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The co-torrefaction of several biomasses may be a viable solution in the study area, as it produces biofuels and
addresses waste-treatment concerns. Furthermore, the parameters of co-torrefaction, including temperature,
reaction time, mass yield, energy yield, and the composition of the H/C and O/C ratio of the co-torrefied materials,
are similar to those for coal composition. Different reactor types, such as fixed-bed, fluidized-bed, microwave, and

batch reactors, are used for co-torrefaction, in which biomass blends with optimized blend ratios.

co-torrefaction reactors bioenergy biomass

| 1. Introduction

Since the beginning of the industrial era in the 18th century, the world has consumed most of the fossil fuels (such
as coal, oil, and natural gas) at a high speed . The widespread use of fossil fuels has lead to two major crises:
energy depletion and global warming. As a result, the development of renewable energy and the reduction in
carbon dioxide emissions have become a critical priority in the 21st century 8], People in various countries
depend on biomass as a sustainable energy source to meet the expanding energy demands and support economic
growth BBl Most biomasses have a low carbon content and high oxygen, hydrogen, and sulfur contents, which
maximizes air pollution and greenhouse gas emissions B4, |n the opinion of most experts, the development of
renewable energy, at present, is essential to reduce the use of fossil fuels, greenhouse gas emissions, and

ecological pollution. Renewable biomass or bioenergy is the most abundant energy source in technologies to date
[BI[9)[10]{11]

Various categories of biomass resources are processed using various thermochemical techniques, such as
torrefaction and pyrolysis, including gasification, which uses higher temperatures (=200 °C) to valorize biomass into
bio-solids and bio-oil, including syngas (U123 Renewable energy generated from wind, solar, hydro,
geothermal, and biomass 1428l sources is replacing energy derived from fossil fuels. Bioenergy derived from
biomass has some potential to partially replace non-renewable sources, such as coal (electricity generation).
However, compared to coal, biomass, by nature, has a lower energy density, greater moisture levels, and volatiles
(261 Due to this, biomass must undergo pre-treatment to enhance its qualities before it can be used instead of fossil
fuel L7, Pyrolysis, which depends on temperature and heating rate, promotes the synthesis of bio-solid, bio-oil, and
syngas from biomass resources in an inert environment 18191 Torrefaction uses moderate temperatures (200-300
°C) to convert biomass into fuel bio-solids 2921221 Co-torrefaction is the heating of two biomasses at 200-300 °C

in an inert environment. Due to the higher biomass-to-coal ratio, fuel has greater flexibility and produces less tar 23
[24]
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Several previous studies emphasized co-thermal processing, such as the co-pyrolysis of waste resins and
conventional biomass, and also reported their interaction effects. For example, the synergistic impact on liquid and
gas yields was identified when biomass was combined 22!, As a result of the addition of pine cones to polymeric
materials, the number of gaseous products increased more than expected, resulting in a lower char yield 28, Co-
torrefaction is feasible for the production of bio-solids 2. The bio-solid fuels can be utilized for co-firing or
environmental remediation applications through the thermochemical process (torrefaction) [28. The use of biomass
for co-torrefaction with a low calorific value implies the maximum amount of oxygen and hydrogen in the biomass.
Co-torrefaction can increase the calorific value of a bio-solid fuel by removing the moisture content and the
decomposing part of the volatile matter 22, Microwave co-torrefaction of an empty fruit bunch with used engine oil
at 300 °C has been shown to improve the high heating value (28.0 MJ/kg) of solid fuel B9, Numerous types of
biomass waste can be used without harming the environment 21, Solid biomass and bio-oil can be combined by
mixing several biomass ratios, thus reducing waste disposal and greenhouse gas emissions [3283l34] The co-
torrefaction of various feedstocks improves the fuel properties of the product (2. It is challenging to store
hygroscopic raw biomass because of its higher moisture content and lower energy density B8E7, This means that
the use of raw biomass as a fossil fuel alternative, such as coal, is limited because of these features. Processing,
on the other hand, can address the drawbacks of raw biomass. To achieve this, biomass can be pretreated by a
process known as co-torrefaction. Temperatures of 200 °C-300 °C are used under vacuum, and nitrogen is
supplied during the heating of raw biomass [2238] Furthermore, the study observed that co-torrefaction can
significantly increase the properties of biomass at some levels B8 such as reducing the moisture content of the
raw biomass, resulting in higher energy density and a higher heating value (HHV) B9 Furthermore, the
hygroscopic characteristic of raw biomass has been transformed into hydrophobic fuel (4%, Figure 1a presents the

total publications obtained from different countries, while Figure 1b indicates the dynamics of the yearly

publications.
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Figure 1. Number of publications in the co-torrefaction process (a) country-wise for the whole period and (b) year-
wise retrieved from the Scopus database (2 October 2022).

The following table summarizes the most recent research conducted on the co-torrefaction of biomass and
garbage, including studies, features, and outcomes. The co-torrefaction of biomass as feedstock did not indicate a
synergetic effect. The torrefied product presented an inconsequential improvement in HHV for use as a fuel co-fire
4l The co-torrefaction process used empty fruit bunch (EFB) pellets as the primary feedstock and cooking oil

(UCO) as the secondary feedstock to enhance the calorific value, and hence the increased quality of the EFB
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pellets. As a result, high-calorific-value torrefied pellets that are more environmentally friendly were produced.

Microwave co-torrefaction (MCT) is a new technology that combines microwave heating with co-torrefaction 2],

Torrefied biomass pellets were compared with typical furnace-based co-torrefaction in terms of their properties,

manufacturing process, waste reduction, and energy-conversion efficiency “2. A torrefied biomass can be

integrated into coal-fired boilers through direct, indirect, or simultaneous co-firing systems 43l The study shows

that microwave heating is an innovative technology integrated with the torrefaction process 2244l The work

conducted on the co-torrefaction of various biomass and waste materials is summarized in Table 1.

Table 1. Latest developments in the co-torrefaction process.

Sr. . . . Process and Process —
No. Biomass Type Blending Ratio Type of Reactor Condition Outcome Application Ref.
Solid yield
76.86%.
Enhancement
in HHV
) 1.12
Co-torrefaction Temperature: Energy yield
Mixing ratio of . 120 °C-180
Waste epoxy . Conventional . 85.79% Improvement 3]
1 . : firwaste epoxy . C, :
resin and fir S heating batch- . Improved of biochar
resinis 1:3 time: 10 .
type reactor . ) evaporation
min—40 min .
of volatile
compounds.
Solid yield
adversely
affected
Bio-char
Microwave made from
Mixing ratio of power level pure Solves waste-
Sewage se%/]va o Co-torrefaction 100 W, Leucaena water
2 sludge and ] g Microwave time: 30 min, wood has a problem. [44]
sludge:Leucaena : ’ .
Leucaena is (75:25%) heating temperature: CO, Production of
’ 170 °C-390 adsorption biofuels
E© capacity of 53
mg/g
Produced
mass yield:
(57.0-
63.8%),
. Blending ratio of . Temperature:  energy yield:
3 Blomc?)s; Gl biomass:coal is VertfljrarI];l(J:ZUIar 300 °C, (77.0- Egzlim;sctohj ES]
(30:70%) time: 60 min 89.0%), quality
(18.1-22.2%)
reduction in
CO,
emissions
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Sr.

No. Biomass Type Blending Ratio

Microalgae
and
Lignocellulosic
biomass

Mango seed
and passion
5 shell with
optoelectronic
sludge

6 Food sludge
and
lignocellulosic
biowaste

Blending
optoelectronic
sludge with
mango seed in a
25/75 ratio

Mixing
macadamia husk
and sludge in a
(25/75%) ratio
(db%)

Process and Process
Type of Reactor Condition
Co-torrefaction
Agas Temperature:
chromatographic 250 °C,
furnace with a time: 60 min
glass reactor
Temperature
Wet co- from 120 °C
torrefaction to 180 °C),
Microwave reaction
reactor duration from
10—-40 min
Wet co- Temperature:
torrefaction 150 °C,
Microwave duration: 20
reactor min

Outcome

Better
temperatures
(92.6%)
result in
higher energy
efficiency, but
the moisture
content of the
feed mixture
quickly
decreases
this efficiency
(16.9to
57.3% for
70%
moisture)

Higher
heating value
of 19.0
MJ/kg,
92.1% of
energy yield,
fuel ratios of
1.60-1.82,
and an
energy return
on
investment of
14.7%

HHV:19.6
MJ/kg;
decreased
ash content;
first-order
kinetics;
increased
thermal
stability and
combustion
efficiency of
biochar; 7.4
energy return
on
investment;
45.2%
reduction in

Application Ref.

High
production of
bio-char with (351
high calorific

value

The
production of  [4g]
fuel of the
highest grade

Production of [
bio-solid and
nutrient
recovery
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'\Sk';'_ Biomass Type Blending Ratio T;::z?s;e:l?:?or CT:gii?:n Outcome Application Ref.
carbon gas
emissions
There is an
85.5 wt%
Temperature: mass yield
Empty fruit 200, 250 °C Fuel ratio: Production of
bunch pellet, Co-torrefaction and 300 °C, 1.8. Carbon - .
7 used cooking S Microwave heating rate: content: solid fuel with a0y
: greater
oil, and waste reactor 50-65 68.3%. improvement
engine oll °C/min, time:  Fixed carbon:
5-8 min 62.3%.
HHV: 28.0
MJ/kg.
. There is no
Hemicellulose, synergistic
cellulose, Co-torrefaction Temperature: effect of co-
10 lignin, xylan, Weight ratio Conventional 230 °C, 260 torrefaction i [47]
dextran, (2:1:2) heating °C and 290 .
xylose, and thermogravimetry @ on weight
glucc;se loss of the
blend
Textile sludge Amount of
and Temperature: .
. . fixed carbon: :
11 Ilgnpcellulose i Wet co- 120. C-180 29 8% Prod.uctlon of [y
biowaste torrefaction °C, time: 10— ' biofuel
. . HHV: 19.7
(macadamia 30 min MJ/kg
husk)
Mango
branches (MBr-LDPE)
(MBr), waste Three binary carbon Improved fuel
12 newspaper mixtures Bench-scale Temperature: content: characteristics  [4g]
(Np), and low- prepared, with a tubular reactor 300 °C 71.94% that allow co-
density mass ratio of 1:1 HHYV: 35.84 firing al. Co-
polyethylene MJ/kg
(LDPE)
Food sludge
Torrefaction blended with
Food sludge temperature macadamia n of
and six widely Blending ratios Microwave (120, 150, husk (25/75 Renewable " 3.
13 produced of 0/100, 25/75, e and 180 °C),  db%) highest energy (4]
lignocellulose 50/50, and 100/0 reaction time fixed carbon resource. 3
bi-wastes (10, 20, and content
30 min) (25%) HHV: 1.
(19.6 MJ/kg)
. U0, U, T UULY, DL 0. IVIA, 1N L., LITVY, TN, IVIATTAUT T, VVLALVVL, NG, sy T8RN, TN T, T TllyY, Vv, |\|am,

W.L.; Lim, X.Y.; et al. Vacuum pyrolysis incorporating microwave heating and base mixture

modification: An integrated approach to transform biowaste into eco-friendly bioenergy products.
Renew. Sustain. Energy Rev. 2020, 127, 109871.

5. Nagvi, S.R.; Taqvi, S.A.A.; Mehran, M.T.; Khoja, A.H.; Naqvi, M.; Bokhari, A.; Saidina Amin, N.A.
Chapter 2-Catalytic pyrolysis of biomass using shape-selective zeolites for bio-oil enhancement.
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| 2, CoTorrefaction Mechanismiand OperationParameterss:
Cambridge, MA, USA, 2021; pp. 39-60.

2.1. Co-Torrefaction Process _ _
6. Zafar, M.W.; Shahbaz, M.; Hou, F.; Sinha, A. From nonrenewable to renewable energy and its

Co iBRaaERIh ReeDRIRGr Vg bidkhessalR Ridesaargh & HsMaloRMERICXRRRALHRRIA ARAINACHIGuUre 2
illudHERROMUG fPORESRLIOMFRHNEIRS 1Y Figer e, RiRd e 20181 Fdste bpfsb e blended together in various
Bleesiia) (HOMO KRG 294 1. AR GO PR, TERJCRUISIREAES AR MO ANK. EGER fRh &t BEiBSt (co-
O EIRERERIe A0E 2 OB SKRF NHEUIA L PrSEROIE A IS9P B A8 aRirRet AIMEREBRTR WS Hded in the
furmsesdNQIgR" Fq@qujf@@nge m@p’nlgf’ thg_sgqnple. The duration of this step depended on the flow rate

and size of the furnace. After purging the supply of nitrogen was interrupted, the sample was kept in a crucible
SalHa Mo btraP ruMNZR -5 31804 oA B+ STt Dl RIGERSS 07 2543158 500 <C for a
resAOREONRIYF SU AW RO Aa L WRHd BIgMARS RSN HRLARYHHIIZRUAY) RENSU A BmTRE hace

folltl):evﬁﬁ/g Oezg'o- o?Frge’fe:l]'chBQ%}blending the residual biomass. The main outcome of the co-torrefaction process is a

I90IChemitypid-so ikbpowtycWPY STehbatorfatianviraBeRs; ialgndomie s i oW, Baipknatkesiryull progresses
towangremexetitersnist biotsasoden phadisctimmécbduligndueheosid Drueastiprechiioatehddizsindexrasd at
higle tenpeniasiaep Ge ribialing rveglegpcsisisop the eogenentyy RORLUS 208;tibR4B3involved. The first stage is
to remove the moisture content at 110 °C. The following_stage is to remove inbound moisture or a fully moisture-
10. khan, M.; Raza Naqvi, S.; Ullah, Z.; Al Ammar Taqvi, S.; Nouman Aslam Khan, M.; Faroo%, /.

free_environment when the temperature.increases to 200 °C. At 20Q °C, the torrefaction process begins to

Taqgi Mehran, M.; Juchelkova, D.; Stepanec, L. Applications of machine learning in
decompose volatile matter to, produce solid, liquid, and gaseous products. At 5200—2 0 °C, the stage of

thermochemical conversion of biomass-A review. Fuel 2023, 332, 126055. _ _
decomposition of hemicellulose occurs that is characterized by limited devolatilization, and a solid structure is

Ifbrid@bbann Pthidbstaaelbckt; Blanbigey ifre RemawaipienerRed: erRbgeashieakiMhStatts fultiéh form
coraePSRORLS WS heimeRaldiiag ieahaolgy. RenewgSustam.donergls Reverdtddve3Parl 4BthéGérrefaction

1OB3E Y WiCh) PeapiBRIlIRs e ruPasss Inthyolstigs G0H SP1g PEORR A6 r8GHgaS from palm oil mill
effluent (POME) steam reforming over lanthanum cobaltite: Effects of net-basici

2020, 148, 3495808« |

13. Farooq, W.; Ali
and Kinetics oRCate
6-Al203 Catg i ' Shalysi ont. 2021, 9, 775037.

Biomass 2

14. Moriarty, P.; Honnery, D. Global Renew. Energy resources and use in 2050. In Managing Global
Warming; Elsevier: Amsterdam, 'Hyg,NeshedandisaeihPpiRe 2 1-235.

15. Raza, M.; Inayat, A.; Ahmed, A.; Jamil, F.; Ghenai, C.; Nagvi, S.R.; Shanableh, A.; Ayoub, M.;
2%N§r)é“ﬁr~%§ﬂ<° \E.-flz‘.eﬂogress of the Pyrolyzer Reactors and Advanced Technologies for Biomass

Whg rt?/\%S(I)SF I?nrc?r%e %Irrﬁ 'sés Vv%ts {ansagljlrl’r%i%g cl) ’gle%’e%a]tg 6al'more significant impact than either of them could

1B oWea alhre,; (8 GHed & aprerdis(@. piect WIS Re@Und esthnaitgsinergisécedat sndasthecugeal to
increassfaroatiGrs ot Yighis meatbemaledtkecdarington efatiovithAbpk &nePgysiDia ed@is, shed (PEsh) for
1\A;?t'\}|o{£ﬁ@$i’él)’n?(_.\]x3) B%s ﬁ as,y%a.r istic impact on }he increase in HHV cantent i co-‘orrefied b.ig-solid, es§)ecially in

Vacuum Crucible Tube Furnace

A A A

Raza NaqviSg-Sajic; M= Abbas Khan, H; "Evolved Gas Analysis

n lIomass torreraction as an emerging technology to aid in energy

T al : b . -l .
a 75/25(%({%%%. .As a cggsze&u nc%8%§f§e results, combining OS with fruit bio-waste is an additional effective

pro Heliyon , €
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L8aMiahtaipy WeApWyce&hanghGd . thieamattdhhtd it A e, BIdN@id .asvia phdductl bradvienrly) . Dis Likely, 6.8e used
instvlidrovitadeiocveddyisithefuuast e polyoddfikd. and waste cooking oil: Influence of N2 atmosphere

versus vacuum environment. Energy Convers. Manag. 2018, 171, 1292-1301.

2.3. Operating Parameters _ _
19. Lam, S.S.; Mahari, W.A.\W.; Jusoh, A.; Chong, C.T.; Lee, C.L.; Chase, H.A. Pyrolysis using

TheTi6LRYYaNR RIASHRREES AR ARPRIAN S b INRIREH ARRAFHR taJEaBsieaT) et fadna ! ired
dedtigfiie pEndact withhgesitablepeRrRElins of - KidRrRs PrRfhefOls obdratiRf3paréfeters affected the co-

JOEfBRHAPL OCeSR RSP A, e PRI HRPeIaie aleSEenEEIIIRIGR AN ReAPEFARGIGAKPLHIES ARt the HHV
of BiRIARFR LU HE B INEYE BB HBUEfIbN gas atmosphere. Bioresour. Technol. 2017, 243, 107-117.

24 3" aBAGH iy tRURENEBE TeMpbtaRifeahd RBSieric B TittRdoh MBs & afrNEndrgyorriashe

thermochemical transformation of biomass to bio-oil, biochar and syngas and its upgrading
The/Bassd3NP ROEEDS g’glgseﬁf\,ﬁ@npppgqr_eﬂg@éqiqrg8§%zgﬂ@5\{ith temperature and the reaction time. The

increase in temperature and residence time decreased the mass and energy yields, while the energy density
22080 ARy 3l Tl ar¥s TR ialsd WhaioRd i kagh e Andonamadt, He PIRRA95E o 180
o, T B R R P28 R O i QR b B e Al TN SRR R il Rl
as Yc\)l\?\/?’rtnec}i\é%mg'r-gvg%m%s)})dlpgcrgrbz&% ’W%(r)g ’d]égr%\%Geg'with the increasing co-torrefaction intensity. This reaction
2hZhergeiy- Versig, a1, 14rand -4 . 1004p veessiyigldextils G REide anddiginodetialos8hivivaie Baring co-
torrbieétieh ptad tectiper dhrreugfhl BRI COwaY e - essiste dinve bfdkPefactiafurtheC I@anYProel g2 QR0d 268, obtained
with 2@ 26¢€nciated energy density of 1.01 481, As a result, unnecessary energy consumption is reduced, and a high
21 S0 RIS SRBEE M PAC &R A PR S R Sh R S v e

maximum energy density of 1.20. . . . .
eflnmlnatlor1g¥rom %P(l)mass gasification techniques. In Bioenergy Resources and Technologies;

Th A A e AN, M M K S AR eIC P LeSs) GRmBIQS My st §Hc85s and bio-

AbaSajdakqridiido paetiof pasticddemds: ahah 8 @rodutteyietd fress covp yaadysysyafdighnesechvareatieeiatsne
yields Anpbrigp ghrPyolysisn@@ld-ba2ed 4drefd@mn of OS, which may have been due to the heating of the
les from the inside at lower temperatures for shorter periads, leading to their higher energy efficiency 23!,
2368}Tﬁu,_ \/\/O Qiu, IQ Qfacuum CO-perF_SI_S 0 IH]I_nese Ir Sawgust an \%/aste rin eg Clrcuﬂyboar S. ¥>art
T, TRfence of Mass Tatio o reac@nts, 3 Anal Apol Pyrolyere 2014 Y g8 S&3: 58,y can heat the
interiors of materials at lower co-torrefaction temperatures for shorter periods of time 4. The bulk bio-solid yields
2decY¥and knddaraB@inaite. oSibRiRgse Meni Al by deadamnyisis 1akalrdse,; Bajéiady: ipteiiadd. of
the EFffeEt ObtarsatprsIon N RHysipnehemical & psasies Hiss aRcha s RORBHRY Rfcsiam WapshrptiemBapatity
thaR K g R duRREYn 204 8oRSdebBIE-ddfblatilization of biomass as the percentage of bio-waste in the mix
JBOPBREPIN Y BARURE I RAc0F. RESHY R HO S SS9y Ve msiifg, 9D 1988 197, RIRWOR. ke ieigase the
NSRRI OTAYER RSN BB4F. TOMUULRA 1B BRSSP ROHBRERUS RIBIBN AR MarRsgelds are
the siRgifis K DRSS R RS HBRRISRAN A SATB s RISLEh TSR Jridsana RGP s hisneo i grasbyields

dec-f%ﬁ%f_r%%;%ﬂ)l%g’éfpr OS combined with MIse and 93.4-65.2% for OS mixed with PEsh. These
results are consistent with the other research investigating the co-torrefaction of sewage sludge and Leucaena
iRl oW il hb i o bl it wtEhing o3 AERANIRY A5 mRB Wrbriericd Bb-&ikr widWABdu e Sovso
and W50k tnE HABR Abe § il RS SRR RIPTHE RS IasERIR CHiaB: B lCHRES ARPULALE ARy 1ower
thaﬁqggggg?ﬁ\e? whﬁQWt&%Wﬁ%?ﬂd @nguzﬁ%eﬂngr%?%hen bio-waste and sludge are mixed for co-
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30rrktttiod, Seafsangiegladeralsignhiicait laay iR o hénsoetmnpdd. SndRemgost, rédeiny fHe, iRask avidken&igy
yiel[gsooessinthaf oiipaimivasiaand Waste eihsigyntioneva @8l cothonsefanto midsoistepredumetibrom co-
torrafiyt dacth feis e offachrg isplicviiebpeitutet fvithdanpriceedspod freditidserRio cpsditBafwvBdarvicombReat with

suga0EdelRE8yBQe3nce straw, Pisdium guajava, Annona squamosal, macadamia husk, and pistachio husk,

tively 4 : . : e . : :
BrfSEfgd\éE EM. Biosorption: Critical review of scientific rationale, environmental importance and

2.5 B RGBT L TS ad i RREIGREAHRR Gh Il es: Process Environ
Clean Technol. 2009, 84, 13-28.

SE WAL B AR S RGO S b eRP AR PR PRHRS Sl STBRB 3B R LR e ngsgeese
T RSRARIAS° A L MG YRR RIS MENTER PRIzaSlr 8 ISeab SRS ABsititroRL
PE%?aPé?y/vs gtezcoyf’rié)'@%rged to have experimental HHVs of 19.4 and 18.6 MJ/kg, respectively, which was
significantly higher than OS (15.5 MJ/kg) after 30 min of torrefaction at 150 °C; microwave-assisted WT was used

38 KheRxie sivdle addaffociRiodd: Bo-WASH 8 dVbib:dkACIaNG [ orbdaEalth Ané-sAHAPARbéMMN as the
bletRHRSHARBUR AL NS MasRanism M MGHh IS RINg b RasaRIFMEE qtarhisavdraled
thaPiREAS Rl AR hARRING WAaHe$ 283 1m ka8 vHAIHAR- and PEsh were better than those obtained with the

RIRARUARGING FAiRm (/4520 BRIARYSS TIORG IR S LoSkha, 18.3 PRI FEPRAATAIIE, 68 rerabingibie; ssiid
hadso R BIYEIObE Har b OO MBI OIS AUsisar PR eue i C e B AREMIka) Blshuioe of
5% PERRERRNBORIChb st Bre ) cerhinEopared (e saydaad stidge (FS). The fixed carbon and ash

contents of biomass increased when the FS and bio-waste were mixed. As a result, agricultural bio-waste can be
oS 0a R i PP of 5y SRR R BRUVER brieroneA YR R gl AL Bleshas Bradugiion
the THHYR T O, e QR1aae AN g RS G B AR S RN (R SRR SR O HRS e, Sewage
slutlj\éjgtgr%j ELOU%XEEQ %‘(r)_ igr?e 69: %h ]pAr'éJu%%g'a similar outcome. When bio-solid was created from torrefied food
3&r@pamhitanati, AsNuifidecitjapgheni HVRH&rChjd<skii criedBedrfrassttoreééaddoon : serajos elamev10rPp20dd34&0).
Thepdret@est eCBROVIIC\NINE25 A0 i datid)aspeviea itk regeestatvaimt efievest gitnesdtHVTEEhnol.

2020, 301, 122737.
This is consistent with those previously described for torrefied wood and agricultural biomass after hydrothermal
R T T e A g o L R R RS S e ] [ e
henfRl RS e GIGSE SRYGHR, RAOLING Y AR oslRel G RIREISR0); G180 ] 08ut0a turing
biof%zrtélr%ggsgt%n (58] The increase in the temperature and reaction time of torrefaction steadily increases the
38HZ Hee, "Adultlis Kifextéd-Gork Suthe oertoorefactidceforerfiaci® b ibamass theateripdsadurd dbthm@xborsolid.
Thdihnaivel| vidsecas hecives Sichwizt . hyVel e imh e geanpanatune BEN@0Qy Q@1 8, r8Sda80HABS6 A5 min. The
B G PR lA e e et yobe o589 VIR0 R0 e i oL B rom
FS was 21.7% |%her than that gf the raw Iud%e [42—1]0 J S’eé%(,:rﬁ%%e_ IZT 4t8rrefact|on temperature decreased the mass

~ biomass. Environ. Prog. Sustain. Ene _ _ _ .
yield from 84.2% (120 °C for 30 min) to 67.7% (200 °C for 30 min). It could be associated with protein breakdown

Ah Kb ehileakdeK ailogrRtsyralfdge@andure, J. Torrefaction of non-oil Jatropha curcas L.(Jatropha)
biomass for solid fuel. Heliyon 2020, 6, e05657.
.3.3. Van K | |
4?[.32?1en?;',1N.@(ﬁ.gre‘,wﬁq_r%?\(.i.; Samannan, B. Microwave-assisted wet co-torrefaction of food

Theslugor-andelignegalivose e nasieofeakinrRa iR QAHCHM AN AL tIRNIREONEEKaPERERRS R Blghout
mafaN I8 pIBERTy 2 Qgdidt AM3B1R8Rder to better understand fuel quality, one must consider the atomic ratios

https://encyclopedia.pub/entry/36241 8/10



Co-Torrefaction Progress of Biomass | Encyclopedia.pub

A& tvekorshituinChienents, PleaglH ofliewwals KigrGhengle Cratgesdrome afprd&imadeyy. 20@m S MJI/kg as the
oxylyHoroarave coiddncefastio rah waste albaf@biomass pellets for simultaneous recovery of waste

and co-firing fuel. Renew. Sustain. Energy Rev. 2021, 152, 111699.
The Van Krevelen diagram also compares torrefied and untorrefied biomass. Torrefied biomass has a higher

43. Li, J.; Brzdeki(?\éylcz, A.: Yang, W.; Ehasd'ak, W. Co-firinc% based on biomass o_rrefactlc‘zﬂ in %
caroon cor_ltent an ecreases oxygen an ydrogen conten_ts mpared to untorrefied biomass. e other aspect
. Rulverlzed coa{)boner thh fum of 100% fuel W|tch|n%. Al%pl. Energl)é 2012, 99, 344—3(?4. .
is that co-torrefied biomass has lower oxygen-to-carbon and hydrogen-to-carbon ratios compared to untorrefied
ddioiasn gs YoresehilehFigufe 8.0 Boilefied Biadassptioch cis Schaw %o seo Huivef &ctiR 0ok s etua @0 %,
andsludg@en) thdea dae neHve adeigingenhigravave hedtiig. ritive;gyn & racedieli2d biniss, 443badB)MIse
. 0, H - o H H - o 0, H - [} 0,
48° FZISZ O?atr?g,eg?; ar%r5a0, A(.:,’ Wah ar, .;U Zg.)plt,l F%e,fw.; AR ra)?UKLtE'EQ? Sﬁ%ﬁ?ﬂ%‘?, A?@as%’n%rkdo,l' B10o%
O e i B CGal Al BB mASS TY5e IR the Boafity SPIATSHE E8H Prodlicetivis YL shows that
o 3R M e S MNP S L Ny "% B20, 823, 012028.

46. Lin, Y.-L.; Zheng,g\= Y Biowaste-to-bioctar througi microwavetassistesrwetren-[ogrefaction of
blending mango seged and passion shell with optoelectronicsiudge-Energy-2021-225, 120213.
1.6 = p— — 4
47. Liu, X.; Lin, Q.; Yar, Y.; Peng, F.; Sun, R.; Ren, JrHemiceliuloseffom-plant-bipmass in medical

and pharmaceu’t'réeTappIication: A crifftal revjew. Curr. Med=Chem--2019726, 2430-2455.

o : )
48. Rago, Y.P.; CRI&&F.-X.; Gorgens, JF Suwogp, D.; Mohee, R. Torrefaction of bigmass and
plastic from rﬁmi?@al Wamg a’nd theirblends: Evaluation of interactiye effects. Fuel
2020, 277, 158089 ' O 0S 100%-Untorrefied

_ 208 =57 O Mise 100%-Untorrefied _
49. Hidayat, W.; Igubly QRtEF, SUliStio) Y. IryanialDofaddaiami@ed\.; Amrul, A.; Yoo, J..JKim, S.; Lee,
S.; Hasanudir QJ6E'ts of Torrefaction Usp&@@%?&y@ﬁ?@yrolizer on the Properties of
= EFB pellet with UCO d@T=300° _
Rubberwood (Hoexe rasiliensis) and Jaboq(ﬂgﬁ%ﬁ%ﬁhﬁig@g Y a) Pe?lets. 2(21. Available

online: http://reposffoty@ppm.unila.ac.id/id/emrint/ 3202 ae@issericon 5 October 2QP2).

N R
50. Cheong, K.Y.; K%% 54H.; Liew, R.K.; Wong, C.C.; Wong, C.S.; Ngu, H.J.; Yek, P.N.Y. Integration
Yy ©

<]

rrefdction with- helical hift for pbllet fugl produttion-Green Pilocess. Synth.
0.2 0.4 0.6 0.8

Atomic O:C Ratio
51. Chen, W.-H.; Kuo, P.-C.; Liu, S.-H.; Wu, W. Thermal characterization of oil palm fiber and

eucalyptus in torrefBigisa. 3EMardy @@en diagragw@rawn using the data from (6L,

PiglihPs R r B R AR Mo MAsordy A& AN Lna AR VAR RN RIRHUYSHAR LS UBMES/C and
HIPYEBSIS R BRLHRAISHUSIAES IFouaRtEe Wi B iixarger LerriaryVarte Manatea%8mi8 in
diffgt%ﬁt?’ﬂterature surveys, it can be observed that the un-torrefied biomass outlies the coal value of the O/C and

53/QuiatiaseninVEvenfiiag, rmias AfrdiGeand Piaeohihertaugiiedadornasd pig clpshs tetiosr)ins. cRaInEwW. example,

EFS pstigis. WilekiyORav- B903,Q28haw 2ha@3he O/C- and H/C-ratio values are very similar to anthracite coal,

showing that this biomass has a good fuel I%uality. )
54. Huang, Y.-F.; Sung, H.-T.; Chiueh, P.-T.; Lo, S.-L. Co-torrefaction of sewage sludge and leucaena

Fu&%%'%g@ggygg\é@ H?e%’/“@aﬁ&‘?(f&yr%&s%%ﬁe%s&.— Z decrease in the O/C ratio was compared to the raw

materials Cv and Lc in bio-solids formed at 200 °C and 225 °C, indicating some deoxygenation. However, no

.

of microwave co-to
2022, 11, 404—410"

https://encyclopedia.pub/entry/36241 9/10



Co-Torrefaction Progress of Biomass | Encyclopedia.pub

S&rudwiedl g It rdfiorBunerethbEerchi wehalseTthé 61/S . rhtidMiero et efaiticofe afssakafiecshul gecansses,
sudeasdenaoll TarefantiistreShienm Brg.a20 HC7Q1i@36e@83red to peat, lignite, and anthracite coal, further
SRR TR0 FTIRERLYS 9 VG SIS SIS Seffresshiie 1 reto

was. also o rved at co-torrefaction .temperatyres higher than 250. °C. This indicates that the. carhonaceous
%acghatr)i?feorus ancfcoa SZ%\ systemgﬁc Sl‘{uay 091 ﬁ1e synergies In thermaf%tecompoa 10N, KINetiCs

tructure i ized i d duced 62, The li llulosic struct f the bio-
SR S5 ESE oS RSl 5658 a3 fifppipeuced B4 The gnocelllosic siructure of the bio
solid undergoes an enhanced rearrangement under high-torrefaction conditions, altering the porosity of the

ShafAarEyMINRMAg MH BHaRRIYShiash . chiagsai M rali@ftidls s, BRZSOINRMboha @i MR aergy
codrtARRUIR Y 2leemisturBiesass a8 ¢haraakriealione iusienanalysidisnddsearreationM the
oxyeRIRINiEslesomRPsitiothbmethre e R RO Zbd28Re I Qhtains a significant amount of oxygen and a

SEWREEHO™ COREa SR 1P RIETT, 'GIre; iRakMy AR dnriqe; hir s T NS RJIRRNROPIRSHKE 191, PAGT VA IRAh Sn
ImARHISo SRIBATOFHYRIIb AN JRSMSEEIF 0IIBbARNES fiyPHSHASARIRN dR s afOWRES HrEifoRsYIen
CO%SB%“@Q@B%?.”B%SEM&SH.déﬁ‘éhh _aﬁt?{és_ M&fa@ipg(yg@f@_f any fuel and presents a higher calorific value.

As a result, it is challenging to convert biomass into liquid fuels with an improved heating value. Products can be
0Bk RoiFRE0S b i b B kel @riation in rheological characteristics and
microcosmic composition of the sewage sludge after microwave irradiation. J. Clean. Prod. 2017,

148, 537-544.

60. Basu, P. Biomass Gasification, Pyrolysis and Torrefaction: Practical Design and Theory; Academic
Press: Cambridge, MA, USA, 2018.

61. Mehdi, R.; Raza, N.; Nagvi, S.R.; Khoja, A.H.; Mehran, M.T.; Farooq, M.; Tran, K.-Q. A
comparative assessment of solid fuel pellets production from torrefied agro-residues and their
blends. J. Anal. Appl. Pyrolysis 2021, 156, 105125.

62. Cao, Y.; He, M.; Dutta, S.; Luo, G.; Zhang, S.; Tsang, D.C. Hydrothermal carbonization and
liquefaction for sustainable production of hydrochar and aromatics. Renew. Sustain. Energy Rev.
2021, 152, 111722.

63. Feng, Y.; Qiu, K.; Zhang, Z.; Li, C.; Rahman, M.M.; Cai, J. Distributed activation energy model for
lignocellulosic biomass torrefaction kinetics with combined heating program. Energy 2022, 239,
122228.

64. Colantoni, A.; Paris, E.; Bianchini, L.; Ferri, S.; Marcantonio, V.; Carnevale, M.; Palma, A.;
Civitarese, V.; Gallucci, F. Spent coffee ground characterization, pelletization test and emissions
assessment in the combustion process. Sci. Rep. 2021, 11, 5119.

65. Xu, F; Yu, J.; Tesso, T.; Dowell, F.; Wang, D. Qualitative and quantitative analysis of
lignocellulosic biomass using infrared techniques: A mini-review. Appl. Energy 2013, 104, 801—
809.

Retrieved from https://encyclopedia.pub/entry/history/show/82291

https://encyclopedia.pub/entry/36241 10/10



