Journal Pre-proof

Simultaneous production of biochar and thermal energy using palm oil residual
biomass as feedstock in an auto-thermal prototype reactor

Mario A. Heredia Salgado, Jonathan A. Coba S, Luis A.C. Tarelho

PII: S0959-6526(20)31851-5
DOI: https://doi.org/10.1016/j.jclepro.2020.121804
Reference: JCLP 121804

To appearin:  Journal of Cleaner Production

Received Date: 22 July 2019
Revised Date: 5 March 2020
Accepted Date: 18 April 2020

Please cite this article as: Heredia Salgado MA, Coba S JA, Tarelho LuiAC, Simultaneous production of
biochar and thermal energy using palm oil residual biomass as feedstock in an auto-thermal prototype
reactor, Journal of Cleaner Production (2020), doi: https://doi.org/10.1016/j.jclepro.2020.121804.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jclepro.2020.121804
https://doi.org/10.1016/j.jclepro.2020.121804

Mario A. Heredia Salgado: conceptualization, sofayanethodology, formal analysis, investigation,
writing-Original draft, Visualization, Funding Acagition, Project Administration, Supervision

Jonathan A. Coba S : formal analysis, investigatoftware

Luis A.C Tarelho: conceptualization, methodologyitimg-Original draft, writing — review & editing,
supervision



Simultaneous production of biochar and thermal energy using palm ail

resdual biomass asfeedstock in an auto-thermal prototype reactor

Mario A. Heredia Salgad8, Jonathan A. Coba’S_uis A.C Tarelhd

@Department of Environment and Planning, CentreEforironmental and Marine Studies (CESAM), Universit

Aveiro, 3810-193, Portugal
® Bioenergia de los Andes (BDA). Gribaldo Mifio #41i@-Ecuador.

*Corresponding author: heredia.mario@ua.pt (MaridH&redia Salgado)




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Abstract

In developing countries, the technology used famizss carbonization requires major retrofits for an
efficient conversion of the residual biomass pratuén the palm oil mills into biochar. This study
analyzes a prototype of a small and modular aweggator (P-SMART) that uses untreated kernel shslls
feedstock to produce biochar and thermal energe F#SMART does not require inert gases during
operation, neither diesel nor natural gas for thiéial heating process. This study shows that the
carbonization process can be driven by the enesmnemted during pyrolysis gas combustion (auto-
thermal conditions) from a biomass load capacity30fkg/h. During the auto-thermal operation, the
thermal energy generated by pyrolysis gas combussidnigher than that required by the carbonization
process. The carbon monoxide concentration in Ithee das during the auto-thermal operation was 197
mg/Nnt which is lower than the European eco-design remeérg of 500 mg/Nrh(both measured at
11% vol. Q, dry gas). The biochars produced during auto-takraperation have a macro-porous
structure with a pore radius that ranges from @422.48 um. The carbon content and the molar,kl/C
and O/G, ratio of the analyzed biochars are in accordanigé tine European guidelines for the
sustainable production of biochar of less thanahd 0.4 respectively. Moreover, relevant soil rurtis

were observed in the KS ash, namely: silica (30 w#btassium (8.2 wt%) and phosphorous (3 wt%).
Keywords
Biochar; Palm oil; Kernel shell; Pyrolysis; Augeactor; Agro-residues

1. Introduction

Palm oil is an important commodity in the world ketrbecause is the most widely used vegetabl@oil f
cooking, food processing, cosmetics, oleo-chemieald fuels (Oosterveer, 2015). African palm is
abundantly planted in tropical regions of Asia, thoand Central America where is recognized as an
important source of economic growth. Nonethelesthése regions, the permanent conversion of tbpic

forests into palm cropland is a major concern (feidliet al., 2016). Furthermore, the wastes geedriat
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the mills are recognized as a significant sourceaikr, soil and air pollution (Garcia-Nunez ef 2015).
To prevent the tropical forest deforestation, thstanability standards promoted by the roundtaisle
sustainable palm oil (RSPO) has committed the btallers throughout the palm oil supply chain
including governments, to restrict future expansidrpalm oil agriculture to pre-existing cropland o
degraded habitats (Roundtable on Sustainable Pdln2@.3). However, control over the expansion of
the palm oil crop may not be enough to prevent ahising environmental impacts resulting from

improper disposal of the wastes generated in tiie.mi

It is estimated that the residual biomass geneiiatéte mills is around twice the amount of crugénp

oil produced (Garcia-Nunez et al., 2016). Genergdglm oil wastes are left scattered at the fidelss
which contaminates groundwater through leachinguaroff water and attract air vector-borne diseases
(Koh and Wilcove, 2008). Likewise, the decompositad palm oil residual biomass hoarded at the mills
is a significant source of greenhouse gas emisgRashidi and Yusup, 2017). Accordingly, the stofly
alternatives for palm oil wastes valorization isméjor relevance. The conversion of palm oil wastes
using microwave torrefaction to produce a solid fuigh improved properties and potential to be used
co-firing applications has been suggested (Lam.e2@19). Nonetheless, a growing interest in palm
wastes as feedstock for biochar production to el us several environmental applications has been
noticed. This biochar is a carbon rich solid pradhat can be generated by pyrolysis process, wihere
raw biomass undergoes thermal decomposition irablsence of & at temperatures typically between
400 °C and 650 °C (Chen et al., 2019). For exaniipt®s been suggested the biochar as with poténtia
be used for soil amendment (Joseph and Taylor, )2@Alitter or bedding materials (Schmidt et al.,
2019), and as animal feed additive (Paz-Ferrei@l.e2018). Biochar produced by microwave pyraysi
of palm oil shell has shown to be a potential HJoovst absorbent for wastewater treatment, as
demonstrated by its properties as adsorbent cotveata those of other biochars reported in the
literature (Kong et al., 2019). Furthermore, biacisaconsidered as a tool for carbon sequestratisrg

catalyst for chemical reactions, and as an additivnstruction materials (Qian et al., 2015).
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In tropical regions, biomass carbonization has bemditionally accomplished using brick kilns, nego
and hot tail kilns due to its simplicity and lowpiial cost (Santos et al., 2017). However, eaclklbat
takes more than seven days to be produced, perietlich the pyrolytic gases are released directihé
environment (Chidumayo and Gumbo, 2013). It is geized that the release of pyrolytic gases has a
direct impact on air quality and causes the lossoife than 50% of the energy content in the feetisto
(Vilela et al., 2014). According to the Europearndglines for the sustainable production of biochlae,
pyrolytic gases produced during carbonization sthooé burned to support an energy-autonomous
pyrolysis process (European Biochar Foundation8R0Ih this regard, the auger type reactors are an
alternative to produce biochar that, keeping sioigli would overcome the process inefficiencies
associated with brick kilns and allow the energetse of pyrolytic gases (Campuzano et al., 2019).
Recent studies show that the direct combustiomefpyrolysis gases generated during the pyrolysis o
sewage sludge with a moisture content of 4.6 wt% ladV of 16.3 MJ/kg in an industrial scale auger
reactor can provide the thermal energy requiredth®y carbonization process (Liu et al., 2018).
Nonetheless, for the case of wood chips carbooizati computational fluid dynamic simulation and th
following experimental study in a prototype augemator have shown that during the combustion peoces
of pyrolysis gas, a pilot flame from e.g. propaoenbustion is always required to keep steady opeyati
conditions during the pyrolysis process (Woolf et 2017). Accordingly, the amount of thermal energ
that can be generated in auger type reactors frencémbustion of pyrolysis gas would be associated
with the feedstock physio-chemical properties, t@aconfiguration, and operating conditions (Rosas
al., 2014). To the best of the author's knowledge carbonization process of residual biomass géser

in the palm oil mills in auger type reactors at destration scale, e.g., pilot-scale or pre-indakscale,
has not been yet explored. In fact, there is a latknowledge about the effectiveness of the
carbonization process of palm oil residual bion{assg., kernel shell) for biochar production in autype

reactors operating under a auto-thermal and autonsmegime.
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Although the use of auger type reactors and thectditombustion of pyrolysis gases could be a major
contribution to retrofit the carbonization proceéssdeveloping countries, it is recognized that Hert
optimization of the pyrolysis gas combustion pracissstill required for the compliance of interoatal

flue gas and particulate matter emissions reguiati®unnigan et al., 2018). It is observed thateom
auger type pyrolysis reactors require the integnatif flameless oxidation burners in order to calnine
NO, emissions that result from direct combustion ofopysis gases especially in the cases where the
feedstock of the pyrolysis process has high nitnogentent (PYREG, 2018). Moreover, it is recognized
that the capital and operating costs of auger tgaetors are high because significant electronit an
automation controls are required for autonomousraijpm (Forte et al., 2012). Likewise, the
consumption of fossil fuels for the initial stagiand heating process of auger type reactors andsth of
purge inert gases (e.g.,)Nduring operation increase the operating costad8by et al., 2012). The
thermo-economic analysis of auger type reactorsvshbat further costs optimization are required as
well as a complete recovery and integration ofwtaste heat generated during carbonization to athjest
energetic and financial performance so that, tbeHar prices can compete in the market with the&yp

low-cost soil amendments that are used in trogigatulture (Salgado et al., 2017).

Considering the lack of information about the caibation process of palm oil residual biomass igeau
reactors at pilot-scale and at industrial-scales study analyzes the carbonization process okeated
palm oil kernel shells (KS) using a prototype snaaidl modular auger reactor (P-SMART). To the bést o
the author's knowledge, the demonstration of thbarazation process of residual biomass (kernél)she
generated in the palm oil mills in auger type reectt pilot-scale and pre-industrial scale forchir
production has not been yet explored. There isck £ knowledge about the demonstration of the
feasibility of this alternative carbonization preseof palm oil residual biomass in auger type @acnd

on supporting the definition of auto-thermal andoaomous process operating characteristic. Thus,
considering the relevance of palm oil industry e tinternational scenario, the development of

knowledge about demonstration at pilot-scale amdiqulustrial scale of this integrated thermocheimica
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(pyrolysis-combustion) alternative for valorizatiasf the wastes (e.g., the kernel shell) from this

important agro-industrial sector is significanptmmote the sustainable production of palm oil.

The P-SMART integrates three thermochemical cofmensrocesses namely: solid biomass combustion,
solid biomass carbonization and pyrolysis gas catiyu for the conversion of KS into biochar and
thermal energy. In relation to the current statdsaoger reactors development, this integrated
thermochemical conversion system does not requierreal energy sources as diesel or natural gas for
initial heating nor operation. Furthermore, the afgases to promote an inert atmosphere and Heag t
pyrolytic gases generated during the carbonizgtimeess is avoided. It is worth to highlight thatthe
P-SMART the KS are feed to the carbonization precggh no previous pre-treatment processes like
drying, pelletization or particle size reductionkéwise, the combustion and pyrolysis processes are
integrated by modules, which may be of relevancdtpt the pyrolysis process to the rural operatain
tropical countries and to decrease the assemblgeald-up operations. In this sense, the P-SMARSE do
not consider complex mechanical parts or advanasting or cutting technologies, giving priorityttee

use of materials that are locally available. Indeft automation and monitoring controls of the
combustion and pyrolysis processes have been gmetlasing open-source hardware and software

platforms.

As these characteristics are of relevance in regathde current status of other auger reactorsrtegdn

the literature as well as to advance the integnatfthermochemical conversion processes as alteesa

for palm oil wastes valorization in tropical coues, this study provides detailed information’s atbtie
reactor configuration, ancillaries, and operatitggses. Furthermore, this study shows the operating
conditions of the KS carbonization process thabvalla transition from the initial heating process
supported on solid residual biomass combustionatdsva steady operation in auto-thermal conditions,
that is, the thermal energy required by the cadmiiin process is exclusively provided by the
combustion of pyrolysis gas. Complementarily, thggio-chemical properties of the biochars produced

and the CO concentration in the flue gas obserueithgl the combustion of pyrolysis gas are asseissed
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relation to the European guidelines for the suatdim production of biochar (European Biochar
Foundation, 2018) and the European eco-design emistandards (The European Commission, 2015a),

respectively

2. Materialsand methods

2.1. Feedstock characteristics

Although the residual biomass generated in the malmmills is diverse, namely empty fruit bunches,
mesocarp fibers, kernel shells and palm oil milueht, the first demonstration and experimentallgsis
of the P-SMART considers kernel shells (KS) as $émzk. For the experiments, seven tones of KS were
collected from Procepalma, an Ecuadorian palm dil imcated in Quinindé, Santo Domingo de los
Tsachilas province. The collected KS does not Ipagdreatment processes as drying, washing orcferti
size homogenization. The KS particles used in grbanization experiments are irregular bow! likgpsh
of 5 mm thick and typical size between 6-30 mm. fhar experiments, the KS samples were stored in a
well-ventilated warehouse sheltered from rain and s

2.2. Experimental facility: the prototype of a small and modular auger reactor (P-

SMART)

The P-SMART used in the experiments and showngnr€i 1 results from the integration of a previously
developed horizontal burner prototype (HBP) an@ager type reactor. The HBP (item 4 in Figure ¥ ha
a power of 30 k\Wy and produces the thermal energy required duriagthrt-up and initial heating stages
of the thermochemical process. The P-SMART integrat pyrolysis gas burner (PGB) for the energetic
conversion (by combustion) of the pyrolysis gasegated during the carbonization process in the
pyrolysis reactor (item 5 in Figurel). The therrankrgy released from pyrolysis gas combustionlifulfi
the thermal needs required by the carbonizatiortgs® and thus the P-SMART is in auto-thermal
operation regime. Details about the operation amdheistion efficiency of the HBP can be consulted in

the work of Salgado et al. (2019). The HBP and duger type reactor are integrated through a



1 combustion chamber (item 6 in Figure 1), wheredastes generated by the HPB, and later by the PGB,
2 heat the pyrolysis reactor. The flue gases thatitré®m the combustion process are dischargedhdo t

3 atmosphere through a chimney (item 12 in Figurdtie P-SMART combustion chamber has a diameter
4 of 0.65 m, a length of 1.7 m and a 0.15 m thickria insulation layer. The pyrolysis reactor has a

5 diameter of 0.33 m and a length of 1.5 m. The &ffec/olume of the combustion chamber, discounting

6 the volume occupied by the pyrolysis reactor igtQrd.

@ Secondary hopper

T IEEL L
LR LR Y
o

@ Pyrolysis gas
burner

Combustion chamber

@ Horizontal :'.
burner . @Dis-:hﬂrge valve

T

@ Biochar hfﬂﬂ

8 Figure 1. Schematic diagram of the prototype small and rfawcuger reactor (P-SMART) used in the experiments

9  For the carbonization experiments, the KS are dettié pyrolysis reactor from a hopper (item 2 igufe
10 1) through a rotary vane valve (item 3 in FigureTle rotary vane valve has special seals to pteien
11  entrance to the pyrolysis reactor. The KS in theosdary hopper and the rotary vane valve acts as a

12 double air seal. Therefore, the P-SMART does netadditional gases to secure an inert atmosphere in

7
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the pyrolysis process, neither to drag the pyrolgses. After the KS passes through the rotarg van
valve, the auger rotation (item 7 in Figure 1) nmeoviealong the horizontal axis until the end of the
heating zone. The gases generated during the daation process are extracted from the pyrolysis
reactor and directed towards the PGB by a ductgbas through the hot combustion chamber (see8tem
in Figure 1). The extraction of pyrolysis gas isis®ed by a nozzle that accelerates the combuaiidad

to the PGB, which is installed within the PGB prednre chamber.

When the KS reaches the end of the pyrolysis readtdalls through a discharge port towards a
provisional storage hopper. Then, the carbonized«@scharged from the storage hopper by a time-
driven valve (item 9 in Figure 1). During the biachlischarge, the carbonized KS passes throughea wa
spray to prevent dust formation and auto-ignitiang 10 in Figure 1). The operating conditions fug t
pyrolysis process were defined by three main vief@mamely: the mass flow of biomass transported b
the auger, the residence time of the biomass irpyhelysis reactor and the carbonization tempeeatur
The control over activation and rotation speedhef totary vane valve (see item 3 in Figure 1) adlow
managing the mass flow of biomass in the pyrolysactor. The control over the auger rotation speed
allows managing the residence time of biomass énpyrolysis chamber. Finally, the control over the
thermal output power of the HPB or PGB allows collitrg the carbonization temperature. The
carbonization experiments consider a fixed residetme of 15 minutes and three mass flow levels,
namely: 10-30-50 kg/h. Each carbonization experini@sted around 12 hours which includes the pre-
heating stage, the stationary state periods andabling period. The P-SMART was operated to penfor
more than seventy independent experiments thatucted to the processing of more than 4 tons ofrKS i

1050 hours of operation.

2.3. Electronic controls and monitoring devices associated to the prototype, small and

modular auger reactor (P-SMART)
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The Figure 2 shows that the P-SMART has two inddpehcontrollers, namely: the HBP controller
(item 20) and the pyrolysis process controllem(it2l). Each controller was developed using an Awalui
MEGA 2560 LLC as mainboard which is a commonly usgmen-source software and hardware
prototyping platform (Banzi, 2018). The HBP conlgol manages the ignition process, operating
conditions and thermal output power of the HBP mndescribed in the work of Salgado et al. (2019).
The pyrolysis process controller manages the dativarotation speed and rotation direction ofh t
rotary vane valve, ii) the auger, iii) the disctakglve and iv) the PGB air blower. The resideie tof

the KS particles in relation to the auger rotatspeed was defined by Eq. (1). Whete, is the KS

residence timeZ, is the total number of auger steps (6 in this cakgis the auger pitch (24 cm in this
case) andl, is the auger rotation speed. Thus, the r%ﬁits the time required by a KS particle to travel
the auger pitch distance. Experimental confirmatbthe KS residence time in relation to the ratati

speed of the auger shaft was done using a chroeomred a dyed control sample.

Ay (1)
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Figure 2. Electronic control and monitoring systems of R&MART. Legend: 1. HBP feeder, 2. HBP hopper, BPHblower,

4. HBP frame, 5. Thermocouple (T1), 6. Thermocoy®), 7. Thermocouple (T3), 8. Thermocouple (T3);Thermocouple
(T5), 10. Thermocouple (T6), 11. Thermocouple (T2), Rotary vane valve motor, 13. Auger motor,Di4charge valve motor,
15 PGB blower, 16. Particle filter, 17. Condenséerf 18. On line gas analyzer 19. Thermocoupleadagger, 20. HBP

controller, 21. Pyrolysis process controller, 22t@®acquisition

The axial temperature profile in the combustionneshar was monitored using K-type thermocouples of
10 cm long and 5 mm thickness (see items 5, 6, & &rnn Figure 2). The temperatures of the
carbonization process were monitored by two K-tyfpermocouples of (30 cm long, 5 mm thickness)
placed through the covers of the pyrolysis rea¢tee item 9 and 10 in Figure 2). Furthermore, the
pyrolysis gas temperature was monitored by a K-tiygemocouple located at the inlet of the PGB (item
11 in Figure 2). The temperatures from the seveamntbcouples are acquired every second by the
temperature acquisition system (item 19 in Figyrarl are sent by serial communication to a compute
interface (item 22 in Figure 2). Further detailstb&é temperature acquisition system can be found
elsewhere (Salgado et al.,, 2019a). Moreover, tlieflele gas composition during the combustion of
pyrolysis gas was monitored in terms of CO,,CBAC (expressed as Hexane) ang] @y gases, by an
AU mobile brain bee infrared online gas analyztan{i 18 in Figure 2). A particle matter filter foled

10
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by a gas condenser submerged in cold water fortameignd condensable material removal were placed
before the gas analyzer (item 16 and 17 in Figlwra&l2e CO emissions during the auto-thermal opamati
of the P-SMART were assessed according to the Earopco-design requirements for solid fuel boilers

(The European Commission, 2015b).

2.4. Theoretical considerationsfor the combustion of pyrolysisgas

The numerical model of Salgado et al. (2018) tisa&isLas input the proximal and elemental composition
of the biomass feedstock in order to estimate Hanges in the heating value, yield and physio-cbaimi
properties of the pyrolysis gas produced duringcdmbonization process of KS, was used as refertence
define the stoichiometric air-fuel ratio and thecess air rate of the PGB. It is worth to mentioat th
although the KS samples were collected in Quini(id® m.a.s.l), the carbonization experiments were
performed in Quito (coordinates: S 0°17'30.8" W 3(87.9") which corresponding altitude and
atmospheric pressure is 2635 m.a.s.| and 99.9A&&ardingly, the calculation of the PGB air/fuetioa
considers an ©concentration in the air of 16 %vol, and the cepanding excess air rate to attain the
typical G, concentration in the exit flue gas during biomessibustion, that is between 8 to 10 % vol.
dry gas (Obaidullah et al., 2014). Further detafighe numerical models used to estimate the PGB

operating conditions can be found in Salgado €R8lL9).

2.5. Analysis of the biochar characteristics and the composition of the KS ash

In order to perform the physical and chemical ctimr@zation of the biochar produced in the
carbonization experiments, samples of 125 g wekentaluring the steady-state periods at auto-thermal
operation (i.e. the carbonization process is driesiusively by the thermal energy generated thnahg
combustion of pyrolysis gas). Biochar samples waléected according to the procedure established in
the norm UNE-CEN/TS 14778-1:EX. The moisture, astd volatile matter content, heating value and C-
H-N-S elemental composition of the biochar samplese determined according to the standards: BS EN

14774-3:2009, BS EN 14775:2009, BS EN 15148:2009TM D 1989-96 and BS EN 15104:201.

11
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Morphology of the biochar samples (pore size) amfase chemical composition were characterized by
scanning electron microscopy and Energy Disper¥iMeay Spectroscopy (SEM/EDS, FEI SIRION

200/INCA, OXFORD).

As shown in Figure 1, the HBP use KS as fuel tadpoe the thermal energy required during the P-
SMART initial heating stage. Thus, after the caibation experiments, samples of 50 g of KS ash were
collected from the HBP ash discharge port. Thesashples were cooled at atmospheric air conditions
and stored in sealed containers for further amalyide ash composition was analyzed for the folgwi
chemical elements: Sodium, Iron, Calcium, Potassiamd Magnesium. For that purpose, the KS ashes
were processed according to the method describétkistandard BS EN 15290:2011, namely the acid
digestion of the ashes, followed by processing analysis of the resulting solution for the selected

chemical elements using atomic absorption spectryri@guipment reference ANA-182F) (Silva, 2015).

3. Resultsand discussion

3.1. Operating stages of the prototype small and modular auger reactor (P-SMART)

The P-SMART integrates three thermochemical comwergprocesses, namely: residual biomass
combustion, residual biomass pyrolysis and combnstf pyrolysis gas. During the initial heating
process, the HBP provides the thermal energy requi heat the pyrolysis module using untreate&S
fuel. Thus, the combustion of solid KS particlesti® main thermochemical conversion process
undergoing at this stage. During the initial hegtitage, the temperature fluctuations in the cotidius
chamber observed every 25 minutes at the locatfothermocouples T2 and T3 are caused by the
automatic discharge of ashes (see Figure 3A). Bheaacumulation in the combustion bed during the
HBP operation using KS as fuel requires the petieditivation of the ash removing system to provide
proper conditions to sustain the combustion pro¢8algado et al., 2019a). In all experiments, duedf

KS to the pyrolysis reactor (carbonization procesaits when the temperature at the inlet of thielpsis

reactor is around 450 °C (see T6 in Figure 3Bis tibserved that the feed of KS at a rate of 30 kg/

12
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the pyrolysis reactor causes a decrease in the usiinb chamber temperature at time 1h:43min (see T2
and T3 in Figure 3A). Hence, the decrease in thabestion chamber temperature observed at time
1h:43min in Figure 3A, can be attributed to theszomption of energy during the initial steps of bas®

carbonization occurring in the pyrolysis reactoc®KS is fed, namely drying and devolatilizatioagss.

At these conditions, the P-SMART starts a transitimm the initial heating process towards the co-
combustion stage, during which the solid biomass gyrolysis gas are both burned in the combustion
reactor. During this transition, the newly feed K&ticles are heated to the operating temperatue a
distributed along the pyrolysis reactor. This psgcef KS heating and distribution over the hot pgis

bed takes approximately 25 minutes. As the KS @asistart to be thermally decomposed during the
beginning of the co-combustion stage, the rotasioeed of the PGB blower is increased progressiuely
order to start dragging the pyrolysis gases geeérat the pyrolysis chamber towards the combustion
chamber. The temperature observed at the inlehefplyrolysis reactor at the beginning of the co-
combustion stage is around 450 °C and could bereefeto as the temperature that promotes the
decomposition of the KS particle. During the fig® minutes of the co-combustion stage, several
instabilities in the flame front of the PGB are eh&d as well as a decrease in the temperatune atlet

of the pyrolysis chamber (see T6 in Figure 3B)tHis regard, Figure 3B shows that the pyrolysis gas
temperature (T7) at the beginning of the co-combusttage is lower than 300 °C. It is recognizeat #t

low carbonization temperatures the pyrolysis gaslvdave a low LHV and high water vapor content
(Salgado et al., 2018). Thus, the instabilitieseobsd in the PGB flame front at the beginning & to-
combustion stage would be related to the low hgatalue and high water content associated with the
pyrolysis gas generated at this stage of convergibthe beginning of the co-combustion stage and t
compensate for the instabilities observed in thé8 RPeration, and related to the poor charactesistic
(e.g., low heating value and high water content}hef pyrolysis gas as fuel at this stage, the thkerm

energy generated by the HBP supports the evolofidime carbonization process.

13
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At this initial stage of co-combustion operatiohe tinstabilities in the PGB flame front would bscal
related to the discontinuous flow of pyrolysis dewards the combustion chamber. A steady flow of
pyrolysis gas starts as the temperature in the oetitdm chamber (see T3 in Figure 3B) is higher than
600 °C. Correspondingly, the temperature at thet iaf the pyrolysis reactor (see T6 in Figure 3B) i
close to 450 °C and the pyrolysis gas temperatge {7 in Figure 3B) approaches to 300 °C. As the
temperature in the pyrolysis and combustion prasgsrease, the LHV of the pyrolysis increase and
more stable flow of pyrolysis gases are fed toR@B. Accordingly, the temperatures in the combustio
and pyrolysis chambers start to rise. In the sedmtidof the co-combustion stage, that is, whenfldmae
front is stabilized at the PGB, the combustion terapure increases promptly to 800 °C (see T3 inreig
3A). At this condition, the HBP is turned off tovgiway to the auto-thermal operation regime. Wasth
highlighting that the power of the HBP decreaseypssively during the co-combustion stage untihei
completely turned off when the temperature in tbmlgustion chamber (see T3 in Figure 3A) is around

800 °C.

As shown in Figure 3A, at the end of the co-comibusstage the HBP shutdown induces a general
temperature decrease in the combustion chamberetoawthe combustion chamber temperatures at the
location of T2 and T3 stabilize at around 700 °€rdéfafter. Likewise, the temperature at the inlet an
outlet of the pyrolysis reactor stabilizes at aub0 °C and 600 °C respectively (see Figure 3B). A
these temperature conditions and considering a dapdcity of 30 kg/h and 15 minutes residence time,
the pyrolysis process was driven exclusively by tthermal energy generated as result of pyrolysss ga
combustion and steady temperature conditions cabberved in the combustion and pyrolysis processes

for a period of around 2 hours (see Figure 3).
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Figure 3. A sequence of the operating stages and the pamding temperature profiles observed in the comntrugA) and
pyrolisis (B) reactors during the carbonizatiorpafm oil kernel shell in the P-SMART. Load capasti30 kg/h and 50 kg/h.
Kernel Shell residence time: 15 min. Operating esagnitial heating, co-combustion, load 30 kg/at¢athermal pyrolysis

process), co-combustion and load 50 kg/h (autaibkpyrolysis process).

The transition from a load capacity of 30 kg/h 1© Kg/h often results in a sharp decrease of the
temperature in the combustion and pyrolysis praes§his temperature decrease may lead to
unexpected shutdown events and is caused by thease in the thermal energy required by the

carbonization process that results from the ineré@ashe load capacity. Accordingly, a transitioonfi a
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load capacity of 30 kg/h to 50 kg/h requires anrgynénput to compensate for the increase in thenthé
energy consumption of the carbonization processshsvn in Figure 3, after holding for two hours the
auto-thermal operation condition at a load capaait@0 kg/h and 15 minutes residence time, the HBP
was turned on to grant the transition from a loagacity of 30 kg/h to 50 kg/h. The Figure 3 shoknat t
the thermal energy input provided by the HBP preduan increase in the combustion chamber
temperatures at the location of thermocouples TT8) from 700 °C to almost 800 °C and an increase
in the temperatures of the pyrolysis reactor (T8 @6 in Figure 3B). Then, after de-activation oé th
HBP, steady-state conditions are observed in thmbaostion and pyrolysis processes while using
exclusively the thermal energy generated by thebzmtion of pyrolysis gas to drive the carbonization

process considering a load capacity of 50 kg/lsigemce time of 15 minutes).

During the stages of auto-thermal operation shawFkigure 3, the highest temperatures are observed
from the second third of the combustion chambethatlocation of thermocouples T2 and T3. This is
related to the progress of combustion along thebemtion chamber, reflecting the appropriate ait/fue
mixing and subsequent fuel conversion at this lopabf the reaction chamber. Accordingly, the highe
carbonization temperatures are observed in theHadtof the pyrolysis reactor that is, at thectea exit
(see T5 in Figure 3B). It should be highlightedtttiaring the auto-thermal operation stages thefleet

gas temperature from the combustion chamber (sem Hgure 3A) is higher than 500 °C. The high
temperature observed in the flue gas shows thah#drenal energy generated as the result of py®lyas
combustion is higher than that required by the @aidation process, and this is a common operating

condition of continuous pyrolysis units (PYREG, 8D1

It is worth to mention that as part of this study,individual experiment with a load capacity ofkdlh
and 15 minutes residence time was considered. 8lyiks the experiment that is shown in Figure &A,
the end of the initial heating stage with the costimm of KS, a temperature of around 600 °C was
reached in the combustion chamber as well as agetyse of 450 °C at the inlet of the pyrolysisctea

Then, 10 kg/h of KS were fed to the pyrolysis readHowever, it was observed that the thermal gnerg
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produced by the HBP with a mass flow rate of 8.5 kgus the thermal energy input generated in tesul
of pyrolysis gas combustion was not enough to eseethe temperature in the combustion chamber and
pyrolysis reactor to values suitable to start theonization process, that is, similar to thosesoled in
Figure 3. The inability to increase the temperatnréne combustion chamber and pyrolysis reactdnéo
temperatures observed in Figure 3 is related tdawepyrolysis gas yield from the pyrolysis process
corresponding to a KS load capacity of 10 kg/h amédsidence time of 15 minutes. As a consequelce, n

auto-thermal operation could be confirmed usingsalé&ad capacity of 10 kg/h in the pyrolysis reactor
3.2. Flue gas composition and CO emissionsduring the P-SMART operation

The CO concentration in the exit flue gas obserstedng the combustion of KS in the HBP, at an
altitude of 2632 m.a.s.l is 260.1 mg/Ritat 11% vol. @ dry gases) which is lower than the European
standard for solid fuel-fired boilers and furna¢g80 mg/Nni at 11% vol. G, dry gases). Detailed
information on the flue gas composition during @pien of the HBP, which can be regarded as
corresponding to the initial heating stage in th&NPART under analysis here can be found in Salgdado

al. (2019).

The Figure 4 shows that during the first 30 minuatethe co-combustion stage (i.e. solid KS comlmusti

in the HBP and pyrolysis gas combustion in the RGB) Q concentration in the flue gas decreases as
the thermal power output of the HBP decreases Caeeombustion stage in Figure 4). The decrease in
the thermal power output of the HBP from 27 k¥d 14 kW, produces a decrease in the volume of flue
gases generated from the HBP. Accordingly, the cmtibn chamber pressure decreases and the
pyrolysis gases can be easily dragged from thelysisochamber towards the combustion chamber. The
decrease of the fzoncentration in the flue gas observed in theaohustion stage of Figure 4 would be
then associated to the progressive increase giyttodysis gas flow that is fed to the PGB. As olsérin
Figure 3A, the increase in the pyrolysis gas flhwattis fed to the PGB promotes an increase of the

temperatures in the combustion and pyrolysis pocEle sustained increase of the temperaturesein th
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combustion and pyrolysis process enhances the gh@®somposition of the KS in the pyrolysis reactor

which supports the increase of the pyrolysis gaw that is fed to the PGB.

In Figure 4, the peak flow of pyrolysis gas fedite PGB causes a decrease in thedhcentration in the
flue gas to almost zero and this is the main rdagofor the high CO and HC concentration observed
after 30 minutes of having started the co-combuassiage. Then, once the HBP is turned off, a steady
pyrolysis gas flow is achieved in the PGB and &lstflame front is observed. The steady pyrolysis g
flow rate is evidenced by the steady temperatubsgmved in the combustion chamber after the HBP is
turned off (see Figure 3A). At these conditiong @ concentration in the flue gas starts approaching t
the theoretical value calculated according to $ac#.4, that is, an average around 10 % vol. degga
(see PGB flame stabilization in Figure 4). The ctatgstabilization of the flame front in the PGBeaf
turning off the HBP takes approximately 30 minufHsen, steady-state conditions are observed whdle t
carbonization process is driven exclusively byttiermal energy generated as the result of pyrotyess

combustion (see auto-thermal operation stage iar€&ig).
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Figure 4. Exit flue gas composition observed during thegiton from the co-combustion stage to auto-th¢oparation in the

carbonization of KS in the P-SMART. Load capaci:kg/h. Residence time: 15 min.
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During the auto-thermal operation, the fluctuatiomshe CQ and Q concentration in the exit flue gas
observed in Figure 4 are associated with the ratang valve activation. The pyrolysis process aletr

is programmed to activate the rotary vane valve r@ibute every 4 minutes. This intermittence in
biomass feeding to the pyrolysis reactor and thighe movements in the secondary hopper influences
the pyrolysis process, namely the release of pgimlgas and the corresponding intermittence in gas
feeding towards the PGB. During the stand-by pedbdhe rotary vane valve, the pyrolysis gas flow
towards the PGB decreases progressively. Oncdaiveof combustion air provided for the pyrolysissga
combustion process is constant, the intermitteatv flof pyrolysis gas to the PGB results in the
fluctuations of the C®and Q concentration observed in Figure 4. Despite theenked fluctuations in
the CQ and Q concentration in the exit flue gas during the ah&rmal operation, the average O
concentration in the exit flue gas was of 9.6 % doy gas and that of CO was of 197 mgMNat 11%

vol. O,, dry gases), which is in accordance with the EeampCO emission standard of less than 500
mg/Nnt (at 11% vol. @, dry gases). Therefore, despite these localizeldpaniodic in time C@and Q
concentration fluctuations, in the whole, and cdesing longer periods of operation the carbonizatio

process can be regarded as being under stead\cstatitions.
3.3. Optimization of the operating conditions during the combustion of pyrolysis gas

For the load capacities of 30 and 50 kg/h the P-BWAvas operated under auto-thermal conditions, and
the lower CO concentration in the flue gas is olegrwhen the @ concentration in the flue gas
approaches to 10% vol. dry gas (Figure 5). The G@entration in the flue gas when the load capésity
of 50 kg/h is higher than that observed at a loapacity of 30 kg/h and higher than the European
standard for solid fuel-fired boilers of 500 mg/Rifat 11% vol. Q, dry gases). It should be noted that
high combustion temperatures close to 733.4 °C wbeserved during the auto-thermal operation at a
load capacity of 50 kg/h (see Figure 3A). Hence,termperature is within the typical values of
combustion processes, the high CO concentratiothén flue gas observed may be related to the

combustion chamber volume, that is, the combugiases residence time is too short in relation ¢o th
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flow rate of pyrolysis gas that is generated in¢hebonization process at a load capacity of 50.k&s

stated by Obaidullah et al. (2014), the typical @®@ncentration in the exit flue gas during biomass
combustion is in the range between 8 to 10% voy}, ghis. As observed in Figure 5, the result of
implementing an @concentration of 8% vol. dry gas is a significanttrease in the CO concentration in
the flue gas to more than 6000 mg/N\@t 11% vol. @, dry gases). Likewise, an increase in the O
concentration in the exit flue gas to more than M@% dry gas also resulted in an increase in the C

concentration.

T3 748.7('C)

T 627.6(C) B |pad 30kg
9000 =
. ® |opad 50kg
[ ]

1 6000 T3:6552 (C)

- TS 62141 ()

8
E THESIE(D)
< TE: 624.4(C)
2 *

T3: 733.4('C)
‘5’ 3000+ T5: 642.4 (')
[
°
B 1a3gea5('0)
T5618.3(C)
T3:7323(C) m
04 T5:662.3 (')
T T T v I
8 10 12
0. (% vol)

any &

Figure5. CO concentration calculated according to the gemo emission standards, as a function of theoBcentration in the
flue gas. Load capacity of 30 and 50 kg/h. Resideime 15 minutes. Feedstock: palm oil kernel sihelerage pyrolysis gas
temperature (T7): 450 °C. The red line shows thefean CO concentration limit for solid fuel-firbdilers, 500 mg/Nrh(at

11% vol. Q, dry gases).

3.4. Characteristics of the biochar produced from KS

The SEM micrographs obtained from the biochars yeced during auto-thermal operation at 30 and 50
kg/h load capacity (residence time 15 minutes, @aidation temperatures shown in Figure 3B) show a

complex pore structure consisting of multiple intemected networks with different shapes and dpatia
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arrangements. In general, there are no major diffes in the pore sizes between the analyzed b®cha
(30 kg/h and 50 kg/h). The Figure 6 shows thatrtiwephology of the surface of the biochar particles,
including some information on the radius of theeskied pores (e.g., size ranges from 0.42 um tc812.4
pm). Paz-Ferreiro et al. (2018) states that poisavwadius higher than 2.5 um observed in thehzo
are probably part of partially preserved cellulaustures. However, the pores with radius in thegea
from 0.42 to 0.64 pm may be the result of the velatompounds and tars released during the
carbonization process. In the biochar producedlaa@ capacity of 30 kg/h (reader left side in Feya)
some big slit-shaped pores/cavities were obseBezlver et al. (2014) states that slit-shaped pores
biochar may correspond to spaces between grajpkétéalyers of flat aromatic carbon clusters. Thgda
pore sizes and cavities observed in Figure 6 awosfithat the analyzed biochars have a predominant
macro-porous structure, which is in accordance thigtt reported in the literature for biochars praetl

at high temperatures (Sun et al., 2012).

As shown in Figure 3B the temperature at the iofethe carbonization process is typical of biochar
production, which is 400 °C (Rosas et al., 2014)wklver, the carbonization temperature at the end of
the pyrolysis reactor is around 665 °C, which gn#icantly higher than the observed in for example
electrically heated auger reactors, that is 550(ADurquerque et al., 2016). Thus, the use of high
temperatures is relevant to produce a macro-pdrmchar, as this type of pores interacts with waer
alter soil hydrologic processes, particularly plaméilable water and water holding capacity (Litakt
2017). Likewise, a well-developed macro-porouscite as that observed in Figure 6 may act as an
ecological niche by providing growing space for marganisms and shelter for mycorrhizal fungi from
predators. As stated by Brewer et al. (2014), the®meo-organisms are of major relevance to improve
soil biogeochemical cycles and subsequently toeame the accessibility of substrates and nutrints

plant roots.
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According to Table 1, the carbon content in thelyasal biochars changes in relation to the operating
conditions of the pyrolysis process. Higher carbontent is observed in the biochar produced atd lo
capacity of 30 kg/h in relation to that observedhie biochar produced at a load capacity of 50.k@h
shown in Figure 3B, the increase in the load capdobm 30 to 50 kg/h causes an increase in the
carbonization temperature (see thermocouples T5 T&)d However, despite the high carbonization
temperatures observed during the auto-thermal tiperat a load capacity of 50 kg/h, the increasthef
mass transported by the auger presuppose somationg to transfer the heat produced in the
combustion chamber towards the core of the KS gdestiin the pyrolysis reactor. Accordingly, a lesse
carbonization degree can be observed in the bigultatuced at a load capacity of 50 kg/h, as can be
verified by the higher volatile matter content dader fixed carbon content in relation to that abved

in the biochar produced at a load capacity of 30 kgee Table 1). It is worth to highlight that tebon
content in the analyzed biochars is always highan 60 wt%, thus in accordance with the guidelfnes
the sustainable production of biochar (Europearttiio Foundation, 2018). The molar B{Catio of the
analyzed biochars (see Table 1) which is an indicat the degree of carbonization and thereforthef
biochars stability is also within the values edtdtdd by the guidelines for sustainable productibn
biochar, namely less than 0.7. Likewise, the &/@Gitio of the analyzed biochars (see Table 1)vgeto

than 0.4, thus in accordance with the guidelineshfe sustainable production of biochar.

Table 1. Proximate and elemental analysis the KS samplésctet! in the field to perform the carbonizatiopesiments and

the biochar produced in auto-thermal operation itmmcs

Feedstock KS Biochar
L oad capacity: L oad capacity:
30 kg/h 50 kg/h

Proximate Analysis (% wt, wet basis)

Moisture 12.8 18.4 24
Volatile matter 73.1 7.1 15.9
Ash 2.4 6.1 4.7
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Fixed carbof 11.7 68.4 55.4

Ultimate Analysis (%wt, dry basis)

Ash 2.5 6.5 4.9
C 47.8 78.8 67.5
H 6 24 2.7
N 0.6 0.9 0.8
S nd nd nd
o 43.1 114 24.1
Lower Heating Value (MJ/kg) (dry basis) 17.7 31.3 30.7

Biochar molar ratios

H/Corg - 0.4 0.5

O/Corq - 0.1 0.3

#Calculated by difference

nd-not determined, bellow the detectiaritiof the method, 100 ppm (in mass).
The Table 1 shows that as result of the carbooizairocess the content of the inorganics in théyaed
biochars (ash content in dry basis) almost dumieatd triplicate in relation to that observed ia taw
KS. It is observed that the biochar with the higbarbonization degree (i.e. Hjgratio) has also the
higher ash content, that is, the biochar produ¢e2D&g/h. It is important to note that if the biac is
used for soil amendment, the ash content of KS megyesent the quantity of inorganic elements that
would be introduced into the soil. In this regaite inorganic content in the analyzed biochars bwy
partially estimated by the elemental analysis efashes produced during the KS combustion prooess i
the initial heating stage (see Figure 3A). Of ceutbe temperatures of the combustion and pyrolysis
processes are not the same. At high combustioneempes, some fraction of the inorganic elements
present in the raw KS biomass could volatilize tee tgaseous phase and this may lead to
misrepresentation of the biochar inorganics cont€nhsidering this clarification, it is observedtlthe
KS ashes have a relatively low concentration ofagsium and magnesium when compared to that

observed during combustion of biomass from aguical{Masié et al., 2007).
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As stated by Zeng et al, potassium and magnesiwen dhighly volatile nature and tend to be released
the gas phase as the combustion temperature iesrd@eng et al., 2016). The high combustion
temperatures observed during KS combustion (seer¢-igA) may be the reason for the low potassium
and magnesium content in the KS ashes observeigume?. The Figure 7 also shows that the ashes that
result from the KS combustion have a marginal aaneé calcium which is typical of ashes that result
from the combustion of non-forest waste with higfca content, as for example rice husk (Vassilev e
al., 2010). In this study, the SEM/EDS analysisvehthat the concentration of silica in the KS astild

be close to 30 wt% (5968 ppm, dry basis). Accongiritpe ash sintering observed during KS combustion
in the HBP and previously reported by Salgado et2fl19) would be related to the silica contenthia
raw KS and its interaction with other alkaline bametals as for example potassium. Although the
sodium content observed in the KS ashes is lowg @bserved that in combination with sodium, the
potassium content in the ashes would be promotingomosion phenomenon in the combustion
equipment, as can be verified through the ironeuainin the KS ash show in Figure 7. Nevertheldss, t

subject must be properly characterized in furttediss.

It is worth to highlight that silica in free and rabined forms is a dominant component of the solid
material of many soils. Likewise, silica is absathie appreciable quantities by some plants and is
returned to the surface of the soil as the platgtsay. Tubana et al., 2016 state that the apmitatf
silica fertilizers is very common in many crop puoton systems worldwide as Si-driven mechanisms
enhance the productivity of a wide array of cropsneunder stress conditions. Accordingly, recyclifig
silica incorporated within the carbonaceous matfixKS biochar could be relevant in the context of
sustainable management of soils and palm oil cidpsever, further research must be made in order to
determine the content of metals with environmergkdvance as Ni, Cd or Cr, to ensure that the iolds

values for application in soils are not exceeded.

It is worth to highlight that the SEM/EDS analypisrformed to the analyzed biochars also deteciatd th

phosphorous content in the inorganics is around®.wnlike the elemental analysis, the SEM/EDS
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analysis is not a quantitative analysis technidl@netheless, it can be stated that besides segngste
carbon in soils, biochar made from untreated KS owtribute to the recycling of soil nutrients as f
example silica, phosphorous, potassium, and magmedt is worth to mention that the nutrients in
biochar may only be partly available to plants. @arArbestain et al state that the nutrient avditstof

the phosphorous found in biochar is only 15% dutirgfirst year, that of nitrogen a mere 1%, wiiilat

of potassium can reach 50% (Camps-Arbestain e2@l5). Therefore, it should be noted that they may

take decades for the inorganics in biochar to ehtebiological life cycle.

9.0 -

2.0 4

e

Ma Fe Ca K Mg

Concentration (fwt%, dry basis)

Elements inthe ashes of K3

Figure7. Concentration of sodium, iron, calcium, potassiand magnesium in the bottom ashes that resuit fn@ combustion

of KS in the HBP during the initial heating staddte P-SMART.

It is recognized that the inorganic elements inkfechar may influence its quality. From the eletsen
observed in the KS ash, the biochars made froneat®d KS can be defined as sichar because tha silic
concentration is higher than 5 g per kilogram afchiar (Wang et al., 2019). Accordingly, the sichar
made from untreated KS could be used for relevanirenmental remediation tasks as for example, to
alter the fate of inorganic pollutants in the soédspecially some heavy metals (Xu and Chen, 2014).

Hence, the silica observed in the KS ash is oieglee to improve the biochar quality.
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4, Conclusions

This study analyzes the carbonization process wéated kernel shell (KS) in a prototype of a smaali
modular auger reactor. It is observed that thenthérenergy required during the initial startingtbé
prototype is provided by the combustion of KS ie fhtegrated burner. After the initial startingeth
thermal energy required for the carbonization pgeaef KS can be provided through the combustion of
pyrolysis gases. No inert gases (e.g), Were required for operation, nor external fualrses as propane
for initial starting and heating of the pyrolyseactor. Steady auto-thermal operation was obsdruatda

load capacity of 30 kg/h with a residence time Bfnlinutes and when the carbonization temperature at
the inlet of the pyrolysis reactor is around 450 FQrthermore, the thermal energy generated thrdugh

combustion of pyrolysis gas is higher than thatinexgl by the carbonization process.

The observed carbon monoxide concentration inlthedas during the combustion of pyrolysis gas was
197 mg/Nniwhich is lower than the European eco-design stahd&500 mg/Nm (11% vol. Q, dry
gas). The chemical properties of the biochars preduwould be in accordance with the European
guidelines namely: carbon content higher than 50%,, ratio lower than 0.4 and Hifg ratio lower
than 0.7. Likewise, the complementary charactesgstif the biochar produced namely, a macro-porous
structure that ranges between 0.42 and 12.48 puwehlsas the content of inorganics (silica 30 wt%,
potassium 8.2 wt%, and phosphorous 3 wt%), wouldobeelevance in the context of sustainable
management of soils and palm oil crops. It is weotihemark that the biochar properties that refsaih
implementing different carbonization temperatuned eesidence times should be analyzed as welleas th

use of other wastes generated at the mills as<eonple mesocarp fibers.
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Abbreviations

HBP Horizontal burner prototype
KS Kernel shell
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PGB Pyrolysis gas burner
P-SMART Prototype small and modular auger reactor
RSPO Round table on sustainable palm oil
usD United states dollars
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Subscripts
db

wb

Symbols
Wt%
At,

Zp

Ap

Dry basis

Wet basis

Weight percentage
Residence time
Auger steps

Auger pitch

Auger rotation speed

Units
%
min
cm

cm/min
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Highlights

» No external sources as diesel or natural gas were used for heating or operation

* No inert gases were used to promote an inert atmosphere or drag the pyrolytic gas
* The carbonization process is autothermal for biomass loads over 30 kg/h

* The characteristics of the biochars produced are within the European guidelines

* The kernel shell ash is rich in silica, potassium, and phosphorous
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