m‘swaﬂgﬁmw?\a%mwmnua%ﬁﬂmmﬁysm]ms nIzUIUMINBSSUNNTY
razmssaumaremaslaaimuadaduvesdunanmiilszansmmw
PRODUCTION OF ELEPHANT DUNG BIOFUEL BY INTERGRATING
TORREFACETION AND BRIQUETTE PROCESSES:
DETERMINTION OF EFFECTIVE INGREDIENTS

AND THEIR PROPORTIONS

2INALT NIDUUN?

a a e o ' = =
Ineniinusiuaunitavoamsanmn
HANGATINAANAATHIITAUNA A1VNIBINAINUHAZTUIAADNYNTY

UNAINENEE NHINNANBH Tl

N.f1. 2567



Wadio Inentinus mwim‘omﬁqﬁmmmun‘uhuma}1mmv
nszuANsNoTundy azniIdaniaomaa
'lnud‘mundndwvoedouuﬂuﬂﬂﬂnaﬂinm

a ad
DALY WIDUIAD

wasMuay Aoy

2 o o o o« o
e1semlEnIneniinuinan daaumans10130 as.q3d wig Ui
= ‘ -
esdifinnIneniinugiam 509MaANT19158 A3.0AfNA TTnAuz

M dsesrunssums

------------------------------------------------------------------------

Ll T JU AITUMS

---------------------------------------------------------------------

00 e ATIUMS

S AAEESEEENEOP ISR ARRNINOSEERERNINRRRR N essnsnusens sesesunaann

Ao i g
(504PNTAT19176 A3.0AANA ARvY)

anedessagida i oyl Anniinuddifudaunils

/

'l.aoql.’ ooooooooooo LT TR TS ﬂmuaﬁmm‘ﬂa“u‘ln"u
50 a5.AndfnA TyAnAy I In)



a a J a 4 a
m%mﬂmwuﬁ : ﬂ”liWﬂ@]L%ﬂLWﬂﬂ%'Jﬂ”IWi]”IﬂiQJjﬂ"]s}}NIﬂEJﬂ”Iiyjim"lﬂ”lﬁ
) % @ 1 dy a
NFZUIUNTNOTIUNNFU Lm%ﬂ”ﬁﬂﬂlﬂlﬂl"]ﬁﬂw\lﬂﬂiﬂﬂ

fruadaa IV T IUNFUNLUTEANTAIN

{39 SN ARGV b
MU © WAIULAZ TR RDNYNTY

A a A ¢
91ﬂ1§ﬂﬂﬂ§ﬂﬂ1j‘nﬂ1uwuﬁ

9 4 o v o s A o a a ¢
Pq»lj FYAITNTI07Y ﬂi.'(,jiﬂffl MIY IUNITAT 'E]'lﬁ]'lifl‘i/]ﬂ?ﬂy'l']'ﬂﬂ'lu‘wu‘ﬁﬂﬂﬂ

a9

a

o ag £ S a a o1
FOIMNEANTINISY A5.0AANA UnAoe ’Eﬂ%ﬁﬂVIﬁﬂBTJﬂEﬂuwu‘ﬁi’Jh

Y o dy 9 o 1 @ v A ] A @
‘]JN%NiL!GH‘UﬁﬂW]SN D UNDHLULLA mmmwﬂwu ﬂi%ﬁﬂﬁi‘g‘ﬁ‘nﬂﬂ’mﬂﬂﬁ

Y Y
a o

Y Y AA A ' Y o 2 ] A= a A a A
ﬂﬂﬂ’lﬁy,a(’]f’]\j‘ﬂilﬂﬁquu’]ﬂﬁ\jwaiﬁﬂ’la’]ﬂﬁqll’)ﬂaﬂu MUV UADHINITNAALTDINAIBININ

9 o v A

1 { o o o
VINYAT ez A IUYasIRAAR2en s UIUNs NS TN TU wiewmdadiumsnauil

9
A a

Aa a [ a ¥ a o 1 9 o w g [ 1
ﬂﬁ%ﬁﬂ‘ﬁﬂWWﬂ@ﬂWiNﬁﬂl%@LWﬁﬁﬂﬂlLﬂﬁHﬁ‘]fN%\‘]QﬂHWWWHH‘IJHL‘]S’E]L‘W'ﬁ\‘iﬂﬂu‘i/]\‘igﬂ@f]ﬂlmﬂ

Y o ~ ) A o Y o @ 9
AWAUNITANIAIFIINTCAUANIMFONUTBYAL 95 (p < 0.05) ﬂizuaumiﬂ@‘i‘mWﬂ%u%

QN 280 eeA AT Aa08n3IN1TTeUTAgAY 600 nTuABY 2 TN tpulasanIn

U

Y ¢ ¥ W

Y g <3 (G ) ) g a o 1 9 e a
y]a“lf%ﬂ?ilﬂu"ll’f)ﬁll"llﬁﬂ@iithﬂ HINUBIDINLASHD T LFDINAIDALUNIIINYAT IV LFDIWA

@ 1 < o~ J Y A 1 [ a [ J
BALMIVOUIINDT IMADINYaTNTIANUHULTLINNAY 613 1oz 860 A lansNADENUIARINAT
MUAIAY 1aZNAINNVAVUUNIINAIININDY 9.09 4az 11.93 Anzganon lansy
o w = a A 9) J @ @ 1
awdey PSnarandaFauiadesas 79 tazlsmmmsueuaaidesaz 20 Tagn1soaina
A aqw < ay Y o ? Y , ¥ o
womaldvowdamness lnaninyadng dlszam tazii Tusasdan 5:2.5: 1 areuseau
¢ X a o P 3 Ay (o 0 A a o = %
40 115 IFOMADANNIINYaFI VeTness Nyt taziemasoaunnness lia
1 1A [ 1 <} 1 d a
Mnyade Imnnwuiouge 17 wnnzgason lansy oe1elsnauainuiougevouyomag

] ] Y
DAUNIAINI 17 LﬂJﬂﬂ$§aﬂ@ﬂIaﬂiN Lﬁ’f)\‘lfﬂ'lﬂﬂﬁg‘ﬂ’lluﬂ'lﬁNﬁ@ﬁﬂ’ﬂﬂ%un']ﬂﬂ’ﬂ%}ﬂﬂag 7

v
= 1

k4 k4
ufdiuFomasdaunziionsdrndeinasnoo1na tazguauian1eawiouna uad

Y
A a

' Y Y
A1aNunuMumdInalieasinsen Inidideiwas (FCR), oas1a1sauldeuvona

BUUS AW (SFC) taz1ains Imasau (PC) geivdinaasisz@niamanuioudinid



9 A

Y A 1 (9 4 4 1 (2 4 4
fovaz 7 9oanonistassunanisueu lasen lagd (Co,) wnniunamsuouuouuen loq
= 1 d' () a d‘ d‘ 1 9 1 a d Y

(co) 9 401 Tuvmgiunariindunlassosnuifosndi n1s AT IEHAUNUNI
v & 9 ' & A o ' < 7 s Y A

RTHTANAASIU0IAY WU T1AIVOUFBINAIBAUNININUDUTINGS3 WA INYaF 1]

[ 9 [
AUNU UazIzezMsAUNUNGININFoINaIdAUNIINYaF1e 1o nuInInnsulsanIn
I [ o= J 1% ' < [

yaduiluveadaness ddeldwasnu i ednlsnam arsiimsdSulgequnimves

dy a o 1 a A 9 = d‘ 9 g’/ a

FOIMAIDALNY NITUIUMIHAA tazMSEHen e umBataimngay wieunInmsdszmn

ANUANAINMIATHIANENS AOANADINUMIAUHUNUAMTNINDG

o o W 9 < (=) J 9 ca’ a o 1 9 dy a o '
ALY : 3;11'(36]5'1\1,ﬂlﬂQLlﬂJQﬂﬂiiul(V\lﬂi]'lﬂyjaG]f'l\i,LﬂfﬂLWﬁQﬂ@LlﬂQﬂWﬂHﬁ%Wﬂ,!%@!Wﬁ\if]ﬂllﬂﬂ

3 o s D) s Xy
i]'lﬂ(’ll'f)\u!ﬂl\ﬁﬂ@i‘iVl‘V‘Iﬂi]'lﬂllﬂﬁﬂﬂ\i, lﬁiﬁgﬁ?ﬁ@ilﬂﬂﬁ@u



The Title : Production of Elephant Dung Biofuel by Integrating,
Torrefaction and Briquette Processes: Determintion of
Effective Ingredients and Their Proportions
The Author : Artidtaya Mainkaew
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ABSTRACT

An elephant sanctuary in Kuet Chang Subdistrict, Mae Taeng District, Chiang Mai
Province, Thailand, has the problem with managing large amounts of elephant dung, which results
in damage to the environment. This research investigated the production of bio — solid fuel from
elephant dung and torrefied elephant dung, as well as finding the optimal mixing ratio for the
production of fuel briquettes.. The economic feasibility of the production process was also
evaluated. The optimal condition for the production of fuel briquettes from elephant dung was
predicted using a quadratic reciprocal equation ata 95% confidence level (p < 0.05). The optimal
condition required a raw material, binder, and water ratio of 5:2.5: I, compressed at a pressure of
40 bar. This optimal condition was used to produce fuel briquettes from elephant dung and from
torrefied elephant dung solid, which was a product of the torrefaction process using a continuous
torrefaction reactor at 280°C with a feed rate of 600 g/h. Both products had densities of over 600
and 800 kg/m3, which meet the standard. This resulted in energy densities of 9.09 and 11.93 GJ/kg.
Fuel briquettes from torrefied elephant dung had better chemical, thermal, and water resistance
properties than fuel briquettes from elephant dung but had lower shatter resistance. This resulted in
a higher fuel burn rate, specific fuel consumption rate, and calorific value, leading to a thermal
efficiency of less than 7% . The advantage is that it releases 40 times more carbon dioxide (CO,)

than carbon monoxide (CO), while other gases are emitted less. Economic cost analysis found that



fuel briquettes from torrefied elephant dung had a higher cost and payback period than fuel
briquettes from elephant dung. This is because the conversion of elephant dung to torrefied solid
requires electrical energy. The quality of fuel briquettes should be improved. Production process
and selecting the appropriate biomass burner along with evaluating the economic worthiness in line

with actual operations.

Keywords : Elephant Dung, Torrefied Elephant Dung, Elephant Dung Briquettes, Torrefied

Elephant Dung Briquettes ,Basic Economics
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mladua)zvas

i

MANN

1
1

a yat1a HIIAH
(N3N) (N3) (NFN) ans) HUWUY  ANNAIIA
(Alansuy inBewu
0 N3G
anunan
AT )

1 40.00 17.50 17.50 60.00 646.48 16.03
2 70.00 35.00 17.50 40.00 798.44 15.90
3 55.00 26.25 0.25 50.00 621.34 16.14
4 55.00 26.25 11.75 50.00 753.48 16.43
5 85.00 26.25 11.75 50.00 642.12 16.97
6 55.00 26.25 11.75 50.00 753.48 17.44
7 40.00 17.50 6.00 60.00 753.44 18.06
8 55.00 43.75 11.75 50.00 679.08 18.73
9 70.00 35.00 6.00 40.00 639.82 19.52
10 55.00 26.25 11.75 50.00 753.48 20.17
11 70.00 17.50 17.50 40.00 660.07 21.05
12 40.00 35.00 17.50 40.00 845.32 21.98
13 55.00 8.75 11.75 50.00 557.64 21.95
14 70.00 17.50 6.00 40.00 615.84 21.54
15 25.00 26.25 11.75 50.00 716.33 22.03
16 40.00 17.50 6.00 40.00 641.07 23.46
17 70.00 35.00 17.50 60.00 668.13 24.46
18 55.00 26.25 11.75 30.00 647.22 25.93
19 70.00 17.50 6.00 60.00 626.14 27.20
20 40.00 17.50 17.50 40.00 525.08 27.92
21 40.00 35.00 6.00 60.00 926.57 21.58
22 70.00 35.00 6.00 60.00 723.71 15.49
23 55.00 26.25 11.75 70.00 859.41 17.09
24 70.00 17.50 17.50 60.00 691.58 11.35
25 55.00 26.25 11.75 50.00 753.48 11.01
26 40.00 35.00 17.50 60.00 761.98 12.79
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M 4.1 (Ao)

a1 yat1a sl aiudn)zvas W U3 AN M

(M3W) (A5N) (A5N) ans) RUWUY AR

Rlandu  ndew
0 MNIFIY

anunan
A3 )

27 40.00 35.00 6.00 40.00 765.07 14.59

28 55.00 26.25 11.75 50.00 753.48 15.98

29 55.00 26.25 23.25 50.00 691.21 18.65

30 55.00 26.25 11.75 50.00 753.48 23.01

a o

113152 aUNITNIITNINIBAIA NN HUIMUUDIREHANNI1TNIIADA
Y a Loy o 2o o o @ < o w
mdnszansduiusmataet aumamainngawaa luaumsiduaunismasaoauy
o Y o ' 1 U 1 A9 2 A
wlswary Tinisrhuisainnunuutiuedluge 0.767 ¥3e3esaz 76.70 Uen NG
a 1 1 { U § [ { { Y
WFANAUNT 1A8A1 p— value DT 0.0003 1A% F —value 0§116.90 13191 4.2 N ldudaq

[~ 1 o w o { @ 4 ] {9
IHuhaumsmasdesiinnudryiseaunnu¥eiunisvas 95 (p<0.05)

1/density =4.986580 — (0.027690 x m) — (0.097857 x b) — (0.068383 x ) —
(0.045543 x p) + (0.000327 X m X b) — (0.000513 x m x 1) + (0.000097 X m X p) +
(0.000034 x b x 1) + (0.000168 X b X p) + (0.000976 x L X p) + (0.000220 x m?) +
(0.001157 x b?) + (0.001877 % 1%) +(0.000193 X p?)

A1 p— value 1Az F  value An131991 42 gn1diile svuadaudsifefiansan
pansgnuFudu nulsunayadeuazudaiudilzvas inademianuruiuveans
NAAToMASAUY TaoTi p — value (M1 0.0015 1Az 0.0071 L@zl F — value INAY 15.040
1z 9.700 MUY wenantiganuSinah sesaan Ae idulidnlznas Hazyat
L‘ﬂuwwgumﬁwﬁmmﬁdqwa&iamﬁwaﬁasinﬁﬁﬂf?ﬁm Tagdl A1 p — value 110V 0.0010, 0.0020

1Az 0.0055 MUAIAY LaZA1 F — value N0 16.770, 14.020 ttag 10.490 A1Na191
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v A ¢ X a
msei 4.2 ﬂ1i’3!ﬂ‘51Z?iﬂ’J13»1!!1]iﬂi’nﬂuﬂ1§ﬂﬂﬂﬁuﬂ\‘iﬁii’)ﬂ’nN‘i‘iu“!ﬂuﬂlﬂﬂ!%i’)l?ﬂﬂﬁ

OAUNS

Source Sum of squares df Mean square F-value  p-value
Prob>F

Model 1.050 14 0.075 6.900 0.0003 significant
m — elephant dung  0.110 I 0110 9.700 0.0071
b — cassava starch 0.160 1 0.160 15.040 0.0015
1 - water 0.014 1 0014 1.250 0.2811
p — pressure 0.018 1 0.018 1.670 0.2160
mb 0.024 1 0.024 2.220 0.1570
ml 0.022 10022 2.000 0.1781
mp 5.700 x10” 1 5.700x10" 0.530 0.4795
bl 1.639x10™ 1 1.639x10™ 0.015 0.9038
bp 4.161x10, 1 4.161x10" 0.038 0.8473
Ip 0.029 1 0.029 2.640 0.1249
m’ 0.110 1 0.110 10.490 0.0055
b’ 0.150 1 0.150 14.020 0.0020
r 0.180 1 0.180 16.770 0.0010
p 1.062x10” 1 1.062x10° 0.098 0.7586
Residual 0.160 15 0.011
Lack of Fit 0.047 5 9.420x10” 0.820 0.5650 not significant
Pure Error 0.120 10~ 0.012
Cor Total 1.210 29
R’ 0.767
Adjusted R? 0.549
C.V.% 8.920

I Y v
Fadeninacdoanunu s usonaeoaundlunsinlssansnimda
Y
anwdou szneudie yadns 40.00 nsu uduiudlzwas 18.87 n5u 111 6.00 N5L LAz

4 a dy A o 1 v A dyd dy a an
40.00 U9 ﬂ']ﬁWﬁ@lL%@LWE’IQ@@LWNﬂ']EJGl@IN@ull“l]l!lf]_]ullll@nllﬂTﬁ@l@UﬁuﬂﬂﬁluquQﬁTNll@l



58

(% { [ 4 a 4 [ [} 4 1 o
(3D) f99 NN 4.1 Tag1deauN1TNT 0NN UATIEHANVTUNUTIZHI196 1115 uay
v 9
annzimunzanvodusazifate lumsnaa oA AN
MInmsany MU yadazudaiudilzndslinaneainnuvuintiu aenm
~ Y 1 A a o ) Y] A U ]
7 4.1A) saaadlfimurmanudsuaedaiudilzvdiramuainnunuIud Uy e
dgll Aa o 1 Y A =Y 9 =Y o o [
wormasoauns uazlunenduiumsmutSuayadng wazaatSunandaiudnlevdsacey
[ Y ] dgll a A 9y I J = 9
dawaliannurnuiuyourINaIanas MNA 4.1(B) saaelriiuinfsunavesyasa tay
Y ki ] Y
U3 aveaiinanon 1A UHU LY TAsAIANNHUIUUYD UYDINAIDAUNIDSINU LA
9 g’ A 1 (] [ dgll a o 1 1
Ysinayate uazfsunani’ msnlasuilaininnumimin Lagu IR UIBIFDINIBALNIA D
[ H I~ 1 1 ] ¥ a o 1 2
Yad 1azusIne A9NINN4.1(C) naas IRENINAIANUNU MUY IFOIND DALV I gL
o A4 2 A a A a ) &
AUUTIAUMINY WM TS e INTY
dyw 1 d‘ a 9 [ 1 Y [l
UBNINUTINUI VB aALTWIaYaT I nazuIIdUaIaINaliaAIn W H LY
9 d‘ ] dyl a sol v o v A 1 1 1
Wooas i 4.1(D) Va¥ U5 uanimazudaiud1de vaainan oA1AN N U U LU UV D4
dy Aa o 1 A =) o o v A v A 1 Y
WormasoaunauazmamulSviaudaiudlyndunussaunmns anazaanalininiy
9 Y (] Y v Y
NUWUUVDIFDINAIDALUNIAAAT UDNDUAINNLHU U UIZW LAY Tagn T nT uani
I ) [ a . o [ [ { Y [ [
W 12 5y usadunazdSuauidaiudilends aen1un 4.1E) naadliiriuiinainiu
[l dy A o 1 A 49! o A 49! dyw [ A
HUWUUVDUBDINAIOAUNIILLNLIUATNUTIAUNVINVY HBAINTGINDIM TS
) o o 1 ) 1 Y1 1 A é} I~ 9 @
uifafudilyvaalusae 25 =35 05y aewaliaia Ny NATAN e 150U 1A
v Y s y v
USnaiaInan oAU HHUHUDUFDINAIDAUNIAIAING 4.1(F) nuieanlsuianinag

2 ' 4 4 1] ' b4
mmmﬁumuuuamﬁmummL%me’ammwzmuﬁu HonNNH Lﬁ@!ﬁWﬁJﬂiNWﬂJuW Hae

HsInUIzdINadaaIa Uy Iianas



59

-
>
=
-~
o
N
\

& E

E g

2 :

S5 R

S =

e water (0) "o LY L

cassava starch (g) ~ w@e elephant dung () S cassava starch (g)
(E)

(B) —— = — =

s £

£ E

g Z

z 2 012

= Qo

@ RS T

c ~

[} i

2

- LT pressure (bar) e/
water (g) " e " elephant dung (g) cassava starch (g)

~
0
~
)
~
m
~

Znii———— S o

- =

E E

2 S

< <

z z

5 2

o 7

- 2

s ~—

3 PN e
g ~ = il soo0™ 5 —

elephant dung (g) e ~ aw pressure (bar)  we™ \ [ __ LG °

pressure (bar) water (g)

Al Y v
MW 4.1 UAUATWWHATD 3D voeedenionnanan1n Ny L UYeInIs

9
NAAIYOINAIOALIN

v AR ' 9 @ ) [ %’ [ = 1 1
ﬂ’lﬂ‘]jﬂﬂﬂﬂﬁﬂB'IW‘U'J'I?alja‘B"N llﬂ\iﬂuﬁ'lﬂgﬁﬁﬂ U HASUIIAU UAAN DA
AMHUIUY FITAIIWAOANGOINVIIUITOVDL Y019 HAZAUDY 9] (Muazu et al., 2015)
Y
aﬂ‘HﬂlgGll@QL%@LWaﬂ@ﬂl!fﬂQﬂl@ﬁllﬂﬁﬂl!ﬁgmﬂﬂ%ﬁiv‘lﬂ WU'J‘I'J@QW‘UﬁNﬁ@fJ‘NN‘Iﬂﬂ@ﬂ‘I
] a o J o - J A o I o @ A
AU UUUHUUDINAN NN ﬂ?ﬂﬁZﬁTNL!azﬂ'ﬂﬂ%ulﬂUﬁQﬂuﬂuﬁWﬁﬁUﬂWﬁLWNﬂ'ﬂNﬂﬂﬂu
k4 1 Y Y ]
ﬂl@ﬂl%ﬂlwaﬂﬂﬂllﬂﬂ Lﬁ@ﬂ%1ﬂl%’0lwaﬂ@ﬂllﬂﬂﬂﬂﬁ@ﬂcﬁuﬂﬁﬂWﬂ?WNﬁuuluuaﬂaﬂ Lﬁ@ﬂ')
) 9 A A a 9 &’ Aa o VR d [ o w =
1J§$ﬁTLlQﬂu1“11%LW@LWN@Hﬂ1ﬂLﬂNIﬂ§Qﬁ§1\ﬂu!f]5’f)l,wa\1@ﬂu1/l\1 %QlﬂuﬁﬁuﬁWﬂfyﬁl@\icﬁﬁﬂ'}ﬁ
td'd 1T A a c‘) = tﬂ' . a 4 = 1 1
NUAIBNUUA T’O‘UL@@ uagauou 9 (Obietal., 2022) Usuaardszaruiinananiniu

k4 v
ﬂmuuummg%mmammﬂ ':7mﬁmimuuazmmé’ﬁumuﬂmmwﬂ Tolton uazﬂuﬁu il



60

(Obiet al., 2022) REC RIS L uazﬂuﬁlu 9] (Narzaryet et al., 2022) UONINAIYTTa U 1Y
AMAURTNad oAU LT U AIS AL S Tinad oL T U0
MINATANEIVDY T¥¥0a LazAUAY 9 (Mitchual et al., 2013) na132193U52 81U
tazusafy TanuduiuEiy tazaudeaadestuaisel nuh uufudlznds ¥ uas
HIRUTINA ALY UTDINGS LA doANdDaRUNI ANEIYEY 03 11F 1001 LAz
AU % (Aransiola et al., 2019) §115 e munazus R uina L e AN Y04
Fomassaunaiuiy a3l I8 iz auiigadwsudulsdaszuaazi lumsnda
Wemassauis fie yad19 40.00 05w tleaiudizvide 18.87 05y 1h1 6:00 N3 Az Y
40.00 115 ‘ﬁ’c’hwaal,ﬁ'ﬂ’mmumﬁummzﬂﬁmwaaé’mgmmqu,aGi’f'N 613 A lansusognuIANINAS

1 1 a [ 1 4
UAWINNT 600 N TaNTUABYNUNANINAS

A =
auuaMmaay
%
Yar¥N
) 9 a J dy Aa o 1 g’l A 9 = 4 1

mimu‘,aﬁmmwamﬂuwmwmammqumimumiﬁﬂmmﬂﬂizmmmﬁmmq g
~ 9 = va dy a Ao PR @ Y
‘ﬂﬂizﬂaﬂuyjaﬂm uazﬁﬂymmauummwarwm‘wumﬂmﬂuwawmmmiau laema

= ¢ & ] o A \ Y A ]

ﬂﬁﬁﬂyﬁ)ﬁﬂﬂizﬂ’é)‘]JW‘IJ;@‘LHI’ENy,a"]fN AIATT NN 4.3 WLITUATNUAINNUITOU 14.05

1 A o =y 9 a 4 Y 2 Y
mﬂﬂzyamﬂaﬂiu Suaarssuve Seeay 61.70 Usanisususosas 11.60 Usuau
9 9 4 Y Y
Fovaz 26.70 laTasou (H)5080% 5.60 A15UDU (C) 50802 37.90 TuTasmu (N) §o9a2 1.30
° Y 9 a P ° v Aar g ° Y] Y] o
AMuLoU (S) s08az 0.30 V1NNANII AUATILHUT ML URNAMUpeN NI 1 idoananan

A 4 a ¥ Aa o 1 { o o 1 Y
ﬂmﬁumﬁugmmmmiwam%mmaﬂLmqﬁﬂﬁuiiwmﬂmuﬂ Tﬂﬂﬂmuﬂmmmgm%
1 Aa Y ~ o I g A o 1

Tunudosas 2 (ﬂiuiiwmqmmmiu; 2555) ‘nmmaammuﬂigmﬂuwmwmaﬂu,m

A Y = t&l (Y 9
m@Lm‘lﬁmzmmiﬂmﬂaummmiaumwuaﬂ



61

M 4.3 wamsaanernaauinmaaivesingAunaziemasdanma
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LIBENT m"lnm"lﬂ yayn LFOINAIN VIIUUVINDII- LFOINAIDALUNY
v d v < d
NN "lvlﬂmny.amq NV VINDI-

v a d v

Yare Svlaonyadng

a d
M3 anNeHinuUlszanss (Proximate analysis)

1 annwfeu (unnzyane 18.89 14.05 17.00 17.00 16.70
Alansy)

2 Bmnannuiu Gegaz) 7.00 5.56 4.03 243 7.11

3 PSuimanssume Gevas 75.49 61.70 73.30 60.30 67.60

Y
VINTTIULNY)

4 Bwmansveunidr Goe 21.89 11.60 17.80 20.20 19.20

4
ATUINTFIULN)

5 swnand Gevazanasgiu 2.62 26.70 8.90 19.50 13.20

1)

mﬁlﬂi'mﬁ!!ﬂﬂﬁ]@ (Ultimate analysis)

1 laTasinu Gevasinasgin 6.60 5.60 6.30 5.30 6.40
)

2 misvou Gevazuinsgiu - 47.90 37.90 42.90 45.10 45.10
)

3 luTasou Gesazmasgin 0.60 1.30 0.70 1.40 3.00
HH9)

4 tngdu Gevazinasgy 0.20 0.30 0.20 0.20 0.20
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Optimization of elephant dung green fuel briquette production using a

low-pressure densification technique and its characterizations,

and emissions

Artidtaya Mainkaew *, Adisak Pattiya®, Surachai Narat Jansri™"
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ollege for
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ARTICLE INFOQ ABSTRACT

Feywonds:
Elephint dung

Fued hisquern peaduction
Lo -pricsiesre densiflcation
Briqueste guality
Emission

Flephant dung is denssly packed with undigested fiber, complicating disposal. To mansge this waste mare
efficiently, the dung was converted info biofuel briquettes. Four variables in the briquette production were
imvestigated using thres levels of optimization techniques, including a response surface and a central composite
design with 95 % confidence. The results show that when comipressing a 7:3:1 weight ratio of slephant dung,
binder, and water at 40 bars, a briguetts density of 613 kg/m* or 9.0% Gl/m” could be achisved. Although its

dimensional stability was consistent and its shatter resistance was acceptable, its water resistance was poor. The
briquettes had atomic ratios of 0.15 and 1.17 for HAC and O/C, respectively. It had a high hesting value of 17
MU kg and could snhance the stove's overall tharmal afficiancy by 22 % The smission study demonstrated that
the combustion of the briquethes relessed mainky ©0 (5.4% = 10° ppm), whereas other gases were negligible

1. Introduetion

The current demand for renswable energy in rizing due to the
chortage of foscil fuels and the impacts of global warming (Wang =t al
2019). Biomam iz 2 potential resource for a dgnificant quantity of
renewabls enesgy wed to gpenerate heat and powesr in most countriec
(Roya and Corecadden, 2012; Shelke et 2l | 2016). Biomase energy may
be obtained from nanaral biomase, recddual biomas, snergetic crops,
and animal waste (Obi =t 2l 2022). The rising importance of biomass az
a oource of energy provides a challenge for developing countries (Cmnu-
kak =t al, 2017), particulady in terms of meeting demand: and
improving biomas: quality within their local context. Biomas: snesgy
provides countries with great profitability, conciderable potential, and
social and environmensal aﬂﬂmugen (Chelle et al | 2016L Despite
continued global targets to alacwify and develop altemative clean en-
ergy infrastructure based on biomass, it iz projected that biomass for
cooking will remain a primary ensrgy source for rural and low-income
areas until 2030 (Song et al | 2019).

A oolid fuel derived from biomase densification appears to be a
simple and appealing method for improving enesgy density, adding
walue, reducing trancportation costs, and serving 2z a convenient alter-
native to frewood and charcoal (Maern et al., 2005; Sharma et al,

* Corresponding author,
E-mail address surochai nari@ g cmm.ac.th (SN, Jansri)

httpe /A doilorg 1001016/ biteb.

2015). Thers are several biomass recources that may be wtilizad as raw
materialz to produce green fuel briquett=g, including rice hudk, comeoh,
banana tree waste, coffee huck, onion peel, tamaringd chell, and sugar-
cane bagame (Muasu and Stegemann, 2015 Ahmad e al, 2015
Brumerova et al | 2020; Teafaye et al | 2022; Velugamy et al | 2022)
Many recearchers have employed agricultural and industrial regiduees to
produce fuel briguettez, but animal waste, particularly animal dung, hag
been infrequently imcectigated. Animal dung i a cheap and widely
available biomase resource. It iz currently moetly wed for biogas gen-
eration, fermentation media, and composting (Song et al, 200190L
Howrever, some researchers are investigating animal dung—based fuel
briguettes, sither a2 2 main raw material or az 2 binder, ;uch ag in the
studies of Anatasya et al (Anatagya et al | 20019; Patil et al | 2021;
Sathiyabarathi et al | 2022%; Shoma and Madyira, 2019). As previously
stated, cow dung comprizes the biggest proportion of animal dung uzed
to produce fuel briguettes. Elephant dung, on the other hand, haz bean
identified az a poeeible source (Stepien =t al., 2019

The net production of elephant dung might be 100-150 kg (wet
weeight) per day, or 60 % of the daily food intake, conzisting of Mapier
graze, maize gtalks, sugar cane, and some fruit depending on age and
braad {St2pien =t al, 2019, Stanbrook, 201E; Abe‘}'.‘.i."l.;".‘l.t et al., 2023
Elephant camps in Thailand house about 3500 domestic elephant
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(Vitithumakhun et al., 2015), producing = 360 tona of dung every day.
Ac a recult, elsphant dung is very common in Thailand. Bvery day, a
conziderable volume of elephant dung from elephant campa iz dizposed
of zither by piling it near natural water sources or burying it in the
ground for natural decompogition Elephantz hawe a poor digestive
syutem, and thus their dung conming a high percentage of undigeatad
fiber, including celluloge (34.46-47.36 %), hemicelluloce (25.23-30.10
%), and lignin (14.91-18.15 %) (Saripan and HReungeang,
Sawardesnanmat et al , 2021). Therefore, dicpoaal of such a quantity of
elephant dung iz 2 complicated and lengthy proceszs. According to the
Dmadingn of Cholcharoen and Sukmazuan (2012) and Vanlesuwe and
Probert (2014), elephant dung haz a duggizsh nateral degradation rate of
3.00 = 107-6.37 = 107" kg/day. The dizposal technique, 23 mentionsd
above, iz the cause of water contamination az well as odor and toxic gaz
emizgions (Abeyzinghe et al | 2022; Mathews and Thadachil 2011).
Moreover, during the dry ceason, when natural decompogition ic
impractical, the dung in zimply incinerated, which contributes to air
pollution (Mathews and Thadathil, 2011), according to Zhang et al
(2022], who discovered that animal dung burning emitz particulste
matter, organic carbon, slemenml carbon, fonz, polyeyclic aromatic
hydrocarbona, and volatile organic compounds. The improper dizpocal
of tamed elephant dung becomes a concem for the community. Az a
remult, several researchers have proposed finding ways to use elephan:
dung to produce valuable products zuch az paper (Mathews and Tha-
dathil, 2011; Rattanaburi et al, 2022), souvenirs (Rattanaburi et al |
2022), conmumer gooda (Hartono et al., 2022), adsorbents (Abeyzinghs
et al, 2022), and energy (Stépien et al, 2019 Sukasem and Pray-
oonkham 20170

Green fuel briguettes are another product that can add value to
elephant dung (Mathews and Thadathil, 2011) and can be produced in
recponze to the requirement to appropriately dizpose of the large volume
of dung produced in elephant campa. Moreover, they may be uoed
directly az zolid fuel in household biomas: gaz stowes Although the
production of fusl briquettes from elephant dung has bean explosed
zince 2011, it was oboerved that only chorter fiber from wached elephan:
thng was employed in the stody by Mathewn et al (2011). Moreover,
they only evaluated the high heating value of the briquette, which was
17.45 Ml/kg. In contrast to Mathews et al. (2011), the foel briquestes in
thiz study were produced from unwached elephant dung with inorganic
contaminants removed, and all characteristics of the briquemes were
imvectigated. Thiz study ctarted in 2020 with a preliminary experiment
to determine a feazible approach for producing fue.l briquettes from
elephant dung, &= mentioned in Mainkasw and Jan Z0Z00. A 16:4:1
ratio of ground and deved alephant dung sized 02972 000 mm (10-50
Mach), cazava starch, and ambien: temperature water was required for
briguetting. The briquettes had a cylindrical shape with no fractures
after being removed from the mold. At 2 compression pregsure of 70 kg
o’ (60.64 bar), briquette densitien of 496-793 kg/m” were achisved.
The briguetts length expanded by 0.1-1.5 cm after thres weeka in the
thade and at ambient temperature.

However, to encure briquette quality, the parameters muct be kept
conzigtens while converting elephant dung to zolid fuel bri Aza
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for elephant dung briguette densicy with all das on key variables over
the required rangs of axparimeantal parameters and mathsmatical modal
of the procem. Moreover, the phyzical, chemical, and combustion
characteristics of elephant dung fuel briquettes, including their emiz-
zion, were investigated in detail to gain further inzight into employing
thiz type of fuel in practical applications such az householda, commu-

2. Material and methods
Z.1. Experimentol apparmus

A manual hydravlic presz machine with a compressing capacicy of
30onz and a cylindrical oteal mold were smployed an sxperimental
equipment, az shown in Fiz. 1. The mold had an inner diameter of 5 cm.
and a length of 25 cm. To create a hole in the center of the briguette, 2
steel shaft with an outer diameter of 2 cm and a length of 25 cm was uzed
2z a rodl in the center. The piston, which had an oumide diameter of 5 cm.
and a height of 25 em, war designed with a hole in the center to fix the
rod'z pocition during production. The aquipment waz placed on the ot
remowable plate, which contained a groove for inserting the mold and
rod. The first plate was removed once the sample had been squeszed to
the required pressure. The mold, complete with rod and piston, was then
pacitionad on top of the second plate, which functioned as the sjection
guide plate. To sject the zample from the mold, alistle force wae applisd
through the rod. The rod was manually extracted after 5 min of releazing
the zample.

22 Elephane briguette production

The elephant briquette production, a= chown in Fig. 2, began with
hand sorting to eliminate contaminants guch az rock and sand from fresh
elephant dung collected from the elephant camp in Kued Chang Sub-
dligtrict, Mae Tang Dictrice, Chiang Mai Province, Thailand. The dung
wan left in the sunlight for 3-5 dayz to reduce the moisture content to

<15 4 1.5 wt¥h. According to the previous study by Mainkaew and
20, the material wao ground and sieved to a particls zize of
D.M]mm.mlpﬂpm:n:d ial zize waz consi with the
findingz of Mitchual et al. (2013), which recommended that the particle
zize of raw materiala for fuel briquettes should be < 1 mm_ The processed
dung waz then blended with caszava starch, which waz acquired from a
local market in Chiang Mai, Thailand. Purthermore, to assist briquette
production, ambient—temparaturs water was added to the mixture in
thiz investigation. The mixture was then gieved three times uging a
0.34]-mm net sieve to ensure uniformity. According to the experi-
mental dezign, the micture waz then compresed inte briquettes in a2
cylindrical mold wsing a manval hydrauwlic press machine. Prier to
compreozing the briquests cut of the mold, the premed mixture wan hald
in the maold under the required pressure for 5 min. After that, the punch
waa reracted, and the briquette waz instantansoucly released from the
mold. In total, three experimental decign etz were vsed. Pinally, the
ti ions of all the produced briquettes were measured, and they were

Janeri

recult, improving procesz parameters for experimental testing and data
analyzic ware emploved to get the Onest briquette denzity with the
optimal variables. Pressure, binder content, water addition, portion of
rawy material, raw material moisture content, and ravw material particle
zize wers all important factors in achieving the optimal briquetts density
(Arangiols et al, 201% Chukwuneke et al, 2020; Mohd-Paizal et al,
2022; Li and Tou, 2022; Ajith Fumar and Ramedh, 2023). Several otudies
have used response surface methodology to optimize fuel briquette
production from various bum:\ml including process parameters, such az
the studies of Chulmwumn 200, Li and Zow (2022}, and Ajith
Fumar and Ramech (2022). However, there iz no conclusive svidence
about the product or optimization of elephant dung fuel briquettes. Az a
rezult, the central compozite design, which wasz based on recponse qur-
face methodology, provided the affect of all varizbles to be contributed

then dried for 5 daye in the chade at room temperature before being

In thiz study, recponse surface methodology (RSM) in conjunction
with central compesite dezign (CCDY) was emploved, not only for the
decign and statiztical analyziz of the axperimeant but also for identifying
the gignificant process parameters impacting the process (Bharadwai
=t al, 2019). The CCD mode]l was created to reduce the coot and number
nfctp-r_rim:nmlmmne-ed:d to produce elephant dung green fisel bri-
quattes (Tamui et al, 2013L In addition, the optimal conditions for

the criterion of product deluut_!,r 800 hg/m® for densi-
fied-refuce—darived fuel (RDF-5) had to be determined (Punin =t al,
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briguette were measured immediately after it was taken from the mold
and every day until itt measuremens stopped changing. The dimen-
zional stability of the briquette was calculated wsing Bq. (3.

DS= |uc|—(v"_‘r°x|u:|:] (3)
Vo

where DS iz dimencional stabilisy (%), V, iz the volume of the briguatte
after releasing fem™) and Vo iz the volume of the briquette after pro-
duction {em®).

2.4.1.3. Reloced density. After allowing the briguettes to dry, their
weight was measured. Since the briquettes were cylindrical in shape, the
wolumes were calculated bazed on their height and diameter. Bg. (4) waz
uzed to calculate the relaxed density of briquett=s using the magn and
wolume, a0 recommended by a0 recommended by Mandal =c 2l (2019)
and Ndindeng et al. (2015).

M

T mf{ri- )

e )

where p iz relaxed density (kg/m®), M iz briguette masa (kg), ¥ iz
mathematical conztant, H iz briquette height (m) and r, and r; were inner
and outer radive of briquette {m].

2.4.1.4 Woter resistonee. The porocity of briquettes determines their
ahbility to abaorh water. Their porocity was assessed by measuring the
amount of water abrorbed in sach sample, a0 described in Fpalo =t al
(20200, After drying, a pre-weighted briquette was immersed in water a2
ambisnt temperatore. Following that, itz weight was measured again,
and the relative weight change az well az the time necessary for
dizpersion were recorded {Samomsza et al | 2021). The water registance
waz caloulated uzing Eq. (5) 2o suggestad by Adu-Paoku et al |

W= 100 - (l“'*w;“'"x ij] 5

where WR iz water recistance (%), W, iz dry weight of briguette (g) and
Wi in woet weight of briqueste after immermed in water (g).

2.4.1.5 Ghotter resistance. The zhatter recistance of the brigquese re-
flectz itz durability, which was measured by the proportion of briquettes
that remained wnohattered (Fpalo et al, 2020; Wang et al, 2015
Briquette chatter recigtance was evaluated by subjecting it to a free fall
from a comstant height (Tanui et al, 2013). The dried briquette sample
waz dropped onto a2 concrete foor five times from a height of 2 m. The
weight retained by the briquettes after breaking was meanured, and the
chatter recistance was determined uzing Eq. (6) az propoged by Adu-

Pobw =t al. (2022) and Ranarajs et al. (202230

(W — W)
IR = 10— | ———
( L

. m) )

where SR in shatter resistance (%) and Wi and W2 are weight of briquette
before and aftsr chattering (cm), reapactively.

242 Chemical properties

A proximate analyziz war performed to aspes: the percentages of
moisture content (MC) (liquid state), volatile matter (VM) (gaceousz
otate], fived carbon (PC) (oolid ctate), ach content [ AC) (inorganic wagte
material), and high heating value (HHV] in the ravw material and optimal
condition samples. Through ultimate analysiz, the percentages of
hydrogen (H), carbon (C), oxygen (0, nitrogen (N1, and sulfur (5) in the
material and product were ako determined (Chulwrmeke et 2l 2020;
Tamui et al | 2018 Mandal et 2l | 2019). The chemical properties of fuel
were analyzed by the Joint Graduate School of Energy and Environ-
ment-Central Analytical Laboratory (JOSEB-CAL), which iz certified by
the Thai Industrial Standard Institute (TISD according to TIS
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No. 17025 2543: [5017025:2017.
The energy dencity was calculated using the previouzly sxamined
HHV result and Bge. (7}-(9) an chown in the study by de Souza et al.

(20221
LHV = HHV — (.23 = H) (]

where LHV iz losr heating value (MJ kgl
NHV = (((LHV % BEES) % (1 — (001 % MC))) — (63 MC) ) /25885 (8)

where NHV io net heating walue (MJ/kg).
D =NHV xp [}

where ED iz energy denni.ty(wr"ms}\.
2.4.3. Combustion properties

2.4.5.1. Igmition Sme. The ignition fime iz the length of time it takes for
2 knowm masz of fuel to ignite, a2 measured wing a technique =ctab-
liched by Cmukak =t al. (20171 The elephant dung fuel briquett=s were
placed on a wire mach grid and immediately bumed on a liquefsd pe-
troleum gas (LPO) stove. The briquettes caught fire once the stove was
ignited. The ignition time wao calculated uaing Bg. (10).

T=n - (10}

where [T ic ignition time (min), t1 iz time the briquette ignited (min) and
to in time the LPO gac stowve was lighted (min).

2.4.5.2 Buming rote. The buming rate in the rate at which a specific
mazn of fuel burne in the air (Onukak et al, 20017 The samples were
placed on the wire medh grid and ignited vaing the LPO gac stove. The
weight of the buming briguettes wan recosded until they were
completely burned, and a constant weight was maintained, 2z deser-
mined by an Onukak et al. (2017) developed process. The weight locs at
2 specified time waz caloolated uzing Eq. (110,

D an
where Bz iz buming rate (g/min), ) iz initial weight of briquest= before

burning (g], 0 iz final weight of briquette after burning (g} and ¢ iz total
ing time (min].

2.5, Briguettr performance in stove

The water boiling teat (WBT) of optimal condition production waz
carried out in an open kitchen environment uzing a fabricated household
updraft biomazs gac stove, as chown in Fig. 3A. The study was compared
to the longan branch, which waz a type of traditional firewood in the
area obtained from waste after pruning the longan tree. The first pile of
longan branches, weighing approximately 100 g, war placed in the
combuation chamber of the stowre. The otove waz ignited, and after 2 min
(o let the fire orabilize), a stainles-gteel pot with 500 ml of @b water
was placed on the stove. The cecond pile of longan branches, weighing
approximately 100 g, was added to the stove 5 min after it was ignited.
Then, 100 g of elephant briguettes were continuouzly added every 5 min
umntil the hot water had entirely svaporated. Finally, once the water had
completely evaporated, the remaining briquettes, charcoal, and ash
were meazured. The fuel consumption and thermal efficiency of both
fuals uged in the stowve were caloulated wing Bge. (12}
mended by Fole =t al_ |

{15) az recom-

(M,C) % [Ty —T) + ML,
My = (= (102 xx)) — (L3°M.) = LHV|

. 1660 am

where C,, iz specific heat capacity of water (k) kgeCl, Ly iz latent heat
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Fig. 3. The water boiling test (A) and the emission test (B

of water vaporization {k),/kg), LHV iz low heating value (k)/kg), Mc, MF,
My amd My are the weight of remained charcoal, initial fuel, initial
water, and water evaporated (kg), respectively, and Tj and Ty are initial
and final of water temperature (" C), respectively, x iz moisture content.

My % (1 - (112 25) ) — [L5%)

FCR = T (13}

where PCR iz fuel consumption rate (kg/min).

oo M (1= (L1230 x)) - (1.5 s
My

where SFC iz specific fuel consumption (kg/kg water).

PC:|[.“y)=.[l—[l.lzﬁﬂ.z]]—[].s'."’c']])ﬂ.m as

iy
where PC iz power consumption (kg/kg water).
2.6. Emuiszion fest

The exhauct gaz from the buming of the elephant dung briguette
sample was analyzed for oxygen (03, carbon dioxide (CO3), carben
monoxide (00, hydrogen (Hz), nitrogen oxide (N0 and MO, sulfur
dioxide (504) vsing a flue gas analyzer (Testo 350 XL—fuel gaz analy=er)
and compared to the longan branch. A 2 m exhaust gac pipe wao
mounted on the top of the stove, and a 1.5 m exhaust gaz pipe with a
prove of analyzer wan installed, as chown in Fig. 5B. The fuel wan ignited
and added in the following step of the WEBT process. After thar the
exhaust gag wan detected with a pump flow rate of around 0.78 L/min.

3. Results and diseussion

3.1. Seotisticol analysis ond modeling of elephant dung green fuel
briguette
3.1.1. Stotistical analysiz

The recultn of an elephant dung fuel briquetts axperiment bazed on
CCD and their densities are presented in Table 2, and ANOVA analyziziz
reported in Tabls 3. In termo of actual parametsrs, a complete design
equation iz an inverse full quadratic squation, as given in Bq. (16). The
coefficient of determination (B} was caloulated to assess model fimess.
B provided predictive values for density in the range of 0.767, which
pomibly accounted for 76.70 % of the variability. That iz, 23.3 % of the
total varistions in Bq. (16) could not be axplained by the model, which
‘meant good ftness and confirmed the adequacy of the regression model.
Moresover, the validity of the model was assessed wsing P-values and
Pvalues. The significance of the corresponding coefficient increases
with a omaller p-value and a greater Pvalue (Bharadwaj =¢ al, 201%;
BEl-Gendy =t al | 2015k The decign model was determined to hawve a

Table 2
Design of fuel briquette production performed.
Biuini Flispehnir Cassava Wates Presuse Desaiiry (kg
dung (g} starch (g) gl (bar) w?)
1 40.00 17.50 17.50 &0.00 E4E.48
2 70.00 35.00 17.50 #0.00 ToE.44
3 55.00 26.25 0z5 50,00 621.34
4 55.00 26.25 11.75 50,00 FE3.48
E B5.00 26.25 11.75 50.00 B42.12
& 55.00 26.25 11.75 50,00 FE3.48
T 40,00 17.50 &.00 &0.00 FEI.44
B 55,00 437E 11.75 50.00 ETO.08
2 T0.00 35.00 &.00 40,00 E30.82
1w 55.00 26.25 11.75 50,00 FE3.48
1 70.00 17.50 17.50 #0.00 BEOOT
12 40,00 35.00 17.50 40,00 B4532
13 55.00 875 11.75 50,00 EET.64
14 70,00 17.500 &.00 40,00 E15.84
15 25.00 26.25 11.75 50,00 T1E33
16 40,00 17.50 &.00 40,00 E41.07
17 70,00 35,00 17.50 &0,00 EE8.13
18 55.00 26.25 11.75 20,00 E47.22
14 T0.00 17.50 &.00 &0.00 BIE.14
20 40,00 17.500 17.50 40,00 E25.08
4| 40,00 35.00 B.00 &0,00 G657
13 T0.00 35.00 &.00 &0.00 3.7
3 55.00 26.25 11.75 Touon BE0.41
24 .00 17.50 17.50 &0,00 E31.58
a5 55.00 26.25 11.75 50,00 IE3.48
26 40,00 35,00 17.50 &0,00 FE1.08
v 40,00 35.00 B.00 40,00 FEEOT
28 55.00 26.25 11.75 50,00 IE3.48
29 55.00 26.25 2328 50,00 E01.21
30 55.00 26.25 11.75 50,00 FEI.AE

pvalue < 0.05. The pwalue of 0.0003 and P-value of 6.90 obmined
indicated that the model iz cignificant at the 35 % confidence level, az
shown in Table 3.
1/ femsiny =4 SBGSED— [0 07690 x m) — [(LOGTEST x b) — (0653835 1)
— [0.045543  p]+ (00327 < m 3 B) — (0000513 = m 1)
+ (0000057 5 m < p)+ (00000038 3 B I+ (0000168 = b p)
+(0.00087 6% 132 p)+ (000020 3 o’ + (0001157 5 )
+ (0001877 5 ) + (0.000193 5 57)
(161
The p-value and F-value were aloo used to determine the zignifi-
cance of each variable. When the linsar affect iz considered, it iz chown
that the amount of caszawa starch and elephant dung affected briguetts
denzity, with p-values of 0.0015 and 0,007 1 and P-values of 15.040 and
9.700, respectively. Moreover, the guadratic effect of the amount of
water, followed by the amount of caszava starch and of elephant dung,
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Table 3
AMNONVA analysis for response of briquetie density.
Souree Sum of 4 Mean F- pvalue
SJuBnES S Vil Frobos F
Moded 1050 14 ooTs 6000  D.0003 Significant
m 0.11m 1 e 2700 0071
chephant
dusg
b-cmmava 016D 1 oasn 15040 OUOIE
stareh
1 waer 0014 1 e 1250 DIE11
p-pressure 0LO1E 1 oole 1670 DI160
mih 0.024 1 ooz 110 OIS0
=l 0.022 1 ooz 1000 01781
=p 5700 1 ST« 0530 DATIS
1w w0
ol 1639 = 1 168« 0015 09038
1w 1o
bp 4161 = 1 4181 = 0038 DB47E
1w, 1
Ip 0.02% 1 oo 1640 D140
=’ 0110 1 Qe 10,490  OO0SS
o 0150 1 s 14020 00020
P 0180 1 oas 16770 001D
P 1062x 1 10&Ex 0098 0586
e 10
Resdual 0160 15 ool
lackof it 0047 5 om0« 0EI0  OLEESD Yo
[ significant
Pure Eriw 0120 0 ooz
Cor Toal 1210 20
n* 0767
Adjsted R 0549
CVH B.020

waz found to dgnificantdy influence the output regponse values, with
pvalues of 00010, 0.0020, and 0.0055, and P-values of 16.770, 14.020,
and 10490, regpectively.

3.1.2 Effert of influencing factor on density of fuel briquese

The optimization included 40.00 g of dried elephant dung, 13.67 g of
cazoava gtarch, 6.00 g of water, and a pressure of 40.00 bar (39,22 kg
). Under these conditions, the production of fuel briquettes was pre-
dicted to meet the density requirement. Recponse surfaces in three di-
‘manciona (30) wers devaloped, az chown in Fig. 4. They were baced on
the dezign equation to analyze the interaction between variables and the
optimal condition of =ach factor for the maximum dengity of fuel bri-
quetter in terma of the imveme.

The affect of cassawva starch and elephant dung on density, 2z chown
in Fig. 4A, indicated that increasing cassava starch loading improsved
briquette dencity. Conversely, it was observed tha: greater elephan:
tdung loading at the expense of camsava starch had less impact on
briquette denzity. Fig. 4B indicates the affect of water and elephant dung
on dengity. The dencity of the briquestes increased az the amount of
water and elephant dung increazed. The variation and dependence of
briguatte density on elephant dung and premurs, az shown in Fig. 4G,
revealed that the dencity of briquettes improved with increasing pres-
sure at greater elephan: dung loading. It was alzo found that ag the
amount of loaded alephant dung decreazed, the reduced pressure had
lazz of an effect on the density. The 3D response plot in Fiz. 4D indicates
the affect of water and casgava starch on briquetts dengity. It waz shown
that increasing the cassava starch quantity beyond the optimal lewel
reculted in a drop in briquette density. Moreover, the density waz
increagsed by increasing the amount of water to 12 g. The effect of
pracgurs and amount of cazzava starch, ac chown in Fig. 4B, demon-
ctrated that the briguette density increased with greater pressure.
Increasing the amount of cazsava gtarch in the range of 25-35 g waz also
noted to dlightly improwe density. The pressure and amount of water
that affected the density of the briguette are precented in Fig. 4. It waz
revealed that with decreaped water loading, the briquette dengity
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increaped with pressure. Additionally, az the water loading increased,
the precure had leoz of an effact on the density.

According to the study by Muazu and Stegemann (2015), who
evaluated the operational factor and found an impact on the quality of
fuel briquettes made from rice husks and comcoba. The reqults indicated
that the raw material kad a congiderable influence on the dencity of the
product Binder and moisture were necessary for good briqueste strength
zince bath lowersd the relaxed dencity of the briquette conmiderably.
Binderz were used to promote structural particle bonding in bicmam
briquettes, which was escential for biomass with low lignin concentra-
tion (Ohi =t al., 2022). The amount of binder uged influences briguett=
density 2z well 2z mechanical qualities incloding compressive strength
and shatter registance (Obi et al, 2023; Narcary and Das, 20220
Briquette denczity was influenced not only by binder and moisture but
aloo by pressure, az aloo found in the studies of Mischual et al (2013),
Wilaipon (2009], and Granade et al (2021). Moreover, hinder and
preszure were found to have a relationzhip in thiz study, which alze
agresd with the study of Arangicla et al. (201%), who found that the
increaze in binder and pressure improved briquette density.

In chort, the optimal ffective value for each independent variable
for briquette production to meet density criteria was 40,00 g of driad
elephant dung, 18.87 g of canmava starch, 6.00 g of water, and 40000 bar
of presmure. Thiz result iz highly compatible with the full quadratic
model calculstion conducted with Degign-Expert software.

3.2 Blephant dung green fuel briquette

After compressing the mixture of dried elephant dung, cassara
starch, and water in the cylinder mold under 40.00 bar of pressure, the
volume of briquettes changed by 75.12 %. The remulting briguette was
among, difficul: to break, compact, and had 2 rough surface, 2 shown in
Fiz. 5. After drying, dimencional stability waz 93.11 %, implying that
the parcentage of the briguette’s volume raraly changed. The change in
briquette volume in thic investigation waco less than the sawdust
briquette invectigated by Ramires Famires et al (2022). The low
change in briquetts volume was noticed dus to the use of high pressure,
which halted the expanzion of the mixture (Tuo =t 2l 20200

3.3. Physical properties

5.3.1. Density

The density of fuel beiquettes iz an important physical propesty.
Higher dengity implies a2 higher energy-to-volume ratic and thus hag a
zignificant influence on the characteriztics of handling, transportation,
energy content, ignition, and buming (Onukak et al | 2007; Ramir-
ex-Ramires ot al | 2025 Adeleke =t 2l 2022; Okot et al., 2019). How-
ever, when density increases, porosity decreases, limiting air movement
and lowering the combuction rate (Ohot et al | 2019). Mot only did
Aranziola et al (2019) chow that binder and pressure had an influence
on brigquatte density, but Farnires-Famites et al. (2022) discoversd that
briquette volumetric expansion waz also affect=d.

In thiz ohsdy, the relaxed density of the briquette under the optimal
condition was 613 kg/m”, and thiz was within the generally acceptad
briquette denzity range of 800 kg/m” to 1300 hg/m™ (Ramires Ramires
et al, 2022). Although thiz study found 2 lower change in briguette
volume than Bamires Bamires et al (2022), it found a lower briquette
combined with the use of temperature. Moreover, the briquettes pro-
duced in thiz stady have a lower briqueste dencity than gawdust bri-
quettes and the cotton flock briquettes investigated by Sathivabarachi
et al. (2022) and Ranaraja et al (2022), respactively. Briquette denciey
can therafore be increazed by carefully managing the process and ma-
terial conditions (Ramire=-Ramires ot al., 2022).

5.3.2 Durabiliy
Briquette durability could be aspemsed by chatter regiztance (Adeleke
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etal, 2022) and water resistance (Sabo e al., 2022). To handle the fuel
ichy d ving them, it waz necessary to have a greater
dmmtyor:dd:l:rgemxofbmdamed:ummdduw
resistance (Ramires-Ramires etal,, 2022). Although binder can improve
chatter rezistance, employing starch az a binder in briquetting induced
the sample to become conziderably more moist when directly expozed to
water (Verzhinina et al., 2022) and decreased energy content (Mohd-
Faizal et al 2022). The chatter resistance and water resiztance of the
elephant dung briquettes in thiz study were 78.66 % and 33.57 %,
respectively.
According to ASABE Standard 5269.4 (2005) (Mohd-Faizal et al
2022), :he briquette had good, di and poor durability when

factor on fud brig density.
Sathiyabarathi et al. (2022) and Ajith Kumar and Ramesh (2022), the
chatter of the elephant dung bri was much lower than

duxofdxmdungbnquetee:ndcnbewnunheﬂbnquem,mp«-
tively. Similarly, it waz lower than the bri d from

ndmtnheﬂunng:mchu:bmdexmtheu.boen_-"0__|m-dy
Moreover, they found that if the briquette production used a binder such
3z gum Arabic, the chatter resistance of the briguettes of each material
waz lower than in this study.

The water resi of the brig produced in thiz study waz
comparable to that of the Abura awdunbnquempzodu:advan.a
leye et al. (2022), whoused ah band hydraulic press to
produce the briquette, with a water resistance range of 23.81 % 0 84.62
%. However, it wao rather lower than the briquettes produced by Ajith
Kumar and Ramesh (2022), and Sabo et al. (2022)

It iz interesting to note that despite using more starch and applying
more pressure in thic study, dubnqueme:exhbamdpwudur:hhtv
than reported by Sabo et al (2022). Consideration of the briguetting
procesz revealed that the binder preparation process was dxffexent.
Furth b the raw ials uzsed to produce b
differ, the phyzical qualities of the briquettes will affect :hu.rdmbmw

Although the briguettes produced for this study just met the required
level, they atill provided quite 3 good feedstock since they are durable
enough to be handled, :rmpwwl,andmudmdwmdesn&ng
due to their high absorpti P q muntbe

chatter was >80 %, b 709 and 80 %, and <70 %. The
briguette chatter resistance found here was acceptable at a medium
level. Due to the lower briquette dencity than the studiez by

kept in a dry envi Furda bri beorption cxpacity
zhould be imp d to i energy
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3.4 Chemical properties

The proximal, vltimate, and HV properties of the briquette are the
main indicatore uzed to ascess it energy content and urility (Adeleke
etal, 2027). The proximate proparties of the slephant dung brigquetts, az
thown in Table 4, had increazed VM and PC and decreased MC and AC 2z
comparsd to the raw material The H, C, O, N, and 5 contentz of the
briguetts are alvo presented in Table 4. The H and C contentz of the
briguetts were higher than those of the raw material becauge caszava
starch waz wsed ar a binder, while itz 0, N, and 5 contentz were lower.

The H/C and 0/C atomic ratios obtxined for the briquette were 0.15
and 1.17, respectively. The briguette had the H/C ratio like the elaphan:
tung, while ity O,/C ratic wag lower. However, it had a higher atomic
ratie than the longan branch. Since atomic ratio values dstermine the
capacity of each fuel to produce heat {Bello =t al., 2021, it waz found
that the briquette had a higher HHV than elephant dung but a loveer
HHV than the longan branch.

3.4.1. Moisare conomt

Briguettes with less moisture have a higher HV becauge les: enesgy ic
required during combustion to remowe any remaining moisture (Onokak
etal, 2017; lashchuk et al, 2022). Moreover, the MG iz one of the most
important parameters that defines the durability of the briguette during
ransportation, starage, and ignition (Ramirez-Ramirez et al, 2022;
Variani, 2021). The MC of the briquatte developed in thiz study was
4.05 %, which was slightly lower than the raw material and, according
to Febede et al (2022), did not mest the MC acceptable range for
biomaszz briguettes of 3-12 % It did, however, meet the German gtan-
dard DIN 51731 with MG <12 % (lvashchuk et 2l | 2022) and the Bu-
ropean standard BN 120 17225-Salid Biofuels with MC <15 % in wood
briguettes type B (Hofman, 2016) The decreased MC of the biomass
brigquettes compared to the raw material appears to be compatible with
prior studies by Ramires-Ramires et al. (2022) who produced briguettes
from sawdust, and Fanarsjs =t al (2022) who produced briquettes from
cotton flock Thiz might be because compression cauzes both an increaze
in material density and a significant decrease in the amount of maoizture
prezent (Ivazhchuk et al., 2022). Thiz study revealed thar the produce
had a lower MC than the comcob briquette and coconut chell briquatts
of Sabo et al. (2022), az well a the palm fruit shell briquette of In=g-
bedion and Erameh (2023). Besides the influence of the dencification
technique on the MG, the briguette with the lowest amount of MC could
be produced by adjusting the amount of water in itz production az well
az replacing it with volatile solvents (Mohd—Faizal et al., 2022).

Table 4
Froximate and ultimate properties of material and elephant dung fuel briquetts
with a dry basis.

Propertes  Undt Elephamt Elephant dung fuel Loogan
dung brSquerte branch
Prominsare analyss
=IC L 556 403 T.00
Vi L 61.70 T30 TESD
FC L 11.60 17.80 180
AT L] 26.70 B.O0 &0
HHV LA 14.05 17.00 1259
iy
LHY »ar 11461 15.55 1737
1Mtmare anatysis
H L 5.60 6.30 EE0
[= L I7.00 4170 750
aQ L 54.00 50.10 4470
N L 1.30 oro s0
& L 0.30 0.20 020
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5.4.2. Fixed carbon

Mot only a reduction in MC but also a rice in PC was mootly indicated
by an increase in HV. Moseover, the rize in PO in the briguette was
influenced by the binder concensation in the briquette and moisture
losz throughout the producton process (Omokak =t al, 2007
Mohd Faizal et al | 2022). Thiz was conzistent for the briquette, with
HHV increasing from 14.05 MJ/kg to 17.00 Ml/kg throughout the
formation of the brigquette from elephant dung According to Adel=he
et al. (2022], to be acceptable, the PG of coal and biomam briquettes
produced uring an organic binder can vary from 65.13 % to 65.25 %6
The PC content of the briquettes produced in this stwdy was 17.50 %,
which was zsignificantly lower than the required level. Morsover, the FC
of the briquett= waz found to be higher than the sawnduast briquette re-
ported by Famires-Famires et al. (2022), but scomewhat lower than the
briquette produced by Sathivabarathi et al (2022) and Inegbedion and
Erameh {2023)

3.4.3. Volatile matter

The briguette with the lowest VM zhould have the higheot energy
valwe (Onukak =t al, 2017; Variani, 2021). In addition, the VM in-
fluences ignition and combustion rate (Variani, 2021; Hebede et al,
2022). The results indicased thae elephant dung green fuel briquettes
kad the highest concentrations of VM (73.30 %), whereas raw material
had the lowest concentrations (61.70 %). The VM value found in this
investigation wao lower than the Omding of Ramires-Ramirez =t al
12022}, which reported that the produced sawdust briquettes contained
VM ranging from 79,6 % to 90.9 9. In contrase, itz VM waz greater than
the cormcob briquetts and coconut shell brigueste of Sabo et al (2022),
a0 well as the cow dung briquette of Sathiyabarathi et al (2022) and the
palm fruit chell briquette of Ineghedicn and Brameh (20230,

The VM of briquettes in thiz study increaced with the addition of
binder, concurring with the study of Wahyuni =t al. (2022), which found
that az the proportion of binder increased, wo did the VM. In practical
application, when ignited, the briquettes induced the generation of a
large amount of amoke caused by the high WM in the briquetts (Wahyuni
etal 2022 Although Ramires-Ramires et al. (2022) suggested that the
produced briquetse chould have a high VM to encourage rapid burning
with a minimal environmental sffect, the combustion nesded a large
amount of briguette. Certainly, the brigquettes were uoed to mahe
alephant dung more attractive az an alternative fwel by lowering itz
environmental impact and conmumption. Therefore, further study
zhould aim to improwve the quality of briquette production, for examgle,
by including components that reduce VM while increazing PC. Another
option iz to promote the uce of briquettes in conjunction with household
updraft biomam gas stover in order o reduce WM emissions during
cooking. In the second stage of the stove, the VM releaged during pri-
mary combustion will be combined with secondary air and burned to
provide beat (Haila, 2022).

S5.4.4. Ash contene

Ach comtent iz the concentration of norganic elements in the
biomase. It iz a key factor in determining the amount of waste that can be
formed during the burning of volid biofusls (Famires-Famires =t al,
2027]). Briguettes are produced from ach-rich materials, which reduces
the burning rate and results in large dust emizzions (Ineghedion and
Erameh, 2023 Mikisma et al, 2022). The AC value obeined in this
atudy waz 590 % for the briquettes, which wao much lower than the raw
material value. Howeves, it cannos meet the recommended AC for high-
quality briguettes, which iz betwesn 3 % and 4 % (FKebede et al | 2022)
Similarly, it cannot reach the standards of the German standard DIN
51731 (lvashchuk st al | 2022) and the European standard BN IS0 17225
(Fofman, 2016} with an AC < 1.5 % and 5 0, recpactivaly. The remule af
AC in this study was higher than the Bnding of Inegbedion and Erameh
12023}, which produced a briquette from palm fuoit chell to incude AC
of 6.63 %. In contrast, AC waz lower than the briquettes produced by
Sathivabarathi et al (2022), Ranaraja et al (2022), and Sabo =t al
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3.4.5 Hearing value

The quality of the raw material and the conditions of the briquetting
process have an impact on energy density (Ramires-Famires et al
2022). The energy dencity of the fuel briquettes formed in thin stady waz
9.00 OJ/mr’. It was lower than the studies of Ajith Fumar and Ramesh
(2022), Bamirec-Bamire: st al. (2022), and Sellin =t al (20220 Ac-
cording to Ramires-Ramires et al (2022) and Sellin et al (2023,
presgure hac a pogitive effect on energy dencity. Az 2 recult, in foture
stdies, the production process chould be improved to increase the en-
ergy density of the elephan: dung brigueses.

The briquette had an HHV of 17.00 M) kg, which waz higher than
the raw material but lower than the longan branch. Howewes, it wazo
quite cloce to the elephant dung fuel briquettes of the Mathews and
Thadathil (201 1) stwdy, which uzed shorter fiher from wazhed elephans:
dung and had a reported HHY of 17.45 Ml/kg. In comparizen to fuel
briguette: produced from other materials, the HHV value from thiz study
waz lower than the Ondings of Ranaraja et al (2022), Ramires-Famires
et al (2022), and Inegbedion and Erameh (2023). Howewer, it was
within the range of Ajith Fumar and Ramech (2022) study (16.32-19.44
MJ/Fg). Moreower, it was higher than in the study of Sathivabarathi
et 2l (2022), which incinded HHY ranging from 14.61 MJ/kg to 16.45
MU kg with exception of the sawduct briguettes employing cow dung az
a binder (17.17 Ml/kgl. Mohd-Faizal et al (2022) cuggested that the
material had been pretreated to increase the carbon content of the bei-
quettes and reduce the use of binder to improve the heating value of the
biriquettes. Thic study revealed that the use of binder for producing fosl
briguettes waz carried out under optimal conditions; hence, the heating
walue of elephant dung should be improved in the futre.

In comparizen to firewoed and other commercial fuels, 1 kg of theze
briguettes could replace 0.90 kg of longan branch, 066 kg of charcoal
(25.70 MJ/kg of HHV) {(Oti=no et al | 2022), and 0.34 kg of LPG (50.15
Mkg of HHV) (Bssom Co., LTD., 2014 Although briquettes had a
higher consumption rate than other fuels, they could be wed a0 a foel
subetitute in household cooking with the fabricated howsehold updraft
biomazz gas stove. Moreover, their utilization can reduce the emviron-
mental impact of inappropriate elephant dung dispozal.

3.5 Combustion properticy

3.5.1. Ignition Hme

The igniting time iz influenced by functionz of the VM, porosity,
bonding strength, and particle ziz= of the briquettes (Onukak =t al |
2017; Hebede et al | 2022). Moreover, the excess starch employed az a
binder, the AC, and the ¥M all have an impact on the ignition time
[Orizaleye =t al | 2027). The briquettes in thiz study had an ignition time
of 2 min The ignition time of the briquettes was shorter than in the
studies of Ooukak et al (2017) and Fizito =t al. (2022, which ined
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3.6. Briquette performance in stove

5.6.1. Time to boil

WEBT iz a function of the VM, HV, and thermal fuel eficiency
(Onukak et al | 2017). WBT of elephant dung fuel briquettes was
wompared with that of longan branches, az chown in Table 5. Uzsing 866 g
of the produced briquette, 500 ml of water took 25 min to boil The
atudy found tha, although spending the scame amount of time boiling
water az uzing longan branches, utilizing briquettes to boil water with
the degigned household updraft bicmass gac stoves conrumed lesa fusl.
The reason for this waz because longan branches had a higher VM than
briquettes (Table 4). The water boiling time of thiz snady was zlower
than in the studies of Omukak =t al (2017) (0.14-0.16 min), Sathiya-
barathi et al (2022) (5.52-12.40 min), and Kizito =t al (2022)
{3.63-10.74 min). Thiz wag due to the fact that thic study congumed
mare briquettes than those three shdies, which vzed weights of 25 g,
B4-124 g, and 750 g, recpactively.

3.6.2. Seove thermal efficiency

The thermal eficiency reflected the amount of energy in the fuel that
was converted to heat energy (Omukak et al, 2017). The remults, az
zhowm in Table 5, indicatsd thar the briguettss could enhance the
household updraf biomass gas stove with an overall thermal efficiency
of 21.79 %, which waz higher than using longan branches. When
compared to previous shidies, the thermal efficiency of the briquette was
found to be lower than the srudies of Onukal et al (2017), Chulvuneke
st al (2020), and Fizitn et al (2027), which indicatsd that the thermal
afficiancy of briquettes waz higher than 20 %, 46 %, and I3 W,
respectively.

3.6.5. Fuel conmmption rate

The fuel consumption rate depends on the amount of binder in the
briquette (Ballo, 2021). The PCR of the briguatts waz 0015 kg/min, az
shown in Table 5, which was lower than the longan branch. The use of
binder (29 %) in thiz sdy was greater than the smdy of Chulovmunele
=t al (2000) (15 %), resulting in = higher FCR in thiz study.

F.6.4. Specific fuel conmumption

Specific fuel conrumption was defined az the amount and density of
briquettes required to get a specific amount of water to boiling point
{Ohwrara et al, 2022). Elephant dung fuel briquettes had a 5FC of 0.75
kgrkg water, az shown in Table 5, which was lower than that of longan
branch. In the future, the production procem chould be enhanced to
reduce SFC by increasing briquette densicy.

Table 5
Thermal properties and emissions of elephant dung fuel briguette and longan
bramch.

ignition tirmes ranging from 9.23 min to 17.00 min and 5.6 min ts 11
min, recpectively, becanze smaller particle sizes of the raw material and
a lower amount of binder were wsed in thiz study. Similardy, the
biriguette igniting time waz greater than in the Chulonneke =cal (2020)
recearch due to the uze of larger—particle cize raw material and a higher
amount of binder.

3.5.2 Burning rae

The denzity, VM, and AC of the briguettec kave an impact on the rat=
of burning Langer burning periods result in higher densities and ash
contents (Murhaxyad =t al | 2022). The combustion rate of the briguettes
in thiz study was 0.63 g/min, which was higher than the 0.12 g/min to
0.1% g/min burning rate reported by Onukak e: al (2017) omady.
Moreover, the burning rate wan lower than in the study by Fizito et al.
(2022, which reported a burning rate of 3.3 g/min to § g/min bacauge
of the briguestes low denzity, low AC, and greater VM.

Propestics it edephant dung fued Ioegan
briquetme beanch
Thermal properties
Crweerald thermal % .79 17.06
affiseney
FCR kgt .O1E o
min
SEC kgkg OIE oss
kW .01 Pt
Emndesions
=9 PR 1.64 % 10% 168 = 10%
OOy PR 547 10° 520 % 10°
co PR 207 = 10% 487 = 10°
By PR 1.91 = 10% 135 x 10¥
N PR 106« 10% 243
MO, PP 1.10= 10% 89
8509 PP O [T s}
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5.6.5. Powrr conzumption

The number of feedmtocks employed had no efect on power con-
sumption, whereas the type of biomasz and production proces did
(Olowara = al, Z022). In this study, the PC of alaphant dung fuel bri-
quettes waz 3.91 kW, as chown in Table 5, which waz lower than the PC
of longan branch. Although briguettes and longan branches bumed for
the zame period on the stove, briguettes conmumed les energy to boil
Water.

5.7, Emizsions

The average emimion concentration, as chown in Table 5, revealed
that the combustion of the briquette produced a large amount of COy
while emitting a small concentration of ©2, but itm CO waz at leas
fourfold that of the longan branches. The comparicon revealsd that CO
emizgions were higher than the general ambisnt air quality standard
defined by Thailand's National Environment Board Motification (1995,
2001) and polluted air from imdustrial factory standard defined by
Thailand's Miniztry of Natural Repources amd Environment (2006). The
formation of CO3 iz largely influenced by the carbon content of the
elephant dung fuel briguettes, a0 well az the temperanire generated by
the stowe and the amount of oxidation agent employed (Verchinina et al |
2022). GOy concentration: sxcesded CO concentationn by =26.52
times; hence, fuel briquette combustion iz even more appropriate for
well-ventilated indoor applicationa.

The emizzion of N0y and N0, depended not only on the amount of
nitrogen in the biomazs but alos on the type of fuel, the stte of ocour-
rence of nitrogen, the combustion state of fuel, the density of fuel, and
the compoaition of fuel The MOz and NO, concentrations recorded from
briquetts combustion were 1.05 » 10° ppm and 1.10 » 10° ppm,
ragpectively. Thic investigation regultad in lower NOy and MO, amizzion:
becauge the briguettes have a low concentration of nitrogen compoundz
(Table 4). Deapite the Thai polluted air from induatrial factory standard
(Announcement of Ministry of Matural Besources and Enwironment,
2006), N0y and MO, concentrations were significandy higher in longan
branches and the general ambient air quality standand in Thailand
(Announcement of the National Environment Board, 1995, 2001].

Moreower, 50y emizsions are directly related to not only the amoun:
of qulfur content in biomazz, but aloo the amount of alkali and alkaline
earth metals in the biomasa, the combustion properties, and the condi-
tion of sulfur'z occurrence (Cuo et 2l | 2020). Briquettes with a low aulfur
content may generate a zmall number of harmful oxides, which are aloo
environmental problems resulting in, for example, air pallution and acid
rain formation {FKebede et 2l 2022). 020 % sulfur content was observed
in the briquettes (Table 4], which might produce lesa than the 1 %
acceptable qulfur emicsion limit during buming, an stated by Febede
et al (2022). In contrast, the sulfur content value of briguettes obaerved
in thiz study exceeds the requirement of the Buropean standard BN 150
17225 (Eofman 2016). However, the concentration of 502 during
briguatte combustion wag < 0.00 ppm, mesting the requirement the
Thai general ambient air quality standard (Announcement of the Na-
tiomal Enwironment Board, 1995, 2001) and the Thai polluted air from
indhustrial factory standard (Announcement of Miniztry of Natural Re-
sources and Environment, 2006).

The coat analyziz of elephant dung green fuel briquettes was calee-
lated uging both fixed and variable coste, which included material cogtz
(elephant dung, caszava starch, and water) and production costs (ma-
chine coat, labor cost, and usility cost). When 200 kg of fuel briguettes
will be produced within a year {260 working dayz), the production cost
will be £ 0.09 per kg.

4. Conelusion
Green fuel briquettes were produced from elephant dung wsing

cazava starch ar a binder and a low densification technique under
different procesz conditions such 2z material and binder quantity and
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preszure. The results chowed thar the briquette density and energy
density reacked 600 kz/m” and 0 0J/m”. The effect of parameters was
statistically investigated wia BSM in combination with CCD in four
variables (dried elaphan: dung, caszava srarch, water, and pressure) ar
three levels. The statiztical tests indicated that B provided predictive
values of 0.767 for denzity. The pvalue of 0L0003 and F-value of 6.90
indicated that the inverse full quadrasic equation was significant at 2 95
% confidence level The amount of cassava starch and elaphant dung
weere the moat significant variables influencing briquetts dencity in both
linear and quadratic effects (p < 0.05). Howewver, the quadratic effect of
weater waz found to have a conziderable influence on the sutput rezponze
values (p < 0.05), according to the significance level regule. The optimal
ratio of dried elephant dung to castava starch and water for producing
briquettes waz 7:3:1 when compresced at 40 bare. The dimenzional
stability of dried briquettes (96 %) changed clightly. Briquette’s chatter
reziztance was acceptable, while it water recigtance was poor. Despite
having a low moistare content, the briquette’s high heating value of 17
M kg was rather low due to ita low level of fixed carbon and high level
of volatile matter. The combustion properties of the briquette revealsd
an ignition time of 2 min and a combuation rate of 0.63 g/min because of
itn lowr dengity, high volatile matter, and low ach content. Acconding to
itz ultimate properties, the briquette kad a high concentration of G (42.7
%) and 0 (50.1 %) but 2 low concentration of H (6.3 %], N (0.7 %), and 5
(0.2 %). Briguettes could enhance the stowe, which had an overall
thermal efficiency of 22 %. The briguettes had a2 gpecific fuel con-
sumption of 0.75 kg per kg of water and required 3.91 kW to boil water.
The emizzions chowed that only a high amount of COy (concentration of
5.49 » 10 ppm) was releazed, wherean GO, NOy, NO,, and 50y wers
releazed at lower concentrations of 207 « 107, 1.05 = 107, 110 = 10°,
and 0 ppm, recpectively. The briquettes could be utilized 2z an alser-
native golid fuel bared on their artributes, becauss it will give battar and
mare ecologically friendly heat and help with wasts management con-
cemz. However, they muat be gtored in a dry area for protection from
biodegradable decompesition. Por further development of the slephant
dung briguettas, it is racommended thas (1) the quality of ravw marerial
and briquettes must be improved; (2) the production process of briguette
to support 2 higher volume of production at 2 coat equivalent to or lower
than firewood and charcoal must be imvestigated: (31 a specifically-
dezigned gas stove for applying the briguettes zuitable for the local
fuel consumption behavior must be explored; and (4) the energy de-
mand and fuel consumption behavior of the local community to achiswve
full replacement of fuel such az firewood and charcoal by the briguette
muat also be anabyzed.
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Abstract. Bephant dung & the camp's undigested fiber waste. For more effective waste management, the conwersion of dung to torrefied sclid and
the formation of soBd tomrefied inbo fuel briguettes, as well as their properties, were nvestigated. The dung was improved through torefaction at
2B0°C for 150 sec in a pilot-scale reactor with a feeding rate of 600 g/h. The torrefied elephant dung had 17 M1/ of HHY, a solid yeld of 79%, and
a fined carbon content of 2%, A mixture of torrefied dung, binder, and water was compressed at 40 bars to a density of 850 kg/m’, or 12 GI/m™
Their H/C and O/C atornic ratios were in the range of typical biomass. Howewver, due to their moisture content of aver 794, the HHV of the: fuel
briquettes was below 17T M)/kg Mareover, their thermal efidency was less than 7% due to durab@ity issues, despite having a great fusd ratio and
thenmal stability. The combustion of these briguetbes resulied in less than 850 ppm of C0. To inprove the combustibility of this solid bicfuel, it &

recommenided to develop a production process and a suitable stove specifically for these briguettes.
Eeywords: Elephant dung; torrefsction; torrefied elephang dung; fuel briquette; undigested fiber waste, nature fiber
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1. Introduction

In Thailand, 3.500 domestic slephantz (Flephas maximus) resids
in elephant campe (Vidthumslinm et gl 2013), excreting about
60%% of their daily food intake (Stepien er @l 2019 Sandhage-
Hofmamn &t al. 2021; Abeyzinghe ef ol 2022) which ammmiz to
380 tonz of wet dung each day. The izsue of dizposing of
elephant cung has been addreszed by propristors through
carglezz piling or burying nesr nahtmwal water zources
(Mainksew, Patiya & Janzri 2023) pocing a rick of water
polution and the release of wnpleasant odorz and hazardous
gaces (Abeyeinghe et ol 2022; Mathewsz & Thadathdl 2011).
Hephamt cung (ED) conwmin: a considersble mumber of
undigested fbers, such a 354T™  cellloze, 23-30%%
hemicelluloze, and 15-18% lignin (Abeyzinghe er ol 2022). Az a
recult of thiz high fber content, a significant porton of ED takes
ahngmmwdacumpmemaﬂ}rmamdﬂ-4xlﬂ=
kg/day (Vanlesuwe & Probert 2014) Thuos, it iz routinely
bumed theoughout the dry zeasom, generating air polluton
(Mathewz & Thadathil 2011; Zhang ot o 2022). Inefective
waste management in elephant camps has led to growing
concemes among peopls living nearby. To address this iszue, ED
haz been zuggeeted &z a feedstock for energy production,
inchiding biochar (Stepien er ol 2019), biogas (Eumer et all
2022), biohydrogen (Saripan et gl 2022), and fuel briquettes
(Mainksew, Pattiya & Janzri 2023). These approachez can
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wansform waste into a wvalsble recource, IMTINEENG
environmental impact.

& fascinafing zolution to the problem of managing the
copious amountz of elephant dung generated in camps mvobves
converiing it into fuel briguettes, boosting their energy density
(Hwangdes o al. 2022) and potentally increasing thedir wahis,
thuz replacing traditional fuels Bke wood and charcoal. In 2011,
Mathewz & Thadathil studied the use of elephant dung az zolid
fuel and produced fuel briquettes wsing chorter fiberz obtained
from washed elephant dung with a high heating value (HHV) of
owver 17 MJ/kg. Fuel briguettes had to be produced using thiz
process over along period of dme, and mmach water waz wasted
in the procsszs overall. However, the long production tims and
water waztage in thiz method led Mainksew & Janer (2020) to
employ unwashed elephant dung az raw material, requlting in
fuel briquettes with densitiez ranging from 486 kg/m’ to 798
kg/m*. Mainksew, Pattiya & Janeri (2023) conducted addidonal
ootimizaton stedies using a weight ratie of 7:3:1 for elephant
dumg, binder, and water, and comprezzing the mixure at 40
barz. The reculdng fuel briquettes had a density and energy
dencity mumpazzing 600 kg/m’ and 8 GI/mr’, respectively.
However, the heating vahie of the briquettes waz margmally
lower than the regults obtained by Mathews and Thadathil
{2011). Thersfors, improvements are =till necezzary to enhance
the HHWV of fusl briquettes produced from elephant dung.
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Thermaslly treating the biomass prior to b ing iz a
technique that can improve the heating wahlwe of biomass fuel
briquettes. It was discoversd that transforming the raw materisl
biochar was discovered to produce fuel briquettes with a higher
heating valwe (Dechannavar ot gl 2018). Most of the time,
carbonization (Thitoye ef al 2022) and torrefaction (Fusd & al.
2020) are uzed to tom biomsass ingo biochar. Carbomization
which converted biomass to biochar at 300-500°C in an inert
atmosphere (Ibitoye of al 2022). Tormrefaction, on the other
energy eficiency (Nobre et als 2018). Torrefacton was intended
to enhance the heating wakle of biomsass, possibly to &an even
greater extent than coal (Fuad ef gl 2020). Stepien e al (2019)
improved the properties of ED through tomefaction n & mild
reaction. Tomrefied elephant dung (TED) was produced from a
amall amount of EDin a mufile firnace at temperatires of 200°C
tz 300°C for 20 to 80 min. The process yielded 6 to 8 g of TED,
wiich increazed the HHV from raw materizl to TED by 13
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WI/kg. However, the batch process took more than 20 min due
to the equipment’s imited size, leading to a low mass yield that
was inadequate for effident implementation. Moreowver, dus to
fimited rezsarch on fusl briquette producton and emizzions
cauzed by TED, thiz study aim= to bridge the gap by
imwecstigating them The stdy utilized TED obtained from the
contimious process (Sonsupsp & Pattiva 2018), which could
produce TED within 5 min, and a low-prezsure densification
techmigue to produce fuel briguettes. Addidonally, the shdy
evahiated the characteriztics and emiz=ions of both TED and the
fuel briquettes produced.

2. Material and methode

The investigation of tomafied elephant dung fusl briqusttes
(TEDE) followed the procass shown in Figure 1. The procedure
commenced with the preparation of ED, which was then
suljected to torrefaction for mprovement Subsegquentty, TED
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Fig 1. Schematic diagram of experiment
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Fig 2. Tenperature of fisel briguette formation monitoring

was tranzformed into fuel briqusttes. Finally, their propertiez,
inchyding phwzical properties, chemical properties, combustion
properties, performance in the stowve, and emizzions, wers
H - i

2.1 Torrefiad elephant dung

Frash ED was sourcad from an elsphant camp in Ened Chang
Subdiztrict, Mae Tang Diztrict, Chiang Mai Province, Thailand.
It'was zorted mamually for contarminants and sun-dried nanoralby
for 3-5 daye to reduce moizture content to below 15315 wiis
The dried materizl waz then ground and zieved to 0,841 mm
(Mainkaew, Pattiya & Janzr 2023 Mankaew & Janzri 2020).
Tomefaction was performed n a ing contimious fowr
reactor (Sonsupap & Pattiya 2018) at 280°C for 150 zac with a
feeding rate of 600 g/h, and TED yield (solid phase) was
evaluated uzing Bg. 1 (Egboziuba 2022).

¥ = (W Wrgg ) % 100 (1)

where Y iz yield of TED (%), Wi iz weight of dried ED dung (g),
and Wren iz weight of TED (g).

2.2 Torrefied slephant dung fus! brigustte formation

To produce TEDB, 40 g of TED were mixed with 1387 g of
locally sourced cassava starch and 8 g of ambisnt temperaturs
water. The mixture waz then triple-zisved through a 0.841-mm
net zieve for uniformity. The fuel briguettes were compressed
to 40 bar pressure for § min using a cylindricsl mold and a
manusl npdraulic prezz machine. Chring the formation of the
briquetts, itz temperahire was monitored, = shown in Figurs 2.
The resulting TEDB: were measured and air-dried for § dayz at
Toom temperanre in the shade (Mainksew, Pamiya & Janari
2023).

2.3 Characteristics ang emissions of raw materials and fuel
briqusttes

2.3.1 Fhysica! propertiss

Scanming Electron Microscopy (SEM) for determining surface
morphology uzing JEOL model JSM-5410 LV SEM instrument.
Omce the briguette waz extracted from the mold and sllowed to
settls for a duration of 10 min, the percentage of vohmme change
of the briquetts waz calculated |Aransiola er gl 2019). Curing
the drying process, the dimensional stability (Jiao ef gl 2020)
and the relaxed denzity (Mandal er @l 2018) of the brigueties
ware evaloated while maintasiming their diameter snd height

conztant The durability of the dried fusl briguettes was
evahated bazed on thatter (Adu-Pol er ol 202Z; Ranaraja st
al-2022) and water regiztance (Adu-Polon st all 2022; Samomesza
&f i 2020). The physical properties were determined uzing Bgs.
(2) -8

T, = [ — W) /15,] ¢ 100 2
wiere 1) is percentage of wohome change (%), Ve iz the woloms
of the cyfindrical mold (cm?) and Vi i= the vohmms of briquette
after compressing (om)

DS = 100 — [({(¥; —)/V) x 100] 3)
where DS iz dimensional stability (38), Vi iz the volume of the
briquette after ralease (om’) and V. iz the volume of the
briguette after production {cm’)

p=MflrxHx(r} —nf)] (4
where p iz briquette density (kg/m”), M iz briquette mass (kg),
m iz mathematical constant, H iz briquette height (m) and 1. and
1, are itmer and outer radine of briquetts {m)

SR =100 — [((W, — WL)/WL) = 100] (3)

where SR iz chatter registance (%) and W and W: are weight of
briguette before and after chattering (om), respectively.

WR = 100 — [{(W, — W,)/HL) = 100] (8)
wheare WHR iz water reziztance (%), W, mdrymgindmm
{g) and W, iz wet weight of brigustte after being immersad in
water (g}

2.3.3 Chemical properiies

The Joint Graduate School of Energy and Environment - Central
Analytical Laboratory (JGSEE - CAL), certified by the Thai
Industrial Standard Institute (TISI) in accordsnce with TIS
No.1T025:2548: IS017025:2017, analyzed the chemical

propertiee of raw materisls and foel briguemtes, nchuding
proxmate and ultimate properties (Chulwamsks of af; 2020).
Moregwver, raw materials and fusl briguettes were subjected to
thermogravimetric analyziz (TGA, Perkin Elmer-pyriz 1,
Waltham, MA, USA) under a dry mitrogen atmosphers with a
zcan rate 1 5°C/min in the temperabme rangs §8-850°C to
determins their thermsl jez and weight lozz. Bazed on
the studies of Stepien &t al. (2018) and Egbosiuba (2022), the fiusl
ratio, thermsl stshility, energy densification ratio, and energy
vield were determined using Egz. (7] - (10). Energy density waz
then calculated uzing Egs. (11) - (13) according to the research
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of de Souza efal (2022). Additionally, the H/C and 0/C atomic
ratioz and hest capacities wers evalusted (Ballo ef al, 2021

FR =FC{VM ]
Where FR iz fusel ratio.

TS = FC/(FC + VM) (@)
Where TS is thermal ctahility.

EDr = HHV, /HHV, ]

Where EDr iz energy densification ratio, HHV, iz HHV of dried
elephant dung (M1/kg), and HHV: iz HEV of torrefied elephant
chang (MLI/keg).

E¥ = M¥ % EDr (10}
whare EY i energy yisld (%) and MY iz mazz yisld (34).

LEV = HHV —(0.23 X H) {11}
NHV = (((LHV x 238.85) x (1 — (0.01 x MC})) — (6 = MCY)/

238.85 {12)
where NHV iz net heating vale (MJ/lg).

ED=NHV X p {13)
where ED iz energy density (MI/m').

2.3.7 Combustion properites

The meathod proposed by Onukak et gl (2017) waz employed to
astertain both the ignidon time and buming rate of fusl
briquettez. The procadure entailed placing the fuel brigueme
onto a wire mesh grid and then burming it using a hquefied
petroleaum gas (LPG) stove. After the ignition of the stowe, the
duration required for the briquettes to ignite was messured and
evaluated uszing Bg. (14). The weight of the combusted fusl
briquette was recorded repeatedly untl itz weight stabilized.
The axtent of weight reduction of the briquette during a zpecific
period was assecsed uzing Eq (15).

IT=t; -t (14)
where IT iz ignition tms (min), t iz tme the briquete ignited
(min) and t, is ime the LPG gas stowe was Bit (min).
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B = (s — @)/t (15

‘where Bz iz buming rate (g/min), Q iz inftial weight of briquette
‘before buming (g}, @ is final weight of briquette after buming
(g) and t iz total burmning time (min).

2.3.4 Fuel briquetis performance in the stove

The fuel briguettes underwent the water boiling test (WET)
through the procesz of boiling 500 ml of tap water on a
houzehold updraft biomasz gaz stove (Mamksew, Pattiva, &
Janeri 2023; Eole er gl 2022). Two pilas of longan branches,
aach weighing 100 g, were used to ignite the stows, which was
then laft to bum for 2 min Subsequently, 100 g of fusl briquettes
‘ware added to the stove every 5 min until the water evaporated
guantified, and the overall thermal eficency and fusl
consumption were computed uzing Ege. (16) - (18]

0 M O T T+ L )M 11 1230x) )-
(1.5M:))<LHV]jx 100 (16)

where Cw iz specific heat capacity of water (kJ/kg-C), L. iz
latent heat of water vaporization (kl/kg), LHV i low heating
wvahe []/kg), Mz, Me, Me and M. are the weights of remained
chareoal, initial fuel, initisl water, and water evaporated (kg),
recpectively; Ti and Tr are initial and final water temperahraz
(PC), rezpectively, and x iz moizhire comtent

FER = [(Mp % (1 — (112 % x)) — (L5 = MJ] /'t liky]
‘where FCR iz fiual conmumption rate (kg min).
SFE = [(Mp % (1— (112 % x)) — (L5 = M| /My, (18)

where SFC iz gpecific fusl consumption (kg/kg water).
PC=((My % (1 - (112 X %)) — (L5 + Mc)) X LHV] /60t

(19
‘where PC iz power conzumption (kg.kg water].

2.3.5 Emizsion fesf

Like the WET procesz, the exhaust gas releazad during the test
‘was analyzed uzing a flus gaz anabyzer (Tezto 350 XL - fusl gaz
analyzer) with a pomp flow rate of around 087 L/min the
axhaust gaz was found to comprize carbon dicwde (CO,),

7 L
Fig 3. SEM images of ED (A}, TED
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carbon monoxide (CO), nitrogen oxide (NO, and NOs), and
sulfur dioxids (SO;).

3. Reegulte and discussion

3.1 Torrefied slephant dung

The SEM imagee, shown in Figure 3, indicated that the sizes and
shapes of the two dung samplee differ, which could be attributed
to sample preparation techniquee such as grinding and sieving.
ED (Figure 3A) waz characterized by imregularly chaped
pmdesmthardmve!yﬂatsmfm However, the torrefaction-
induced deformation of the structure led to the formation of fine
partides and product poregity az shown in Figure 3B.

TED, az shown in Figure 4B, was produced with a 79%
mass yield in the tomrefaction process. The moisture content
(MC), volatile matter (VM), and ash content (AC) of TED (Tsble
1) were 2.4%, 60.3%, and 19.5%, recpectively, all of which were
lower than the dried ED (Figure 4A). On the other hand, the
fixed carbon (FC) of TED was higher than that of the raw
material, at 20 2%

The TGA recults, sz chown in Figure 5, revealed three
distinct zones correcponding to the weight loss mechanizms of
ED and TED. During the devolatlization process of the raw
materials, the initial interval between 69 and 260°C at the
appropriate heating ratec facilitatec the dehydration of moisture
and the release of zome volatle ED and TED
weight lozsec were, recpectively, 11 and 7 wtde
WWWMMMSQMMZTM
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zone iz a conzequence of ED and TED's initial combustion. Raw
materials contained highly reactive VM (Table 1) which rapidly
degraded. The effects of the heating rate on raw material weight
losses were limited, with weight losses of 32 wt% for ED and 27
wte for TED. In the final zone (315-850°C), weight loss
decreased clightly. The remaining charcoal from zone 2 was
further oxidized ED and TED lcst 18 and 25 wt% of their
pattern of weight loss, TED's decompocition was dizcovered to
be lecs than that of ED. During the procees of converting ED to
colid-torrefied, some of the ED compound underwent thermal
dmnpodﬁmremhinginmirmeinmmdl?cm

TED poczessad a fuel ratio of 0.33, a thermal stability of
0.25, an energy dencification ratio of 1.18, and an energy yield
of 83.22%. Theee results indicated that TED had a superior fuel
ratio and thermal ztahility compared to ED. Although TED was
more challenging to ignite and bumed more clowly than ED, it
maintained higher combustion temperaturez and contained
more unbumed carbon (Egbociuba, 2022).

TED exhibited lower levels of hydrogen (H), oxygen (O).
and sulfur (S), but a higher amount of contained carbon (C) at
45.1% and nitrogen (N) at 1.4%, az chown in Table 1. TED had
lower H/C and O/C atomic ratice than ED, which 1.41 and 0.80,
zons, as shown in Figure 6. TED 'z HHV, which waz 17.0 MJ/kg,
exceeded that of ED. In comparison to the study by Stepien st
al (2018), it iz evident that our study produced more TED with

" Fig 4. Rarw materials [dried, ground, and sieved ED (A) and TED (B)] and TEDS (C)

Table 1
Proximate and ultimate properties of raw materials, fuel briquettes, and Srewood
Properties Unit ED TED EDB TEDB Longan branch
Proximate properties
MC % 5.6 24 4.0 7.1 7.0
FC % 116 202 178 152 219
™ % 1.7 603 733 676 755
AC % 26.7 185 89 13.2 26
HHV Ml/kg 4.1 170 7.0 16.7 188
LHV Mi/kg 126 157 156 15.1 174
Ultimate properties
H % 5.6 5.3 6.3 6.4 6.6
C % 3738 45.1 42.7 45.1 479
s} % 5439 48 30.1 453 4.7
N % 13 14 0.7 3.0 06
S % 03 0.2 0.2 0.2 0.2
Ref Maimkaew o Ttis study Mainkaew e ol This study Mainknew e al

al. 2023)
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the lower AC but the larger MC at the zame reaction
temperanirs, albsit with a different reaction perdod. Although
thiz ztudy's proceszad ED had a higher MC than that reported
by Stepien e gl (2019), itz lower AC resulted in a better energy
3.2 Torrefied elaphant dung fus! briguette
cbearved to be within a limited range of 34 5-38.3°C. as shown
in Figura 7. Tha temperanre changes during the fissl briquets
formation process were analyzed In the initial pericd, it was
noted that T1 had higher tempersture than T2 and T3, primarily
due to an exothermic reaction resulting from an ncreaze n
prezoure. Az the precoure contimied to rize to meet the
requirement, the temperature of T3 inftally decreazad and then
retumned to its original position. Thiz behavior indicated that the
formation of fusl briquette relied on esternal heat for an
endothermic reaction.

After a ceartsin period, the tempershme trends of T1 and
T2 becams zimilar to that of T3, suggesting that the heat supphy
in T3 wazs inmufficient for the formation process. Concequently,
the formation of the fuel briquette required heat from both T1

and T2 sources. Omca the regquired pressure was reached, the
fuel briquette was comprazsad and held at that prezsure. During
thiz stage, it waz cbeerved that T3 exhibited heat acounmulation
the Ipdraulic punch. Initially, the heat in T3 remained constant,
It ower time, the heat transferred to T1 and T2. A= a regult, the
temperature of T3 decreased, leading to shrinkage of the stesl
rod. Finally, the fuel briquette could be removed from the rod.
Due to insufficiency heat applied to the fuel briquette formation,
some properties were adverzely afected Therefore, the
afficiency of fusl briquette formation coold be mproved by
3.2.1 Physical properiies

TEDE, az thown in Figure 4C, had a shardy, durable, compact,
and rough exterior composition The SEM image of TEDB
(Figure 3D) revealed that the cazzava starch clumped and &d
not dizperse on the owface of TED, in comtrast to the
unprocessed ED), as shown in Figure 3C. These factors resulted
in TEDE having inferior phyzicel properties compared to the
elephant dung fuel briguette (EDB). az shown in Table 2.
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Table 2
Fhysical properties of fuel briquette

Physical properties Unit EDB TEDB
Valume change E Ta ™
Démensional stability Yo o8 ]
Relaxing dersity kg’ E13 880
Energy density GI/im' ai 119
Shatter resistance b k) 33
Water resistance ¥ 38 31
Reference [Mainksew o al. 2023} This study

Therefore, the techmigue for tranmsforming TED into fuel
briquettes should be modifisd to enhance the properties of the
fael briquettez. such as increazing the temperature during the
precoure increase stage.

The percentage of volume changs of TEDE following
comprezzion, & shown in Table 2, was 79%, equivalent to that
of EDB. However, the drisd TEDB exhibited margnally lezser
dimensional stahility than EDB at $5%. A significant amount of

stahility, which comztrained the raw material's adaptahility (Guo
gt al. 2020). Degpits thiz constraing, the relased density of TEDB
was 380 kg/m’, surpazzing EDE'z density of 813 kg/m’. This
denzity fall within the acceptshle range of 600 kg/m” to 1,300
kg/m?® for fuel briquetts (Ramirez-Ramirez ot cf. 2022).

The zhatter recistance of TEDE was found to be 5334
lower than that of EDB, and within the range conzidered
acceptahle for poor durability (defined az shatter resistance <
7004} according to ASABE Standard 52804 (2003) (Mohd-
Faizsl, Mohd-Shaid, & Ahmad-Zaini 2022). The inferior shatter
reziztance of TEDE may be attribnted te the thermal elimination
of specific elementz in ED that improwe the bond between the
raw material and binder during torrefaction. Moreower, the high
moizture content of TEDE compared to EDE (Ramires-Ramirez
gt al 2022) may have impacted the durability of the fuel
briquettes. TEDE exhibited a water resiztance of lezs than 309
in 9 zec, indicating slower water absorption compared to EDB
due to the tomefaction procesz. However, TEDB= water
reciztance was still insufficdent. Therefors, improvements in the
production process may be necessary to enhance both shatter
and water resiztance i the future.

3.2.2 Chemical properties

3.2.2.1 The proximaie properies

According to Table 1, TEDE had a higher MC than the raw
materials, EDB, and longan branch, but it ztll remained within
the acceptable range for fusl briquettes, which iz between 8%
and 12% (Kebeds, Barhe & Zergsw 2022). Thiz finding complied
with the German standard DIN 51731 (Ivazhchuk ef af. 2022),
the Burcpean standard BN 130 17225 (Eofman 2016), and the
Thai Commmmity Product Standard (Thai Industrial Standards
Inztitute 2004). The FC of TEDB was greater than that of EDB
dus to the torrefaction procesz prior to foel briguette
production. Howewver, TEDB had a lower FC than TED becauss
of itz higher MC. TEDCE alzo had a higher VM than the raw
materialz, but lower than that of EDB and longan branch. The
uze of cazzava starch az a binder may have contributed to the
higher VM of fusl briquettez. Thiz could result in increased
smolte emizzions during combustion (Walnnumi e al. 2022) The
AL of the TEDB was found to be greater than that of EDB and
longan branch, but lass than that of raw materialz. However, itz
AC of 13.2% waz zsignificantly higher than the recommendation
of Eebads, Berhe & Zergaw (2022). Moreover, it failed to meat
the requirementz of both the German standard DIN 51731
(Ivashchuk ef gl 2022) and the Ewropean standard BN IS0
17225 (Eofrman 2016), rezulting in mors inorganic waste during
combustion (Rarmmires-Ramirez of al 2022).

The weight-to-temperature locs of EDB and TEDE, az
zhown in Figure 5, follews the zame pattern a= the weight losz
of ED and TED. The TGA rezults indicated that the initisl zone
had a 10wt weight loss for both EDB and TEDB, which were
comparahle to that of the ED. In zone 2, EDB and TEDS lost 45
and 39wt of their weight, rezpectively, which was greater than
the ED and TED. The reszon for thiz difference was the use of
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cazzava starch as the binder. Mot only did the reaction in zone
2 rezult in A rapid decrease in rew material weight, bt the
binder alzo had a mignificant effect on VM of the fissl bri
(Teble 1). In the final zone, EDB and TEDB loct 19 and 20 wi?t
of their weight, rezpectively. The combustion reaction in zons 2
waz rapid and rezulted in 8 greater weight lozz, leaving a cmaller
quantity of charcoal available for the reaction in zome 3
compared to ED and TED. Howewver, their decompozitons wers
comparable to that of ED tat inferior to that of TED.

TEDB ecchibited a fuusl rato of 0.28 and a thermal stahility
of 022, Itz fuel ratic and thermal stability were lower than thoes
of TED, as cazzava starch was uzed az a binder. However, itz
fuel ratic and thermal stsbility were better than EDB and
comparahle to longan branch The combuztion efficiency of
TEDE might be superior to EDB and squivalent to that of the
longan branch (Eghosiuba 2022).

3.2.2.2 Uitimate properties

The ultimate properties of TEDE, az shown in Tahble 1, revesled
that it had a higher concenmtration of H than EDB and raw
materials, with the exception of the longan branch. However, itz
O concentration was lower than the otherz. While TEDBE: C
concentration was similar to that of TED, it was greater than
that of ED and EDB and lower than that of the longan branch.
TEDB exhibited the highest N concentration, and itz 5
concentration waz 0_2%, the zame as &ll others axcept for ED.
Howenrar, TEDB failed to mest the Buropesn standard EN 150
17225 (Eofman 2016) for N and 5 concentrations.

TED had H/C and O/C atomic ratics of 1.70 and 0.75,
recpectively. The fusl briguetts had a higher HAC atomic rafic
than TED and the longsn branch but & lower ratio than ED and
EDCE. It alzo had a lower O/C ratio, except for the longan
branch Oniy TEDB reached the boundary of the biomass zone
on the Van-Erevelsn disgram (Jenkins, 1988), az zhown in
Figure 6, indicating that densification and ED proceszsing had an
inmact on the relationship between H/'C and O/ C atomic ratios.
TED and EDE zplit from ED and converged into the biomazs
zone. Degpite TEDB'z H/C and O/C atomic ratios being in the
biornazs zone, ite HHV was lower than that of the longsn branch.
Additionally, while EDE'= H/C and OFC atomic ragio
relationzhips were outzide of the biomass zome, TEDBz HHV
waz zhill lower dezpite being derived from TED and ermploying
the cazzava starch equivalent binder. Purthermore, the HHWV of
‘TEDIB was lower than that of TED, poesibly due to it higher MC
and theuse of caszawva starch &= a binder.

3.2.2.3 Heating vaiue properiies

Torrefaction enhanced the properties of the raw material wsed
for fuel briquettez, rezulting in & remarksbls enstgy dencity of
1189 GI/my (Tahle Z), surpassing that of BEDE. However, TEDE
had a lower HHV of 16.7 MJ/kg than TED, EDB, and longan
branch, az shown in Tabls 1, dus to itz highsr moiztore content.
This value was lower than the 17.5 MJ/kg HHV reported by
Mathews & Thadathil (2011} Moreowver, thiz wahie was below

it ) Remew. Emengy Dev 2003, 13(4), par-8o7
| sogq
Thai Comrmumity Product Jtandard (Thai Industrial Standards
Inztinate 2004). Combusting TEDE necessitated more energy to
evaparats the exces: moiztre, which lowerad the heating valus
and ignition of the fusl briquettes (Eofiman 2018), even though
the MC met the requirementz. Drying the TEDE az mmch az
poczible could raize the HHV, despite tommefaction fmproving
the ED. Additionslly, the quantity of binder uzed had an impact
on the HHV of fusl briquettes (Decharmavar ot g, 2018; Mohd-
Faizal, Mohd-Shaid, & Ahmad-Faini 2022).
Bazed on & comparizon, 1 kg of TEDE waz shle to replacs
0.88 kg of EDB (Mainksew, Pattiya, & Janeri 2023), 0.89 kg of
lomgan branch (Mainkasw, Pattiya, & Jansri 2023), 0.65 kg of
charcoal (25.70 MJ/kg) (Oteno ef al. 202Z), and 0.33 kg of LPG
(50.15 MI/kg) (Ezzom Co., LTD. 2014]). In order to enhance the
substitution ratio, it iz recommended to explore options such as
producing fuel briguettes without a binder or replacing water
with alternative Equids or wolatle zobvents (Mohd-Faizal, Mohd-
Chaid, & Ahmad-Zaimi 2022)

3.2.5 Combustion properties

According to the smdies conducted by MNurhayad, Naufsl &
Hariadi (2022), Verchinina ef of (2022), Nildema et al (2022),
and Inegbedion & Erameh (2023), the ignition tme and
combustion rate of TEDB should be reduced dus to the high
denzity and anmdance of AC raw materisl. In practics, TEDB
ignited in 90 sec, which waz faster than EDB':= i
ignition time of 120 zec (Mainksew, Pattiya, & Janzr 2023).
Moreover, TEDB s combustion rate was 1 g/min, lower than the
06 g/min achieved with EDBE (Mainksew, Pattiya, & Janzr
2023). The TEDE ignition tme snd combustion rate wers
imconsiztent with the fue] ratio and thermal stability, Hzely dus
to inadequate chatter recistance and water recistance. Poor
combustion properties may recult from weak bonds betwesn
TED and the binder, az obzerved in the physical properties of
TEDB.

3.2.4 Performance of the fue! briquette in the stove

Compared to EDB and longan branch (Mainkaew, Pattiya, &
Janeri 2023), 1.58 of TEDB required 47 min to bod 500 mL of
water, which was 22 min longer and consumed 0,63 kg and 0.38
kg more fusl, respectively. TEDE improved the coverall thermsl
afficiency of the housshold updraft biomass gas stove by 6.1%4,
as chown in Table 3. It was significanthy lower than the effidency
mprovements achieved by other fusl: Moreover, TEDS
showed significantly greater FCR, SFC, and PC values than the
BDE and longanbranch at 0.029 kg/min, 2.7kg/lg and T.4EW,
recpectively. Theze indngs mupported the previouwsly disouzzed
izoue of combustion properties. Improvementz in TEDB
production for enhancing fuel briguette performance in stoves,
as well a2 the uze of TEDE in conjuncton with mutshble stowves,
may be bensfidal

the minimmm ensrgy content of 2008 M1 kg specified by the 3.2.4 Emizsion properhes

Table 3

Thermal properties of fuel briquette and Brewoosd
Properties Unit EDE TEDE longan branch
Ovwerall thenmal efficiency % 118 6.1 171
FCR kg /min 0aLs 0028 0047
SFC kg kg oA 7 [i%: ]
PC W 19 T4 50
Reference [Mainkaew  This study {Mainksew ot ai. B1Z3)

eral. 2023)
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Table 4
Emissions of fuel briquette and Srewood

Frst. ). Rersesw. Emeergy Dewv 3023, 12{4), pur-Boy
| sas

Properties Uniit EDE TEDE longan branch Thai general Thai polluted air
ambient air quality from industrial
standand factory standard
[1h)

Oy ppm a.5%10t 35 52% 100 Nfi HiA

co ppm 21w B4x1P 49 x 1P 30 &30

NO= pp 10 = 10# az9 94z L) 00

NO. pp 1.1 = 1@ a7 1] N/A HiA

50, ppm 0 ao an 030 2]

Reference [Mainkaew ot This study  (Mainksew et ai. 23]  [Anoouncement of the  (Announcement of

al. 2023) National Ervironsment MEnistry of Natural
Board 1995; 2001) Resourees and

Environspent 2008)

[hrring combustion, TEDB emitted lower levels of CO-: (3.5x 10°
ppm) than EDB and longan branch (Mainkaew, Pattiya, & Janzm
2023), a= chown in Table 2 While itz OO concentration was
8.4x (¢ ppm, higher than longan branch but loweer than EDB.
The carbon content of the fuel briqusttes, the tempershirs
generated by the stove, and ceddising agent quantfity all cansed
the OOy conceniration to be over 40 times higher than the CO
concentration (Verzhinins e al 2022). Although TEDE had a
higher N concentration than EDB and longsn bramch (Table 1),
itz NOz and NO. emizsions were lower, az shown in Table 4.
TEDE did not meet the Buropean standard EN IS0 17225 for 5
content (Kofman 2016), but 30: emizsion (Table 4) was
undetectabla.

The CC0 emizzion from TEDE combuston did not meet the
general ambient air quality standard defined by the Natonal
Environment Board Notificstion, Thailand (Annovmcament of
the Magtonal Environment Board 1885; 2001), and the polluted
air from industrial factory standard defined by the Miniztry of
Matural Rezources and Environment, Thailand (Annoumcement
of Minisory of Matural Resources and Enviromment 2008).
However, the 30, emizzion complied with both standards.
Additionally, the NC: emizsion from TEDE was cignificanthy
lower than that requirad by the later standard.

Although fuel briquette emissionz only meet a few
standard parameters, a comparizon between TEDB and EDB
revedled that the former had lower emizzions. Thiz iz because
more FC was obtained during the conversion of ED to TED
through the tomrefaction process, &z chown in Table 1. The uze
of caszava starch as the binder in the fuel briquette formation
led to a decrease in FC and an increase in VM. Nonetheless,
TEDE'z FC and VM were st inferior to EDE. When TEDE was
utilizad in household biomass gas stowve, the modest quantity of
producer gas generated by the first stage of the stove could be
combusted more efficiently in the second stage than EDB. Az a
rezult, the emizzions induced by the combustion of TEDE were
subetantdally lass than those of EDB. Howewer, TEDB should be
used in a well-vendlated area for indoor applications.

4, Conclueion

Through tomefaction, the prosimsl properties, ultimsts
properdes, and heating value of ED can be improved TED
achieved a yiald of 79%, with FC excesding 207t It had an HHV
of 17 MJ/kg compared to 14 MJ/kg in dried ED. TED, binder,
and water were then compressed at 40 barzin a T:3:1 weight
ratio to form fuel briquettes, rezuiting in TEDE with a density
greater than 850 kg/m’ and an energy denzity greater than 11
Gl/mr. However, TEDE'= moizhure content was ower 794
leading to an HHV of lezz than 17 MJ/kg. Despite having a

higher fuel ratio and greater thermal stability than EDB, at 0.28
and 0.22, rezpectively, TEDB had Emited durability due to poor
bonding sfrength batween TED and the binder, ramiiting in
chatter resiztance and water rezistance lezs than 55% and 2094,
rezpectively. TED exhibited grester phyzical and thermal
propertiez. When TED was formed into finel briquettes w=ing the
zame approach a2 EDB, it properties were ditginizhed It waz
found that the process was not suitshle for producing TEDB
becauze raw materialz for fusl briguettez had different
characteriztics. If the goal was to continue a: before, increasing
the termnperahirs during the formation of fusl briquettes could be
helpfil zimce the endothermic reaction ocowred during
compreszion. Additonally, to upgrade ED to a fuel that could
replace coal, itz chemical properties mmst be slftered by
mcreasing the C content or decreaszing the H snd O content
through appropriste thermal reatment and ite density must be
mereazed.

The briguette properdec led to an overall thermsal
afficiency of lasz than 7%, with FCR, SPC, and PC excesding
0.025 kg/min, 2.5 kg/kg, and T kW, rezpectively. When used as
a cooking fuel, TEDE emitted a greater C0,/C0 mass ratio =
40 times) than EDE, but lesz NO: (82.0 ppm) and MNO. (87.1
ppm), with all emizsions being comparshle to 30 (0 ppm).
Uszing TEDE az a fuel increazed the effidency of combustion
Nonetheless, it is essential touse a suitable stove to enhance its
performance.
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