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Table 1- Biodiesel properties according to ASTM standard
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mm?/s 23 1.9-6 ASTM D445 955
glem? 089 0.87-0.90 ASTM 6751-02 PFaTe (339
Mi/kg 1 39.9 ASTM D240 &l )
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Table 2- Fuel Sample compositions
Lo g digad GlaS 5 Y Jguo
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1000 0 0 0 D(EOWO)
997 0 0 3 DEOWO.3
994 0 0 6 DEOWO.6
991 0 0 9 DEOWO.9
980 0 20 0 DE2WO
977 0 20 3 DE2W0.3
974 0 20 6 DE2WO0.6
971 0 20 9 DE2W0.9
960 0 40 0 DE4WO
957 0 40 3 DE4W0.3
954 0 40 6 DE4WO0.6
951 0 40 9 DE4W0.9
950 50 0 0 B5(EOWO)
947.15 50 0 2.85 BSEOW0.3
944.3 50 0 57 B5EOWO0.6
941.45 50 0 8.55 BSEOW0.9
931 50 19 0 B5E2WO
928.15 50 19 2.85 B5SE2WO0.3
925.3 50 19 57 B5E2WO0.6
922.45 50 19 8.55 B5E2WO0.9
912 50 38 0 BSE4WO
909.15 50 38 2.85 B5E4WO0.3
906.3 50 38 5.7 B5E4WO0.6
903.45 50 38 8.55 B5E4W0.9
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Table 3- Engine specifications
2530 Slasiin Y Joan

Manufacturer: Kirloskar Oil Engines Ltd., India
Engine type: Vertical, four-stroke, single-cylinder
constant speed, direct injection Cl engine

Rated power: 7.4 kW @ 1500 rpm’

Bore/stroke: 102 mm/116mm

Displacement volume: 0.948 |

Compression ratio: 17.5

Start of fuel injection timing: 26° bTDC

Nozzle opening pressure: 200 bar

Cooling type: Water Cooling

Length/width/height: 685/532/850mm
BMEP at 1500 rpm 6.21 bar
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Figure 1- Engine test setup
)yg.owui Cow 3l o los ) S

VFY



VE) b cpg o)lod ool Jlo (3l 5l g S g (chmgh - (cole 4 i

&bl g e (50,5 bl (6l) puSon Sy 5 (rmb S (00 00iS olas Sl ool b e 00 5350
b o (ol s Al S s b jege S s (5999 Wsiiie ;5 ((Ken )90

jb/t-200 G5, y9551 55 S 4 Jate (TDGC2-5KVA) ,xie Cuoglie (5,105 ,L olSiws 3l oolaiwl b jgg0 50,00 5L
Yo dsb a9l b 5l 095gkeS Ve v 5l Jobow S a 5551535 cnl 0l Jlosl ctunl oals Log B j5ige a4 oS
Al oolarwl b g mSeoslail gl Lutron FG-5100 Juwss) G 5l 0gs o0l jyome yie il

A 48,5 1S 4 yeige g0yl 0 (X) (6315 CS g calisie lads,s [0 vals o gw leie 4 Lalls Jps CSgw
Bgo a0 A ol a5 wlb aid ) § Ll o 5l sol abheme 4 (699,9 S g (65 5l (gawe,0 Glaie 4 (8 CE g vy
byl 65,51 S j0 1, 635 e g 650 Lol ddobae cpl IV ] as solital 030l e acwlos sl (V) doles
w3 oo GLad 1) Ssbl CSgm 5 65 S g Lawss (63959 555 Egee () S g

E
Eng + Epr

adolee U oSl o Epp .l (655 Cigu B pan 65,3 &5 Eng 3 Dsbl S g Bpas 550 5 Epp o] j0 a5
D1a] sg aculoxe (V)

Ep = Vpp X ppp X LHVpy M)

5 059k 2 JsioksS e 2 D5kl S s (S 35 LHVpp «shly S35 (s om0 Vor o] )2 &5
D] 05 abone (F) Wolas 51 ilgs oo Eyg ol cunSoyio o5 okS w5l e g JK> pppe

Eng = Vg X pne X LHVyg )

‘_g)lj g,o5_~4 L;lj}pNG sA_.ul.a = ‘_,.ti,e).m G g 04 J)m.o U.x...da)lf ww‘sw L)l‘)} L)‘)"“’ VNG as
Sran plie widlios 05 S 2 JgiohS canm | 55 SS9 (S ()l LHVNG 5 coSeyie p S 9hS o
=l g Oy ol S eslail cds ol <l GSB404C  Jow 031,800 (crnds 8 miw by S lavwy (635 g
o plsl (Moo Ar g ,50) (55 Ci g 3,5 lade 90 50 by iole;l pled g cxSayio o+ )

o ey U g 0 (g 50 S ges b s wiz Sae 4y ) jgise allSys 3l anld 50 seige (geil 2, 50
ol e adeai sl lasl ol b a5l e G 20,5 515 dBEs 10 500 YO0 (90 9, e a0l el
S Ol Ol Sl mal )3 0 3135 515 9,50 Sgbl S g 5031 3,50 (Sla 03l i pas g gige 550 (o
Ol g 9 dmaloee (B) Jo—a,8 L h939e L et G20 5l s5ige 0l Jloel j5liiS 5 s9390 j95 s8> b 5
b dnla ¥ 5 Y ) Jsap bl nlo S et sl

Oz 5 593 9 )b (Jold HoSge 69, Shee Lo yially polie il CuS (ol S 0o )0 a5 Al el I
f Jgoz .0l oolaiwl LUTRON Digital Force Gauge FG-5100 guivsg i 31 5, (6 yS 03Il gl 058 1,58 Wb 658

Qo3 oo 111 o390 ygesl sla el )b (6 uSe sl il jpms B jolhe

A4



ool ool 2 Locws ¢ oo Crogn 0I5 el ol

Table 4- Measurement accuracy values
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Figure 2- Density variations for fuel samples
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Figure 3- Fuel LHV changes for each sample
Wged 3 gly CS g (FHl> )l Olpedi - JSS
100 .
O
90 |* ®
21T
2 ?0' (]
! o -
360 P s ° v
3 s PSS 2 AR
> a0 FIFIEIEAEFR AL
9 IR R S s s EE ol | -
SOl 1511 1 o i 8 A S e
20 AR AR !
10 {41 AL W o e | e | A !
0 :S’:S/:Sj "‘ = a1 ﬁ i [
- R = 9 SMmwYaomY a9 myo o
googaoo == Boogaoogaoog
E[ZEEREE =223 228n822588¢8
Ulm @@ o - g G MM W R
Chatilol BO B5

Figure 4- Flash point changes for each sample
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Figure 5- Fuel viscosity changes for each sample
Wged yB (5l y S g (59515 Ol ki -0 JS

322 59590 9,5kos 1 S s 2iges a3l
g & S las 00 g0 oL s aigai 51 a5 (glp JolS L )0 s5i90 53055 Ol Sleds g, F S
ol Gl s sl G305 155 0dds8 (i VL Gl greb S ao o A jgam 50 ewailies cl> yo 5o
S5 Olgs RelS cezrge Latdgu diged ;0 Jpogm joa> Ll SV lblS g diged plo b amlie )0 J5ns g
AU Sy ol ot su digas o ol 5 Jobl g0 Conl S50 S g 5| 1S Jposer (5> (25l 125 950
Sol> Slac g iges 5 Joibl Coa 585 )00 g 3 SaCS g diged b dmlio 10 (53055 5T Sgatp 43 ke
J=ol5 Com a1 3l g il 3l aial b 50 (e 36 a5 el Jgibl ) (y5nST (Slgtone 929 o oS00
oS g digas yo Dl 0g2g [¥e YA was by 1) (53055 ol (IS 53 Jnosm culas Wilgia g 9830 Gy o5
g 0diu St ) g Ssla S g o 0geedl g 0 3l ly S oy sl i ge Wl oo 8 JR3g ol
o9 ol s 4 al5 e G cnl Udgm gt ot gm diged ;o Ll V8] was I3, 5550 g5 ol
5 JPbl RlBI b 305 Oy el o ol (it (Jndgm ol S g S J 20 S g alndls 5 4% 595
5l Wlgie S50 S & S T 5 U1 )L (355 003 05 W55 D9 Jd SleES g disai o O

M gAY 390> S 5 a) (295 =B Gliee 4 3055 Ol RIP cge Bl i wl B0 658 S g jea>
Jobs lad glal adaizs )0 (anb 5LS joa> by cal 0l BS 5 o lp a9 SO S 4y S w00
pae b 3g2y sl (asuin (3) F IS8 5 (@) 7 S8 5l 45 jsblen ams go Gl 1) (suddgs ol g a8l (il jailew
A S gl (5o (Su5d LolsB SIS S 0sm L el IS 13T (5305 ol Dl i g, 53 S 05m 3979
g Gl S w0gb o0 el S S g ) S Jogm Dgliie (Sl - (Sund olsE 0 S cpe
53 e 3l Ol g Jgibl o rbo 515 i ulal ol 2l g S gm 3ol CoiS 51 VL JalS L 5o S
wlgs oo (Sloj Lo 339381 28 ) amel Wl oo ool (nl 2 3)1s g 9t S g ) Cannd 305 Gl Dl et W

il Jpo o g Slyime 10 55 Jinosm 45 Aidl 4nils s g digel ;0 ke b

YFA



o) 09Tl b L i (g 0I5 (ol oo

Sl 5l aslgs o G 49d T Jege S 40 U 5 Jyibl SlaS 5 5l eslitul wad pbwl oladlas el 5
oelS A e Wlg oo (2o @ JRogm b Joll belse (039381 (5 jsbo 4y 0Bl 4B H93ge (295 Ol p (Solite
gy ot plol Slalllas ;o csalive cpl 0gd Sl 4 LalE Jpo Cbgu 5l oolitul b aglin ;o 9350 &yad jo  SWl
Ay j5b 4 ad a1 glite ast ) 5e g legS Lawgs ouds plonil anlllas yo Lol ¥V ael cewss & )] Kan g 3055
S35 Ol (o5 Hlahe 4 Wi oo o ESga dy S (ST Slgtoe Jdo 4 0l lane ;s jo Sl s ST 1S
Gl sl Sig 0 Solis Jds 4y asles e Jplsl (095380 5l (50 @ ,08 Lals [¥Y] wisu see 1) Jps g
oo plonl aalllas 4S5 ol 4y iy 3T e gu liw Slass 5 5,15 b))l 50 Dol pwizmed § g sladoglins
Ol sae g 65,51 IS sl Jll IV -] ol cas alive gl 4ot @ 5 o)) Ken 5 ool ool all (ad Lawgs
1Y T 05 (67108 (255 55 5 3ol ol 4 yoeie Wil go 45 Sl S8 s 4y Crad 57205

oo slaylly pla g 3y Oloj pelad b plgi oo 1) 2508 2ol a8 wisls (Lis (reizren Slallas (Jl> 0l b
lacsS 5 Gl Gl sla Se 38,5 Sl 0 lp 5 ol leaige (Jle loze 4 [YF ¥Y] ols zals
Iral ws' a8 a8 (Sun¥l o oo Sl o 50 5 5550 (25,5 ol Gl G b B> 4 Wl e 255

6.0 | Diesel Mode 6.0 | Diesel Mode
58 | B5 Fuel ? 5.8 | Diesel Fuel
é 5.6 g 56
: 54 E_: 5.4
% 52 g s2
A~ 50 a o :: 5.0 )
Z 4s -y 28 § a5 5%, 2 g &
E . AR I i
44 T 3 44 =
ll i ﬁ ﬂ
4.0 4.0 5 &
E0 E2 E4 E0 E2 E4
Fuel sample Fuel sample
(b) @)
(<) (N
6.0 | Dual Fuel Mode 6.0 | Dual Fuel Mode
5.8 | B5Fuel 5.8 | Diesel Fuel
é 5.6 E q = &
= 54 s 2 1 = . o v E O g e
E 2|8 &8 2 8 2 - o 2 8 & ¢ ou g A R R B
3 L e ) ) A 2 -
a 50 -+ ¥ -
Y a8 <
—E 4.6 %
=} ’ =)
44
42
0 =) o © o =) o o =N =] 1) =) =) o <} e © o o e © o
o =3 f=] f=] f=J =3 o (=3 (=1 f=J =3 o o o o (=] (=] (=] (=] (=] (=1
E 2 B B B B B B B B B B 2 2 2 B B B B B B
E0 E2 E4 E2 E4
Fuel sample Fuel sample
(d) (©)
) @

Figure 6- BP variations for each fuel sample. a) Diesel fuel in diesel mode, b) B5 fuel in diesel mode, c)
Diesel fuel in dual-fuel mode, and d) B5 in dual-fuel mode
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Figure 7- BSFC variations for each fuel sample. a) Diesel fuel in diesel mode, b) B5 fuel in diesel mode, c)
Diesel fuel in dual-fuel mode, and d) B5 in dual-fuel mode
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Figure 8- CO emission variations for each fuel sample. a) Diesel fuel in diesel mode, b) B5 fuel in diesel
mode, ¢) Diesel fuel in dual-fuel mode, and d) B5 in dual-fuel mode
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Figure 9- CO2 emission variations for each fuel sample. a) Diesel fuel in diesel mode, b) B5 fuel in diesel
mode, c) Diesel fuel in dual-fuel mode, and d) B5 in dual-fuel mode
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Figure 10- NOx emission variations for each fuel sample. a) Diesel fuel in diesel mode, b) BS fuel in diesel
mode, c) Diesel fuel in dual-fuel mode, and d) BS in dual-fuel mode
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Figure 11- SO2 emission variations for each fuel sample. a) Diesel fuel in diesel mode, b) B5 fuel in diesel
mode, c) Diesel fuel in dual-fuel mode, and d) B5 in dual-fuel mode
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Figure 12- Energy price variations for each fuel sample. a) Diesel fuel in diesel mode, b) B5 fuel in diesel
mode, c) Diesel fuel in dual-fuel mode, and d) B5 in dual-fuel mode
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Table 5- Optimal operation conditions of diesel engine with the lowest energy cost
S5l a3 o e b IR0 seige dlty 0,5es ul b -0 Joua

S g Sl J
(02,9) 535 S g mly &1 (ml) Jst! M) Jpoge
65 9.3 11.5 2.5
o sise o Ses i sla el
@KWR) o329 g Spae KW) (s30 5 Gl

1145 8.4
s gige (San¥l ol jlesl ange sle el b
@KWh) 5 ,SosT g8 (@KWh) 5650 oSt (@/KWh) 5,565 sleacnST  @KWh) (5,5 oS gige
435 1.71 571.23 1.80
S5 A9 i aipjo

$/KWh) 55l a5
0.07

@ 658 g g i) (Lo VY Gl s Ol id (Lo VYO i o Joill e yid o VIO jlade 4 J5ogm (59l g
u.CLMJ u|55._l.5)_,‘n;\\\°/6 0)99 u}s.w d)_.a.oj‘u‘gﬁuA/f sz./a).: 0‘93 ‘Ja)‘).w u.:l )d M\)‘sa C) M)b ?& U‘J'“A
Olme &l i a1, 0,555 sloacaST 5 (59,50 (laannST (S oS (60 (S aunS sige polie Co g digad (ol .l
SlgglS 5 Yo o /oY (65,5l adei ayje alasi fpl 10 a8 e adei el SlgelS 5 0,5 AVI/YY 5 V/VY FYO /A

Sl Celos

3590 b 5L 5mails e 5 0, lailinl 0lyd 9o jo 1) Jpd Ci g 10 0dd e 5 (Jpoge (Jobl col Ol 31 anlllas oyl
3550 3 &5l Adgi anje izmes dalol jo a5 o 950 |y o gige (San¥l g 5 Slas 5 ool 5 )
L oo piitio (sloassV1 S g 59590 o, 8las (e 4 oltws sl g5l A (Olaslin Wl 528 S )18 con
o ol gl aed Gow b 55l wdy Coon 4 Dle Wlgioe Wy, (ol b plml Euly mhaw (B9, 6258
5wl e anlyd 10 v g o lulinl al B 0 oo o Heige (SanVl g0 Sles jo oy u‘).._wl.s @is ) 5 a4 sla Sog38l

:aS O gullro (_g)..fd:c.u.: .o)lo
b anslio ;o o3 WY Losl s lis 0 1) S gm (551> (5551 (BD) s S gm )3 Jdgm wo)s B joa> -

ol s (@l Jpe S gw

by o (0,5 sl az 0 V) Jletil alads oy 2eS 5 (0,5 cile a0 AY) 500 Co g 4 g e il alads o 5YL -
Sloc g igai b amlio )3 3055 Ol Spntp 53 ke b Upose Sl SlacSgm igei o Ol 5 Jslbl jpam -

dle Jpogm e

\fe



ool ool 2 Locws ¢ oo Crogn 0I5 el ol

20,3 M g AY Sgam i 5 ) (s BB Ol 4 505 Ol GRIHl case (Gl al B 0 655 CE s jea>
s (BS g S50 (sl di e S5l 4y

) w85 18 Gl Cou jewaills anld )0 a5 S (albCS g diged 4 gy je (S50 0y SS9 Bras (neS
(B5 5 Jpo s gw ¢lp dizgw SOl 5l 5SS s, 0 VY g VY sgus il

T A WS S5 Sl S e300 g TY dgu jemailles Sl o bwgie b 4 (p S e gige jLasl
51 S50 S 4y o

o sl g bavalie ;0 000 Ve 517 (e 1) ()5 eSgige jLasil dac g diged 4 s 09958
ol ol Gawailles § aB g SO Il gl cud 5 4 LIl

aops +A 5 WY eV sgam iy 4 Jsbh ol il o bl ol jpim 0 o SamST 60 ,lisil 5uSile ysb 4
Sy o )0 +YY 5 410 VP 5 Jpo S gw lp jemwdillgs Clle 0 w0 =Y g HVY AV g Al e SOl
2l i BE g gl jamdilEes Clle 10 am )3 4TV 5 )Y ) g i g S5

0oys 4TV 548 ) F Sgam asi i & gl Bails 5 bl anl g 0 5,555 (loapmsT Liml iSils sb 4
SOl 2,0 -V V0 =0 5 Jpd Co s gl jawdilBes Cla 0 w0 VY g HIY af g dis e SOl
8l s BS S g gl jamwdilEgn Sl 10 0o 0 -YY g A A g aiS e

hen VVID i &y il ) o VIO e 2y 305t (53l g aiges b Jal5 Sl 55 ppine 3 Shac aings ol

Bl Fy 00,0 PO liee 4 (655 S g 5 ] (o AT lpe 4 O

e‘o)ﬁs s & ee

! iy Slilel slosl 5l Slastiy 5 colas slialy )3 (ool Bioee olStsls j5ige 5 Cguo olSitolesl 51 a5 b

(1]

[2]
(3]

(4]
(5]
(6]
(7]
(8]
(9]

&lw

P. Azadi, G. Brownbridge, S. Mosbach, A. Smallbone, A. Bhave, O. Inderwildi, and M. Kraft, "The carbon
footprint and non-renewable energy demand of algae-derived biodiesel,” Applied energy, vol. 113, pp.
1632-1644, 2014.

G. R. O. IRENA, "Energy transformation 2050," International Renewable Energy Agency, Abu Dhabi,
2020.

H. Mahmudul, F. Hagos, R. Mamat, A. A. Adam, W. Ishak, and R. Alenezi, "Production, characterization
and performance of biodiesel as an alternative fuel in diesel engines—A review," Renewable Sustainable
Energy Reviews, vol. 72, pp. 497-509, 2017.

C. Carraretto, A. Macor, A. Mirandola, A. Stoppato, and S. Tonon, "Biodiesel as alternative fuel:
Experimental analysis and energetic evaluations,”" Energy, vol. 29, no. 12-15, pp. 2195-2211, 2004.

S. Jaichandar and K. Annamalai, "The status of biodiesel as an alternative fuel for diesel engine—an
overview," Journal of Sustainable Energy Environment, vol. 2, no. 2, pp. 71-75, 2011.

G. P. Hammond and S. M. Seth, "Carbon and environmental footprinting of global biofuel production,”
Applied Energy, vol. 112, pp. 547-559, 2013.

R. L. Naylor and M. M. Higgins, "The rise in global biodiesel production: Implications for food security,"
Global food security, vol. 16, pp. 75-84, 2018.

A. Pirvaram, S. Sadrameli, and L. Abdolmaleki, "Energy management of a household refrigerator using
eutectic environmental friendly PCMs in a cascaded condition," Energy, vol. 181, pp. 321-330, 2019.

K. Sundar and R. Udayakumar, "Performance and emissions characteristics of a variable compression ratio
engine operated on dual fuel mode using diesel and biodiesel with additives,” in Journal of Physics:
Conference Series, 2019, vol. 1276, no. 1, p. 012084: IOP Publishing.

V£



[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

(28]

[29]

VE) b cpg o)lod ool Jlo (3l 5l g S g (chmgh - (cole 4 i

J. P. Nuszkowski, The effects of fuel additives on diesel engine emissions during steady state and transient
operation. West Virginia University, 2008.

J. E. Dec, "A conceptual model of DL diesel combustion based on laser-sheet imaging," SAE transactions,
pp. 1319-1348, 1997.

H. Parikh, V. Prajapati, and K. Thakkar, "Performance evaluation and emission analysis of 4-S, IC engine
using ethanol bio-diesel blended with diesel fuel,” J Int J Res Eng Technol, vol. 2, no. 4, pp. 465-9, 2013.

J. Guilera, R. Bringué, E. Ramirez, M. Iborra, and J. Tejero, "Comparison between ethanol and diethyl
carbonate as ethylating agents for ethyl octyl ether synthesis over acidic ion-exchange resins,” Industrial
engineering chemistry research, vol. 51, no. 50, pp. 16525-16530, 2012.

L. Tarabet, K. Loubar, M. Lounici, K. Khiari, T. Belmrabet, and M. Tazerout, "Experimental investigation
of DI diesel engine operating with eucalyptus biodiesel/natural gas under dual fuel mode,” Fuel, vol. 133,
pp. 129-138, 2014.

R. Jatoth, S. K. Gugulothu, and G. R. kiran Sastry, "Experimental study of using biodiesel and low cetane
alcohol as the pilot fuel on the performance and emission trade-off study in the diesel/compressed natural
gas dual fuel combustion mode," Energy, vol. 225, p. 120218, 2021.

G. R. Gawale and G. N. Srinivasulu, "Experimental investigation of ethanol/diesel and ethanol/biodiesel on
dual fuel mode HCCI engine for different engine load conditions,” Fuel, vol. 263, p. 116725, 2020.

R. Senthilraja, V. Sivakumar, K. Thirugnanasambandham, and N. Nedunchezhian, "Performance, emission
and combustion characteristics of a dual fuel engine with Diesel-Ethanol-Cotton seed oil Methyl ester
blends and Compressed Natural Gas (CNG) as fuel,” Energy, vol. 112, pp. 899-907, 2016.

S. Faizollahzadeh Ardabili, B. Najafi, M. Alizamir, A. Mosavi, S. Shamshirband, and T. Rabczuk, "Using
SVM-RSM and ELM-RSM approaches for optimizing the production process of methyl and ethyl esters,"
Energies, vol. 11, no. 11, p. 2889, 2018.

S. F. Ardabili, B. Najafi, M. Aghbashlo, Z. Khounani, and M. Tabatabaei, "Performance and emission
analysis of a dual-fuel engine operating on high natural gas substitution rates ignited by aqueous carbon
nanoparticles-laden diesel/biodiesel emulsions,” Fuel, vol. 294, p. 120246, 2021.

S. Faizollahzadeh Ardabili, "Improving the combustion process of biodiesel using additives," Ph.D. thesis
Fundamental, Biosystem Engineering, University of Mohaghegh Ardabili, Ardabil, Iran, 2021.

S. Faizollahzadeh Ardabili, B. Najafi, and S. Shamshirband, "Fuzzy logic method for the prediction of
cetane number using carbon number, double bounds, iodic, and saponification values of biodiesel fuels,"
Environmental Progress Sustainable Energy, vol. 38, no. 2, pp. 584-599, 2019.

M. J. Pratas, S. V. Freitas, M. B. Oliveira, S. C. Monteiro, A. S. Lima, and J. A. Coutinho, "Biodiesel
density: experimental measurements and prediction models," Energy Fuels, vol. 25, no. 5, pp. 2333-2340,
2011.

B. Tesfa, F. Gu, R. Mishra, and A. Ball, "LHV predication models and LHV effect on the performance of
Cl engine running with biodiesel blends," Energy conversion management, vol. 71, pp. 217-226, 2013.

P. S. Mehta and K. Anand, "Estimation of a lower heating value of vegetable oil and biodiesel fuel,"
Energy Fuels, vol. 23, no. 8, pp. 3893-3898, 2009.

W.-J. Lee, Y.-C. Liu, F. K. Mwangi, W.-H. Chen, S.-L. Lin, Y. Fukushima, C.-N. Liao, and L.-C. Wang,
"Assessment of energy performance and air pollutant emissions in a diesel engine generator fueled with
water-containing ethanol-biodiesel-diesel blend of fuels,” Energy, vol. 36, no. 9, pp. 5591-5599, 2011.

E. Akbarian, B. Najafi, M. Jafari, S. Faizollahzadeh Ardabili, S. Shamshirband, and K.-w. Chau,
"Experimental and computational fluid dynamics-based numerical simulation of using natural gas in a
dual-fueled diesel engine,” Engineering Applications of Computational Fluid Mechanics, vol. 12, no. 1, pp.
517-534, 2018.

L. F. R. Verduzco, "Density and viscosity of biodiesel as a function of temperature: Empirical models,"
Renewable Sustainable Energy Reviews, vol. 19, pp. 652-665, 2013.

K. Krisnangkura, T. Yimsuwan, and R. Pairintra, "An empirical approach in predicting biodiesel viscosity
at various temperatures,” Fuel, vol. 85, no. 1, pp. 107-113, 2006.

L. Razzaq, M. Mujtaba, M. Shahbaz, S. Nawaz, H. M. Khan, A. Hussain, U. Ishtiag, M. Kalam, M. E. M.
Soudagar, and K. A. Ismail, "Effect of biodiesel-dimethyl carbonate blends on engine performance,
combustion and emission characteristics,” Alexandria Engineering Journal, vol. 61, no. 7, pp. 5111-5121,
2022.

\FY



[30]

[31]
(32]

[33]

[34]

[35]

[36]

[37]
(38]

[39]

[40]
[41]
[42]
[43]

[44]

[45]

ool ool 2 Locws ¢ oo Crogn 0I5 el ol

P. Patel, B. Patel, E. Vekaria, and M. Shah, "Biophysical economics and management of biodiesel, a
harbinger of clean and sustainable energy,” International Journal of Energy Water Resources, vol. 4, no. 4,
pp. 411-423, 2020.

A. Gomez, C. Mata, and O. J. J. 0. E. E. Armas, "Effect of ethanol-diesel fuel blend on diesel engine
emissions produced by different bus fleets,"” vol. 142, no. 2, p. E4015003, 2016.

R. Kumar and O. P. J. J. E. d. S. A. Chaurasia, "A review on performance and emissions of compression
ignition engine fueled with ethanol-diesel blend," vol. 52, no. 2, pp. 205-14, 2019.

N. S. Shahir, n. H. Masjuki, M. Kalam, A. Imran, A. J. R. Ashraful, and S. E. Reviews, "Performance and
emission assessment of diesel-biodiesel-ethanol/bioethanol blend as a fuel in diesel engines: A review,"
vol. 48, pp. 62-78, 2015.

M. Mofijur, M. Rasul, and J. J. P. E. Hyde, "Recent developments on internal combustion engine
performance and emissions fuelled with biodiesel-diesel-ethanol blends," vol. 105, pp. 658-664, 2015.

A. D. M. Guedes, S. L. Braga, and F. J. F. Pradelle, "Performance and combustion characteristics of a
compression ignition engine running on diesel-biodiesel-ethanol (DBE) blends—Part 2: Optimization of
injection timing," vol. 225, pp. 174-183, 2018.

N. M. Ribeiro, A. C. Pinto, C. M. Quintella, G. O. Da Rocha, L. S. Teixeira, L. L. Guarieiro, M. do Carmo
Rangel, M. C. Veloso, M. J. Rezende, R. J. E. Serpa da Cruz, and fuels, "The role of additives for diesel
and diesel blended (ethanol or biodiesel) fuels: a review," vol. 21, no. 4, pp. 2433-2445, 2007.

P. Appavu, J. Jayaraman, and H. J. A. J. 0. M. E. Venu, "NOx emission reduction techniques in biodiesel-
fuelled CI engine: A review," 2019.

A. Datta and B. K. J. E. Mandal, "Engine performance, combustion and emission characteristics of a
compression ignition engine operating on different biodiesel-alcohol blends," vol. 125, pp. 470-483, 2017.

S. Gowrishankar and A. J. E. Krishnasamy, "Emulsification—A promising approach to improve
performance and reduce exhaust emissions of a biodiesel fuelled light-duty diesel engine,” vol. 263, p.
125782, 2023.

C. Venkataraman and G. U. M. Rao, "Emission factors of carbon monoxide and size-resolved aerosols
from biofuel combustion," Environmental science technology, vol. 35, no. 10, pp. 2100-2107, 2001.

V. Likhanov and O. J. T. e. Lopatin, "Use of natural gas, methanol, and ethanol fuel emulsions as
environmentally friendly energy carriers for mobile heat power plants,” vol. 64, pp. 935-944, 2017.

J. K. Mwangi, W.-J. Lee, Y.-C. Chang, C.-Y. Chen, and L.-C. J. A. E. Wang, "An overview: Energy saving
and pollution reduction by using green fuel blends in diesel engines,"” vol. 159, pp. 214-236, 2015.

B. Masum, H. Masjuki, M. Kalam, I. R. Fattah, S. Palash, and M. Abedin, "Effect of ethanol-gasoline
blend on NOx emission in Sl engine," Renewable Sustainable Energy Reviews, vol. 24, pp. 209-222, 2013.
A. Keskin and M. Gird, "The effects of ethanol and propanol additions into unleaded gasoline on exhaust
and noise emissions of a spark ignition engine,” Energy Sources, Part A: Recovery, Utilization,
Environmental Effects, vol. 33, no. 23, pp. 2194-2205, 2011.

P. Gomes, R. Ecker, A. Kulzer, A. Kufferath, and E. Conti, "Study on boosted direct injection si
combustion with ethanol blends and the influence on the ignition system," SAE Technical Paper0148-7191,
2011.

\FY



VE) b cpg o)lod ool Jlo (3l 5l g S g (chmgh - (cole 4 i

English Abstract

The effect of ethanol as a biodiesel fuel additive on the performance and
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Investigating the effects of pilot fuel containing low percentages of ethanol and water in the diesel-biodiesel
fuel mixture in a dual-fuel combustion process with natural gas can have favorable results on the performance
and emissions of a diesel engine. In the present study, three levels of ethanol (0, 2, and 4%), two levels of
biodiesel (0 and 5%), and four levels of water (0, 0.3, 0.6, and 0.9%) were mixed with diesel fuel. All these
fuel samples were considered as pilot fuel in the dual fuel combustion process with an 80% natural gas
replacement percentage. Based on the obtained results, the presence of water, ethanol, and the combination of
water-ethanol and natural gas can improve the diesel engine's performance by increasing the combustion
chamber pressure and reducing the pollutants. The presence of oxygen content in ethanol can improve the
combustion process by pushing the combustion toward complete combustion. The results of the optimization
using the response surface method showed that the optimal point of engine performance at full load with a
fuel sample containing biodiesel in the amount of 2.5 ml, ethanol in the amount of 11.5 ml, water in the
amount of 9.3 ml and gas fuel occurs in 65%. Under this condition, compared to the control sample, the
braking power increased by about 79%, and the specific fuel consumption decreased by about 58%. This fuel
sample reduced the amounts of carbon monoxide, carbon dioxide, nitrogen oxides, and energy production
costs by 54, 33, 29, and 39%, respectively, and increased sulfur oxides by 11%.

Keywords: Dual fuel diesel engine, Diesel fuel, Water, Ethanol, Natural gas
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