;
de Oliveira et al., 2018; George et al., 2019; Ismail et al., 2016), and
SCG (Pacioni et al., 2016).

In addition, recent studies on SCG gasification described the kinetic
modeling of CO, gasification for SCG biochar (Pacioni et al., 2021), the
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two-step gasification of SCG biochar for hydrogen-rich gas production
(Cay et al., 2019), the thermal behavior and product yield of SCG steam
catalytic gasification (Chaiklangmuang et al., 2015), and the steam and
CO, gasification under different concentrations (Kibret et al., 2021).
However, due to the limited studies that focus on energy generation
from coffee production chain residues, only partial information describ-
ing the thermochemical process implementations on SCG residues is
available (Mendoza Martinez et al., 2021b).

Furthermore, the studies that attempt to produce syngas from SCG
by different gasification agents are still limited in the current literature.
Thus, considering the perspective of WTH from SCG and the limited
literature, a comprehensive experimental assessment was performed for
steam/CO,-enhanced gasification processes assessing energy and exergy
aspects focusing on H, production from SCG.

2. Material and methods
2.1. SCG feedstock

The SCG material comprises Arabica coffee species supplied by lo-
cal coffee brands (Café Export) from Brasilia, Brazil. Before gasification
experiments and chemical characterization, the raw SCG residues were
oven-dried until dry (105 + 1 °C for 24 h), ground and sieved (using a
mechanical sieve shaker with 60 mesh sieve) to sizes between 177 pum
(80mesh) and 250 pm (60mesh). The main chemical properties of the
SCG biomass feedstock are shown in Table 2.

The following methods were applied for the ultimate analysis (ASTM
E777/2008 e E778/2008) and proximate analysis (ASTM D 5142-09 for
volatile matter, TAPPI T211 om-93 standard for ashes (Miranda et al.,
2020)) of raw SCG samples. Other components were determined using a
Shimadzu X-ray Fluorescence (XRF) spectrometer (model EDX 720) with
a Rhodium tube as an X-ray source (Evaristo et al., 2021). The thermo-
gravimetric analysis (TG) was evaluated for 5 + 0.1 mg with Shimadzu
DT-60 TGA equipment in an inert atmosphere with a 20 °C.min~! heat-
ing rate from room temperature until 800 °C (Galvao et al., 2020). The
experiments were performed in duplicate to verify reproducibility. The
SEM images (SHIMADZU equipment with 400 and 1000X) and the ther-
mogravimetric analysis (TG and its derivative, DTG) are illustrated in
Fig. 1.

2.2. Gasification

The proposed framework of the study is illustrated in Fig. 2. The gasi-
fication system was applied and validated in previous works (Evaristo
et al., 2021; Ferreira et al., 2021; Ghesti et al., 2022). First, a twin-screw
volumetric feeder poured the SCG residues at a 0.03 kg.h~! feeding rate
to the water-cooled injector. Next, the biomass particles (and the carrier
gas N,) are injected into a vertical nonporous mullite tube within the
vertical electrically heated drop tube reactor (DTR-12 kW). The wall
temperature of the mullite tube (1750 mm in length and a 40 mm inner
diameter) was monitored by three type-K thermocouples. The wall tem-
perature was maintained at 1000 °C and particles injected from the top
of the DTR typically experience heating rates of ~10° K.s~1 (Ad4nez-
Rubio et al., 2020). Finally, the SCG was injected from the top of the
DTR with a constant wall temperature of 1000 °C during gasification
essays (Ferreiro et al., 2020).

A concentric passage between the mullite tube and the injector in-
serted the three distinct gasification mediums (O,/N,, O,/CO,/N, and
0,/H,0/N,) streams with an inlet gas flow of 1 dm3.min~! (N, used
to balance) (Adanez-Rubio et al., 2020). Therefore, ensuring the homo-
geneous mixture of Ny, O, and steam, or CO,, into the tube for each
specific experiment condition. A steam generator (evaporator at 2 bar
pressure) delivered the moisture. Meanwhile, the CO, and O, were sup-
plied from pressurized containers. The Steam-to-biomass ratio (SBR) and
CO,-to-biomass ratio (CO,BR) were defined as the mass flow rate of the
injected medium (g.h~!) divided by that of the biomass feed rate (g.h~1)
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Table 1
Summary of lignocellulosic biomass focusing on WTH production.
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Laboratory scale

Year Feedstock Gasification process conditions Performance indicators Ref.

2016 SCG TGA Syngas composition (Pacioni et al., 2016)
Temperature: 650-850 °C LHV 2, HHV ?
Reaction time: 2 h
Medium: argon/steam mixture
Steam concentration 5-30 vol%

2021 Wheat straw Temperature: 700 °C CGE ¢, LHV (Wang et al., 2021)
Reaction time: 30 min H, yield, H, efficiency
Medium: supercritical water

2021 Waste furniture Temperature: 800 °C Syngas composition (Farooq et al., 2021)
Reaction time: — Gas yield
Medium: steam H, content
Catalyst: rice husk biochar

2021 Cornstalk Temperature: 750 °C H, efficiency (Qin et al., 2021)
Reaction time: — H, yield
Medium: excess oxygen ratio — 0.2
KNOj; content: 8% (w/w)

2021 Banana peel, Temperature: 650-850 °C Gas yield (Anniwaer et al., 2021)

Japanese cedar Reaction time:120 min CCE ¢

wood, and rice Medium: steam
husk Catalyst: K (alkaline earth metal)
Pressure: 1 atm
2020 Palm empty fruit ~ Temperature: 700 °C
bunch Medium: steam
Steam to feedstock ratio: 2
Catalyst: commercial Zeolite
Pressure: 1 atm
Cao to feedstock ratio: 1
2021 Brewers’ spent Drop tube reactor
grains Temperature: 1000 °C
Reaction time: 30 min
Medium: O,/N,
0,/C0,/N,
0,/H,0/N,
Semi-fluidized bed reactor
Temperature: 700-900 °C
Reaction time: 30 min
Medium: O,/H,0/N,
S/B molar ratio: 0.14, 0.27, 0.4, 0.53
Medium: O,/CO,/N,
CO,/B molar ratio: 0.11, 0.14, 0.17, 0.21
Drop tube reactor
Temperature: 1000 °C
Resisdence time: 2-3 s
Medium: O,/N, (1=0.4)
Medium: O,/CO,/N,
CO,/biomass:0.09, 0.18 and 0.27
Medium: O,/H,0/N,
Steam/biomass:
0.5,0.8 and 1.2

2021 SCG

This work SCG

Syngas composition
H, yield
H, efficiency

(Inayat et al., 2020)

Syngas composition (Evaristo et al., 2021)
CGE, CCE, LHV
H, exergy

H, efficiency

Syngas composition
Carbon conversion, CGE, LHV
H,/CO

(Kibret et al., 2021)

Syngas composition study
CCE, CGE, LHV and H,/CO Soot and char
formation

H, exergy

H, efficiency

2 LHV lower heating value

> HHV - higher heating value

¢ CGE - cold gas efficiency

4 CCE - carbon conversion efficiency.

(Bach et al., 2019). The distinct inlet concentrations were controlled by
flow meters within the gas line.

A particle collection system composed of two cyclones (able to cap-
ture char particles>10 ym and particles soot and char particles <10 xm)
was positioned at the bottom of the DTR. The syngas composition was
measured using a paramagnetic pressure analyzer for O, and a non-
dispersive infrared analyzer for CO, and CO. The remaining gasses were
identified by a gas chromatograph Clarus 500 (Adanez-Rubio et al.,
2020). All experiments had a duration of around 10 min, contemplating
the temperature stabilization of the reactor, the time the SCG biomass
(60-80mesh) dropped freely within the DTR (~2-3 s), and their solid
residues (soot and char) and producer gas collection. The gasification
operational conditions based on previous studies (Adanez-Rubio et al.,
2020; Evaristo et al., 2021; Ferreiro et al., 2020) are describe in Table 3.

Understanding the primary reactions of the thermochemical process
helps to have some perspective on the process and gives a chance to
improve the process and the system (Kibret et al., 2021). Equation (01)
describes the thermal conversion of biomass during gasification.

CH, 5Ny40p5 = CO+CO, + CHy + Hy + CyHy + Char + Tar (1)

Here, SCG (represented by its chemical formula) passes through two
stages concerning the fast pyrolytic process followed by char gasifica-
tion and tar decomposition (Kibret et al., 2021). The main gasification
reactions that progressed during the thermal conversion are summarized
in Table 4.

The following energy performance indicators were determined to
evaluate the gasification processes: the lower heating value of the syngas

(LHV,,445), sSyngas yield (y,,,,,), carbon conversion efficiency (CCE),
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Table 2
The proximate, ultimate analysis, EDX and energy parame-
ters for SCG raw material (Evaristo et al., 2021).

Feedstock SCG

Proximate analysis (wt%)

Ash 1.67

Fixed carbon 17.71

Volatile Matter 80.62

Moisture 5.47

Ultimate analysis (wt%) *

C 57.74

H 7.22

N 2.39

ob 38.65 -
Formula CH; 5Ny 04 Ops y
EDX (mg. Kghiomass ™) ]
Ca 791 i
K 4201 E
Mg 696 .
Na 122 7
P 123 ]
Si 65 4
Energy parameters (MJ. kg~') :
HHV ? 21.04 T
LHV ¢ 19.45 ]
2 Dry basis. ]
b By difference O = 100 - (C + H + N). . 4
¢ LHV =HHV -21.97x H. 0 o I :‘.“'n'. Lt g0 asasenal 0

- . o 0 200 400 600 800
and cold gas efficiency (CGE) (Adanez-Rubio et al., 2020). Primarily,
performing an exergy analysis provides meaningful and superior infor- Temperature (°O)
mation than energy analysis. Therefore, the exergy of H,-production
and its exergy efficiency were assessed (Hu et al., 2021; Parvez et al.,
2016; Zhang et al., 2019b, 2019a).

Fig. 1. SEM characterization and thermogravimetric (TG and DTG) profiles of
raw SCG feedstock.

2.3. Energy analysis CH,, and CO of the dry fuel gas (Waldheim and Nilsson, 2001).

The LHYV,

syngas
fraction (r;) and lower heating value (LHV;) of a constituent i = H,,

’j Exergy Analysis
Gasification Process

Biomass feeder

[ e generator _— H, production exergy

|| : »
] ==— T water H, production exergy efficiency
1

(Eq. (02)) was determined as a function of the mole LHYV, = Z r,LHV, 2)

syngas

)

Spent Coffee Ground

Water in— 'L]—v Water out ] 1 [ ‘f{gl;,",‘,‘,iters EnergyAna'ysiS
; ;—1 @ CGE, CGE, Syngas yield and LHV
:>i ;2_? Gas cylinders Syngas composition
=1= H,, CO, CO, and CH,
===
= ‘ Particle Matter

i Dekati Cyclone Soot and Char
Filt .\f Cyclone —
o 2 I %mmmr Feedstock: Spent Coffee Ground

Filter T
: I‘—é"ump Gasification medium
um ) e, .

" &——of  J Ar

Cleaning sampling Pum  Analyser  Graam (S/B = 0.5, 0.8 and 1.2)
€O, (C0O,/B=0.09, 0.18 and 0.27)

Fig. 2. Gasification apparatus (Adanez-Rubio et al., 2020) and proposed framework.
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Table 3
Gasification operational process for the drop tube reactor system
(Fig. 2).
Parameters Values
Biomass feed rate 30 g.h™!
Gasification temperature 1000 °C
Particle residence time ~2-3s
Atmosphere (stream flow rate)
CO, 2.82, 5.40,
8 gh!
H,0 15, 25, and
35 g.h!

Table 4
Main gasification reactions (Reyes et al.,, 2021; Tang et al., 2022;
Vikram et al., 2022).

Reaction name Equation AH (kJ. mol 1)
R, Partial oxidation ~ C +1/20, - -111
co
R, Char combustion  C+ 0, - CO, -394
R; Boudouard C+CO, 2C0O 172
reaction
R, Char reforming C+ H,0 < 131
CO+H,
R; Water gas-shift CO+ H,0 < -41
CO, + H,
R Methanation C+2H, < CH, -75
R, Steam-methane CH,+ H,0 < 206
reforming CO +3H,

2 Heat of reaction.

The syngas yield (y,,,,,,) Was defined by Eq. (03) as the amount
of H,, and CO generated during the process of gasification (mol syn-
gas. Kgpiomass ). The Ysyngas Was calculated in terms of the biomass
feeding rate s, in kg.h™! (Table 3), the Qjyngas is the syngas flow
rate (Nm3.h~1) and y, is the gas molar fraction of CO and H, (Adénez-
Rubio et al., 2020)

(Qxyngus X yCO) + (stngas X sz)
Ysyngas = . . (3)
bio

The cold gas efficiency (CGE) was defined as Eq. (04) (Costa et al.,
2021; Lamas et al., 2022)

Ojyngas X LHYV

syngas

CGE = X2 e, )
My X LHVbiamass

and carbon conversion efficiency (CCE) as Eq. (05)

CCE = Qxyngus X Z:’ xtarban, i ) (5)

mbio X Yearbon
Here the LHV;y05s (MJ. kg™1) and the carbon mass fraction y,,,,,
are values from (Table 2) and the molar fraction of carbon (x,,.,,) in-
cludes the carbon content of CO, CO,, and CH, (producer gas products)
(Adénez-Rubio et al., 2020; Chen et al., 2013).

2.4. Exergy analysis

The exergy efficiency (ny,) of H, production was applied as a gasi-
fication performance indicator to compare the different gasification at-
mospheres (Parvez et al., 2016; Xiang et al., 2021; Zhang et al., 2019a,
2019b). The ('7112) can be defined by Eq. (06) (Zhang et al., 2019a, 2012)
as

N, = Ei‘” % 100%. ®)
bio
The exergy of hydrogen (Exy,) in kJ. kg1, described by Eq. (07),
includes only two forms since the potential (Ex?°) exergy and the ki-
netic (Ex*), which are minimal parts of the total exergy, are neglected
(Zhang et al., 2019b, 2015), resulting in

Exp, = Ex" + ExP?. @)
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The chemical (Ex¢") exergy was determined through Eq. (08) based
on the molar yield (n;,in mol. kg1) and the standard chemical exergy
(exyy =236,100 kJ. kmol ™) of H, (Zhang et al., 2019a, 2012).

Exh = ny, X exg'z 8)

Meanwhile, the physical (ExP") exergy of H, (kJ. kg™!) was
calculated with Eq. (09), where h and h, are the specific en-
thalpy of H, at arbitrary temperatures (kJ. kmol~!) and in the en-
vironment (7926 kJ. kmol™!); s and sy the specific entropy of H,
at arbitrary temperatures (kJ. kmol~'K~1) and in the environment
(107.71 kJ. kmol™1K~1); T;, the environmental temperature (298.15 K).

ExPh = ng, X [(h=hy) =Ty % (s =s9)] &)

The chemical exergy of the biomass feedstock Exy;mqss = B X
LHV,;pmass 1S described by Eq. (10) and can be obtained as a function of
the correlation factor g (Evaristo et al., 2021), the LHV of raw biomass
(kJ. kg‘l) and the weight fraction (%) of biomass feedstock in terms of
carbon (C), hydrogen (H), oxygen (O), and nitrogen (N) from Table 2.

1.044 +0.0160 x H/C —0.3493 x O/C(1 +0.0531 x H/C) +0.0493 x N /C
1-04124x0/C

10)

3. Results and discussions
3.1. Effects of CO,-to-Biomass ratio (CO,BR)

The gasification process is complex and can be influenced by many
operational conditions and factors, such as reactor type, process temper-
ature and medium, feedstock, particle size and catalytic effects. There-
fore, it is worth noting that all the factors evolved with the process
analysis must be similar for competing results on the product gas com-
position with different works; otherwise, the comparison may be voided
(Bach et al., 2019). The present investigation related the gas composi-
tion, energy and exergy performance indicators with the temperature
of the gasification reactor (not the single biomass particle wich evolves
heat and mass transfer mechanisms). In addition, it is worth noting that
the obtained results represent the gasification process in DTR conditions
and not entrained flow.

Fig. 3(a) shows the composition of the product gas (H,, CO, CO,, and
CH, calculated using an N,-free basis) for O,/N, (blue region) and CO,-
enhanced gasification (O,/CO5/N,) considering three CO,BR (0.009,
0.18 and 0.27).

When the CO,BR rises from 0.09 to 0.27, the CH4 and CO, con-
tents decrease (from 8.98 to 7.08 vol% and 32.81 to 20.70 vol%, respec-
tively). Meanwhile, the CO content shows only a marginal change from
0.09 to 0.18 CO,BR and increased to 45.62 vol% for 0.27 CO,BR. Re-
garding the lowest CO,BR (0.09), the producer gas composition did not
evidence a pronounced difference from O,/N, medium, with a slight
reduction of H,, CH, and CO, and increased CO vol% (Fig. 3(a)). A
maximum H,/CO ratio (0.83) was obtained for 0.18 CO,BR, and no pro-
nounced difference in H,/CO was observed for other CO,BR compared
to O,/N, (Fig. 3(c)).

Compared to 0.18 CO,BR, the relative concentration of CO in-
creased, and the H, decreased for 0.27 CO,BR. This behavior might
be related to the more favorable Boudouard reaction (R3) than water-
shift gas (Rs) for higher gasification temperature with CO, medium
(Kibret et al., 2021). The effect of the CO, medium on the improve-
ment of CO yield and reduction of H, yield was as expected and in
line with previous works (Butterman and Castaldi, 2007; Kibret et al.,
2021). Compared to O,/Ny, no pronounced difference in the y, ., was
reported for 0.09 CO,BR, followed by an upward trend (from 57.58 to
78.03 molgypgas- Kghiomass +) With increasing CO,BR (Fig. 3(c)).



J.P. Rodrigues, G.F. Ghesti, E.A. Silveira et al.

(a)

50
| OH,0CH, B co mco,
40 |
&30
- M
o
2 20
10
0
00 0.1 02 03
CO,BR
10 © 90
180 &
170 7,
1 &
160 2
02 | OH,/C0 50
i Aysyngas' £
() J S SN [T
0.0 0.1 0.2 0.3
CO,BR
) 20
@ Soot
— A Char T
] ]
2 ] 2
on =10]
) 4 10 &b
Eoobtb—g o | E
5 = 5
5 u% R
e W

00 0.1 0.2 0.3
CO,BR

Cleaner Chemical Engineering 4 (2022) 100082

(b)

50
OH,0CH, B ComCOo,

i

Yield (%)

0.5 0.8 1.2

'SBR

160
120 £
2
80 -
o
£
140 ¢
I O H,/Co §
0.0 . | . AI ysy7|1gas 0 -

0.0 0.4 0.8 1.2
SBR

Soot (mg. g sc6™)

SBR

Fig. 3. Producer gas composition (H,, CO, CO,, and CH,) for (a) CO,BR (0.09, 0.18 and 0.27) and (b) SBR (0.5, 0.8 and 1.2). Blue region designated O,/N,. H,/CO
ratio and syngas yield (7,,,,,,) for (c) CO,BR (0.09, 0.18 and 0.27) and (d) SBR (0.5, 0.8 and 1.2). Soot and char formation mg. gsc; " for (e) CO,BR (0.09, 0.18 and

0.27) and (f) SBR (0.5, 0.8 and 1.2).

Fig. 3(e) shows the soot and char formed through the experi-
ments as a function of the CO,BR. During the gasification, adding
CO, significantly reduced char formation to 56.85% (0.27 CO,BR)
less char than O,/N, medium. The downward trend of char forma-
tion with CO,BR increasing is in line with previous SCG gasification
on DTR results (Evaristo et al., 2021). Soot formation under 0.09 and
0.18 CO,BR presented a minimal difference from O,/N, medium, fol-
lowed by a reduction for 0.027 CO,BR, achieving 32.69% less soot
formation.

3.2. Effects of steam-to-biomass ratio (SBR)

Fig. 3(b) indicates a steady increase in H, formation (up to 40%)
with increasing SBR. Meanwhile, a decrease in CH, (related to reac-
tion R;), CO (reaction Rs is enhanced at a higher steam flow rate) and
CO, (related to R;) were evidenced. Kibret et al. (2021) investigated
SCG gasification in a previous study showing an upward trend for H,,
while CH,4, CO and CO, vol% showed a decrease with increasing SBR,
in line with Fig. 3. Kibret et al. (2021) reported a growing trend for CO
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(0.5, 0.8 and 1.2). Blue region designated O,/N,.

vol% between 0.14-0.41 SBR and, for higher SBR, it exhibited a substan-
tial reduction (Kibret et al., 2021). Fig. 3(b) shows a steady reduction
of CO from 44.32 to 33.57 vol% for 0.5 and 1.2 SBR. CH, slightly re-
duce from 7.4 to 6.95 vol% for higher SBR. The observed reduction of
CO, with growing SBR might be attributed to the Boudouard reaction
(R3) and CO, reforming reactions (C, H, + x CO, < 2x CO + (y/2) H,)
promoted by CO, (Evaristo et al., 2021), furthering the increase of H,
content.

Comparing both atmospheres for SCG gasification, the steam-
enhanced medium provided higher H,/CO with lower CO, vol%. When
the interest is H,-rich gas production from SCG gasification, results point
out the medium of 0.18 CO,BR and 1.2 SBR as the optimum conditions.
On the other hand, 0.27 CO,BR and 0.8 SBR provided a higher syngas
yield and, consequently, better LHV,,,,, and CGE, as discussed next.

Finally, Fig. 4(f) shows char and soot formed during the steam-
enhanced experiments as a function of SBR. As expected (Evaristo et al.,
2021), char formation decreased as the SBR increased. Differently from
the CO,-enhanced atmosphere, it is seen an increasing trend of soot
quantity (mg. ggc 1) when the SBR increases, with considerable higher
values (10.53, 15.13 and 17.56 mg. gSCG‘l for 0.5, 0.8, 1.2 SBR, re-
spectively) compared to O,/N, (8.51) and O,/CO,/N, (8.33, 7.98,
5.73 mg. g ! for 0.09, 0.18, 0.27 CO,BR) mediums.

3.3. Energy analysis

The effects of the CO,BR and SBR gasification mediums on the
LHYV, and CGE are shown in Figs. 4(a) and (b), respectively. Mean-

syngas
while, Table 5 shows the results for Q,,,,, and CCE.
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Table 5
XXX, 405 (Nm®. h™1) and CCE (%) for O,/N,, CO,BR
(0.09, 0.18 and 0.27) and SBR (0.5, 0.8 and 1.2).
QO yngas” CCE"
0,
0.0 0.075 138.39
CO,BR
0.09 0.074 139.45
0.18 0.073 126.75
0.27 0.084 154.54
SBR
0.5 0.098 189.03
0.8 0.116 195.16
1.2 0.058 86.99
2 Nm?3. h~1.
b 04,

Fig. 4(a) shows that adding CO, to the gasification medium pro-
moted a minor reduction of LHV,,,,,, compared to O,/N,, which could
be due to the dilution of the CO, in the produced gas (Kibret et al.,
2021). When increasing the CO,BR, the LHV,,,,, was augmented
from 10.77-11.97 MJ. Nm?, according to the producer gas composition
(higher H, and CO vol%). The LHV,,,,,, range and behavior are in line
with (Kibret et al., 2021), which showed a slight reduction of heating
value for lower CO, concentrations in gasification medium followed by
an increasing trend for higher CO,BR.

Fig. 4(b) shows the growing behavior of LHV,,,, from
10.80 MJ. Nm~3 (0,/N, up to 12.10 MJ. Nm~2 when SBR raised from
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Chemical, physical and total H,-exergy (Ex,; ) values (in kJ. Kgyiomass ') and H,-exergy efficiency (1, in %) for
0,/N,, CO,BR (0.09, 0.18 and 0.27) and SBR (0.5, 0.8 and 1.2).

Gasification medium ex,? ex,;’ Exp? ni,”
0, - 5.953 0.410 6.363 20.58
CO,BR 0.09 6.097 0.420 12.881 21.07
0.18 7.583 0.523 14.623 26.21
0.27 8.251 0.569 16.926 28.52
SBR 0.5 7.730 0.533 17.083 26.71
0.8 13.902 0.958 23.123 48.05
1.2 8.555 0.590 24.005 29.57

2 kJ. kgbiomass_l'
b %.

0.5 to 1.2, following the producer gas composition. Results align with
the previous research (Kibret et al., 2021), which reported a slightly
lower heating value for CO, medium than the steam-enhanced during
SCG gasification.

The calculated CGE and CCE (Table 5) depend on the Q. 0b-
tained experimentally. Even though the LHV,,,,, of steam gasification
enhanced due to H, and CO increasing (Fig. 3(a)), the Q,,,,, slightly

reduced between 0.09 and 0.18 CO,BR (Table 5), resulting in a slight
reduction of CGE (139.45 and 126.75%) compared to O,/N, (141.07%).

The CGE for steam gasification reported higher values compared to
CO, medium and an upward trend up to 0.8 SBR, followed by a pro-
nounced reduction related to the Q,,,,,; (Table 5) when increasing SBR
to 1.2. The maximum CGE and CCE were evidenced for 0.027 CO,BR
with 155 and 154% and 0.8 SBR with 210.7 and 195.16%, respectively.

3.4. Exergy analysis

Hy-exergy (Exy,) (Fig. 4(c)) and Hj-exergy efficiency (ny,)
(Fig. 4(d)) provides a reliable performance indicator for H,-rich gas pro-
duction. Compared to O,/N, medium, the Exy, was higher when gasi-
fying with a steam/CO, enhanced environment, with superior values
reported for higher SBR (0.8 and 1.2). Results ranges align with pre-
vious SCG research (Evaristo et al., 2021) and other biomass residues
(Zhang et al., 2019b). In addition, the obtained upward trend for
Exp,and ny, with CO,Br increase aligns with the previous study that
reported a similar behavior for rice straw biomass (Parvez et al., 2016).

The Exy, and ny, of CO,-enhanced gasification increased compared
to 0,/N,, supporting a past study that reported an H, exergy increase
with increasing CO,BR in gasification medium for different biomass
feedstocks (Parvez et al., 2016). Even though the H, yield (vol%) pre-
sented a maximum value for 0.18 CO,Br and a reduction when increas-
ing the CO,BR to 0.27 (Fig. 3(a)), the Oyyngas (Table 6) was higher for
0.27 CO,BR, resulting in a higher H, production in mol. kgp;omass~* and
a greater Exp,.

Regarding steam-enhanced gasification, the Ex, (Fig. 3(b)) in-
creased 29.79% for 0.5 SBR compared to O,/N,. The increasing Hy-
exergy production might be attributed to the H, yield growths, which
can be fundamentally associated with the fact that more moisture con-
tent at high gasification temperatures boosted the steam reforming reac-
tions (He et al., 2009). As expected, the resulting growth in the H, yield
during Steam-enhanced gasification led to greater exergy of produced
H, and consequently to a higher ry, .

The maximum efficiency considering all investigated atmospheres
was attempted for 0.8 SBR with a ny, of 48.05%. When increasing
the SBR to 1.2, a reduction to 29.07% was evidenced. This behavior
might be related to the excessive low-temperature steam reduced reac-
tion temperature (Wang et al., 2012). The described behavior for Steam-
enhanced gasification, where a critical SBR (generally between 0.70 and
3.41 depending on feedstock and process parameters) is obtained, fol-
lowed by a reduction of #,, with SBR further increasing, aligns with
previous literature (Zhang et al., 2019b).

The initial increases in 7, might be related to a higher amount of
moisture content and, consequently, the promotion of a superior mix-
ing with the other materials endorsed by the higher steam flow, fa-
voring the hydrocarbon cracking reaction (C,H,, + 2n H,0 — n CO, +
(2n+m/2) H,) (Li et al.,, 2014), water-gas-shift reaction (Rs), char-
reforming (R,) (Wu et al., 2018) and methane-steam-reforming reac-
tion (R;) (Li et al., 2014). The downward trend observed for higher
SBR might be attributed to the insufficient char considering the injected
steam and the decreasing gas residence time within the reaction cham-
ber, promoted by the growing steam flow rate (Chuayboon et al., 2018;
Li et al., 2014). In summary, results indicate that SCG reported encour-
aging Exy, and ny, for hydrogen production.

4. Conclusion

The steam/CO,-enhanced gasification of SCG (clean energy carrier)
focusing on hydrogen production can be seen as a commitment to waste
mitigation strategies and renewable energy sources. This work investi-
gated the effects of CO,BR and SBR on energy and exergy performance,
focusing on hydrogen production. The following conclusions have been
drawn:

i) As a strategy for carbon capture and usage, maximum H, yield was
obtained for 0.18 CO,BR. Nevertheless, the H,-exergy production
and efficiency were higher for 0.27 CO,BR due to higher syngas
yield. Therefore, adding CO, to the gasification medium promotes
its utilization in carbon capture systems, enhancing H, exergy effi-
ciency and reducing soot formation.

For 1000 °C gasification, an optimum steam flow rate (0.8 SBR)

was identified, resulting in a maximum H, yield production and

consequently higher Hy-exergy and 5y, for the SCG feedstock.

The hydrogen yield declined when the steam flow was further

increased.

iii) The steam-enhanced medium provided higher H,/CO with lower
CO, vol%. When the interest is H,-rich gas production from SCG
gasification, results point out the medium of 0.18 CO,BR and 1.2
SBR as the optimum conditions. On the other hand, 0.27 CO,BR and
0.8 SBR provided a higher syngas yield and, consequently, better
LHYV, and CGE.

syngas

ii

-

Considering its low pollution characteristics and zero carbon emis-
sion, hydrogen research has been widely promoted and is most likely
the world’s long-term alternative fuel. Furthermore, the steam/CO,-
enhanced gasification results showed suitability as a valuation route for
promoting WTH production and might encourage the development and
further use of lignocellulosic waste as cleaner energy sources. Future
works will approach other temperature ranges, different urban waste
sources and torrefaction as pre-treatment for gasification (Macedo et al.,
2022; Silveira et al., 2021a, 2021b). In addition, further research
will be conducted on the exergoenvironmental and exergoeconomics
aspects.
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