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ABSTRACT

This research study investigates the evaluation of energy efficiency and
exergy of the heat recovery system from the biochar production process for a hybrid
drying system. The study also explores the emissions released from the production
process and the economic viability of the engineering. The system is divided into
three main parts, namely the biochar production system, the heat exchange system,
and the hybrid drying system with a parabolic solar dryer. This study focuses on the
energy efficiency and exergy of biochar production and hybrid drying system. The
experimental materials used to produce biochar are longans shells, rice husks, and
corn cob. The materials used in the drying system are jinda red chilies. The biochar
production process consists of five charcoal kilns, gas pipelines, and re-burning kilns.
The hybrid drying system with the parabolic solar dryer consists of a solar energy
dome measuring 3.5 x 4 x 2.9 m, a working fluid tank, and a heat exchanger. The
working fluid used in the heat exchange process is a 70:30 mixture of ethylene glycol
with flow rates of 2 and 5 LPM and an air velocity of 1 m/s. The energy efficiency of
the heat recovery system from the biochar production process for corn cob, longan
shells, and rice husk for the hybrid drying system is higher than that of the traditional
parabolic solar dryer by 58.09%, 54.28%, 41.29%, and 3.59%, respectively, In the
experiment of working fluid flow rate at 5 LPM. In the experiment of a flow rate of
the working fluid at 2 LPM, the drying efficiency from utilizing waste heat from the
biochar production process of corn cobs, longan shells, and rice husk were 51.38%,

47.43%, 34.00%, and 3.44%, respectively. The drying efficiency from the traditional



solar dryer was 9.17%, 11.78%, 9.21%, and 11.71%, respectively. In the experiment of
a flow rate of the working fluid at 5 LPM and at 2 LPM, the drying efficiency from
utilizing waste heat from the biochar production process of corn cobs, longan shells,
and rice husk were 6.81%, 7.67%, 7.46%, and 10.13%, respectively. The exergy
efficiency of the system in producing biochar from corn cob, longan shells, and rice
husk in the experiment of flow rate at 5 LPM were 47.19%, 43.61%, and 28.26%,
respectively, while in the experiment of flow rate at 2 LPM were 43.17%, 42.64%,
and 28.519%, respectively. Based on the economic analysis, the payback periods were
found to be 1 year 3 months 7 days, 2 years 0 months 7 days, and 1 year 5 months
27 days for producing biochar from longan shells, rice husk, and corn cobs,

respectively.

Keywords :  Exergy, Energy Efficiency, Biomass, Biochar, Economic
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A duazens dnfene q dansuniu Faduaneuesninasyivlnvenieqdunisly
Frfudedinaiauniimsounisandndoniseuuienielulaseuuiondnuuasefindiuy
wis1luan Jsnseuuianielulateuuiandnunatenfindanunsauidaymuesisnisninuia
535UYALG
nsouuilaglilaneuwimdanuiaseiinguuumsluaagfesianisunadvosans
017ind Fen1susissdvesnseniindesidnvazadodugunsansiluan Tnefanududugegn
Tughnainatsiusarazisuanaslugiaiaiuie (Akpinar and Kogyisit, 2010; Amer et al,,
2018; Amjad et al., 2020; Daghigh and Shafieian, 2016; Ortiz-Rodriguez et al., 2020)
gunginglulauouuis anududuingnslulauouuis uasaanaivesnsunsadnag

a 4 ! 1

a1findagdwmasdonalunseuwitkazUIuIuANTuYesian (Fudholi et al., 2014) 309

o
=) a

naMudullon1shiTednte1indnualunielutisiainaisAutuszdnase
ANAIN13AIUNTOULIY F9iN1THAININITBULTILUUYTUNNTTUNN ALz TN
gaumiiluiiainansdulalagldundandenuduiiniuanuseunigluieiaunnis n1seuwn

neldenmafauausaiveamniinielulaneuwials 30-40 °C (Amer et al., 2018)



TAs9n15H9iwurAnlun1siiALSaumda NN Ima LT In NN TEUSElevlung
AU UULEUSA MUSEANSAINVBIATUNS I ULALLDNDLDEVDUAMNIAIUTININT LAY
FEUUBUWIALUULEUTA UazUseiliuaiuANANTIATHEAIAASUBITTUUM LN IUTININ
FUAUTLUUDUBWIBUULEUSH FIIUNISNAZBUNANAIUTININDN FI913lnm wWasndle way

PRy ° a a P a | ) | ¢
wnauAT U uINLNuUS RN AU sEwmALNg N1SIETILIaNLANAISA UL AINAD
Usunaimnudaumasnanazin luldusylovdlussuvauwiswuulausatiioanssaznailunig
AUWIIAY kAL FI98EIUIT0AAUANBINNAITNINIAINNEATATHND NA2E FIUUlATINTLR

1 v a 1 a o b4 = Qi’ a 1 = v L v
yatulunisudndudinin dianuieumdeiiaainnisndnaiudinwluldusslesilila
a a d‘ 1 Y a $ % =l a 1 %
GAGL wazannsinuafiviazneliiinnlansau nusaunseanazuaiiviuaiy PM2.5
Tuwaniawmile
1.2 TngUssaIAuaINIsITY
1.2.1  WORAAGUTININANAYIANTINIANNNTNEAT Beanmstinaliinuaiunig
1IN
1.2.2  wisthenudsumdaisannwiaiudinnldldusslevilussuuauwiawuulause
1.2.3 e BATIEAUSEANS AINAIUNAIULALLD NS IVDBAKIDIUTININE NS UTLUU
AsaULAILUUlaUse
1.2.4  ieUTBliuANUANALTAATYAIANTUBITE UM IO TUTINNAMTUTTUUNIS
austawuulausa
1.3 YaULIAVDINISIVY

szgzaAANTsallunsAiuLAzegTEnIIuseu duau w.a. 2564 fudeu duiay

W.A. 2565 @QMUNNAABUAD ANSEUTINAMLIAINTTULALAAAINNTTUNYAT UNINES Uyl

[y a
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2564 2565

=
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4) AATILANANITNARDY

5) @3unan1Innaey

viguiaIneginus

a a

7) @auineninus !

1.4 Yselgminanndinaglasu

1.4.1
1.4.2
143
1.4.4

TANIIUUSLANS AINVDITEUUAHIDTIUTIN NG IUAULAN D UL AINS I ULAIDARE
a 6 L3 a a 6V a
HANTIATIENDIAUTENBULTIUTIN Aaunwaslaseve wazuiialoids
a1115011ANNSAUAR T NN UTIN W IULNANNS DUl TUUNIT O UL
a '3 [~4 % L3 o 2 tﬁy a 12 4
nan1sBaszianulululamuasegeansvosnsunfaweindsnlguselos

$19ANUS DY



UNNA 2
VOB UaLNIIATIANBNHT

2.1 lulew1s

& A Y =

«_.8udnm videSundndenileir lulew fe anfigaudeeisueu nanainnnsls
AueunIadanin (Biomass) Inglilfeandiaunieldtosuin Fonnszuaunisiiin
NzUINIIAIEALSa (Pyrolysis) Feflaasdsndn o lunsnanlulews fe nisuenaany
pg1952uazeg1991(Srisophon et al., 2020) nsuanlulevsaiedsuenaaueg g
gaumndl 500 ssmiwaldea azldnananlulovisuinnin 50 % Haandudalus Fasrsann
Fnsusnaasegnasiiigungfl 700 ssmuwaidua Haanduiund wandeildagduii
101N (Bio-oil) 60% WAaEUATIZH (Syngas) 20% A H2 CO way CO2 waraiudanw
(Biochar) 20%...” (8581 @n&ng, 2011)

lulewnsiiusunmnsueugs [uundeazanansusuuaziiinasueulnoonludliiuiy
downlldusuusslunsiuansnsodfindssndnwlvdldiAensduaseiuasity dowal
HananiaunIna (Oginni et al., 2017; Petchaihan et al., 2020; fuegn wslvaaduazdns
ysal Ansdnste)

lulen$ fnnunguge anssadnifuth avsewns Tanewiin (Rinkam et al, 2022) uay
Huundserdovasgduvisiddnluiu wu Woslalauumaes (Azotobactor) \ugdun3si
NAMDINT M’%@L%aﬁvl,malim (Vehicular Arbuscular Mycorrhiza) @nsagaenaanasa
biuszgluihvesiunsadunsanealnn (Phosphoric Acid) sagluunai@au (K) wazsie
’3146] Wudu Us1saun uiaines, 2550)

luTows Tieranufeugs annsadluldluguuuidomaadundsnumaunulungs
Fowmdwds Sniladiandnvustislunisantimandalunguiinelfnannziieunsyan
i wiadinu (CHy) wazlundasanled (N,0) 1Wudu lnsdrulugannminainnszuiuns
NIAUNTINEAT (FIznad @Jmmmﬂﬁ, 2552)

2.2 lnlsla@s

[y

“mslnlsladailunszuiunsmaaiinnudeuiiuasuguvesduna waadn saudedan

9

giaau q Juramdanieiniuiougs laud d1u (Charcoal) Uniiu (Bio-oil) uavufialinau

a

#7 (Non-condensable Gas) Inglausounaunniuiunans 500-800 a9ALIALTEE bid

9 Y
annenlidiesntiau lngdndruvewdndunannszuiumsinlsladaduegivladevany

a

Uszn1s loun annzlunisvijisen dnvazvesingiunldiluaisasiu vlinveanias



Uinsal 1udu Fanszuaunisinlslada (qatumd Isusesdnsuazensds e1nsalivium,
2015) wuseen 3 Uszian fe lulsladauwuutda (Slow Pyrolysis) Inlsladauuuisa (Fast
Pyrolysis) Tnlsladauuuiintulaesa (Flash Pyrolysis)

1 nszuaumsinlsladawuut (Slow Pyrolysis)

N3rUIUNTINANTIUGATe lugaumgisening 400-600 asrwallua 18n31n15

a A

ANuTausn (Yeendn 10 esrwa@eareunil) vuwnduRuAudnatwasingaunldlunisvi

q

Ufnsendlauinlnginin 2 Tadwes ndndusiainnszuaunisinlsladauuvudddngdrudu

< & =

Yonal 30-50 Wastdud wazaiu 25-35 Wesiiud fensinlsladawvudiaiuisanus
panlu 2 nszuiunsyes laun
D) n1slnlsladauuuaidueuluisdu (Carbonization Pyrolysis) 10
Aszurumsiinudeudussevinatuiu Insldnaiussanamisu Tendnduady
sudnduludemadunsyemas drundnduanluanugitvizgnuandasssen
gussene
2) mslnlslaganuusady Wunssurunisildnanlfanudoutosnitwuy
ansluwdy Ao 15-30 unil IenanAaTIAsUI 3 01U Ao diu Y wasielaindu
i iesnnnszuaunisinlsladauuudldnansasudruvesiululSnatey &
thu vhdudadlng Ssgnltifudemadunszuiuniawnlvg Seanunsouenarsiaiiung
siinoenandiuiitasediuiiazansthvesinsiuld Tngansiaiifianunsaanléain
vty 18un o8l Alau wniuea nsanlesiin uaznsmezdnn (Hudu
2 nalnnistinnsinlslada
laAnwngAnssuvasesalsznaulsazsinlunszuiunsinlsladanuin esrUszneu

nfegnglu laun wodwesveawvaglaa ieliwaglaa uazdniu Jusdazvdadlaswaiie uag

Y
99AUsENEUNILATLANGANTY BnVsAinwIRauNamansvaINIsAnUg3e1 nuIUsEnausie
2 934 (fuen wslvenduagansysal @snsdnsde) sl
1) ¥1an3lnlslada (Pre-pyrolysis) aaunninisinlndieglugae 120-200

a |

owniwadua Yuilasinidaesdussneu WANMSYINAN8RUSEYBITRYAUUEIULAY
Sufleyyadase (Free Radical) indu sauviadin1siinuga1suaia (Carbonyl
Group) uardingulelnsivasoanlss (Hydro Peroxide) TuiiloFunaldfunusoud
gaumgiin (eendn 200 eariwaidea) Wunaium vildlassairensluvesdima
fnmsiasunas wanfusinldisninnsinlslada SngAuviadoafuudlifvms

Tnlslada



2) Fumsaawdniiiuvesuds iluduneundnuasnszuaumainlnlslada
wildnnaAafiiunazasiliiAnndnsusivesnszuiunsinlslada Tngd
gunifivanzaunglugag 300-600 psanwadea lun1sdsunlamiaaiidy
Tuanaifvuslvgviedumeldenaziinnisunndvesiusy Wy C-C, C-S uag C-
0 Jusu wdoufumsiiansuanuasenineUfjisen (intermediate) ansuannaiiay
fdlulpsiauainansduuagnduii tinufAsemedmelsiedu (Polymerization) 16
a1uldn Tuvaefidldninagliinufisen wazasdsuwdudiudaniw 3nviadle
Fiugaungiagedu ditufuaginunszurunmsunnd (Cracking) wazgnylsdufie
(Gasified) 97T AanAR S auaiflnu (Methane) lalasiau (Hydrogen) wae
m1suauNauanlym (Carbon Monoxide)

3 nalnnskdauaznsihlulgusslevy
nslnlsladavesdunannireiannuasivaslindensiuismsenmsudssy e

Wunsyuaunsinladaazlandaduiaieg loun a1u iy wazuialindud Jeamise

£
o v a

inlUlgusglemildnainans (Nnaduni IsuseAnsuazeuste 91nsaddyIum, 2015) fall

1) fu gnlfifudomadunszuiumannvsidniundnmiutou loth uas
Iyl videldnanlulenns TasAauieuvesiiudien 15-30 wnzgasiedlansu i
InAnann v arunseshlulduselevdlamenisiiluldlunssuiunisudndiuud
uanani lulewsSsdianandaiimieiunsusulnaaudiveshu daju Sedns
waunlulewsannnszuaunsinlsladaiieldusuussiudmsumanens

2) thifu 91nnsguiunsinlsladadinuandifddynareuszns daam
iy 1.2 Alansusdedng daunilags daudunsaviibilinuaudfdanseu

9 Y

aaunnignings fAAnudeu 15-18 wnzgasnenlansy fauantflisiuduile
a v v % o oA a & a H H < ] I

Wweniuiuidullnsiden wenandmndudiasivluiiasuenesndu 2 du fe
! a % ! = ! K L= | a a ¢
duiiazaneun (Aqueous Phase) azdiuilliavargimsoazarsluaisdunsd
(Organic Phase) Unsiuanunsaluldusslevilavainvale 35n1sndredian fe 14
Duandslundeduleur (Boiler) wofaiuuia (Gas Turbine) dmsuwnlng iile
nanauFaunazlii wenanldaunsaldidudemadiiuiniossus Janisldy
Wdiunldannszuiunmslnlslagalagnse ldrirunisusudsamnin agiiliiin
Tymmaneusens wu Jyvinisianseu iesnnamaud@smuanudunsa n15q0
Ang1n enusunadmdniuly Bnvadadusunaags viliiAnnisgaduly

« & & ¥ al & o a a ' 1
ww3eseun Wunu dnnsanusadrlunanasiaiinig ‘]I@EJNTL!ﬂﬁ%‘U'J‘L!ﬂ'ﬁLLEJﬂ bUU



inFeunaidey Waldandudaineseanlad (SOx) Jeamnmshuiserseninemive
TJanuuwanluiily NaALEaRlad LSTULALNANERN SINDUUNIUDA NTADLTRN LaveLT
Tou Wuduy
3) uhalinauda d@ruluguseneudiy CH, CO, CO wag H, laavaluagin
navu gl WialiausaunslunssurunsusedslUganssuIudu lienanAINy
Soulazlnin” (Waranya Sompam, 2020)
2.3 N15618WMAU3aY (Heat Transfer)
wanMIaemAINsau (Principle of heat transfer) fis NMsANUTRULATBUNIINGA 9
= o = ' Y P o oA o T
nilalugaBnganila Inalnnisanemanusiou 3 wuumeiu Ao N13U1 NS KaENITLHTIE
N19AFDUNVDIAIINTOUNS 3 WUUNIARTWHBNAIULANFIIYDIR NN WOANTTUATY
557UYAT0IAINTBULBLANANLANFIITEN TN IANTaugaIN SIARo NI NLYEN
d‘d a 1 1 d'd a 6
Milgaumaiigaduvasiiigamagiiniae
231  A19aewmAlNsaulaeni1sia (Conduction Heat Transfer) Aa n15U1A14158U

PUNEDINTAINIUNTINUAIUSDUTLARTUTUAINGTS DATINITANUNAINSDURNIUY

'
a [

Aanananeuniigamgiadugiuniaumgiininiinenind 1 lngdieaiy

9 Y

Souanluananisgdnluananiliegdeaiiios n1siiausouansaiavulaly
mnanfidurewds veunainwazing lnenisaemeannuioudmsunisiinnuiou

ANSOMILAINAUNTTN 1 (UUR3 Ngnens, 2548)

AT
=—kA— 1
O - (1)

lae?l g, AINISAIEMAIINTBURUUNISIIANTOU (W)

. ; v o W
K = A1d@nInn1suIALIDUUDIAING N (—K)
m-

A = Wunlumssuaudau (m?)

AT = manuuanasvesguuni (K)

a &

AX = A1ANUNUIVRNIRaNUUFIna19 (m)

9



23.2

233

/‘ qgeu = q.A dx

Dx+adx

o —drfe—
D7 1 NI5UIA9 I TOURIURIBT
747 : Holman, J. (2009)
nsanemauseulnenisniaiudeu (Convection Heat Transfer) fio 330157
anuSeundeudissninsinveswesudazvedina vednaszdufimininudeunn
Tnsen1Ausoussnanitveeds nalniivhlfAnnisiadeufivesaiudou
Tnonsualddufnanaasiueesnsiiaudou nsazaunduLasnsiaaeui
Y8INsivia NsanewmANsaulngnsIANNSaULUIRNle 2 anwale Ao
2.3.2.1 NIINIANUTDULUUDATE (Free Convection)
2.3.2.2 N1sWIANNSBULUUUSAY (Force Convection)
) LLUUﬁauﬂﬁIuﬂﬁmé’mwﬂﬁwwmm%fauﬁagﬂugﬂsum nnnsluRIvesiln
#u (Newton’s Law of Cooling) 3aunis?i 2
Q. =hA(T,-T, ) 2)

e Q, Ao nMswiAnuieu (W)

a o oo v W
h, Ao duUTEaNENITNIANNTOU (——)
m®-K

'
YY)

A fio WunRiveringidudafiuvadlva (m*)

T, Ao gauuqiiveting (K)

q

T, . Ao gungilvesvastlvadasy (K)

ANSANYMAINUSOUIABNITWHSIEAI1USU (Radiation Heat Transfer) Aa n157

[ 1 (Y A a a a 1 [ & [ <
Waqmugﬂﬂaasaaﬂmmmm URUAOUNLUUDUY I@‘EJ’N]QUUE]"IR]LUU‘U@QLL“UQ

9 Y

(XY

=] 23 @ v aa 1 % dl 1 I3 A A d!
Younad Wieufanld nisudTdinsmewmlaveodeaduudmvanlnihviednlunis
15031 Imaw(Photons) Wunisanawmaiudeuluguaduwimanii Jeldends

$1n1a190UNITAINIEANIDU WU NITHESIAAINNSDUINAIBIARENTILAN
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TnevhlUingBalgnmgiigearaifedaudeuldinn wazasiinnsanemlfosiadl
Uszavsnmluanngiiduayannia ndnnstemennuieusnensusdsdesuiele
$18 Stefan-Boltzmann Law il
Q =oAT* (3)
dle Q, fie dmsAruFeuninmIuased (W)
o Ao f1msil Stefan-Boltzmann awinfiu 5.6703 x 10° (%)
A o fufiiivesussdenudou (m?)
T fo gauungiivesimiuaTadnuseu (K)
2.4 \3n1w038 (Exergy)

il (exerey) W3ai3andnagnmilein availability 3e available work lé5unas
fvualmdu Aeainlunisyiteu (work potential) s?faﬁmﬁu%gamqmaﬂﬂmmﬁﬂé‘ﬁﬁ
Arwddiyegneds dmsumstssiliulsslevifiagldsunnnsinuresgunsaining 9 Jumn
THnuludsndouiidivun avfurdensamuvieli Tonmeaendiwedie vuldusslomn
29gn (maximum useful work) iszuunanlalusznitanszuiunis lngszuusossiy
n3EUIUMSUUURUNEULE (imeversibility = 0) JunseviaannvvasszuUmilou (M3eatly
auna) fuan1zvesdnndon Jeflannzdina1nienin an1gae (dead state) (Cengel
et al., 2011: Ptasinski, 2016) InganunsaiasemsnwesTlameaunisaes

Exergy, =m-LHV (4)
gle m = Sasudemda (ke/hn)
LHV = pnnufeusinsveadomnas (kJ/kg)
Exergy = (1—T—aj-Q (5)
Ti
gumgiiveseInFdsuwanden (°C)

Ta=
T = aauuqivesensvinau (°0)
Q = amudauvaudnwes (k)

a

Exergy=mC, | (T, -T,)-T,-In U—'J (6)

dlo m = 8wl (ke/hr)

C, = AIANNTMNIZYBIA15Y1191U (kJ/kg °C)

p
T, = mmmaqmmﬁam’maau (°0)
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a [

T = 9UMUURIEITVININU (°C)

Y
¥

2.5 MINAANAIIUINLYDLIWAITINIA

Jagduuszimalnedinisndandsnuainudousazinil (nsuAmuINasunaunuLay
oySnEndenu nspvsmdany, 2550) lagliTunadudematuegiunivats fessuuay
fifusvuadnaudesyaulsdii Tnenswasudmadundinusonsyuaumsmandl -
AudouaIITTMUNTEUUNEN 9 4 Ussiam Sl

1) mswutlneass (Direct Fired)

2) msunlnilngldiFemasaosintuly (Co-Firing)

3) mskaRfdeas (Gasification)

8) 'wlslada (Pyrolysis) Mswasmdanuanomastiadiulngdonldszuunism

Twsileensdaethidemadunanuilinilaensdiuielot (Boiler) Fslovhiinanld

Haggnihluludviundesgiuinsesindalnivilvlanszualiiroenuiuaz g

a1ursaeanwuuliilatnfidiudsiudiondalufla (Condensing Turbine) unld
Useleudluguuuumnusou fenandnlevuarlnihsmiuiidend szuundalii
uagALFauT (Cogeneration) Suifuszuvuiiiuszansawlunisldidomags
Tsalwihaufuvanswianansnihszuunswn ndlngldidomasinmamiuiy

fufiu (Co-Firing) Winidunisanmsudesuannzlnsansinsdamaslaoanles
nsunlndlasasafuisilétumn faalunisiidemdanldlmanusslovlnenisen
Tilganufeuiioionfnefoululdlunssuiunmssdndunseuuiamsensiaudeudilaly
wanlovfoudifinrudugaiiolflunsmaslniindomaanzgninlnilasnssaneglumimn
arwdoufildanmamnindaggninlulindnlothifoumnivarenudugslevnfinanldas

gnilldduiviuleriendalniviseiianuseululdlunssuiumsdu 9

v
A a

2.6 NAYIUINAIUFDULNADY

nduAuTouNUaesidusseniandsaniiunisidusslovinaigenieglugy

Y

'
= a

81MAfing W1 vseveuvaIBuiiiaamgilainitussennia anuseunieiisannsainluldld
AN UL 69i]

1) llleenss (direct heating) “lnensdudaiuiangunsallnunsavisonaungniaa’

¥
a = = L o0 = =

AuaINIe Ny sevounaINAeINIsidgunnligadu AUl asadeaneniny

Y Y

gro1n”
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noulauldan

-

AR
7N -

un

299 2 m3iheusoulglngn s
2) n1sululdlnedeu (indirect heating) “lmen1suantUasun211usoUUUNURA
WANUALUANUSDU LU AFAUAY VBUAAINUNY NIBVDWNAINUVDNNAAT ALY

a

YSunaanuseuniinduunldussled duegiulsyaninmussgunsaiuanideu

Y

WP

AMUSOU”

Tot L« dth
-— —— E € .
- 150U
_ sonlldus:loyu
Toun
f th
_ﬂ\‘\\é
/
=T th

N 3 ManuTeumaeuIlylngoo
2.7 msihanudounasltndunnlylng (Heat Recovery)
TUNTEUIUMITHANABUNNAAINNTINILIAIUTOUNS (NTENTHNTWY, 2553) nany
sUkuUIANNSau wavAuiy vaduaniou ihiou wisudiuwsnszuiuntsnde Fwweuds
! dy [ (Y ¥ & ! [ = 14 4 A ! Y
wiandanunsatnduanldduunamasnudnls v3enisendn Heat Recovery Madsanunsa
PrgUszndanuyuiundsnuladnmaniiseie dsiuluidetazuugdilniingunsaiilely
a ¥ 1 o &
nsuanieuanuseudszianene il
2.7.1  Plate heat exchanger

[

AMANYUEYBUATBLANUATUAIIUTOULUULHY AD “N1SLOMNUNITEUNAINTOU

a

nangquNuuIsssiulusreziiend warlrussnaunazsialazdoanaianisiulwaniu

9 Y

LYY

¥997195e N ulud v Nad U UYed LB uvee TnafaIaainyis gl uLnanaauLad
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(Stainless Steel) U139 wiounulmmiloy (Titanium) Fanuseaduldodsd tuviliie
druyu wardruiUsznoufunatsuiy veslnausazvinaznaaduiulunutesiteiiia
InsUsEneuiisuanildsuniuiou Waiiuanuudunsadosiunisss warliidoring
awusunislva fvesudutiemauiou Qﬂamé’jﬂlﬂuﬁ%mmﬁmmzau iotlosrulalvives

111857 WarSNWTLULUIITENINILHEUAIUNADINTT”

27 4 uriuuani/aeupusou (Plate Heat Exchanger)
740: http://alangmarinesolution.com/images/products/plate-heat-exchangers.jpg
2.7.2  Shell and Tube Heat Exchanger
iosuanidsunrudourinivesinaodmiazeglumad wagdnedrmilazegluvio
el gansuanidsunnudoust winaweamad-veanad wasie-fadmiunislvatiuag
agludnvazglvaaiunis vselnaswunls viensdasegnslupsaaienfuile uenainions

v aa 3 [ [ L))
aanuuulrvaslvalinanisfsaniuvianla

27 5 Shell and Tube Heat Exchanger

V1117 : http//img.nauticexpo.com/images_ne/photo-g/shell-tube-heat-exchanger-

ships-31461-8107152.jpg



http://img.nauticexpo.com/images_ne/photo-g/shell-tube-heat-exchanger-ships-31461-8107152.jpg
http://img.nauticexpo.com/images_ne/photo-g/shell-tube-heat-exchanger-ships-31461-8107152.jpg
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2.7.3  Stack recuperator

=% o a

1 L4 a 2/ ! [23 23 « n:l'
L‘U‘NQ‘UﬂimLLaﬂL‘UﬁEJUﬂ’J’]iJia‘HiZWN\‘I fagwazing “uinfenlslunisuanidasuain

[
LY

Sousgminfwdsainniswnlndivennadu mungdmiuianaiunenaualnggumngd
g9 WU gRamNssITIdla gaamnssulane wargnamnITULAY nann1svine elelde
uazemaduiifesnisguaaou aglvalumauuuavieluudardinlutisusnusanisaem
amnufouvazifeledegamniigs anfumsaiomanuounuuunsed Yasiaunazidy
mMsthomanufeusionmsnndsineleldeazgnaiuieidnqvaneviefivuuduiieunis

S X da < -
LW@JWUVIN')INﬂ'TiLLﬁﬂL‘UﬁEJu@')']ll'iE]u

297 6 Stack recuperator
7407: https.//www.schmidtsche-schack.com/fileadmin/Graphics/03 Text Pic/double-
shell-type-recuperator.jpg
2.7.4  Economize
ninmsvihau “aelugunsalezyszneusenguviosiuiuann Seviesiananavilaiuuas
Neegluremsesnvesinglede Tnefiveamaiazlnaniuluvie Wesumiuieuaniale
Aelngsou vilvigumnivessunagatu wargnmgiivesiulodeansias domsseTade

a A

lanunsaldiuieledeniigamgdauiuluiiesnnaziinansenusiowssaulnar1u (Draft

]
[y

Force) iuaaindsniimuzduduag azneliiinnisinnioulleiglodeiiaaumgilandia

PAINITONYNAINUSOU”
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N9} 7 Economize

7317 : https.//d2t1xgejof9utc.cloudfront.net/screenshots/pics/medium.jpg

2.8 wassuINBwastau

1
=

wasuaueunlannsenlndiemdsumuniguazinlulevisazduegiv

1 b4

Uiinademdeilduazaanufouresomdusazaia Insd1degnamunmdsnuain
Weimdstlauldangilofuiiaveusundsnu (5aw) eadestuimgaamnssy (nsens
NAY, 2553)
Q=m-LHV (7)
de Q= Usamwudeuildanmsunugl (Mi/hn)
m = 8nsnsldidownas (Lh or ke/hr)
LHV = mmm%auﬁwaw??mwﬁa (MJ/kg or MJ/hr)
2.9 nsgyidealuiauneusdas
nsunnufeuiildannisgydsaudoumnsldessndainsliesginndoya
yiauazUiiuidofisild wargunginnvassaulaediadsgnaduimndsnuainnis
aqdsanuieuniadesidanaiediuinveusiundssu (ssu) Readeaduinn
AANNTTU (NTENTNNAINY, 2553)
Q=V.p-C,-AT (8)
do Q= Usinmenudoudislufelods (w)
V = Ysmanistiavesineleds (m?/s)
p = Aunukuuvesinglodes 1.19 (kg/m?)

C, = AmugANsauiglade (ki/kg °C)

AT = nasinsgumgi (°0)


https://d2t1xqejof9utc.cloudfront.net/screenshots/pics/medium.jpg
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2.10 msgeydeauFauruNTan
N1sgeytdeAuTouUTIMNTUAAAINAITNIANLTBULAgRINIALIARBULAZN I TUH

Ssdnnudeuidesanntunifonmgigsnitgamaiduinden msduansgydenin

Soumsnumannsavildlasnisidouauni saugandanufivinandan de61989gas

ANAUNSIUIINMTELEEANNToun e lanaleg Sulinveuiund Iy (15391u)

NEITRITUAIGAAIMNTTY (NTENTINFIY, 2553)

Q=hA(T,-T,)+ecA(T -T,') 9)
do A = uilfvesutam (m?)
Ts = gauniEIvamiaLm (K)
Ta = gauugiionawIngex (K)

= duUsEANSNNSONEMANUSDULABNITIN

0.25
LE ;T} (W/m? K)

:1.42{

H = anugevasan Wui nladlaviuauiu (m)
2.11 n159UMAY (Drying)
v & aNaa o a A A =3
nseukaluwmalulagniiunumaddglunisulsunandninuns Weinagnisiiu
Snwnanan B 1IUILTL wonanaztlssessulainananinunsaunainlauds Saduns
a R a a v = v & v o %
dinyaeinunandnandnme walulagniseuuradunssuiunisivanuseuneldanioe
o a Aa & 44' a 5 A & Yy aa &
muALuNaNEaN YA SITAMUTUEAoanUTINMUINTEAIEAMUTUAIETTTEMEAUTY
PONINNANGN AMNMVDINARAMTTRUMIETURLAUNAlNNTaIEmAIINTaULAaTNITEEM
11aa15UIENINNTTUIUNITBULI N15378uasWau N USuUTIUTeanSanves
nszvIumMsouwiidudunguadidglunisusulpsnuninvesndnduriouwiiidininau sa
wazamAmalasuinstilndidesiunandnanegidlsiniu niseonuuussuunisauniialn
winnvaniudoulenidesnis snludesidststladesig o MAsados Reluduisnseuuis

! Y g v i a o ¢ v a4 v
WBINATUTLY wasnansEnuRsAMNNYBINANSNTTE UL (Fluns Ui, 2559)
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L

7 : https.//www.nstda.or.th/investorsday/2020/projects/detail/10/

N 8 luuengnouun

212 AU

TaaaluanudulunandnnianisinensAsalsnatuisasemelalalasualinuioy

1%
o w

Usznaulunleii (water) dnsiuneusewe (Volatile oils) 819lled (Greases)haanasoa

&

(Alcohols) Avinazanadunid (Organic solvents) wagansivinau (Flavors) Tudnuiuilitnge

¥
= o

[d L3 Ao o A = a a = v - Y [y 1
L‘U‘HENﬂ‘UiSﬂEJ‘UWﬂﬂﬂ@%?jﬂ%ﬁ@’ﬁﬂ%ﬂﬂim’]mu’lﬂi‘lx‘ii@ﬂﬁ% 50 - 80 UNVUNUYBDINER uagnu

9

yiauaglATIETIveuTad ANNTUUNAINEINNTOTENYETUUTTEINIALS LRafuTaniiuvs

mﬂﬁmmm@m%’umm%umﬂ%’umimmﬁlﬁwiuﬁ’u YNASIFUIUNNANARNNIINITINYATIN

'
[ =

“JanfuaniUdsunnuules (Hysroscopic material)” wiasaindanasnarnduianndinis

q

[
=

WAULUAIAUTUIINANIIEHINABUAFDALIAN LABNISNNITHANUAUAIUTUILLANTY

sgndedafaneaiuduandenaunitazidndyraunadaluanmiludinsiiuvseagde

& o 1 1 =3 [ A Y v o 1 A (YY)
ﬂ')’]‘&l“lm@ﬂ@@lﬂ EJEJ'NbLiﬂG]’Ill ﬂ?’i@JWUUﬂ’J’m%ﬁLGﬁWﬁN’]uuaEJﬂ’Nﬂ’ﬁﬂ’]‘EJﬂ’J']lI?J‘LJ fratiulu

N32UIUN150URIAIRINdIuLIn Ineluanurunseusuuiniliegluianaiuisaioz

Y

weneantaviatgdnunesleiu As (Fuuas dUA. 2559)
2.12.1 AnuTuinziiiveuudn (Free Water) \unnuduiugadusivesianfiazgadu
Tlanelu (@unnnagliiiiundt 24% wb) Feanansaseieesnluladie aruseu

AUSIuANuTUTandul) azwinduausaunttlunsseeauTusiaoanain

Y

o w [

a o ) & Ay
N’J’JﬁﬂLUU?’]’J’]&I‘UU‘VIG]ENﬂ’mﬂ@@ﬂ‘ﬂ’]ﬂ’lﬁ@

2.12.2 mwmuwagmaiuaammmmmLmsmmumﬁumm‘[maqma@]ﬂum (Surface

q

[y

force) \umnuruluszauiianaunsagadulinielu Jeszwmesenluldeinni

aa o

AINTUNNIETRIVBTER TnT1nN1sTemeITuediuseauaiudunieludan

Y



[y s

anwenIorlaTanuaranIneINALINRBY WU gungll USanauanatuduing
UM sy uigureteIne

2123 ﬂ’J’]ﬂJ%mﬂuﬁﬁﬂ%ﬂ@U%@\ﬁﬁﬂLL‘U‘U chemically bound galaionavgyinlsiszine
oonlUld lngilulunsfinnsavietamaianudurestagarlisuauiuil

WsghenugusInangnitasauduasiledeiuianiu 9

[y

2.12.4 anududiundagas (Cell wall) 1WlUgs Cytoplasm voswad antuluseauil
A 1 I 1 A o Y a ~ [ U . [
Wodndudrunvinliifianszuiunisnlidounau (Hysteresis process) ludan
sENINNITaNUAsUANTUAI VAL INA DY

2.13  USUItuAIuTY

[y

Auduludan (Moisture content, MC) agueniisUsunanhiilegluianidlomeuiuig

q

(%
% A

anursowiadslenuandls 2 wuu fie

2.13.1 mm%ummg’mﬂsﬂ (Wet basis moisture content) Lﬁumm%ummgmﬁﬁw
Taeita 9 WWlunsnuuaziBended wu wiesinaudumdaivnionanan
inuaswiiadng q ey moaruduldiFssyiufunessudionviewsts vaneany

1 Wuanuduinesgrulendaduinlaon

m:Lxloo (10)
W +W,

m

We M Ao USunuanudugiulen (%w.b.)
W_ 79 118u8311 (kg)
W, Ao 11av03ianuie (ke)

2.13.2 US1aumuauannsgIusaas (Dry basis moisture content) uasgiuinfieuldlunis

(J = 3

AIMLIBLUTEUMIBY WU N1siUTeuiguiBaimin vinranindautugnay
fumdnuin dey wndesnsSeuisudimtnvemands 2 d@uludedsiinis

USunnsguuliiint visaSeuiisuanugug uwiagadiuanlain

W

d
e M fe USunauanudugunie (%d.b.)

2.14  Usuuanuduidasssivenan

[ I

Tunssuiunseuwiaindidanuegnasaaiiinisazannuiuauviowilsmneuife

nAnAainlsiinuduaninefimuizaudmiunisiiuinelildegaUaendonazilu

U 4 1

S2EEIAN1IUIY TIBN1IaeITNANN T IAMIANAINITUEATNE VB INAN AR TSI UL



19

2.14.1 FAANUIUVBIHANENAI0E 197189 NUTLYINTVDINANEN IR
2.14.2 USUANMUTUAUNNSUDIDINIANDDNIINNDIDULTY bW IEANUTUYDINANANNU
ANUTUFUNNTVDIDINATIDDNINADIDUML A UFUNUS AU

2.14.3 AT RANYULIINIZYNEATUIITIEUAUNGA S TR SgIUn I SR uANTLlY

seAunmela N1siasane1agIIndnyeNIAEIEURE AaYl § Ausiu

[
v Y =1

2.14.4 @fﬂ’]ﬂL’JaWIUﬂ’ﬁBU‘?\‘Ig{BQ@’]ﬂEJGU’eJlIaW‘lJﬁ’WUI‘Uﬂ'ﬁGﬁ’Wﬁ@U

Y

o w 1

2145 guinintinaavinevemananiifidsovey wiisnsdédldmngdmiugunsaiaie
wAvznzdmuyneulussiuiesUiints delszuunsdniudeyanisouuts
LUUseLes (Real-time or online digital data acquisition system) Tnesuautnd
sumppeN INNaNARan aansadunildnaumsiugiulunsaUiunsaudu

vou¥dn Innlduminuandnandugiu aunisildlunmsaunalaun

(mi — My )Mi
e (12)
(100—m.)
A & ° & Aw a
M) M, A9 IMUIUANNIUNABITLLNYDDNAINNNANARNEAR (kg)
A dy a e [
m; A9 ANUFULIUAUVDIIER (%)
m, Ae AuTUgATNevesTanifens (%)
M. fio USUNaUvaINakananineIn1sauwns (ke)
xS Y a [y ¢ v oy & e v o i 1
nstilgunminuandaueiuriandesnisilugiu aunsilgauialaun
(mi — My )M f
= r B B (13)
(100—m,)

do M, Ao Usinamewdnsdnsiwiefideinis (k)
2.15  M5WIUSEANSAINAITOULIA
ANTMUSEAVBANATO UL NDIATIERAINENNSATINTOULTS Tagaunsa
AnTzindsnuuaefingilesuiuaaldanaunisdil (Mugi and Chandramohan, 2021)
Q=1I-A (14)
do 1 = mundsnuuaseniing (W/m?)
A = iuiduuasedind (m?)

[

LagnaNIUNlTEeANTURENAIN TR YR TN SO AIAAAINANN TR
m, L
Q=—"
t

o ¥ z 4
We  m, = WninauFunTEieaan (ke)

L = aAuseuursvedn (ki/kg)
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t = STzaNUNIToULI (hr)

UsEANTAMNITBUWIEINNTAUIULAINEALNTAT
m L
n=— (16)
l-A

We  m,, = WmtnAmuduiiseingeen (kg)
L

= AIANTIULHBIN (K/kg)
| AMUNAINUBEIDITAE (W/m?)

A

NuRsuLaI19ng (m?)

2.16 mmadgaumtIIliany
negouMNUSunauaiymenIe e indunaiunsainsiausnaninsUanlaesuaiiy
wsefinglaidunugadasssieg sutanvassssungluynuuinsisiesed testo 380 @11136

WnsinUTunaudundauindeud 10 luaseuasuiauds 2.5 luaseu #iunannisves

a6 Y

Impactor-Oscillating crystal-Principle %diﬁﬁwé’ﬂmi@m!uﬁhuﬁa ANYUNA (nozzle) N
n&NNIANNTENUMBLIAUR0E (Inertial Impaction) WlelsldduAiTlvuaiduritugudnany
auiidmun Tneflgunsalusznoundn 3 gunsalse loun

1) Testo 330-2 LL

2) Probe

3) Measuring box

uanaNiiIgUnTni testo 330-2 LL SafugunsaifiFands Flue Gas Analyzer daidu
w3aeinusyansamnsuning fidansinge sensor dmsuinusinamestieledesieg 15
melugupdes vldanusoldiausunametelodesieg I sulseneulude e O, CO

waz NO saufieanunsarmuaaUsednsninnisinludivassingunsaling  la

279 9 Testo 380

7919 https.//www.google.co.th/url?sa=i&url=https%2Fwww.kleinschmidtgmbh.com
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217  MTUATIVANUANANTUATYIANEATIANTTY
2.17.1 szegaa1Auyu (Payback Period)

srggaAuulaun seezananauLugnsaInnIsaiuulianiuAIamu
2931lA59N13 NanNalRTaNTIWILTNIElisuNansuLUANiURUa Y wagldiuunly
1353713 lnganglunsnsaiinisamuiianudesgs wu nstinandninidvseldisnisivg
MfinsAuATeRINENTURT (Patent) AsiUseiivgAnlalniazgnelusanudanienis
aondsuwuuNAwltulanelusseviadudu vdniinandnlnitusendnain visly

~a ¢ A o g A 1 o = v a

nsaiinINsainensdlesdianuliuiuey azduiieanulivssum dnawmuisesiansa
- g v A ) | ' = = a £ a aa
donlassnsiliinaneuwnupuslusseziandu 9 wWu seving 3 5 U (UssAns nededs,

1999) TngaunislunisAmunnseesialAuuae (Mugi and Chandramohan, 2021)

100+, -
100 +1,
do i = Snsmenidy (%)
i = 918 ULNe (%)
Cop i Cfuel +Cmaterial +Cchi|li +C|ab (18)
Wo  Cyp = Fuyumiieu ()
Cruel = équul,%amaﬂ (U )
Crnaterial = OUNWTAR/TI038 (UN)
Conty = AUNUNIALASL (UN)
Clab = HUNULTIU (V)
B : i w-1
Canal = |:CT +;(Cmain.i +C0p,i)a) } m (19)
o ol = Aunusal (Um)
Cr = AuNUTI (V)
Crnainj = éfuv;umsezi'amﬂﬁa (U )
Copi = AUNUNITYINNIU (UTN)
N = a1gnsldanu @)
7 = Cama (20)
M
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PBP = S

P

biomass

(M Py + MR )x12) =((M Py + My

sle M, = Yminlulenns (ke)
M, = Yminidonas (kg)
Myomaee = Uvtindaana (kg)
M,s = Bwtinansinany (kg)
Py = 511380 (UN)
P, = s7Alulewns (um)
P, = SATemAT (VW)
Priomass = 31A1%3378 (U)
Py = ATLSIVN9U (UN)
P.f = S9A1@15Y1191% (Un)

2172 agmffjmqu (Breakeven Point)

WA (Breakeven Point) iludiumilavesuuifnmsiasiesisunu Ya ils
fgdosdndunndudiduusn esnnmsiesgiamduuduaifiaufedeude
23FNA9 9 neneuTiarinisUssdianiiseauianssdla 9 wxdinasensiienailsde
yanuviseliiodls fefvesnsmauiisgadimu fo vilvinsiuieszduvesmsdndunuid
anududasyarnwansenuveatladeuissenmsiavdnunddnsnaiiiinnsiasuudas

Tunginssuvasuilan nsanisanes Wu Giand afavdaaley, 2549)

€

=3

AANNU UDe 9951810533 (Total Revenue) WNAUAUNUTIN (Total Cost)
WoRAtuAe Aan1sausanelanainalgireiuiysudaintiusunuai n3ednienis
A a M Yo [J M Yo Y o £ =} o @ 6
Aefansllasunadils waglilasunavianu nnisldnsndaunsesenilsuiiueud lny
aun1slunsAwIMRRAuMURe (WAl waumaivdna)
P(x)=FC+V(x) (21)
d' A ! 1
de P = Aevianangsieviie
X = Aednuiumheinanwa I
FC = AaAumnumiiisiu

V = feauvuUsiusievie

)x12)~(M Py, +M,;P, ) -C

annual
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av a4

2.18 @nasnUIdeNnNgIdes

(nANY LLﬁSUﬁWV]é, 2019) 1ayN1sANEINITHAINITEUUNNTBULTIT1 AL Lagldwnas
anufounnuasefinguarinmg lunmmaaeutiieviangivangaulunseunistniusiy
T¥mdnnnsesnuuun1snAaaILUy Central Composite design Hfudsdufe Aududuing
wazgmmnilay nansvaaemudl astuduimsiliinaunganisvinnuie 35 Wesidud
wargauunidmiuiiuganfe 45 osrwadea Tngldnalunisouwts 1320 uift Ansiu
wanfugide 10 Woflduduinsgiuuis lumslinnehduassgamansnuin dunuasi
670,000 U wazdunuuUsiY 167 UM Aeseuntswdnaiay 2,000 Alanfu Guedosusi
waranmgiungatlunmegeutiuansatiluldouuiaiondndnuduldognedinmnin
LAZANLI0ARNAUUNTHERLG

(Manya et al., 2018) lgvinsfinynavesnsfines (eaumgligeEn Anuduwazanie

a

g
Tnlslada) Tuszninenisinlsladaednsdn 9 vostwia 3 vl (4

130A L8 {uLaENIN

a

uznen) lngnan1siaseidsadfvliiuinavesgamgiinansenuiviaiiosninvesly

' £ '
v v Y (2% = 1 Y =

Torsasanunazingaviiuadudududnun uianndnlinutuegsiteddadofinaudiu

<

dinaadu n1sinlsladalaglduiia Co, (unu N, Wilddwmadsiadosnmveslulowisuay
annrnsinlsladasgraiiuladn egslsinnudleld co, Wundaluanznisinlslada

a o

a1u1saiy CO lepgnaditdedrAy Janeazuladiniswdsuwdasingivduiatunisndaly

q

TewsAfinafuamandfveslulews waznisldufa Co, anunsaifiunandnufaldogad
HedAgy

(Fudholi et al,, 2014) l¢i@nwnAgITUNTERNLUUATILALNAGDUTLUUB UL INEIY
uasefinddmiunmssuuiiansensia vhnsaneutuamsevzadunaiianiuiu 90%
w.b. 184 10% w.b. Turaan 15 $alus lunsiesziaunisnisannesuuuliiduduasly
AUNSUOUNITIT ALz aNTga WUUTIaosuNYile R2 gega A1 MBE fgn uay
A1 RMSE fifinnsuri§aduaseniindiadeuszanas 500 W/m2 uagdnanislvaveseinimet
0.05 Alan3u/Aunit UszamBamnsounsiavesssuuazegsznined 1-93% lasiads 30%
feiufsaguldinssavinmuesszuveuuimdsnuuaefingasiaUszanas 30%

(Amer et al,, 2018) lafnwiniseuursnenanluludmessuunasnuuaeindlurigg
Yot 2013 ludsemawossiu szuvUszneusegunsailAundany gunsaluandeuana
$ou waziadosvharudeuliihiaiufiegnieludnfui auguesieseuundnatunsn

ussynenaluludanta 32-35 Alansuuay 10-12 AlanSudmsuieseuniauendy q Tunis
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aueldnanyszanm 30-33 42lus ieanauduvesnenalyludasain 75%wb. [y
6%w.b. 1iioflsuiun1sInuaadildiianie 60 $alue tionruduaunde 10% lneld
LuuTiaemuadamans 9 wwulilomAmnfinesiminganiign fewuiuuudiass
Midili ilunuudiassitpfigadmiuszuvouuimdanuuaseniing agulsinnsldnailunis
SUMF IS UL ingSaanansaanssesalunseuwisadldiiofisufunisouniauuy
Kot

(Yuan et al,, 2016) lgvinsanwdnwazianizaodiulers1sinananunavuaziawls
Tneldufadloasiifinnsinlnarnduuy lagldsnsnislvaveseinia 4 ¥ (8 12 16 wis
20 Anseiounil) uazFeulalunisldauruegassuuy (isfuaurunassinauiuliivesnana
88.9 fadwns Mnlsvosdadliniens) nuinsnsnsinaveseniAwazawIuveLiadineons
fnansgnusdslitedfgyressrlsenaumaaiivesiulevis lneUsunansueuvesiulowns
NUnauKazA1 HHY azanauilefidhsnisinaresennimiiugsdu Woufadlvesgniu
auau Tumanssiusuusnaesuouveslulerinnavlsiiiudusazan HHY asiluanioy
Aoy Fauifa BET veslulevndanTunansaswdafiutuniusnsinislvavesennie
uaymsviuauiu asulddedisnmmslvavesemaiinaienuautfiveslulows

(sesit et al, 2010) l§vhns@nenisiienudeunduduainawwuulsnislulsanu

e o 14 o

Yuduud Usemansh laevihmslieneiienwesdiudeyansvinnuvedssny wuindianiy
Youmdofis 217.31 GJ Andu 51% va9auiounanunveInIEUIUMS WasaIntlEinng
Waunuusiaewendamansamsuiadosuandasuaudeunuulng nuiraiunsei
aufoumdenanldiurieanuasunnudouls 5% deszuuinainezanmsldanuiiu
waruAasssuRluUsEwAle 51.55% way 62.62% n1ua1nu n1suasy CO2 a19anadla
5901.94 ke/h waz 1816.90 ke/h Wieldpnufoumdosfiunuiasssuyi

(Ndukwu et al., 2020) Ta¥In15ANEINNT NS ULEIDI NI LALTINIANAANS 191U
ogsdsBunazliiidudunsesedanndon msmuaudnvuzionzyesingiuresaomany
Tnel¥33lnlsladatondnd omasnainavuiafisndss luvusfidwdrnmidoinduna
waoeld wuinduseleyilunisusuusau welulaglnlslafandsnuuaseinduasdiuia
i’mLma'awé’wummwmwum"’mmLma'miﬁamamL%yaLwaammwmuﬁuwé’wmqq

[
aaa ! 3 !

Usvansnavaansesuiunsilulavueg fuuraamdsuvienainvesufisevintiu uids

4

(%)

flusEUUTEUIEANLToUINLANDTInduazlATIasIvaLAT U NTalMY

=)t

U

e

(Mugi and Chandramohan, 2021) 1avMA1531AS1E U NS 991U LonGL908 Lay

LASYTANANSUBUATDIDUBYINA I ULENDTINSUUUDDY (ITSD) AT TRURAINIETANTITNA
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AU BULUUSTTLALATLUUTIAU UszAnBAmn1sasauuaznsvinliliive a3 s0uLis
WUUUIAU A 63.3% way 10.4% Lag 53.84% way 8.90% Tun1sniANusauluusssNang
Fnsnsatnauus Iy (SMER) vesndniderluiriesounisuasenfinduuusen wuindl
AU 0.6526 waz 0.5603 Alansuredladng-41lue Aeldioulunismanudounuy
JIAULALTITUIR MUSIAY HaVeLoNTLeEua i IAUDIN1ANS I ULAID1ANgAD 3.61-
677.84 J/kg Wy 6.50-1447.96 J/kg nelan1sn1ANNSouLUUUIAULALSITULIR AINE1AY
nMsgnduiendisedussgeunieeglutig 0.2-327.76 J/kg uay 0.84-664.63 J/kg luiadaq
DULNNANULEID1TAIUUUNNETANITNIANUSDULUUTIAULALETTUTIR AINAGU
Usgansn1miendiwagveiisiusiunazdounisaglugie 1.91%, 56.12% uagz 2.26%,
51.85% &11SUNISNIAINNSDULUUTIAULAZNITNIANNSTDUAIUSITTUYIR AIUAINU HN1S
Usziiufustinnudeduresendiend Ussansnimiloantsiuen3esauLting a1y
uasorinduvuden IHunmsusulssnonmsmanudeuluutedu Weisuiuiniesauuis
NENURAIDIATRUUTOUNITNIAIINTDUAIUTITUYIR NITIATIEANIUATHFAAASTLAL
wuiszeznaAuuanadlunsinasdeuluuifuidesnnatlunshlruvisanas v
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na il 30 wansuszandamniseuwislulaneuniandsunasenfing wuin
UsganSanniseuwsislunisnnasanantulew1saindiula 3 ¥da lawn wWaenanle wnau
wazdadlng lumsmaassdnsinisiwaansyieuiis 2 sedu lussansnmniseunisilalle
wane1efuesddod1Fyni9ad@ One way ANOVA (P-value = 0.70) 1ii8491nNn13
wanwdsumudouiildSuainedesaniUasuanudeuiivsinainfuinandesifnves
wiasmandsuninudeu wWelnsenlszansnmniseuwislunisaassniswanlulesns
FeufuTauouuimdsnunaioinduuusaiuudmuinussansamnseunrisldl@unnsng
fupgnefitfddyn1eadi One way ANOVA (P-value = 0.47) 1lpsainUSunam3nunsdunn
lunrsneaesdvsuatesdlofisuiuruinvesdaueuwimdsnuuasefing wazlulay
suLF N UL indfuAuszuunsnanlulomsdlasundsuanadesanddoy
audeu dddunisvaasstarldFundanuainaiesanidsuaudeudunan 2 Su fie
waruAMLSauIneSeandsuauSeuisBud 80 8.5 — 9.2 kW saudiszeziaan
Tunseuunslunisnaaswmdnlulewsyes Wasnale unau wasdew1ilne Ae 17 22 way
20 Falus Tunsneassdnsinisivadl 5 Ansroundl was 27 29 uaz 26 Falus lunismeass
Snsnshaansvhaudl 2 ansdeundt nuiiuseansamniseuwiadululufienadeatuiu

U8 (Mugi and Chandramohan, 2021)
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e
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Anseound

0 100 200 300 400 500 600 700

Wnwass (kw)
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=3 sl I e & iy ) = I ) 3 < s
WNwesETunauazdnwesBliowmas Wnwesdvieen fe Wnweidlulors uavidniyesai
gnviate lagnisnaaesnisuanlulevissmedendile wnau uwazdsdn lunmmeassdns
o v A a ! = ! =] (2] = a A
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o A A o~ P sl a A - a % o =
aingalllaisuiuignigesddiuiarilndu 9 1llesvnilAralnuseunfian uaziile
a ¢ ) & ) a 13 A a o
IATIERENweiTuIoanaTNUININWeTEaINNITVAaRINEnluTevISINLNaUT YT AN
Ngauiu WesnnUsnanisnatsdululewsveawnauivunaniauasAinudounes
2 6 ' 3 = a A = % = = ]
wnaufisndluley$InTaariindu 9 WerwnlasE N mnuAlkaEN 8N NYBITINIAUA
azvilafiaduunneaiu Wy osduseneusinaie 4 anllu waglaa Wusu whllevinig

AATIENNITNAABIDATINIT MAAITVNIIUNG 2 SEeU wunldiianuwanmaneiulunis
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Wasndly

Feg17lne
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WBnesd (kw)
Bniweidiignyinanenmisvaassdnsnisivaasihe 2 ansdeuni
H LSﬂma%gﬁgﬂv‘hmaﬂ1smmaaqa"mwmﬂuamsﬁmu 5 Ansroulil
B Bnwesivieannimaassdnsinisivaasinau 2 anseeunit
B Bnwesivieannsmaaednsinsivaasvingu 5 ansdeunit

B Bnwesividinimeasidnsinisivaansvingu 2 dnsdeund

B Bnwesividimameasidnsinisivaansvinay 5 dnsdeunit

Aal‘ U I3 =) 1
NI 33 UFAIANSNTO TV AT
=i = s 5 % < s Y A <
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= ! o 3 sala 5 a (59 = °
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(74 v o v A a ' = ! < sl
Fad lunsnaaesdasinisivaansviiau 2 seaufie 2 wag 5 Anssewndl wudndnwesdvn

a

29NYDINITNAADITAIINTIMAAITVNIIUN 2 WA 5 AATHIUNT HAuwAnNAIeiuae19d
Hod1Agyn19ads One way ANOVA (P-value = .000001) ti931na15v19ulun15MAa0INg
2 sgsvanansviauieulngeaaigamniilnalifesiu fdadudnsinisivaansinaui 5 ans
' P ° a v % A a | P A a ]

AownfianunsarinisuaniUdsunuseulagendti 2 faseewndl inseliuTunauiadenan
Yasasvinaunldranasulaaninlussezinainisnaasandnlulausnantan 3 Taluee
ATY AAUUANNITANA1ILAI1TNTINTIMAANTVINIUN 5 aRSABWIN TA1ua1u1satun1sun

Aufaunldanuasdldmunganiunmaasanan
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Tovnsiwmungay taglunisveassnisuanlulawisone wWasnaily wnau wasdsdnlnm wuin
TUsununsnanadululeeisiade Aa 63.20%, 60.02%, 61.03%
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5.1.6 USLANTNINNITOULAS WUINUSELANTAINANTOULNIVDILANDULTINAIU
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N.1 A1SIATIEAUSLEANTNIWAMUZBUVBITTUUNISHAR L UTEUNSIAUNUTANDULAINA 991U
LEID1RE

n.1.1 WAUANS DUV UIAINTINIA

Q= mx LHV

_[1355K0 1668445 |- 36008
3hr kg

— 200.33KW

Q = mx LHV

_[13L5kg 1 e604.45 | 36008
3hr kg

= 203.15kwW
n.1.2 WAIUAUS DUV NI BLWAWA bulauns

Q=mxLHV

g (ZOkg x17978 t—;j +3600s

=99.88kW x 2 times = 199.76 kW

N.1.3 WA UANTBUV NI NLTDLNEUANET

Q=mxLHV

= (28kg ><17978E—';] +3600s

=139.83kW x 2 times = 279.66 kW
.1.4 WAUAUS DUV NUIIN NI ULAIDITIRE
Q=IxA
=944.27 -2 x14m”

m
=13.22kW
Q=1xA
= 624~ x14m’

m

=8.74kW
.1.5 NAYUAINSDUVIDNINNUADIATU
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3
—012M 110X 117 X 7128°C
S m kg-°C
~119.09kW
3
—012M 511099117 9 7200c
S m kg -°C
~120.63KW

n.1.6 NasUANUSauvIeanNRANtulevs
Q=hA(T, —Ta)+gaA(T;‘ —T“)

a

= ((5.54

\2N x 2.26m? x (412.4°C —29.1°C))
m*-K

W

+(0.96x5.672—K4><10‘8 x2.26m” x (412.4*°C —29.1°C})))) +1000
m o

— 8.35kW
= ((5.54

W 2.26m? (347.7°C - 32.5°C))
m--K

W

+(0.96><5.67W><10‘8 x2.26m" x (347.7*°C —32.5*C)))) +1000

= 5.55kW
N.1.7 WANIUAIINTOUVIDONIINEIANIY

Q=hA(T,-T,)+e0A(T, -T,')

= ((4.97 x 4.87m? x (278.1°C — 29.1°C))

m?- K
W

+(0.96x5.672—K4><10‘8 x4.87m’ x(278.1'°C -29.1*°C)))) +1000
m .

= 7.61kW
= ((4.97

X487’ x (266.3°C ~32.5°C))

W

+(0.96><5.67Wx10‘8 x4.87m? x (266.3'°C —32.5"°C )))) +1000

=6.90kW
n.1.8 WawumINToUYIRanIINtIlasninNTau

Q=hA(T,-T,)+e0A(T -T,')

= ((4.92 x 4.34m? x (269.1°C — 29.1°C))

m? - K
W
m?.-K*
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Abstract. This research presents an analysis of the energy efficiency and economics of a biochar production system. Three
biomass types were studied: corncobs, rice husks. and longan husks. They were available in large amounts in the northern
region of Thailand. The biochar production process can help solve such problems. The product from the process is carbon-
rich biochar. The system consisted of two essential parts. The central part constituted five kilns with a 200-liter capacity
each and a re-burning kiln heat exchanger with 80 cm of width and 173 cm of height. A 3.8 cm diameter spiral pipe inside
the heat exchanger transported a working fluid from a 100-liter storage tank into the system for heat exchange. The
byproduct was a hot working fluid that could be used for a drying system. The main product obtained from the system was
biochar. It could be suitable for soil improvement in order to increase agricultural productivity. Tests were performed with
a volume of biomass 200 liters, moisture content <15%w.b., fuel weight 144 kg (60 kg for biochar kilns and 84 kg for the
re-burning kiln), fuel feeding every 15 min, and working fluid flow rate of 5 liters/min, respectively. In batch production,
high-quality biochar was obtained from comcobs, rice husks, and longan husks at 76.0=2.0, 65.5=2.8, and 85.5=1.8 kg,
respectively. It was found that the energy efficiency of the biochar production system from comcobs, rice husks, and longan
husks were 49.75+0.93%, 31.52+0.78%, and 46.97+1.04%, respectively. Economic analysis found that the minimum
payback period was obtained for longan husks, followed by corncobs, and rice husks, respectively.

INTRODUCTION

Biomass is an organic substance that is natural energy storage and can be used to produce energy. These organic
compounds are commonly found in wood chips, waste, agricultural waste biomass, etc. In general, agricultural waste
biomass is abundant. It is a byproduct of post-harvest management. Agricultural waste biomass has been developed
as an alternative energy source instead of fossil energy sources such as oil, gas, etc. [1]. Production of biochar by
pyrolysis is the thermal conversion of biomass in confined or deficient air conditions [2]. In biomass pyrolysis, solids,
liquids, and gases are produced [3]. Biochar is the final product of biomass waste pyrolysis [4]. The biochar production
process has a significant effect on the properties of biochar [5], such as reaction temperature or type of biomass waste
[6]. Biochar is a rich source of carbon [7] and contains various minerals [8]. Biochar also has porous properties that
result in high water holding capacity [9, 10] and absorb heavy metals. It is, therefore, suitable for soil improvement
[11].

Biochar production technology could reduce environmental impact [12, 13] that causes the greenhouse effect or
environmental pollution. In the biochar production process, pyrolysis and flue gas are released into the environment,
and much energy is wasted [14]. The gas that affects the environment, such as carbon dioxide, methane, nitrous oxide,
etc., creates a greenhouse effect that affects global warming. Therefore, the use of waste heat is a solution in the
biochar production process as a source of high temperature [15]. Effective heat recovery can be realized by a heat
exchanger [16]. A heat exchanger is an apparatus used to transfer heat from one fluid to another [17]. The fluids do
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not need to be mixed. Therefore, heat exchangers extract waste heat from the biochar production process in many
fields, such as drying. In this work, energy analysis of a biochar production system with waste heat recovery was
undertaken.

EXPERIMENTAL
Biomass Materials

Corncobs, rice husks, and longan husks were used in this work. Initial biomass moisture content was determined
by measuring the initial and final weight of biomass sampled placed in a hot air oven at 100 °C for 24 h. The average
initial moisture contents of corncobs, rice husks, and longan husks were 10.03 + 2.15 %w.b., 12.67£1.57 %w.b. and
10.93 +£1.01%w.b. respectively. The average initial moisture content of fuel was 9.13 + 0.43 %w.b.

Experimental Procedure and Measurement Uncertainty

Figure 1 shows the biochar production system. It was divided into two parts, five 200-liter biochar kilns and a re-
burning kiln. The work process was to produce biochar from the five kilns. The flue gas containing smoke from the
process was forced into the re-burning kiln and the smoke collector. Furthermore, the waste heat from the flue gas
was recovered and transferred to the working fluid through a coil heat exchanger inside the re-burning kiln. At the
same time, re-buming air was fed in at the front of the kiln. A pump drove the working fluid flow.

During the biochar production trials, it was sunny and no rain. Data collected were biomass weight, fuel weight,
temperature, working fluid flow rate, and re-burning kiln chimney gas velocity. For one experimental case, it took
three h. A total of 12 temperature measurements were performed using type K thermocouples. A working fluid flow
meter was set to stabilize the flow rate at five liters/min. Measurements were repeated to ensure reasonable certainty.
The working fluid in the heat exchanger was a mixture of water and ethylene glycol at a ratio of 70:30 [18]. Air
velocity measurements were performed using a DIGICON anemometer model DA-43. A scale performed
determination of biomass and fuel mass with +0.01 g accuracy. Temperatures were recorded every 5 min using a
Wisco AI210 data logger connected to a computer during the experiment. Table 1 shows measurement uncertainties
from related parameters.

FIGURE 1. Structure of biochar production system

TABLE 1. Measurement uncertainty of the parameters.

Parameters Unit Uncertainty
Air velocity m/'s +0.02
Working fluid flow rate LPM. +0.02
Fuel moisture content %w.b. +0.15
Corn cob moisture content %Ww.b. +2.15
Rice husks moisture content %Ww.b. 157
Longan husks moisture content %w.b. +1.01
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Energy Analysis

Energy balance, input, and output energy can be expressed as follows [19];

Z Ein = Z Etmt (l)
Y Ein = Qbiomass + Qruet 2)
2 Eout = Qviochar + Qus + Z Etoss 3)

Determination of fuel, biomass, and biochar energy can be obtained from [20];
Qn=MXxVC 4)

where M is the weight of materials (kg/h), and ¥C is the calorific of materials (kJ/kg). Heat exchange of the working
fluid can be obtained from the following [21]:

wa = mcp,wf(Tw 0 wf,i) (5)

where m is mass flow rate (kg/s). Energy loss occurred from surface heat loss, chimney heat loss, and destroyed
energy. They can be expressed as [22, 25];

ZEIoss = Qs & Qc + Qd (6)

Qa =X Eioss — Qs — Q¢ @)

Qs = Qeonv + Qraa ®

Qs = hA(T, —T,) + edA(T¢ — T3 9)

where / is the coefficient of convective heat transfer (W/m>K), ¢ is coefficient of heat radiation, ¢ is Stefan Boltman
constant = 5.67 x 10-8 (W/m>-K*). Q. is a chimney heat loss, calculated from Eq. (10) [22].

Q.= mcp,g(To -T) (10)
Thermal efficiency is defined as
_ LEout
- XEin {n

Economic Analysis

Biochar production cost (C;) includes the cost of biochar kilns and re-burning kilns (Cy, ), the cost of raw materials
(Cm) and the labor costs (Cy;) [21].

Ci="Cos ¥ Gz ¥-Cis (12)
The annual cost of the biochar production system can be obtained from [23];

=1
Ca = [Cs + Zms(Comy + Conp)o”1 [555] (13)
where, C,,, and C,,, are maintenance costs representing 10% of C; and operating costs in the year y, respectively. L
is the life of the system and « is defined as:

_ 100+ig

100+if (14)
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where i; and i are the interest rate and the inflation rate, respectively. The annual cost per biochar unit can be

calculated as
Ca

Mbiochar

A/B= (15)

where, My;ochar is the amount of biochar obtained from the biochar production system. The payback period can be
calculated as
Ct

PBP =
MpiocharPbiochar +E MrmPrm+Mpiochar(4/B)

(16)

where, Py;,cqr 1S the price of biochar (Bahtkg). M,,, is the amount of raw material (kg). and P,,,, is the price of raw
materials (Baht/kg).

RESULTS AND DISCUSSION
Biochar Products

The experiments were conducted for the whole month of June 2021. Longan wood with a total weight of 144 kg
was used as fuel. The moisture content of the biomass used for biochar production was shown in Table 2. All were
less than 15% w.b. A biomass volume of about 200 liters per kiln was loaded.

Average biochar yields obtained from the experiment are shown in Table 3. The temperature was controlled to be
above 300 °C at all times [24]. It was found that the biochar yields from corncobs, rice husks, and longan husks were
high. The energy content of each biochar is shown in Table 4.

TABLE 2. Moisture contents of the biomass used

Biomass type Moisture Content )%)
Corn cob 10.03 +2.15
Rice husk 12.67 £1.57
Longan husk 10.93 £ 1.01
Longan wood (as fuel) 9.13+0.43

TABLE 3. Biochar yields.
Biomass type Biomass weight (kg) Biochar weight (kg) Biochar yield (%)

Corn cob 125.67+0.85 76.00+1.63 60.47+1.05
Rice husk 110.33£1.03 65.50+2.27 59.35+1.51
Longan husk 133.17£1.70 85.50+1.47 64.22+1.37

TABLE 4. Energy contents of biomass and biochar
Biomass type  The energy of bi (kJ/kg) The energy of biochar (kJ/kg)

Corn cob 17304.04 29877.00
Rice husk 14390.03 18442.85
Longan husk 16684.40 25258.96

Energy Balance and Efficiency

Figures 2 to 7 show energy analysis results on biochar production from corncobs, rice husks, and longan husks. It
was found that the biomass type had a statistically significant effect (p-value < 0.05) on the energy output of each
biochar. Because the chemical structure of each biomass type was different [25], when converted to biochar, their
heating values were different. The highest recovered heat was found in the system operated for rice husk, followed by
corn cobs and longan husks, with average values of 10.07, 9.25, and 9.17 kW, respectively. When the above data were
analyzed statistically, there was no significant difference due to the limitations of the heat exchanger inside the re-
burning kiln. The energy balance analysis indicated that change in biomass type had a statistically significant effect
on the system efficiency. The efficiency of the system is shown in Figure 8.
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Figure 8. Efficiency of system
Economic Analysis Results

Economic analysis results of the biochar production system are shown in Table 5. It was found that the total costs
of the experiment for corncobs, rice husks, and longan husks were about 857,000 Baht/year, 881,000 Baht/year, and
935,000 Baht/year, respectively. The costs of biochar production were 158,568 Baht/year, 160,128 Baht/year, and
165,528 Baht/year, and biochar sales revenue were 936,000 Baht/year 780,000 Baht/year, and 1,020,000 Baht/year
for corncobs, rice husks, and longan husks, respectively. It can be seen that when conducting continuous production
for 20 days a month (working costs 300 baht per day), the capital investment could be returned within 8.23, 9.35, and
8.04 months for corncobs rice husks and longan husks, respectively. Furthermore, the payback period is shown in
Figure 9.

Table 5. Costs and

Total cost
- Corn cobs 856,680
- Longan husks 935,280
- Rice husks 881,280
The annual cost of biochar production Baht/year
- Corn cobs 158,568
- Longan husks 165,528
- Rice husks 160,128
Interest rate (%) 5
Inflation rate (%) 1.2
The expected life of the system 5
Price of fresh biomass Baht/kg
- Corn cobs 3
- Longan husks 5
- Rice husks 4
Price of biochar for all kinds (Baht’kg) 50
Working period (day/month) 20

CONCLUSION

In this work, energy and economic analysis of the biochar production system was conducted for three different
biomass types: corncobs, rice husks, and longan husks. The biomass type that resulted in the highest system efficiency
of 49.75+0.93% was corn cobs. When analyzing the economic cost-effectiveness of the biochar production systems,
it was found that longan husks had the fastest payback period of about eight months with variable costs of 275,280
baht a year. The revenue that came from selling biochar was 1,020,000 baht per year.
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