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A B S T R A C T  A R T I C L E  I N F O  

Diethyl ether (DEE) can be used in diesel engines as a fuel or fuel additive. The review study 

was compiled from the findings of several studies in this area. The diverse techniques are 

employed to mitigate the detrimental pollutants emitted by diesel engines. The first approach to 

reducing emissions involves altering the fuel system and engine design to improve combustion, 

but this is an expensive and time–consuming process. The utilization of various exhaust gas 

devices, such as a particle filter and catalytic converter, is necessary for the second way. 

However, the engine performance could be negatively impacted by these tools. Additionally, 

these exhaust devices increases the vehicle and maintain costs. The use of different alternative 

fuels or fuel additives is the third way that reduces emissions while improving engine 

performance. The particulate matter (PM), smoke, and nitrogen oxides (NOx) are the main 

environmental pollutants released by diesel engines into the atmosphere. The decreasing PM 

and NOx emissions at the same time is practically very difficult. The majority of researches 

indicate that using alternative fuels, such as natural gas, biogas, and biodiesel, or blending 

additives with conventional or alternative fuels, is the best way to reduce emissions. However, 

the characteristics of the fuel have a significant influence on cycle variations, which have a 

significant impact on engine performance, fuel economy, and emissions. Therefore, it is very 

important that the results of studies on the impact of DEE on cyclic variation are evaluated 

together to practice applications and to guide future studies. As a result, the primary focus of 

this study is on the usage of DEE as a fuel or fuel additive with different diesel engine fuels. 

The aim of this review is to investigate, using the available knowledge in literature, how DEE 

affects cyclic variations. 
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1. Introduction

Both automobiles and heavy–duty trucks frequently employ 

diesel engines [1]. These internal combustion engines exhibit 

dependability, durability, and great efficiency [2]. 

Unfortunately, the high emissions of diesel engines cause the 

problems since they release smoke, sulfur oxides (SOx), 

nitrogen oxides (NOx), particulate matter (PM), and total 

gaseous hydrocarbons (THC) [3, 4]. It is thought that 

switching from commercial fuels to alternative fuels derived 

from renewable resources will be the most effective strategy 

to minimize these emissions [5]. However, there are 

operational and technological constraints when employing 

renewable alternative fuels, and doing so will require 

extensive engine structural adjustments in order to replace 

fossil fuels [6]. The adjustments of engine construction are not 

necessary to lower emissions because fuel–side modification 

techniques like blending, emulsification, and oxygenation 

offer a simple solution. Enhancing fuel volatility, lowering 

fuel density, cutting fuel sulphur, reducing aromatic content, 

raising cetane number, and lowering fuel density can all be 

used to modify diesel fuel to lower exhaust emissions while 

maintaining engine performance. Diesel fuel containing 

oxygenates is one example of this [7]. The oxygenated fuels 

are thought to be the best option among alternative fuels. The 

emissions of diesel engines can be effectively reduced by 

using diethylene glycol dimethyl ether (DGM), dimethoxy 

methane (DMM), dimethyl ether (DME), methyl tertiary butyl 

ether (MTBE), dibutyl ether (DBE), dimethyl carbonate 

(DMC), methanol, ethanol, and diethyl ether (DEE) [8–9]. 

These oxygenated fuels can be utilized in their pure form, 

mixed with regular diesel fuel, or blended with other 

alternative fuels like biodiesel [10]. The reducing PM and 

other hazardous emissions from diesel engines is largely 

dependent on the oxygen content of the fuel’s molecular 

structure. However, NOx emissions can change based on the 

engine’s operating parameters; they can go up or down in 
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certain situations [11, 12]. Because DEE is both an 

oxygenated fuel and a cetane improver, it is especially well 

suited for diesel engines [13]. The purpose of this study is to 

investigate the use of DEE as a fuel or fuel additive in various 

diesel engine fuels. The engine’s cyclic variations can be 

greatly altered by the fuel used, and this has a substantial 

impact on the engine’s performance, fuel consumption, and 

exhaust pollutants. Thus, based on the literature, this review 

study examines how the addition of DEE affects the cyclic 

variations. 

 

2. Properties of Diethyl Ether 

As seen in Figure 1, diethyl ether (DEE) is the simplest ether 

expressed by its chemical formula CH3CH2–O–CH2CH3 

(C4H10O), consisting of two ethyl groups bonded to a central 

oxygen atom. DEE is seen as a potential alternative fuel or 

oxygen additive for diesel engines due to its high oxygen 

content and cetane number. DEE is a liquid at ambient 

conditions, making it desirable fuel for storage and handling. 

As seen in Figure 2, DEE is thought to be a renewable fuel 

because it is made from ethanol through a dehydration 

process. DEE is also more advantageous than ethanol due to 

its higher heating value and noncorrosive nature [14]. 

 

 
Figure 1. Chemical composition of diethyl ether [3] 

 

 
Figure 2. Production of diethyl ether from ethanol [14] 

 

Excellent cetane number, appropriate energy density, high 

oxygen content, low auto ignition temperature, and high 

volatility are only a few advantageous of DEE, as seen in 

Table 1. Hence, whether applied as a pure or additive in diesel 

engines, it can help to increase engine performance and lower 

emissions and the problem of cold starting [14, 15]. 

Table 1. Fuel properties of diesel fuel and DEE [15] 

Property Diesel DEE 

Chemical formula CxHy C4H10O 

Molecular weight 190–220 74 

Density of liquid (kg/L) ~0.84 0.71 

Viscosity at NTP* (cP) 2.6 0.23 

Oxygen content (wt %) – 21 

Sulfur content (ppm) ~250 – 

Boiling temperature (°C) 180–360 34.6 

Autoignition temperature in air 

(°C) 

315 160 

Flammability limit in air (vol %) 0.6–6.5 1.9–9.5 

Stoichiometric air–fuel ratio 

(AFRs)  

14.6 11.1 

Heat of vaporization at NTP* 

(kJ/kg)  

250 356 

Lower heating value (MJ/kg) 42.5 33.9 

Cetane number (CN) 40–55 125 

 

3. Advantages and Drawbacks of Diethyl Ether 

Table 1 lists the fuel properties for DEE along with its 

advantages and disadvantages. As DEE can be produced from 

ethanol by using acid catalysts to speed up the dehydration 

process, it meets the criteria for both biofuel and renewable 

fuel status. It is claimed that the dehydration of ethanol 

produces DEE in an inexpensive, consistent, and profitable 

manner. Furthermore, generating DEE is far less expensive 

than generating dimethyl ether (DME) [16, 17]. Since DEE is 

a liquid fuel at room temperature, it can be used as a fuel 

additive for diesel engines without requiring major 

modifications. DEE works well as a fuel additive without the 

need for a solvent because of its high miscibility with most 

diesel engine fuels. DEE can be utilized with petroleum fuels 

in internal combustion engines because of its high volatility 

and low flash point. DEE enhances atomization properties and 

makes it possible to deliver a consistent fuel–air mixture into 

the combustion chamber because of its low density and 

viscosity. Because of the high amount of oxygen in its 

chemical structure, DEE helps improve combustion, 

emissions, and engine performance. DEE has a high latent 

vaporization, which allows it to reduce intake air temperature 

and boost engine volumetric efficiency. Due in part to its low 

auto ignition temperature and improved low temperature 

characteristics, such as a higher cold filter plugging point 

(CFPP), DEE is an effective ignition enhancer. This facilitates 

smoother engine operation, particularly in colder climates. 

DEE increases combustion, engine efficiency, and most 

engine emissions because of its high cetane number and quick 

flame speed. However, because of its high volatility and 

propensity to oxidize and generate peroxides during storage, 

there are some worries about the influence of DEE on air 

pollution. To address these issues, antioxidant additives are 

needed. The high volatility of DEE also makes it difficult to 

maintain in storage. Another issue with DEE is its higher 

reactivity in air circumstances and its broader flammability 

limitations [14]. Because of its decreased calorific value, DEE 

can increase fuel consumption, particularly at high blending 
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ratios. The low density of DEE can also cause phase 

separation when it is added to other fuels. DEE’s 

exceptionally low viscosity and lubricity can accelerate 

injection system wear, making it impossible to use DEE as the 

only sustainable fuel in diesel engines without changes. The 

combustion process may be delayed by DEE’s lower 

viscosity, density, and bulk modules and its higher latent heat 

of vaporization may lessen the peak cylinder pressure and the 

heat release rate. In the fuel system, the high volatility of DEE 

might result in vapor lock. In particular, the inadequate fuel 

volatility and the insufficient fuel distribution among 

cylinders can result in auto–ignition, detonation, corrosion, 

and poor engine performance when DEE is utilized at high 

blending ratios. 

4. Findings from Studies on Diethyl Ether 

The number of studies was performed on the using DEE in 

diesel engines and a single cylinder direct injection 

experimental diesel engines generally were employed at the 

most of these studies. The parameters such as brake power, 

torque, engine efficiency, fuel consumption and the emissions 

of CO, HC, NOx, PM, smoke and CO2 were monitored and 

analyzed to assess the impact of DEE on engine performance 

and emissions in the studies performed. It will be easier to 

correctly evaluate the results if these researches are 

categorized based on the fuel types. Accordingly, the studies 

on DEE can be listed as diesel– DEE blends [18–46], 

dieselwaterDEE blends [47], dieselethanolDEE blends 

[4858], dieselferric chloride (FeCl3)DEE blends [59], 

diesel–keroseneDEE blends [60], diesel–acetylene gasDEE 

blends [6162], diesel–biogasDEE blends [63], diesel–

hydrogenDEE blends [64], diesel–natural gasDEE blends 

[65], diesel–toluene–DEE blends [66], biogasDEE blends 

[67–68], liquefied petroleum gas (LPG)DEE blends [69–70], 

ethanol–DEE blends [7173], biodieselDEE blends [74–

109], biodieselethanolDEE blends [110111], biodiesel–

water–DEE blends [112113], biodiesel–biogas–DEE blends 

[114–115], dieselbiodieselDEE blends [70, 116–182], 

dieselbiodieselmethanol/ethanolDEE blends [183–187] 

and dieselbiodieselwaterDEE blends [188–189]. Here is 

the summary of the main findings drawn from these studies. 

Sonawane et al. (2023) found that because DEE has the lower 

surface tension and dynamic viscosity than diesel, it created 

smaller droplets when added to the diesel fuel. The addition 

of DEE to diesel fuel also decreased the spray tip penetration 

because of the decreased density, surface tension, and 

viscosity. The addition of DEE aided to diesel the fuel 

vaporization by the reducing liquid penetration length. 

Compared to the 40% DEE (DEE40) addition, the 20% DEE 

(DEE20) addition to diesel demonstrated the higher number 

of droplets with smaller diameters. While DEE40 addition 

suggested better evaporation and atomization properties, 

DEE20 demonstrated greater atomization features. DEE20 

caused a lot of smaller droplets to move more slowly, which 

reduced the axial droplet velocity. The significant changes in 

the droplet diameter caused by the superior evaporation 

characteristics of DEE40 produced the more fluctuations than 

DEE20 [18]. Patil and Thipse (2014) found that the adding 

DEE to diesel raised the cetane number, volatility, oxygen 

content, and boiling point while the reducing density, 

viscosity, and calorific value [19]. Rakopoulos et al. (2012) 

found that while the brake specific fuel consumption (BSFC) 

reduced with the DEE–diesel blends, the exhaust gas 

temperature (EGT) and the brake thermal efficiency (BTE) 

raised. Additionally, it was shown that while DEE–diesel 

blends reduced the emissions of smoke, NOx, and CO, they 

raised the HC emission [20]. Rakopoulos et al. (2013) found 

that the adding DEE to diesel resulted in a leaner fuel–air 

mixture, which reduced the maximum cylinder pressure and 

temperature, delayed the ignition timing, delayed the injection 

pressure, and reduced the heat losses [21]. Patil and Thipse 

(2016) found that the adding DEE to diesel raised BTE by 

7.96% and NOx emissions by 3.66%, but reduced the 

emissions of smoke and HC by 12.5% and 15.38%, 

respectively [22]. Rathod and Darunde (2015) stated that DEE 

could be used in common rail direct injection (CDI) diesel 

engines without causing any problems because DEE–diesel 

blends showed the good performance close to pure diesel [23]. 

Karthik and Kumar (2016) found that the adding DEE to 

diesel raised BTE, with the exception of 20% DEE blending 

ratio. However, because DEE has a lower calorific value than 

diesel, DEE blends gave the higher fuel consumption than 

diesel. However, EGT and CO emission was reduced with the 

rising DEE ratio by the rising exhaust gas recirculation (EGR) 

while CO2 emissions were raised [24]. According to 

Banapurmath et al. (2015), the rising DEE ratio gave a 

reduction in auto ignition temperature, an increase in latent 

heat of vaporization, and a greater cetane number. However, 

it also raised the peak cylinder pressure. The emissions of CO, 

HC, and smoke were reduced by raising the DEE ratio while 

BTE and NOx emissions were raised [25]. Lee and Kim 

(2017) found that although diesel–DEE blends had greater 

BSFC, the fuel conversion efficiency was equivalent and 

stable engine operation was achieved. Also, diesel–DEE 

blends reduced the emissions of HC, CO, and PM, but they 

raised NOx emissions [26]. Saravanan et al. (2012) found that 

diesel–DEE blends reduced the ignition delay (ID), 

combustion duration (CD), and BSFC while rising BTE. 

Diesel–DEE blends gave the lower NOx and PM emissions 

but higher CO and HC emissions [27]. Ibrahim (2016) found 

that the addition of DEE to diesel raised the maximum 

cylinder pressure and heat release rate (HRR) while 

decreasing CD. Despite the engine’s acceptable stability, the 

coefficient of variation (COV) raised up to 15% DEE 

(DEE15) ratio. For DEE15 blend, BTE was raised by 7.2% 

while BSFC was reduced by 6.7% [28]. Likhitha et al. (2014) 

found that diesel–DEE blends raised BTE and reduced BSFC. 

When DEE ratio exceeded 15%, high knocking noises were 

noticed [29]. Kumar and Nagaprasad (2014) found that when 

EGR was raised and DEE additive delivered additional 

oxygen, BTE was raised and BSFC reduced. Also, addition of 

DEE and diesel particulate filter (DPF) reduced emissions of 
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CO, HC, NOx, and PM [30]. Balamurugan and Nalini (2016) 

found that addition of DEE to diesel raised BTE while 

lowering BSFC and smoke emissions by enhancing 

combustion [31]. Madhu et al. (2017) found that with 5% DEE 

(DEE5) blend, BTE and BSFC were raised by 19% and 11%, 

respectively. The addition of DEE raised CO and HC 

emissions while decreasing NOx and PM emissions [32]. 

Cinar et al. (2010) found that cycle–to–cycle changes were 

extremely small at 10% DEE (DEE10) premixed ratio. 40% 

premixed DEE (DEE40) ratio gave the audible knocking. 

EGT, NOx, and soot emissions were lowered up to 23.8%, 

19.4%, and 76.1%, respectively. However, premixed DEE 

raised CO and HC emissions [33]. Yadav et al. (2018) found 

that when the compression ratio grew, BTE was raised and 

BSFC was reduced. However, when DEE ratio increased, 

BTE decreased and BSFC increased [34]. Uslu and Celik 

(2018) found that when DEE increased, BTE and BSFC 

decreased while EGT and the emissions of CO, HC, NOx, and 

smoke reduced. At 7.5% DEE ratio, the maximum increase in 

BTE was 8%, and at 10% DEE ratio, the maximum increase 

in BSFC was 10%. The emissions of CO and NOx were 

reduced to a maximum of 45% and 56% with 10% DEE. 

Smoke and HC emissions were down 31% and 28% with 7.5% 

DEE, respectively [35]. Sethi et al. (2020) found that addition 

of DEE raised the maximum cylinder pressure and 

temperature. For 15% DEE ratio, BTE increased by 27.1% 

and BSFC decreased by 15.8%. The inclusion of DEE resulted 

in an increase in CO2 and NO emissions but a decrease in 

EGT, CO, and HC emissions [36]. Iranmanesh et al. (2008) 

found that adding of DEE decreased the calorific value of the 

blends and increased their volatility, which enhanced their 

cold starting ability. By adding DEE to diesel, brake power 

and BTE increased by 2% and 6.3%, respectively, and CO2 

emissions increased as well. ID, the peak cylinder pressure, 

BSFC, CO, HC, NOx, and smoke emissions all decreased 

[38]. Ayhan and Tunca (2018) found that when DEE was 

added to diesel, BTE increased but BSFC, torque, and brake 

power dropped. Additionally, there was a drop in emissions of 

CO, HC, and EGT. The use of DEE resulted in a 12% 

reduction in smoke and NO emissions [39]. Badajena et al. 

(2018) found that inclusion of DEE boosted energy 

conversion efficiency and BTE while decreasing BSFC by 

15.8% and raising combustion temperature by 6.8% [40]. 

Agarwal et al. (2022) found that addition of DEE to diesel led 

to a minor rise in uncontrolled emissions, including 

formaldehyde, formic acid, sulfur dioxide, n–pentane, n–

octane, and isobutene. Even so, these emissions were still 

quite low, and with a few little adjustments to equipment or 

fuel injection technique, they could be made even lower. With 

DEE blends, a reduced NOx emissions was obtained along 

with a slightly higher PM emission [42]. Jena et al. (2023) 

found that compared to conventional diesel combustion 

(CDC), partially premixed combustion (PPC) demonstrated 

higher BTE. In comparison to CDC mode, PPC mode had a 

higher peak cylinder pressure. In comparison to CDC mode, 

PPC mode had a larger heat release. In PPC mode, DEE–

diesel blends showed higher BTE than diesel. At lower loads, 

40% DEE addition produced a higher BTE than 20% DEE 

addition. At lower loads, PPC mode with diesel and DEE 

blends produced a lower BSFC than CDC mode. Emissions of 

CO and HC were greater in PPC mode than in CDC mode. In 

comparison to CDC mode, NOx emissions were 1.5–2 times 

greater in PPC mode. In PPC mode, DEE blends displayed 

somewhat more HC emissions than diesel at lower loads [43]. 

Sun et al. (2023) found that diesel engine running on 0.5% 

DEE premixed could start up rapidly at  eht sa taht tub ,C°01

 fo ecnamrofrep trats dloc eht ,deppord erutarepmet tneibma

 yb gnitingi ni dedia saw leseiD .denilced yllaudarg enigne eht

 deximerp eht dewolla oitar EED gniworg eht esuaceb EED

 saw EED %2 nehW .serutarepmet ekatni wol ta nrub ot EED

 wol yrev a ta ylidaets dna yldipar detrats enigne eht ,deximerp

 ,deximerp saw EED nehW .C°04 tuoba fo erutarepmet

 snoitanoted esuac dluoc noitcejni leuf gnitrats eht gnirewol

 decnavda eht fo esuaceb ,revewoH .snoitairav deeps dna

 ot del ylppus leuf laitini eht ni noitcuder a ,esahp noitsubmoc

 eht gniyaled yB .trats dloc gnirud noitarud pu–deeps dednetxe

 daed pot retfa( CDTA AC°2 ot gnimit noitcejni yramirp

 gnitrats cisab eht fo %06 dna gniximerp EED %5.0 rof )retnec

 dehsilpmocca saw trats tsetsaf eht ,ytitnauq noitcejni leuf

 EED gnidda ,)3202( .la te ymawS ot gnidroccA .]44[

 %5.2 yb ETB dna %2.1 dna %5.2 yb erusserp kaep desaercni

 nI .lonatub dna lonahte gnidda ot nosirapmoc ni %1 dna

 OC decuder EED ,noitidda lonatub dna lonahte ot nosirapmoc

 ,%2.21 dna %71 yb noissime CH ,%11 dna %02 yb noissime

 EED ,revewoH .%6.01 dna %5.21 yb noissime ekoms dna

 ,revoeroM .%4.2 dna %6.3 yb snoissime xON desaercni

 ni %4.2 dna %5.53 dna DI ni %4.42 dna %62 fo snoitcuder

 taht dnuof )3202( .la te zayyaF .]54[ deniatta erew DC

 derapmoc %9.92 yb CFSB desaercni enola EED fo noitidda

 ,sdaol rewol tA .leseid ot )nM( esenagnam fo noitidda ot

 dna ,%4.51 ,%4.5 yb euqrot desaercni EED %01 fo noitidda

 gm 005 dna ,573 ,052 fo noitidda eht ,sdaol rehgih ta ;%9.11

 rewol tA .%9.32 dna ,%3.82 ,%4.81 yb euqrot desaercni nM

 ;%9.6 dna ,7.8 ,2.4 yb ETB desaercni noitidda 01EED ,daol

 yb ETB desaercni nM gm 005 dna ,573 ,052 ,daol rehgih ta

 rewol a ta dedda saw EED %01 nehW .%9.62 dna ,2.82 ,2.42

 nehw ,revewoh ;%7.5 dna ,8.6 ,3.3 yb desaerced CFSB ,daol

 ,daol retaerg a ta dedda erew nM fo gm 005 dna ,573 ,052

BSFC increased by 10.6, 10, and 12.7%. When 10% DEE was 

added at lower load, CO2 emissions increased by 11.6, 30.5, 

and 20.3%; when 250, 375, and 500 mg of Mn were added at 

higher load, CO2 emissions increased by 18.4, 28.3, and 

 dna EED fo stnuoma lamitpo eht taht deralced saw tI .%9.32

 nainamarbuS .]64[ ylevitcepser ,gm 573 dna %01 erew nM

–retaw ot EED %01 gnidda taht dnuof )2002( hsemaR dna

 ,OC desaerced dna %9.1 yb ETB desaercni noislume leseid

 dna ,%7.64 ,%8.24 yb snoissime ekoms dna ,xON ,CH

 kaep ,DI eht ,EED fo noitidda htiW .ylevitcepser ,%8.41

 .desaerced etar esir erusserp mumixam dna ,erusserp rednilyc

 fo noitidda eht yb decnahne saw ecnamrofrep s’enigne ehT

 evitagen on gnivah elihw ,noislume leseid–retaw eht ot EED

 eht ,sdaol hgih rednu tuB .snoissime xON ro ekoms no tcapmi
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 .leseid fo esoht naht erom erew CH dna OC fo snoissime

 leseid ot desu eb yam EED taht deralced saw ti ,yllanoitiddA

 leseid–retaw htiw seussi eht sserdda ot evitidda na sa senigne

 fo noitidda taht dnuof )3102( hsenamnarI .]74[ snoislume

 ,dnelb lonahte–leseid fo seitreporp eht decnahne EED

 ,noitartnecnoc negyxo ,tniop gniliob ,noitallitsid gnidulcni

 ni tnevlos–oc tnetop a eb ot devorp EED .ytilauq noitingi dna

–leseid eht ,yllanoitiddA .noitanibmoc lonahte–leseid eht

 dloc sti decnahne hcihw ,desaercni ytilitalov s’dnelb lonahte

 s’dnelb lonahte–leseid ,EED fo noitidda htiW .ytilibapac trats

 ehT .desaerced lla eulav gnitaeh dna ,ytisocsiv ,ytisned

 decnahne osla dnelb lonahte–leseid ot EED fo noitidda

 %6.63 suoenatlumis a ni gnitluser ,noitsubmoc dna snoissime

 noitidda EED %8 .snoissime xON dna ekoms ni noitcuder

 dna ecnamrofrep rof mumitpo eht saw dnelb lonahteleseid

 %51 hcihw ni yticapo ekoms fo noitpecxe eht htiw snoissime

 muminim eht ,EED %8 roF .level ekoms tsewol eht evag EED

 htiw ETB mumixam eht dna snoissime xON tsewol eht ,RRH

 tsewol ,oslA .daol lluf ta deniatbo erew %6.5 a fo gnisir eht

 .]84[ oitar EED %8 ta deniatbo erew snoissime CH dna OC

 rednilyc ,TGE taht dnuof )4102( masakarpaviS dna rakahduS

 htiw oitar noitagimuf EED sa desaercni RRH dna ,erusserp

 noitagimuf EED %03 tA .desaercni dnelb lonahte–leseid eht

 ot derapmoc nehW .RRH ni esaercni %31 a saw ereht ,oitar

 dna denetrohs saw DI ,oitar noitagimuf EED %03 ta leseid

 dna rakahduS .]94[ srab 3 yb desaercni saw erusserp rednilyc

 EED %03 dna ,02 ,01 rof taht dnuof )4102( masakarpaviS

 saw ETB ,dnelb lonahte–leseid htiw oitar noitagimuf

 saw noissime ekoms elihw %34 dna ,04 ,92 yb desaercni

 xON dna OC ,sdaol hgih tA .%23 dna ,13 ,71 yb desaerced

 rewol tA .ylevitcepser ,%84 dna %09 yb desaercni snoissime

 ta ,revewoh ;noissime CH ni esaercni %82 saw ereht ,sdaol

 ronim ,desaercni oitar noitagimuf EED eht sa ,sdaol retaerg

 erew skconk yvaeh ,daol lluf tA .dedocer erew snoitautculf

 rakahduS .]05[ oitar noitagimuf EED %03 eht evoba devresbo

–leseid a ot EED gnidda taht dnuof )4102( masakarpaviS dna

 osla RGE gniylppA .%51 yb ETB detsoob dnelb lonahte %51

 pord a ni detluser oitar EED rehgih A .ETB desiar yltsedom

 DI decuder EED %03 dna 02 fo soitar noitagimuf ehT .DI ni

 AC°2 ylhguor yb DI desiar RGE gniylppA .AC°3 ylhguor yb

 %02 saw oitar noitagimuf EED laedi eht ecneh ,erom ecno

 rednilyc mumixam eht dna RRH .RGE %51 ot pu htiw

 EED %02 gnisu nehw %4 yb derewol erew erusserp

 noitagimuf EED gnisaercni ehT .RGE htiw oitar noitagimuf

 xON decuder RGE dna %94 yb snoissime xON desiar oitar

 ta %33 yb desaercni saw noissime CH ,tuB .%15 yb noissime

 lluf ta %56 yb desaercni saw noissime OC dna daol laitini

 noitagimuf EED %03 evoba derrucco gnikconk elbiduA .daol

 %5 taht dnuof )7102 ,5102( .la te luaP .]15[ daol lluf ta oitar

 desaerced oitar EED %01 saerehw ,ETB desaercni oitar EED

 ni detluser sdnelb EED leseid ot lonahte fo noitidda ehT .ti

 cificeps ekarb ni esaerced %3.41 dna ETB ni esaercni %9.51

 snoissime MP dna ,CH ,OC .)CESB( noitpmusnoc ygrene

 nehw ,ylevitcepser ,%19 dna ,%9.28 ,%1.35 yb derewol erew

 .]35 ,25[ lonahte %01 dna EED %01 htiw dexim saw leseid

–leseid ot EED gnidda taht dnuof )6102( .la te namhkuL

 ETB desaercni hcihw ,noitsubmoc decnahne sdnelb lonahte

 ,OC sa llew sa )CFT( noitpmusnoc leuf latot desaerced dna

 saw CFT ni pord tsegral ehT .snoissime ekoms dna ,xON ,CH

14%, and the maximum increase in BTE was 20%. CO, NOx, 

smoke, and CO2 emissions decreased by 75%, 30%, 10%, and 

 dnuof )7002( nanavaraS dna kohsA .]45[ ylevitcepser ,%02

 ,DI eht desaerced dnelb leseid–lonahte ot EED gnidda taht

 rednilyc kaep ,etar esir erusserp mumixam ,CFSB ,TGE

 dna ETB ni esir %5.5 desuac tI .noissime MP dna ,erusserp

 ,snoissime xON dna ekoms ni esaerced %2.36 dna %9.84

 gnidda taht dnuof )2202( .la te rezimeT .]55[ ylevitcepser

 rednilyc mumixam eht desaerced leseid ot EED ro lonahte

–3.2 yletamixorppa yb RRH ,%5.3–5.0 dnuora yb erusserp

 .%12–2 yletamixorppa yb noissime ON dna ,%2.6

 ecnelubrut eht desiar leseid ot lonahte gnidda ,ylesrevnoC

 eht ot EED gnidda tub ,%50.0 yb )EKT( ygrene citenik

 ibbehoM .]65[ %7.2 yb EKT desaerced dnelb leseid–lonahte

 EED %04 htiw sdnelb lonahte–leseid taht dnuof )8102( .la te

 erusserp evitceffe naem detacidni eht desaercni noitidda

 esir erusserp mumixam eht desaerced dna %41 yb )PEMI(

 hcihw ,DI erom desuac soitar EED rehgih ehT .%33 yb etar

 tub ,noissime OC desaercni dna noitsubmoc etelpmocni ni del

 dna noitadixo leuf devorpmi EED fo ytivitcaer hgih eht

 dna ytilitalov desaercni s’EED .noissime CH desaerced

 dna noitsubmoc decnahne seitilauq gnixim ria–leuf devorpmi

 ramuK yb denimreted saw tI .]75[ snoissime MP desaerced

 sdnelb leseidlonahte ot noitidda EED taht )5102( yddeR dna

raised BTE and HC emission, while it reduced CO and CO2 

emissions [58]. Patnaik et al. (2017) found that adding FeCl3 

to diesel raised the peak pressure and temperature in the 

cylinder. FeCl3 addition resulted in 8% rise in BTE as well as 

an increase in NO and CO2 emissions. However, BSFC was 

decreased by 9%, and addition of FeCl3 also decreased the 

emissions of smoke, HC, and CO. However, diesel–FeCl3 

 eht ,ETB tsehgih eht dah noitidda EED %51 htiw dnelb

lowest BSFC, and the lowest emissions of smoke, HC, CO, 

and CO2 [59]. Patil and Thipse (2015) found that DEE was 

 eht nehw .leuf leseid dna enesorek ni elbicsim yletelpmoc

 negyxo eht ,sdnelb enesorek dna leseid ni desiar oitar EED

 citamenik ,ytisned eht elihw desiar rebmun enatec dna tnetnoc

 ,EED fo sdnelB .desaerced eulav cifirolac dna ,ytisocsiv

 ni ecnamrofrep roirepus detartsnomed leseid dna ,enesorek

 flah dna ,daol lluf ta noissime ekoms ,CFSB ,ETB fo smret

 rewol yllareneg detroper yeht ,yllanoitiddA .snoissime daol

 CH rewol dna ,daol lluf ta CH rehgih ,OC emas ylraen ,ON

 taht dnuof )2102( .la te alhaM .]06[ snoissime daol trap ta

 ETB devorpmi noitarepo leuf laud sag enelyteca–leseid elihw

 %02 a ot pu CFSB gnisimorpmoc tuohtiw rewop ekarb dna

 nageb gnikconk enigne dna denilced ecnamrofrep ,oitar EED

 sdnelb EED–leseid ot enelyteca fo noitidda ehT .sdrawretfa

 CFSB ,TGE gnirewol elihw rewop ekarb dna ETB desaercni

 sag enelyteca–leseid ,EED %02 htiW .noissime ekoms dna

 .]16[ CFSB tsewol dna ETB tsehgih eht decudorp noitarepo

 %7.1 yb desaercni ETB taht dnuof )2202( ramuK dna namaR

 noitarepo leuf laud sag enelyteca dna leseid htiw daol %08 ta

 ta sag enelyteca–leseid dna EED %01 htiW .EED %01 htiw
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 erew ekoms dna ,xON ,OC ,CH fo snoissime eht ,daol %08

 roF .ylevitcepser ,%34 dna ,%22 ,%54 ,%72 yb desaerced

 kaep ,erusserp rednilyc eht ,edom leuf laud ni dnelb EED %01

 .la te arhsiM .]26[ desaercni erew DI dna ,etar esaeler taeh

 htiw edom leuf laud sagoib–leseid eht ni taht dnuof )4202(

 rednilyc kaep eht dna deyaled saw RRH ,noitidda EED %5

 noitidda sagoib h/gk 8.0 a fo esac eht nI .desiar saw erusserp

 %7.21 yb desaerced ETB ,daol lluf ta EED %5 htiw leseid ot

 %5 nehW .%9 dna %3.41 yb desaercni CESB elihw %2.5 dna

 noitcejer taeh wol leuf laud sagoib–leseid ot dedda saw EED

 dna ekoms tub desaercni CH dna OC fo snoissime eht ,enigne

 taht dnuof )4202( .la te kiraB .]36[ desaerced snoissime xON

 erew snoissime dna ,noitsubmoc ,ecnamrofrep tseb eht

obtained with diesel, 20% DEE and H2. For 20% DEE and H2 

 dna %9 yb decuder erew DI dna DC ,daol lluf ta leseid htiw

20.8%, respectively. In addition, at maximum load, 20% DEE 

and H2 with diesel increased BTE by 0.6% and decreased 

BSFC by 3.7%. For 20% DEE and H2 with diesel at full load, 

 dna %53 yb derewol erew OC dna CH fo snoissime eht

29.6%, whereas the emissions of NO and CO2 were increased 

 satkebaraK yb denimreted saw tI .]46[ %4.71 dna %4.92 yb

 dah noitarepo leuf laud sag larutan–leseid taht )4102( .la te

 muidem dna wol ta ecnamrofrep enigne eht no tceffe evitagen

 ehT .sdaol hgih ta ecnamrofrep eht devorpmi ti elihw sdaol

 dna wol ta noissime ON rewol evag noitarepo leuf laud

 hgih ta noissime ON rehgih eht devres ti elihw sdaol muidem

 dna wol ta desiar erew CH dna OC fo snoissime ehT .sdaol

 laud htiw decuder erew snoissime eseht elihw sdaol muidem

 sa EED fo noitidda eht ,revewoH .sdaol hgih ta noitarepo leuf

 .ETB desiar dna CESB decuder edom leuf laud ni leuf tolip

 ta snoissime OC dna ON decuder noitidda EED ,yllanoitiddA

 retteb dedivorp osla noitidda EED rehgih eht dna sdaol lla

 sag larutan–leseid ot derapmoc snoissime dna ecnamrofrep

 laruV dna rezO yb denimreted saw tI .]56[ noitarepo leuf laud

 EED dna eneulot htiw decuder erew snoissime eht taht )4202(

addition to diesel and the reduction was continued with H2, 

H2+HHO and H2+HHO+O2 gas fuels addition to diesel–

toluene–DEE blends. The addition of O2 also increased the 

 ehT .snoissime eht desaerced dna ycneiciffe noitsubmoc

 EED elihw %1 yb CESB devorpmi eneulot fo noitidda

addition increased BSEC by 0.75%. The increasing O2 in the 

 tsehgih eht dna CESB decuder EED ro eneulot htiw sleuf sag

 saw ETB .serutxim eneulot htiw deniatbo saw CESB ni pord

increased with adding gas fuels and highest increase in BTE 

was achieved with O2 addition. The emissions of CO, HC and 

 tsehgih eht dna sdnelb detset lla htiw decuder erew ekoms

reduction was obtained with highest O2 addition. NOx 

 eht dna sdnelb leuf eht lla htiw desaercni saw noissime

highest increase in NOx emission was gained with the highest 

amount of O2. The use of H2 reduced CO2 emission, but the 

increase of O2 raised CO2 [66]. Sudheesh and Mallikarjuna 

 egrahc suoenegomoh ni sagoib gnisu taht dnuof )0102(

 decudorp EED htiw edom )ICCH( noitingi noisserpmoc

 leseid dna sagoib ot nosirapmoc nI .sdaol lla ta ETB rehgih

 ETB ,sedom )IS( noitingi kraps sagoib dna noitarepo leuf laud

 ,edom ICCH ni EED htiw sagoib rof %12.9 dna 84.3 yb desiar

 yrev erew ereht ,edom ICCH rof ,yllanoitiddA .ylevitcepser

 .OC fo %4.0 naht ssel dna ,ekoms dna ON fo snoissime elttil

 saw noissime CH ,edom IS sagoib ot edom ICCH gnirapmoC

 trop taht dnuof )3202( .la te arhsiM .]76[ decuder ylralimis

 ni snoitcejni dlofinam demrofreptuo dohtem noitcejni leuf

 desaerced erew ekoms dna xON fo snoissimE .ETB fo smret

 dna kconk gnisaerced yB .snoitcejni dlofinam eht yb

 etar wolf sagoib gnisir eht ,ETB gnirewol tahwemos

 te ihtoJ .]86[ timil daol lanoitarepo mumixam eht desaercni

–GPL ,leseid erup ot derapmoc nehw taht dnuof )7002( .la

 ON dna ,ETB ,TGE ,erusserp elcyc eht desaerced sdnelb EED

 nI .daol lluf ta ,ylevitcepser ,%56 dna %32 yb noissime

 dna ekoms ni noitcuder tsehgih eht ,leuf leseid ot nosirapmoc

 ,sselehtenoN .ylevitcepser ,%98 dna %58 saw snoissime MP

 fo snoissime eht desaercni yltnacifingis sdnelb EED–GPL eht

 sa taht dnuof )9102( ihtoJ dna aroD .]96[ CH dna OC

 noitarepo EED–GPL ,daol %07 ta leseid ot derapmoc

 ,revewoH .%03 yb noissime xON dna %62 yb ETB desaerced

 EED–GPL morf snoissime OC ,leuf leseid ot derapmoc

 )6102( taloP yb denimreted saw tI .]07[ retaerg erew sdnelb

 serutxim renael neve yb deveihca saw noitsubmoc ICCH taht

 reilrae dedivorp EED ecnis ,oitar EED gnisaercni htiw

 rednilyc kaep ehT .revorpmi noitingi sa gnitca yb noitsubmoc

 ria telni gnisaercni htiw desaercni erew ETB dna erusserp

 dna etar esaeler taeh ,erusserp rednilyc ehT .erutarepmet

 rialeuf gnicuder htiw desaercni erew ycnednet gnikconk

 %03 .desaerced saw ETB elihw )adbmal( oitar ecnelaviuqe

 ehT .ETB tsehgih eht evag dnelb EED %07 dna lonahte

 oitar EED dna adbmal ,erutarepmet telni ria telni gnisaercni

 saw xON orez tsomla elihw snoissime CH dna OC decuder

 dnuof )3202( .la te etnarP .]17[ sdnelb detset lla rof deniatbo

 ,ytisocsiv wol dna tniop gniliob wol a sah EED esuaceb taht

 sA .ti gnidda nehw segnellahc lanoitarepo emos eb nac ereht

 gnirewol elihw CFSB detsoob sdnelb EED–lonahte ,tluser a

 dna ytitnauq leuf eht gniyfidom yb tuB .ETB dna rewop ekarb

 noitcejni liar nommoc erusserp hgih a gnisu gnimit noitcejni

 .]27[ ecnamrofrep roirepus decudorp noitidda EED ,metsys

 EED–lonahte ot PBTD gnidda taht dnuof )5102( .la te kcaM

 gnidda naht erom noitsubmoc fo trats eht detceffa sdnelb

 ,sgnimit noitsubmoc reilrae eht roF .enola lonahte ot PBTD

 noitidda eht yb elbissop edam saw lonahte fo noitsubmoc lluf

 rof elbissop ton saw siht ;sdnelb EED–lonahte ot PBTD fo

 saw tI .]37[ PBTD tuohtiw EED–lonahte fo sdnelb leuf

 ot noitidda EED %5 taht )3202( .la te hsahbuS yb denimreted

 tuoba ytisned eht decuder dnelb ximoib dna leseidoib

 tuoba tniop hsalf ,%5.812.81 tuoba ytisocsiv ,%6.03.0

 tuoba rebmun enidoi ,%2.716.9 tuoba eulav dica ,%6.32.1

 gnitaeh dna %2.219.01 tuoba dica yttaf eerf ,%2.219.11

 tuoba rebmun enatec eht desiar ti elihw ,%8.32.0 tuoba eulav

 .]47[ %2.531.91 tuoba ytilibats noitadixo dna %9.67.6

 adbmal eht rof ,)2202( .la te aniM–atapaZ ot gnidroccA

 %04 nehw decudorp ETB mumixam eht 2.2 dna 1.2 neewteb

 ;desu erew dnelb leseidoib lio lesuf %06 dna EED

 saw enigne ICCH eht fo ecnamrofrep eht ,sselehtreven

 dna EED %08 gnisU .desaercni oitar EED eht sa desaerced

 .ytilibats enigne desaercni ni detluser leseidoib lio lesuf %02
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 ygrexe ni esaercni na saw ereht ,dnelb EED %08 na htiW

 dna EED %04 htiW .9.3 dna 4.3 adbmal neewteb noitcurtsed

 ycneiciffe ygrexe tsewol dna mumixam eht ,sdnelb EED %08

 .la te ymasuruG yb denimreted saw tI .]57[ deveihca saw

 dlofinam ekatni ot negordyh nim/L8 fo noitidda taht )4202(

 eht dna ETB desaercni slio rohpmaC dna ahportaJ htiw

 ,ylralimiS .daol lluf ta %7.33 ot pu dehcaer ETB mumixam

 taeh ,erusserp kaep rednilyc eht fo seulav mumixam eht

 erew xedni ytilibaniatsus dna ycneiciffe ygrexe ,etar esaeler

76.5 bar, 53.9 J/°CA, 43% and 1.73 with H2 addition. The 

reductions in CO, HC, CO2 and smoke emissions were noted 

 ot noitidda EED %02 ,rehtruF .noissime ON gnisir eht htiw

Jatropha and Camphor oils and 8L/min H2 induction reduced 

 ,OC fo snoissime eht ni deton saw dnert ralimis a dna ETB

 ahportaJ ot noitidda EED %01 ,revewoH .ekoms dna ON ,CH

and Camphor oils with 8L/min H2 resulted in increase in BTE 

 negrE .]67[ %2.43 saw ETB fo eulav mumixam eht dna

 dna ETB detsoob leseidoib ot EED gnidda taht dnuof )4202(

 ot derapmoc sa snoissime ON desaercni tub ,tuptuo enigne

 %5 a htiw deveihca saw emoctuo lamitpo ehT .leuf leseid

 %31 yb snoissime ON decuder oitar EED siht ;EED fo dnelb

 %01 fo noitanibmoc ehT .%7.5 yb rewop enigne detsoob dna

 tsetaerg eht decudorp dnelb leseidoib–EED %5 dna RGE

 nI .noissime ON dna ecnamrofrep enigne rof stluser

 yb euqrot desaerced noitanibmoc siht ,leseid ot nosirapmoc

 yb denimreted saw tI .]77[ %07 ot pu snoissime ON dna %3

 fo noitulossid mumixam eht taht )3202( yoR dna namaR

 dna leseidoib erup ni L/g 01 saw )SPE( enerytsylop dednapxe

 L/g01 rof %32 yb desiar saw ytisocsiv citamenik leseidoib eht

 dna ecnamrofrep ,noitulossid SPE ni secnavda ehT .SPE

 ni noitcuder ehT .noitidda EED htiw deton erew snoissime

 EED ylno htiw %01 yb saw ETB ni tnemercni dna CFSB

 .noitidda EED dna SPE L/g01 rof %7 saw siht elihw noitidda

 xON dna CH ,OC decuder noitidda SPE L/g 01 dna EED %01

 ylno elihw decuder osla ekoms dna %52.1 dna %83 ,%22 htiw

 .]87[ snoissime eseht desaercni yltnacifingis noisufni SPE

 EED %03 ,daol lluf ta taht dnuof )1102( .la te namarisaK

 leseiD .leuf leseid ot RRH dna ETB ralimis a decudorp dnelb

 nehW .%7.92 fo dnelb EED %03 dna %1.03 fo ETB a dah

 eht ,leseidoib lio llehs tunwehsac ot dedda saw EED %03

 esir erusserp mumixam fo etar dna erusserp rednilyc kaep

 dna ekoms dna AC°2 yb derewol erew DC dna DI tub ,desiar

 ylevitcepser ,%7.1 dna %5 yb decuder erew snoissime ON

 ot EED %52 gnidda taht dnuof )5102( .la te hsenarP .]97[

 desaerced dna %6.6 yb ETB detsoob leseidoib lio dees nottoc

 ,%7.54 dna ,%9.6 ,%47 yb snoissime xON dna ,CH ,OC

–n gnidda taht dnuof )3102( soluopokaR .]08[ ylevitcepser

 decnahne ,leseidoib sti ro ,lio elbategev ot EED dna lonatub

 ro tnevlos yna tuohtiw snoissime dna ecnamrofrep enigne

 EED fo noisulcni ehT .noitarepo enigne gnirud seussi ytilibats

 esaercni na dna CFSB ni esaerced a ni detluser lonatub–n dna

 snoissime eht ,detset saw taht noitanibmoc yreve roF .ETB ni

 ekoms dna ,xON ,OC fo snoissime eht elihw desaercni CH fo

 naht retteb yllanigram demrofrep EED fo sdnelB .desaerced

 taht dnuof )6102( .la te soluopokaR .]18[ lonatub–n fo sdnelb

 ,stimil elbatpecca nihtiw erew snoitairav cilcyc eht hguohtla

 EED dna lonatub–n fo sdnelb rof regral ylthgils erew yeht

 ,negyxo lanoitidda eht fo esuaceB .DI rehgih eht fo esuaceb

 leseidoib lio dees nottoc ot EED dna lonatub–n fo noitidda eht

 eht ,sselehtreven ;xON dna ekoms fo snoissime eht desaerced

 snoissime eht desaercni sdnelb EED dna lonatub–n eht fo esu

 .la te soluopokaR .]28[ noissime OC gnicuder elihw CH fo

 ot EED dna ,lonatub–n ,lonahte gnidda taht dnuof )4102(

 ,emit noitcejni deyaled ni detluser leseidoib lio dees nottoc

 ehT .erusserp rednilyc desaercni dna ,TGE dna DI desaerced

 esaerced a ni detluser EED dna ,lonatub–n ,lonahte fo sdnelb

 CH ni esaercni na tub snoissime ekoms dna ,xON ,OC ni

 EED dna ,lonatub–n ,lonahte gnidda ,yllanoitiddA .snoissime

 tI .]38[ CFSB dna ETB decnahne leseidoib lio dees nottoc ot

 leuf taht )4102( .la te anhsirK yb denimreted saw

 ot %5 morf oitar EED gnisir htiw decuder saw noitpmusnoc

 rof nim/g 55 ot derapmoc nim/g 15 ot nim/g 90.65 morf %52

 %52 rof %37.62 saw ETB .leseid rof nim/g 44 dna lio ajnarak

 rof %10.72 dna lio ajnarak rof %12.32 ,lio ajnarak htiw EED

 ajnarak htiw EED %52 rof %540.0 saw noissime OC .leseid

 xON .leseid rof %530.0 dna lio ajnarak rof %550.0 ,lio

 743 ,lio ajnarak htiw EED %52 rof mpp 562 saw noissime

 saw noissime CH .leseid rof mpp 884 dna lio ajnarak rof mpp

 lio ajnarak rof mpp 44 ,lio ajnarak htiw EED %52 rof mpp 72

 dna hgniS yb denimreted saw tI .]48[ leseid rof mpp 92 dna

 decuder ylthgils leseidoib ot noitidda EED taht )5102( inhaS

 erwaJ .]58[ noitidnoc daol emas eht ta CFSB dna ETB htob

 erusserp noitcejni sa taht dnuof )4102( raknawaL dna

 dna ,llew sa desaercni ecnamrofrep enigne ,desaercni

 erup naht retteb demrofrep EED dna leseidoib fo serutxim

 srab 091 ta rehgih saw ETB ,dnelb EED %51 roF .leseidoib

 ot derapmoC .srab 071 ta desaerced tub erusserp noitcejni fo

 EED %51 ,leseidoib dna ,dnelb EED %5 ,dnelb EED %01

 ekoms ,sdaol enigne rehgih tA .CFSB rewol decudorp dnelb

 .la te jarmaS .]68[ sdnelb EED lla htiw decuder saw noissime

 noitcarf thgil ot )51EED( EED %51 gnidda taht dnuof )3202(

 ni semoctuo tseb eht decudorp leseidoib lio gnikooc etsaw

 ta leseid ot derapmoC .ecnamrofrep dna snoissime fo smret

 ETB ,%9.82 yb rehgih saw 51EED rof CFSB eht ,daol lluf

 nehW .%9.11 yb rewol saw TGE dna ,%6.7 yb rewol saw

 dna ,OC ,CH fo snoissime eht ,daol lluf ta leseid ot derapmoc

 ,ylevitcepser ,%4.92 dna ,%52 ,%9.23 yb rewol erew ekoms

 saw tI .]78[ %63 yb rehgih erew noissime ON elihw

 ot noitidda EED taht )0202( .la te iksróG yb denimreted

 noisnet ecafrus dna ytisned ,ytisocsiv eht decuder leseidoib

 %01 .leseidoib fo seitreporp erutarepmet wol devorpmi dna

 dna %28 dna %35 yb ytisocsiv decuder sdnelb EED %03 dna

 noisnet ecafrus dna ytisned eht decuder osla dnelb EED %03

 saw )PPFC( tniop gniggulp retlif dloc ehT .%52 dna %6 ot pu

 decuder dnelb EED %03 dna noitidda EED yb devorpmi

 ni elbaulav mees sdnelb EED ,ecneH .C°42 ot pu PPFC

 esrow eht dewohs leseidoib lio deesniL .snosaes tsedloc

 dluoc segatnavdasid eseht ,revewoH .leseid naht ecnamrofrep

 EED fo noitsubmoc ehT .noitidda EED htiw decuder eb

 ekoms decuder dnelb EED %02 .leseid ot ralimis saw sdnelb

 )6102( iddeR dna oaR .]88[ leuf leseid fo level ot noissime

 leseidoib lio auham ot )51EED( EED %51 gnidda taht dnuof
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 eht ,daol lluf tA .CFSB devorpmi dna ETB desaercni

 .]98[ 51EED yb decuder yltnacifingis osla erew snoissime

 )51EED( EED %51 gnidda ,)2102( .la te ubaB ot gnidroccA

 .CFSB devorpmi dna ETB desaercni leseidoib lio auham ot

 desaerced EED fo noitidda eht ,sdaol muidem dna wol tA

 sdnelb EED ,sdaol hgih ta ,revewoh ;snoissime xON

 xON rewol dna leseid naht snoissime xON rehgih decudorp

 saw ereht ,EED fo noitidda eht htiW .leseidoib naht snoissime

 xON ni noitcuder a dna snoissime ekoms ni esaerced elttil a

 desaerced 51EED ,daol lluf tA .%01 naht erom fo snoissime

 OC decuder 51EED ,daol lluf tA .noissime ekoms eht

 litnu ylidaets werg snoissime CH revewoh ,%76 yb snoissime

 dnuof )3102( ymasulaB dna imhskalaviS .]09[ oitar EED %51

 dna RRH detsoob leseidoib lio meen ot EED %5 gnidda taht

 desaerced snoissime OC dna ekomS .erusserp rednilyc kaep

 snoissime CH dna xON revewoh ,sdaol lla ta sdnelb lla htiw

 .daol mumixam ta dnelb 5EED gnisu nehw desaercni

 naht rehgih saw dnelb EED %5 fo ETB ,yllanoitiddA

 ,lonahte gnidda taht dnuof )5102( .la te lihtneS .]19[ leseidoib

 lla ta ETB decnahne leseidoib lio muiren ot EED dna ,EMD

 lonahte dna ,EED ,EMD fo noitidda eht ,sdaol lla tA .sdaol

 ,EMD nehW .OC dna ekoms fo snoissime decuder ni detluser

 lla ta leseidoib lio muiren ot dedda erew lonahte dna ,EED

 saw tI .]29[ desaercni xON dna CH fo slevel eht ,sdaol

 eht taht )9002( najaragaN dna namahtohsuruP yb denimreted

 egnaro rof rehgih erew RRH dna erusserp rednilyc kaep

 rehgih saw ETB .dnelb lio egnaroleseid naht dnelb EEDlio

 egnaro dna dnelb EEDlio egnaro rof %2.1 dna %3 yb

 rof rewol saw noissime xON .leseid naht dnelb leseidlio

 dnelb leseidlio egnaro rehgih dna dnelb EEDlio egnaro

 htiw %67 yb desiar saw noissime OC .leseid ot derapmoc

 egnaro rof %6.7 yb decuder dna dnelb EEDlio egnaro

 noissime CH .daol lluf ta leseid ot derapmoc dnelb leseidlio

 egnaro rof rewol dna dnelb EEDlio egnaro rof rehgih saw

 saw noissime ekomS .leseid ot derapmoc dnelb leseidlio

 sdnelb leseidlio egnaro dna dnelb EEDlio egnaro rof rewol

 dna namahtohsuruP yb denimreted saw tI .]39[ leseid naht

 tseb eht evag noitidda EED s/gm 63 taht )0102( najaragaN

 saw ETB .stluser noissime dna ecnamrofrep ,noitsubmoc

 derapmoc lio egnaro htiw EED fo s/gm 63 rof %3 yb desiar

 desiar erew OC dna CH fo snoissime ehT .daol lluf ta leseid ot

 egnaro htiw EED s/gm 63 rof hWk/g 8.8 dna hWk/g 22.0 yb

 daol lluf ta hWk/g 39.0 dna hWk/g 10.0 dna daol wol ta lio

 erew ekoms dna xON fo snoissime ehT .leseid ot derapmoc

 htiw EED fo s/gm 63 rof daol lluf ta %7.4 dna %8 yb decuder

 dna erusserp rednilyc kaep ehT .leseid ot derapmoc lio egnaro

 63 rof AC°/J 51 dna srab 7 yb rehgih erew etar esaeler taeh

 te ilA .]49[ daol lluf ta leseid naht lio egnaro htiw EED s/gm

 lio mlap ni desaercni oitar EED sa taht dnuof )9002( .la

 noisulcni ehT .desaerced ytisocsiv dna ytisned eht ,leseidoib

 tub ,llew sa tniop ruop dna eulav dica eht decnahne EED fo

 leseidoib–EED eht fo tnetnoc ygrene dna tniop duolc eht

 erup ot derapmoc nehW .egnahc yltnacifingis ton did sdnelb

 saw eulav gnitaeh ni noitcuder eht ,oitar EED %8 ta leseidoib

 .la te ilA .]59[ C°7 saw tniop ruop mumixam eht dna %7.4

 ,tnetnoc ygrene ni pord ronim a sediseb taht dnuof )4102(

 leseidoib lio mlap ot EED dna ,lonatub ,lonahte gnidda

 dna ,tniop ruop ,ytisocsiv ,ytisned ,eulav dica sti decnahne

 decuder saw tniop ruop eht ,oitar EED %5 a tA .tniop duolc

 ,lonatub ,lonahte %5 fo noitidda ehT .C°5 fo mumixam a yb

 dna ,%7 ,%21 fo ytisocsiv fo noitcuder a ni detluser EED dna

 fo noitidda eht ,leseidoib erup ot derapmoc nehW .%5.61

 desaercni osla leseidoib lio mlap ot lonahte dna ,lonatub ,EED

 deniatbo erew stluser tsehgih eht ;rewop ekarb dna CFSB

 ramuK yb denimreted saw tI .]69[ EED fo noitidda eht htiw

 lio mlap ot noitidda EED %03 taht )4102( dasarP dna

 %05 ,revewoH .ecnamrofrep enigne tseb eht evag leseidoib

 detautculf saw deeps enigne eht sa ,detset ton saw dnelb EED

 enigne ecneh ;hgih os ot dehcaer enigne fo erutarepmet dna

 taht dnuof )6102( .la te najaR .]79[ dnelb siht yb nur tonnac

 ,daol lluf ta leseidoib lio aimagnop ot dedda saw EED nehw

 lla RRH dna ,erusserp kaep ,etar esir erusserp mumixam ,DI

 %3.6 dna %1.3 yb desaercni ETB ,daol lluf tA .desaerced

 EED %01 dna leseid htiw ssel %7.3 dna dnelb EED %51 htiw

 ,dnelb EED %51 htiW .ylevitcepser ,leseidoib dna dnelb

 ,%01 dna %72 nwod erew snoissime OC dna ekoms

 derapmoc nehw pu erew snoissime CH hguohtla ,ylevitcepser

 dnelb EED %51 ,daol lluf ta ,noitidda nI .daol lluf ta leseid ot

 sa %23 yb snoissime ON dna ekoms desaerced yltaerg

 taht dnuof )3202( .la te iksróG .]89[ leseidoib ot derapmoc

 evitceffe naem detacidni fo ytilibairav fo tneiciffeoc eht elihw

 ,%4 ssaprus ton did sdnelb EED rof )PEMI fo VOC( erusserp

 ot del leseidoib lio deesepar ni oitar EED gnisaercni eht

 ot derapmoc nehw noitarepo enigne ni ytiralugerri evissecxe

 ni gnitaropave EED morf detluser hcihw ,skcol ropaV .leseid

 ,gnitarepo morf rotcejni leuf eht gnippots dna enil leuf eht

 te oktoL .]99[ noitadarged noitsubmoc eht fo esuac eht erew

 scitsiretcarahc sdnelb EED–leseidoib eht taht dnuof )8102( .la

 ecafrus ,ytisocsiv ehT .leseid fo esoht ot elbarapmoc erew

 lla erew leseidoib lio deesepar eht fo ytisned dna ,noisnet

 EED gnidda ,yltneuqesnoC .EED fo noitidda eht yb desaerced

 .noitsubmoc dna ytilauq s’leuf eht esaercni dluoc leseidoib ot

 eht ot EED fo noitidda eht ,leseidoib erup ot nosirapmoc nI

 dna snigimS .]001[ %05 yb tuptuo ekoms desaerced leseidoib

 leseidoib lio deesepar ot EED gnidda taht dnuof )0202( sikaZ

 CFSB desaercni dna %3.71–2.6 yb rewop enigne desaerced

 EED llA .leseidoib eht ot derapmoc nehw %5.51–6.0 yb

 tub ,xON dna CH fo snoissime rewol eht dewohs sdnelb

higher emissions of CO and CO2 when compared to the 

 snoissime xON ,sdnelb EED %03 dna %02 htiW .leseidoib

 oeG .]101[ leseidoib eht fo taht naht rewol %42 ylhguor erew

 gnisu yb %5.7 yb desaercni ETB taht dnuof )0102( .la te

 eht otni noitcejni EED h/g002 htiw leseidoib lio dees rebbur

 desaerced ti saerehw ,leseidoib erup fo daetsni nehw ria ekatni

 saw noitcejni EED h/g002 nehW .leseid gnisu nehw %7.4 yb

 yb desaerced saw noissime ekoms ,leseidoib fo daetsni desu

 .leseid fo taht naht rehgih %51 llits saw ti hguohtla ,%4.43

 dna OC fo snoissime eht desaerced osla EED fo noitcejni ehT

 ,leseidoib fo daetsni detcejni saw EED h/g002 nehW .CH

 erew yeht hguohtla ,%1.31 yb desaerced erew snoissime xON

 ot nosirapmoc nI .leseid fo taht naht %8.43 retaerg llits

 erusserp rednilyc kaep eht desaercni noitcejni EED ,leseidoib
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 .]201[ DC dna DI gnirewol elihw etar esir erusserp dna

 saw ETB elihw taht dnuof )6102( htanujnaM dna ahsenaD

 ot EED gnidda yb desaerced saw CFSB ,leseid ot elbarapmoc

simarouba glauca seed oil biodiesel. CO, HC, and NOx 

emissions decreased, while CO2 emissions increased when 

 gnidda taht dnuof )2202( .la te iksróG .]301[ dedda saw EED

 gnirud noitazimota devorpmi leseidoib lio rewolfnus ot EED

 eht desaerced dna rebmahc noitsubmoc eht otni noitcejni

 erutarepmet wol ehT .noisnet ecafrus dna ,ytisned ,ytisocsiv

 ,EED fo noisulcni eht yb decnahne rehtruf erew seitilauq

 eht gnirud desu eb thgim sdnelb EED eht taht gnitseggus

 ,stniop hsalf eht derewol noisulcni EED .snosaes retniw

 hgih yltneiciffus a nehW .noitatropsnart fo ytefas eht gnirusne

 eht ,leseidoib eht ot dedda saw EED fo noitartnecnoc

 .leseid fo taht ot elbarapmoc saw sdnelb EED fo noitsubmoc

 EED %03 htiw deniatbo erew slevel ekoms leseid ot resolC

 erew snoissime xON dna CH fo sdnelb EED .noitidda

 .la te narahiraH .]401[ leuf leseid fo esoht ot elbarapmoc

 AC°8.2 regnol saw DI fo dnelb EED eht taht dnuof )3102(

 sisyloryp erit htiw EED h/g 031 gnisu yB .leseid fo taht naht

 rednilyc kaep eht ,daol lluf ta leseid fo daetsni leseidoib lio

 5.2 yb desaerced saw ETB .srab 3 yb desaercni erusserp

 .leseid fo daetsni daol lluf ta dedda saw EED nehw tnecrep

 xON ,leseid fo daetsni dnelb EED fo gnizilitu nehW

 eht ,leseid ot nosirapmoc nI .%5 yb desaerced erew snoissime

 ,CH fo snoissime erom %83 dna ,%5.4 ,%2 dah dnelb EED

 oaR dna litaP yb denimreted saw tI .]501[ ekoms dna ,OC

 leseidoib lio gnikooc etsaw fo ecnamrofrep enigne taht )8102(

 leseid htiw elbarapmoc saw RGE %01 dna EED %51 htiw

 .]601[ noissime xON dna ETB decuder RGE gnisir ehT .leuf

 lio sisyloryp citsalp etsaw taht dnuof )5102( .la te jaraveD

 dluoc dna leseid ot elbarapmoc seitreporp sah )OPPW(

 EED .noitacifidom tuohtiw senigne leseid ni desu eb erofereht

 dna noitazimota leuf eht devorpmi OPPW ot noitidda

 EED %01 .ETB devorpmi hcihw ,ytisocsiv desaerced

 saw ETB ,daol lluf tA .EED %5 naht ETB retaerg a decudorp

 rednilyc kaep eht dna RRH .EED %01 yb OPPW naht retaerg

 leseiD .oitar EED gnisaercni eht yb derewol erew erusserp

 ssel dah sdnelb EED dna ,OPPW naht rewop ekarb ssel dah

 OPPW ot dedda saw EED nehW .OPPW naht rewop ekarb

 tub ,decuder erew xON dna OC fo snoissime eht ,leseidoib

 dna lamiaK .]701[ desaercni erew CH fo snoissime eht

 ni desaercni oitar EED nehw taht dnuof )6102( nalabayajiV

 CESB dna desaerced ETB ,leseidoib lio citsalp etsaw

 sdnelb EED ,leseidoib dna leseid ot nosirapmoc nI .desaercni

 rednilyc kaep desaerced dna noitsubmoc eht nwod dewols

 desaerced EED gnidda ,yllanoitiddA .RRH dna erusserp

 ta ylevitcepser ,%92 dna %52 yb snoissime xON dna ekoms

 tub sdnelb EED htiw desaerced snoissime OC .daol mumixam

 desaerced decudorp dnelb EED %51 .desaercni snoissime CH

 .]801[ ecnamrofrep dna noitsubmoc devorpmi dna snoissime

 etsaw ot EED gnidda taht dnuof )3202( .la te mahkgnaiW

 ,tniop hsalf ,ytivarg ,ytisned eht desaerced leseidoib lio citsalp

 wol tA .xedni enatec rieht gnisaercni elihw ytisocsiv dna

 hgih ta sdnelb EED htiw desaerced ecnamrofrep enigne ,sdaol

 decudorp noitidda EED ,revewoH .DI gninetrohs yb sdaol

 erom ecudorp ton did oitar EED desaercni ;noitsubmoc reilrae

 snoissime xON fo tnuoma ehT .noitsubmoc decnavda

 eht elihw ,noitidda EED htiw sdaol hgih ta desaerced

 saw tI .tnatsnoc ylevitaler deniamer CH dna OC fo snoissime

 dna ETB tsehgih eht rof oitar EED tseb eht taht deralced

 .]901[ %41 dna %01 neewteb saw noissime xON tsewol

 ssorca tnetsisnoc saw ETB taht dnuof )0202( .la te ohlavraC

 eht ,leseid ot nosirapmoc nI .sdaol dna sleuf detaulave lla

 yb snoissime xON ,%02 yb snoissime OC desaercni leseidoib

 %02 htiw leseidoib esuaceB .%1 yb snoissime CH dna ,%1

 ,rebmun enatec rewol a dna tnetnoc negyxo regral sah lonahte

 ot nosirapmoc nI .snoissime xON erom secudorp osla ti

 eht desaercni osla noitanibmoc siht ,leseid dna lesedoib

 eht ot EED fo noitidda ehT .CH dna OC fo snoissime

 CH ni esaercni %73 a ni detluser dnelb lonahte–leseidoib

 ,snoissime OC dna xON ni esaerced %31–3 dna snoissime

 etaredom ta desaercni saw ETB ,yllanoitiddA .ylevitcepser

 EED htiw dnelb lonahte–leseidoib a gnisu sdaol hgih dna

addition [110]. Venu and Madhavan (2016) found that adding 

titanium oxide (TiO2) or zirconium oxide (ZrO2) improved 

 nI .stnatullop rewol eht gnicudorp elihw noitsubmoc

comparison to biodiesel–ethanol blend, the addition of TiO2 

 gnicuder elihw snoissime ekoms dna ,CH ,xON desaercni

BSFC and CO emission. In contrast, the addition of ZrO2 

increased BSFC and HC emissions while reducing CO, CO2, 

 EED fo noitidda eht ,ylesrevnoC .snoissime ekoms dna

 elihw CH dna OC fo snoissime eht dna RRH desaercni

 ehT .ekoms dna ,xON fo snoissime eht dna CFSB gnirewol

 EED woh dewohs xON dna ekoms ni esaerced suoenatlumis

 .]111[ )CTL( noitsubmoc erutarepmet wol detceffa

 EED–retaw eht taht dnuof )2102( yhtrumanayaranaytaS

 ,noitsubmoc gnirud snoisolpxe–orcim decudorp noitulos

 kaep ni esaerced dna noitsubmoc desuffid retteb ot del hcihw

 htiw noitulos EED–retaw %51 ,daol lluf tA .erusserp rednilyc

 EED retaw %02 naht eroM .%2 yb ETB desaercni leseidoib

 .nageb noitulid lio esac knarc eht erofeb deriuqer saw noisufni

 eht ,%51 ot %5 morf desaercni oitar EED–retaw nehW

 CH .mpp 005 yb derewol saw snoissime ON fo tnuoma

 lacitnedi ylraen saw EED–retaw %51 yb decudorp noissime

 dna nahtnanahtuhcaS .]211[ leseid erup fo taht ot

 rehto ot derapmoc nehw taht dnuof )7002( nardnahcayeJ

 dnelb EED %51 ,noislume leseidoib–retaw dna sdnelb

 ,daol lluf tA .snoissime rewol decudorp dna retteb demrofrep

 tA .dnelb EED %51 htiw %92 ot %3.82 morf desiar saw ETB

 morf noissime OC desaerced dnelb EED %51 ,daol lluf

 .mpp 04 ot mpp 57 morf snoissime CH dna %1.0 ot %571.0

 ,)stinU ekomS hcsoB( USB 2.4 fo noissime ekoms dah leseiD

 5.2 dah noislume leseidoib–retaw dna ,USB 5.4 dah leseidoib

 erew ekoms fo snoissime eht ;dnelb EED %51 htiW .USB

 noissime xON dah dnelb EED %01 .USB 6.1 ot desaerced

 noislume leseidoib–retaw %03 saerehw ,mpp 865 fo slevel

 denimreted saw tI .]311[ mpp 156 fo slevel noissime xON dah

 lio ajnarak taht )6102( naguruM dna kiraB yb

 eht evag EED %4 htiw noitarepo leuf laud sagoibleseidoib

 EED %4 .snoissime dna ecnamrofrep ,noitsubmoc retteb

 %8.5 yb CFSB decuder dna %3.2 yb ETB desiar noitcejni
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 noissime ehT .daol lluf ta noitarepo leuf laud eht ot derapmoc

 dna %6.01 ,%2.21 yb decuder erew ekoms dna CH ,OC fo

 rehgih saw noissime ON ,tuB .daol lluf ta EED 4% htiw %7.5

 saw ti ;noitarepo leuf laud ot derapmoc EED 4% htiw %7.21

 saw tI .]411[ daol lluf ta leseidoib naht %9.01 rewol

 yb desiar saw ETB taht )7102( .la te kiraB yb denimreted

–leseidoib lio ajnarak htiw %2.2 decuder saw CFSB dna %1.7

 ot derapmoc noitidda EED htiw noitarepo leuf laud sagoib

 decuder erew ekoms dna CH ,OC fo snoissime ehT .leseidoib

 .leseid ot derapmoc daol lluf ta %8.24 dna %5.93 ,%2.24 yb

 ti tub ,leseid fo taht naht %6.7 rehgih saw noissime ON ,tuB

 .]511[ daol lluf ta leseidoib fo taht naht rewol %2.1 saw

 sdnelb EED detset lla taht dnuof )9102( .la te lapogahtnaN

 ot nosirapmoc nI .scitsiretcarahc noitsubmoc eht decuder dah

 dnelb leseidoib–leseid eht ot EED fo noitidda eht ,leseid erup

 ehT .%3.5 yb ETB desaerced dna %5.21 yb CFSB desaercni

emissions of HC, CO, NOx, and CO2 were reduced by 84%, 

 lluf ta sdnelb EED htiw ylevitcepser ,%2.5 dna ,%75 ,%6.4

 ot desaercni tuptuo ekoms ,dnelb EED %5.21 htiW .daol

 gnidda taht dnuof )9102( .la te mahtnanaveeJ .]611[ %1.08

 sa %3.5 yb ETB desaercni dnelb leseidoib–leseid ot EED %5

 EBTM %5 dna EED %5 fo noitidda ehT .leseid ot derapmoc

 dnelb leseidoib–leseid eht ot )rehtE lytuB–tret lyhteM(

 .ylevitcepser ,%8.41 dna %1.8 yb snoissime OC desaerced

 dna EBTM %01 ,dnelb leseidoib–leseid a ot dedda nehW

 ,%23 dna %8.8 yb snoissime xON desaerced EED %01

 eht htiW .daol lluf ta leseid ot derapmoc nehw ,ylevitcepser

 CH dna ekoms fo snoissime eht ,EED dna EBTM fo noitidda

 eht taht dnuof )9102( ihtoJ dna aroD .]711[ desaerced osla

 on dah dnelb leseidoib–leseid eht ot EED fo noitidda

 gnidda ,revewoH .ecnamrofrep enigne no tceffe elbaicerppa

 detluser leseidoib %02 dna leseid %08 fo dnelb ot EED %2

 a nwohs sdnelb EED .snoissime ni pord tnerappa na ni

 saw tI .]07[ snoissime xON dna OC ni esaerced tnacifingis

 oitar EED gnisir taht )2202( .la te narakabarP yb denimreted

 enatec ,eulav cifirolac decuder sdnelb leseidoibleseid ni

 ytisned desaercni ti tub ,tniop erif/hsalf dna ytisocsiv ,rebmun

 erew sdnelb EED fo seulav enateC .tniop ruop/duolc dna

 ,%64.5 yb rewol erew seulav enatec tub ,leseidoib naht rehgih

 %04 dna 03 ,02 fo RRH .leseid naht %9.01 dna %2.8

 dna %1.21 ,%6.51 yb derewol erew sdnelb leseidleseidoib

 dna erusserp rednilyc mumixam eht decuder siht dna %6.8

 sdnelb leseidleseidoib %04 fo rewop ekarB .erutarepmet

 %02 rof %2.2 dna %8.3 rewol saw ti tub ,leseid ot ralimis saw

 %02 dna %03 ,%04 fo ETB .sdnelb leseidleseidoib %03 dna

 %3.11 dna ,%4.7 ,%2 rewol erew sdnelb leseidleseidoib

 yb decuder erew CH dna OC fo snoissime ehT .leseid naht

17–35% and 13–25% with DEE blends, while CO2 emission 

 sdnelb EED ,tuB .sdnelb EED lla rof lauqe tsomla saw

 .]811[ leseid naht noissime xON erom %91–11 dettime

–leseid ot EED gnidda taht dnuof )6102( vadaY dna ednihS

 enatec dna tnetnoc negyxo eht desaercni dnelb leseidoib

 dna ,ytisned ,eulav cifirolac eht gnisaerced elihw rebmun

 osla dnelb leseidoib–leseid eht ot dedda EED .ytisocsiv

 EED .snoissime decuder htiw CFSB dna ETB decnahne

 rof tub ,segnahc yna eriuqer ton did oitar %51 ot pu noitidda

 EED %51 naht erom ,snoissime dna ecnamrofrep devorpmi

 gnisir taht )3202( .la te ialliP yb denimreted saw tI .]911[ did

 dna ETB devorpmi sdnelb leseidoib–leseid ot noitidda EED

BSFC with reduced the emissions of CO, HC, NOx and CO2 

 taht dnuof )7102( ihtrumalayalaM dna ihtroomanhsirK .]021[

 daol lluf ta dnelb leseidoib–leseid eht ot dedda saw EED nehw

 saw ETB ,5 fo seloh elzzon fo rebmun a dna 5.71 fo RC a rof

 yb desaerced saw noissime xON eht dna %3.4 yb rehgih

 del seloh elzzon ni esaercni dna EED fo noisulcni ehT .%9.3

to decrease in BSEC, HC, CO, and smoke emissions while 

increasing BTE and CO2 emissions [121]. Kuberan and 

–leseid ot EED gnidda taht dnuof )7102( ihtrumugalA

 dna ETB gnisaercni ,noitsubmoc devorpmi dnelb leseidoib

 ,OC fo snoissime ,dedda saw EED nehW .CFSB gnirewol

 denimreted saw tI .]221[ desaerced osla erew xON dna ,CH

 ekoms taht )3202( ramuklihtneS dna narakesaridnahC yb

 noitidda EED %5 rof %6.3 dna %3.41 yb decuder saw yticapo

 dna leseid erup ot derapmoc dnelb leseidoib–leseid ot

 .]321[ ecnamrofrep enigne devorpmi sediseb ,leseidoib

 rab 022 ta ,)3202( .la te iqurlA yb hcraeser ot gnidroccA

 noitidda EED %51 dna ,daol enigne %09 ,erusserp noitcejni

 muminim dna ETB mumixam eht ,dnelb leseidoib–leseid ot

 .ylevitcepser ,hWk/g923 dna %19.72 eb ot dnuof erew CFSB

 leseid %08–leseidoib %02 ot dnelb EED %51 gnirapmoC

 ot nosirapmoc nI .rewol %45.31 saw CFSB ,noitanibmoc

 erew snoissime xON ,dnelb leseid %08–leseidoib %02

 erew yeht ,revewoh ;dnelb EED %5 htiw decuder esiwekil

 dna CH ,leseid ot nosirapmoc nI .dnelb EED %51 htiw rehgih

 %98.6 dna %56.92 yb desaerced esiwekil erew snoissime OC

 taht dnuof )3202( .la te demhA .]421[ dnelb EED %51 gnisu

 dnelb leseidoib taf lamina–leseid ot EED %02 gnidda

 nI .TGE gnirewol elihw erusserp rednilyc eht desaercni

 ,leseid dna leseidoib %02 dna leseid fo dnelb ot nosirapmoc

 dna rehgih %8.4 saw taht CFSB decudorp noitidda EED %02

 rof retaerg saw CESB ,leseid ot nosirapmoc nI .rewol %4.1

 yb sdnelb leseid–leseidoib %02 dna ,EED %01 ,EED %02

 ,leseid ot nosirapmoc nI .ylevitcepser ,%6.5 dna ,%5.8 ,%39.1

 dna %02 fo sdnelb htiw %3.9 dna %1.7 yb decuder saw ETB

 ot dnelb EED %02 gnirapmoc nehW .ylevitcepser ,EED %01

 yb desaerced erew xON dna ,CH ,OC fo snoissime eht ,leseid

 eht ,revewoH .ylevitcepser ,%81.4 dna ,%7.05 ,%8.73

 saw tI .]521[ %8.02 yb desaercni ekoms fo noissime

 EED taht )3202( ymasunnoP dna ymasuruG yb denimreted

 eht decuder dnelb leseidoib taf ropmac–leseid ot noitidda

 noitcudni negordyh tub ,erutarepmet dna erusserp rednilyc

 tub ,ETB desiar noitcudni negordyh gnisir ehT .meht desiar

 saw noissime OC tsewol ehT .ETB decuder EED gnisir

 saw ti tub ,EED tuohtiw noitcudni negordyh rof %111.0

 yb desiar ti neht noitidda EED %01 htiw %101.0 ot decuder

 saw noissime CH tsewol ehT .daol lluf ta noitidda EED %02

 decuder ti tub ,EED tuohtiw noitcudni negordyh rof mpp 68

by 10% DEE addition at all loads and it raised by 20% DEE 

addition. CO2 emission was reduced with hydrogen induction, 

 EED %02 naht noitidda EED %01 yb rehgih saw ti tub

 noitidda EED %01 htiw rewol saw noissime ekomS .noitidda

 yb denimreted saw tI .]621[ sdnelb rehto eht naht daol lluf ta
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 decuder oitar leseidoib gnisir taht )5102( .la te ramuK

 leseidoib lio llehs tun wehsac %01–leseid %09 .ecnamrofrep

 rehgih dna %03 tub ,leseid ot ecnamrofrep resolc evag dnelb

 saw dnelb leseidoib %02 .tluser roop evag sdnelb leseidoib

 dna 01 ,5 fo soitar ta EED htiw dednelb saw ti os dna tseb eht

 saw hcihw ETB fo %5.62 eht evag dnelb EED %51 .%51

 fo mpp 0021 dettime dnelb EED %51 .leseid fo taht ot esolc

 leseidoib %02 tub ,leseid rof mpp 5911 saw ti elihw xON

 xON decuder noitidda EED .xON fo mpp 0541 dettime dnelb

 noissime OC .dnelb leseidoib %02 ot derapmoc %71 ot pu

 ,69.3 saw noissime ekomS .noitidda EED yb decuder osla saw

 leseidoib %02 rof )rebmun ekoms retlif( NSF 51.3 ,83.3

 yb denimreted saw tI .]721[ leseid dna dnelb EED %51 ,dnelb

 lio llehs tun wehsac %02–leseid %08 taht )7102( .la te ramuK

 %02 fo ETB .ecnamrofrep enigne decuder dnelb leseidoib

 .leseid rof %37.92 saw ti elihw %25.72 saw dnelb leseidoib

 devorpmi dnelb leseidoib %02 ot noitidda EED ,revewoH

 saw hcihw dnelb EED %01 rof %69.82 saw ti ;ETB rehtruf

very close to that of diesel. 20% biodiesel blend reduced 

smoke and CO2 emissions, but it increased HC and NOx 

 ,CH decuder dnelb leseidoib %02 ot noitidda EED .snoissime

 dna 92 ,43 ,03 saw noissime CH .snoissime ekoms dna xON

 .EED %51 dna EED %01 ,leseidoib %02 ,leseid rof mpp 32

 0021 dna 3731 ,7231 ,1151 ,0541 ,5911 saw noissime xON

 %01 ,EED %5 ,leseidoib %03 ,leseidoib %02 ,leseid rof mpp

 dnelb leseidoib–leseid ot noitidda EED .EED %51 dna EED

 %02 ot derapmoc %49.9 yb noissime xON decuder osla

 NSF 51.3 ,83.3 ,69.3 saw noissime ekomS .dnelb leseidoib

 dna ahsenaG .]821[ leseid dna EED %51 ,leseidoib %02 rof

 %01 dna leseid %09 fo dnelb eht taht dnuof )6102( nahtehC

 dna ecnamrofrep dah leseidoib lio llehs tun wehsac

 htiw ,leseid fo taht ot ralimis scitsiretcarahc noitsubmoc

 fo noitidda eht ,revewoH .xON dna OC fo snoissime decuder

 jaraphsuP .]921[ snoissime CH fo tnuoma eht desaercni EED

 ,eulav cifirolac ,rebmun enatec taht dnuof )4102( .la te

 leseidoib lio llehs tun wehsac fo tniop hsalf dna ,level ruhplus

 eht fo ytisocsiv dna ytisneD .leseid fo esoht ot roirepus erew

 .EED fo noitidda eht yb decnahne erew dnelb leseidoib–leseid

 desaerced dnelb EED %01 ,dnelb leseidoib %02 ot derapmoC

 nehW .daol lluf ta %4.96 dna %6.43 yb snoissime ON dna CH

 %71 saw ereht ,leseid dna leseidoib %02 fo dnelb gnisu

 yb denimreted saw tI .]031[ noissime ekoms ni noitcuder

 leuf latot rehgih eht taht )3202( .la te ramuklihtneS

 %01leseid %09 htiw desuora saw )CFT( noitpmusnoc

 leuf rof leseid naht dnelb leseidoib lio llehs tun wehsac

 %01 ot noitidda EED .srab 091 fo )PIF( erusserp noitcejni

 EED .srab 032 dna 012 fo PIF ta CFT decuder dnelb leseidoib

 lacinahcem desiar osla dnelb leseidoib %01 ot noitidda

 eht gnivorpmi yb dnelb leseidoib %01 fo )EM( ycneiciffe

 fo CFT sa deniatbo erew stluser mumitpo ehT .noitsubmoc

 ta dnelb )51EED( EED %51 htiw %1.86 fo EM dna h/g 548

 fo CFT decudorp osla dnelb )5EED( EED %5 .rab 091 PIF

 ehT .srab 032 fo PIF dezimitpo ta %17 fo EM dna h/g 519

 elttil a htiw EM devorpmi noitidda EED dna PIF fo gnisir

 ramuklihtneS .]131[ dnelb leseidoib %01 rof CFT ni esaercni

 erutarepmet noitsubmoc taht dnuof )3202( naseguruM dna

 fo taeh tnetal rehgih yb desaerced erew noissime xON dna

 ,daol lluf tA .EED fo eulav cifirolac rewol dna noitaziropav

 lio llehs tun wehsac %01leseid %09 ot noitidda EED %01

 xON ni noitcuder %17 a ni detluser dnelb leseidoib

 ssel decudorp dna yltneiciffe erom denrub EED .snoissime

 %2.8 .ytisocsiv dna ytisned desaerced sti fo esuaceb ekoms

 EED %01 gnisu elihw daol lluf rednu desaeler saw ekoms ssel

 ETB dna CESB decnahne dnelb EED %01 ,daol lluf tA .dnelb

 .la te damhA .]231[ snoissime CH dna OC desaerced dna

 taht naht ssel saw ETB ,sdnelb detset lla rof ,taht dnuof )3202(

 rof tpecxe sdnelb lla htiw retaerg ETB .Wk 3.3 ot pu leseid fo

 decudorp hcihw ,leseid naht dnelb )rehte lytubid( EBD %5

 sdnelb detset llA .Wk 42.4 ta %03 evoba ETB tseb eht

 fo eulav muminim htiw ,noissime xON ni noitcuder detibihxe

 htiw ,noissime CH ni noitcuder detibihxe sdnelb llA .mpp 055

 %5 ,leseid ot nosirapmoc nI .mpp 5.91 fo eulav muminim a

 ,CESB desaerced dna %67.8 yb ETB desaercni dnelb EED

 dna ,%7.51 ,%6.2 ,%8 yb snoissime CH dna ,OC ,CFSB

47.3% at 4.24 kW. Additionally, it resulted in notable drops 

in CO2 and NOx emissions at all load [133]. According to 

 %02leseid %08 fo dnelb ot EED gnidda ,)7102( .la te irahirS

 enatec ,ytisned eht decnahne leseidoib lio dees nottoc

 mumixam ehT .erutarepmet noitingi otua dna ,rebmun

 gniddA .dnelb EED %3 htiw deveihca saw erusserp rednilyc

 ,CH fo snoissime ni esaerced tnacifingis a ni detluser EED %3

 EED %3 ,sdnelb rehto eht ot nosirapmoc nI .xON dna ,OC

 dna ETB desaercni sdnelb EED .ekoms ssel decudorp dnelb

 nidyA dna truyliseY yb denimreted saw tI .]431[ CFSB

 nottoc %08leseid %02 ni oitar EED gnisir eht taht )0202(

 rednilyc eht decuder dna DI desaercni dnelb leseidoib lio dees

 osla oitar EED gnisir ehT .etar esaeler taeh dna erusserp

 ETB decuder dnelb EED %01 .CESB dna CFSB htob desiar

 ot derapmoc %51.92 yb CFSB desiar ti elihw %93.71 yb

 saw ti elihw leseid naht rewol saw sdnelb EED fo TGE .leseid

 decuder osla noitidda EED .dnelb leseidoib %02 naht rehgih

 %48.8 dna 21.4 ,98.21 ot pu snoissime xON dna ekoms ,CH

 EED %5 dna EED %5.2 fo noissime OC .leseid ot derapmoc

 saw ti elihw leseid naht %92.23 dna 68.13 ressel erew sdnelb

lower 21.79 and 22.47% than 20% biodiesel blend. CO2 

 %5.7 ,EED %5 ,EED %5.2 ,leseidoib %02 ,leseid fo noissime

 ,44.282 ,13.233 ,79.004 erew sdnelb EED %01 dna EED

 .la te kcihtraK .]531[ hWk/g 36.083 dna 48.633 ,23.282

 sa desaercni detset yeht sdnelb lla fo ETB taht dnuof )4102(

 gniniatnoc dnelb rof ETB mumixam ehT .desaercni daol eht

 naht rehgih %3.7 saw hcihw ,%13.03 saw daol lluf ta EED %3

 eht ,derewol saw )RC( oitar noisserpmoc nehW .leseid

 nehw ,revewoH .desaerced xON dna ekoms fo snoissime

 eht ,EED htiw sdnelb leseidoib lio ahportaj dna leseid

 dna ekoms fo snoissime eht dna desaercni xON fo snoissime

 dna ,ecnamrofrep ,noitsubmoc fo smret nI .desaerced xON

 .la te aytaS .]631[ roirepus devorp dnelb EED %3 ,snoissime

 elzzon worran a dna erusserp noitcejni hgih taht dnuof )1102(

 ehT .snoissime dna ecnamrofrep enigne decnahne eloh

 leseid %08 gniniatnoc sdnelb leseidoib ot EED fo noitidda

 dna noitsubmoc decnahne leseidoib lio ahportaj %02 dna

 decuder dnelb EED %5 .snoissime decuder ni detluser
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 detluser dnelb EED %51 elihw ;CH dna CFSB fo snoissime

–leseid eht ot EED fo noitidda ehT .snoissime xON rewol ni

 tI .]731[ yticapo ekoms decuder ni detluser dnelb leseidoib

 lla taht )5102( samohT dna maharbA yb denimreted saw

 ehT .81 fo RC ta ecnamrofrep tseb evag sdnelb leuf detset

 lio ahportaj %02leseid %08 fo erusserp rednilyc kaep

 .doirep yaled gnisaerced eht ot eud rewol saw dnelb leseidoib

 eht ot eud leseid naht rehgih saw dnelb leseidoib %02 fo ETB

 eht fo CFSB .yticirbul retteb sti dna noitsubmoc retteb

 %02 .eulav cifirolac rewol sti ot eud rehgih saw leseidoib

 ot eud ycneiciffe lacinahcem rehgih eht evag dnelb leseidoib

 dna ytivitca noitcaer hgih ,ytilauq yarps devorpmi eht

 ehT .erutarepmet emalf rewol eht ot eud ssol taeh desaerced

emissions of CO and HC were reduced and CO2 emission was 

 ot eud dnelb leseidoibleseid eht ot noitidda EED htiw desiar

 %02 htiw desiar saw noissime xON .noitsubmoc etelpmoc eht

 dna tnetnoc negyxo hgih sti ot eud dnelb leseidoib

 EED %5 htiw decuder saw ti elihw ,erutarepmet noitsubmoc

 .la te weriF .]831[ erutarepmet rednilyc wol ot eud dnelb

 dnelb EED %02 rof rewop enigne elihw taht dnuof )6102(

 %08 fo taht naht rehgih saw ti ,leseid fo taht naht rewol saw

 .sdnelb rehto eht dna ,dnelb leseidoib lio ahportaj %02leseid

 taht naht rewol saw dnelb EED %01 fo CFSB ,sdaol rehgih tA

 EED %02 rof tsewol saw ti ,sdaol rewol ta sdnelb rehto eht fo

 elzzon llams gnisu taht dnuof )2102( .la te dasarP .]931[ dnelb

 enigne retteb ni detluser erusserp noitcejni hgih dna eloh

 %08 fo dnelb ehT .snoissime rewol dna ecnamrofrep

 roirepus decudorp EED %5 htiw lio ahportaj %02leseid

 %04 dna EED %01 .snoissime decuder dna ecnamrofrep

 xON fo snoissimE .CFSB decuder ni detluser dnelb leseidoib

 htiw dednelb saw lonahte %5 nehw decuder erew CH dna

 EED htiw sdnelb leseidoib–leseid ehT .leseidoib %04

 yticapo ekoms dna snoissime xON decuder dah noitidda

–n taht )5102( .la te nanetmI yb denimreted saw tI .]041[

 leseidoib lio ahportajleseid ot noitidda EED dna lonatub

 %02 .sdnelb leseidoib eht fo ytisocsiv dna ytisned eht decuder

 eht ot eud leseid naht erusserp rednilyc rehgih eht evag dnelb

 noitidda EED dna lonatub–n tub ,rebmun enatec rehgih

 noitsubmoc dedrater eht ot eud erusserp rednilyc eht decuder

 EED dna lonatub–n fo noitaziropav taeh tnetal rehgih eht dna

 naht CFSB rehgih %4.5 evag dnelb leseidoib %02 .sevitidda

 naht CFSB %9.3 decuder dnelb lonatub–n %01 elihw ,leseid

 decuder dnelb %02 ot noitidda EED %01 dna dnelb %02

 dnelb leseidoib %02 .dnelb leseidoib %02 naht CFSB %8.6

–n %01 elihw leseid naht noissime ON rehgih %2.8 evag

 evag dnelb leseidoib %02 ot noitidda EED %01 dna lonatub

 dnelb leseidoib %02 .noissime ON rewol %21 dna %8.8

–n %01 dna 5 .leseid naht noissime OC %5.72 decuder

 naht %7.03 dna 32 yb noissime OC decuder noitidda lonatub

 elihw tnetnoc negyxo rehgih eht ot eud dnelb leseidoib %02

 11 decuder dnelb leseidoib eht ot noitidda EED %01 dna 5

 ekoms decuder dnelb leseidoib %02 .noissime OC %6.02 dna

 EED %01 dna lonatub–n %01 .leseid naht %2.6 yb yticapo

 yb noissime ekoms decuder dnelb leseidoib eht ot noitidda

 leseidoib %02 .dnelb leseidoib %02 naht %5.83 dna %72

–n tub ,leseid naht %82 yb noissime CH decuder dnelb

 oaR .]141[ snoissime CH desaercni sdnelb EED dna lonatub

 %08 fo dnelb ot EED gnidda taht dnuof )8102( yrahC dna

 ,ytisned eht desaerced leseidoib lio ahportaj %02leseid

 ygrene sti devorpmi tub ,tniop erif/hsalf dna ,ytisocsiv

 eht ot EED %3 gnidda dna ,daol htiw desaercni TGE .tnetnoc

 daol eht sA .TGE tsewol eht decudorp dnelb leseidoib

 htiw dnelb leseidoibleseiD .desaercni osla ETB ,desaercni

 ,daol lluf tA .daol lluf ta ETB tsehgih eht evag saw EED %3

 tI .]241[ EED fo dnelb %6 htiw rewol %23.3 saw CFSB eht

 ylluf saw EED taht )0202( .la te epraV yb denimreted saw

 ot noitidda EED .leseidoib dna leseid ni elbicsim

 enatec ,ytilitalov eht desiar leseidoib lio ahportajleseid

 dna ytisned eht decuder ti elihw ,ytisocsiv dna ,rebmun

 sdaol dna RC rehgih ehT .sdnelb eht fo eulav cifirolac

 %02 .sdnelb detset lla rof CFSB decuder dna ETB decnahne

 enigne eht devorpmi noitidda EED %01 htiw dnelb leseidoib

 .sdnelb rehto eht ot derapmoc snoissime dna ecnamrofrep

 %48.51 yb decuder CFSB dna %41.12 yb desiar saw ETB

 dnelb leseidoibleseid eht ot noitidda EED %01 htiw

 %26.45 yb decuder saw noissime ekomS .leseid ot derapmoc

 dnelb EED %01 htiw %21.24 yb desiar saw noissime CH dna

 lla htiw desiar osla saw noissime xON .leseid ot derapmoc

 gnidda taht dnuof )1102( .la te radariB .]341[ sdnelb detset

 gnisu saerehw ,deyaled eb ot gnimit noitcejni eht desuac EED

 ot ti desuac leseidoib lio ajnarak %02leseid %08 fo dnelb

 eht ,dnelb leseidoib eht ot dedda saw EED nehW .ecnavda

 RRH kaep eht dna ,desaerced DI ,desaercni emit noitcejni

 ehT .%6 yb desaercni ETB ,dnelb EED %01 htiW .desaercni

 CH dna OC retla yltnacifingis ton did EED fo noisulcni

 ot esolc erew dnelb EED %01 fo snoissime xON .snoissime

 dnelb leseidoib %02 rof mpp 717 erew hcihw ,leseid fo esoht

 yb denimreted saw tI .]441[ leseid rof mpp 266 dna

 dna erusserp rednilyc kaep eht taht )4102( .la te makcinaM

 %01 htiw decuder saw DI dna desiar erew etar esaeler taeh

 %02leseid %08 ot derapmoc sdnelb EED %51 dna EED

 dnelb EED %01 .daol lluf ta dnelb leseidoib lio ajnarak

 yb ETB desiar dnelb EED %02 elihw %6.8 yb CFSB decuder

 noissime OC decuder sdnelb EED %51 dna EED %01 .%8.4

 noissime CH .leseidoib erup ot derapmoc %41 dna %72 yb

 EED %51 dna dnelb EED %01 rof %8 dna %42 yb desiar saw

 ON .daol lluf ta dnelb leseidoib %02 ot derapmoc dnelb

 dna EED %01 rof %23 dna %72 yb decuder saw noissime

 ekoms elihw ,daol lluf ta leseid ot derapmoc sdnelb EED %51

 %51 dna EED %01 rof %01 dna %41 yb desiar saw noissime

 daol lluf ta dnelb leseidoib %02 ot derapmoc sdnelb EED

 oitar EED gniworg taht dnuof )5102( .la te uduT .]541[

 lluf tA .erusserp rednilyc kaep eht desaercni dna DI desaerced

–leseid %06 fo snoissime dna ecnamrofrep enigne eht ,daol

 roirepus erew dnelb leseidoib lio sisyloryp noitcarf thgil %04

 htiW .dedda saw EED %4 nehw sdnelb rehto eht fo esoht ot

 .daol lluf ta leseid naht rewol %6 saw CFSB ,dnelb EED %4

 ON ,daol lluf ta leseid fo daetsni dnelb EED %4 gnisu nehW

 osla EED fo noisulcni ehT .rewol %52 erew snoissime

 hkumhseD dna etoedgaN .]641[ snoissime ekoms desaerced

 lio auham–leseid ot lonahte gnidda taht dnuof )2102(

 htiw ralimis saw ti tub ,CFSB eht desaerced sdnelb leseidoib
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 dah EED dna lonahte fo sdnelb eht elihW .noitidda EED

 CH retaerg dah yeht ,leseidoib eht naht snoissime OC rewol

 dnelb leseidoib eht ot dedda saw EED nehW .snoissime

 derewol saw ekoms fo noissime eht ,lonahte fo daetsni

 saw tI .]741[ desaercni snoissime xON tub ,rehtruf

 noissime xON taht )3102( .la te nujrakillaM yb denimreted

 saw ecnamrofrep enigne tub ,RGE gnisir yb decuder saw

 CH dna OC suht dna negyxo tneiciffusni ot eud ydaetsnu

 htiw leseidoib lio auhaM .slevel hgih ot desiar erew snoissime

 CH tub ,daol lluf ta noissime xON tsewol eht evag RGE %03

 leseidoib ehT .oitar RGE siht ta hgih erew snoissime OC dna

 eht sediseb snoissime OC dna CH wol evag RGE %02 htiw

 leseid naht ssel saw noissime xON .leseid ot esolc ETB gnisir

 eht htiw MP dna CH ,OC fo snoissime ehT .oitar RGE siht ta

 ,tuB .gnimit noitcejni gnidrater htiw desiar erew leseidoib

 noitcejnI .leseid fo taht naht rewol llits erew snoissime eseht

 eht evag )retnec daed pot erofeb( CDTB°9.02 fo gnimit

 lio auham %02leseid %08 ot noitidda EED .stluser mumitpo

 osla dna snoissime rehto eht dna xON decuder dnelb leseidoib

 dna rakahduS .]841[ ecnamrofrep enigne eht devorpmi

–leseid %08 ot EED gnidda taht dnuof )4102( masakarpaviS

 elihw ytisocsiv eht desaerced dnelb leseidoib lio auham %02

 htiW .erutxim ria–leuf eht fo noitazimota eht gnisaercni

 snoissime xON dna DI ,dnelb leseidoib eht ot EED fo noitidda

 ETB desaercni EED gniniatnoc sdnelB .desaerced osla erew

 dah osla sdnelb EED ,daol mumixam tA .tuptuo ekoms dna

 )5102( .la te levidaV .]941[ snoissime CH dna OC retaerg

 leseidoib lio dratsum–leseid ot EED gnidda taht dnuof

 lluf ta leseid ot nosirapmoc nI .CFSB dna ETB eht decnahne

 erew ekoms dna ,xON ,CH ,OC fo snoissime eht ,daol

 %52–leseid %57 rof %91 dna ,%82 ,%02 ,%03 yb decuder

 )3102( .la te ahtahskA .]051[ EED %5 htiw dnelb leseidoib

 dnelb leseidoib lio meen–leseid ot EED gnidda taht dnuof

 fo sdnelB .tniop hsalf dna ,ytisocsiv ,ytisned eht decnahne

 ;ecnamrofrep enigne retla yltnacifingis ton did leseidoib

 .snoissime eht devorpmi sdnelb eht ot EED gnidda ,revewoh

 ETB ,srab 092 ot desaercni saw erusserp noitcejni eht nehW

 rewol llits saw ti tub ,%5.3 yb desaercni sdnelb leseidoib fo

 noitcejni gnisaercni htiW .srab 052 ta leseid fo taht naht

 dewohs sdnelb EED dna leseidoib detset lla ,erusserp

 saw tI .]151[ snoissime CH dna OC ni snoitcuder tnacifingis

 ot noitidda EED taht )4102( oaR dna ramuK yb denimreted

 elihw ,ETB desiar dnelb leseidoib lio meen %02leseid %08

it reduced BSFC and emissions of CO, HC, NOx, CO2 and 

 taht dnuof )8102( argnuS dna avatsavirhS .]251[ ekoms

 tub CH fo snoissime eht desaercni leseid ot EED gnidda

 EED .ekoms dna ,xON ,OC fo snoissime eht desaerced

 no tcapmi latnemirted a dah ,revewoh ,leseid ot noitidda

 .ETB desaerced dna CFSB desaercni ti ,si taht ;ecnamrofrep

 meen %51–leseid %58 ot dedda saw EED nehw ,ylesrevnoC

 CFSB ,leseidoib lio meen %03–leseid %07 dna leseidoib lio

 ot dedda saw EED nehW .desaercni ETB dna desaerced saw

 ekoms dna ,xON ,OC fo snoissime eht ,sdnelb leseidoib eht

 desaercni erew CH fo snoissime tub ,desaerced esiwekil erew

 ,leseid ot nosirapmoc ni ,taht dnuof )8102( miharbI .]351[

 muminim eht desaercni dnelb leseidoib lio meen–leseid

 ,%8.6 dna %1.8 yb ETB mumixam eht desaerced dna CFSB

 dnelb leseidoib eht ot EED %01 gnidda elihW .ylevitcepser

 dnelb leseidoib eht ot EED %5 gnidda ,ETB desaerced

 ehT .sdaol tsom ta ecnamrofrep enigne desaercni yltnacifingis

 fo yna yb yltnacifingis detceffanu saw noitsubmoc fo trats

 dah leseid ,sdaol rehgih htiw ,revewoh ;sdnelb ro sleuf detset

 .sdnelb dna sleuf rehto eht naht RRH rewol dna DC regnol a

 eht yb detceffanu ylegral saw ytilibats gnitarepo enigne ehT

 )6102( .la te ilA .]451[ dnelb leseidoib eht ot EED fo noitidda

 desaerced leseidoib lio muiren %02–leseid %08 taht dnuof

 dnelb leseidoib lio muiren %02–leseid %08 ,revewoH .ETB

 CESB ,tuB .leseid ot seulav ETB resolc dah EED %51 htiw

 rehgih saw ti tub ,leseid sa emas eht saw dnelb EED %51 rof

 eht ot EED fo noitidda eht htiW .dnelb leseidoib %02 rof

 rednilyc kaep dna RRH dna denetrohs saw DI ,dnelb leseidoib

 eht ot EED fo noitidda eht htiW .desaerced erew erusserp

 ,decuder erew ekoms dna xON fo snoissime ,dnelb leseidoib

 saw tI .]551[ desaercni CH dna OC fo snoissime elihw

 ruop muminim eht taht )4102( .la te ialamannA yb denimreted

 lio mlapleseid ot noitidda EED %6 rof C°7– saw tniop

 EED %6 .leseidoib rof C°41 saw ti elihw dnelb leseidoib

 dna ,eulav dica ,ytisned ,ytisocsiv eht decuder osla dnelb

 ot derapmoc %1 dna %75 ,%6.3 ,%53 yb eulav gnitaeh

 EED %8 gnidda taht dnuof )6102( .la te ilA .]651[ leseidoib

 eht desaerced dnelb leseidoib lio mlap %03–leseid %07 ot

 yb erutarepmet dna ,tniop duolc/ruop ,eulav gnitaeh ,ytisocsiv

 ytisned eht gnirewol ot noitidda ni C°3 dna ,C°4 ,%4 ,%5.62

 tsewol eht dah leseidoib %03 htiw dnelb ehT .eulav dica dna

 EED eht sa desaercni ti dna ,)VOC( noitairav fo tneiciffeoc

 gnidda taht dnuof )4102( .la te nanetmI .]751[ desaercni oitar

 ekarb eht desaercni sdnelb leseidoib lio mlap–leseid ot EED

 desaercni dna ,%82.3 yb CFSB decuder ,%52.6 yb rewop

 lio mlap %02–leseid %08 ot derapmoc nehw %4 yb ETB

 OC dna ON gnirewol ot noitidda nI .dnelb leseidoib

 desaercni osla dnelb leseidoib eht ot EED gnidda ,snoissime

 gnidda taht dnuof )5102( .la te nanetmI .]851[ snoissime CH

 decnavda desaerced dnelb leseidoib lio mlap–leseid ot EED

 erusserp rednilyc desaerced dna DI gnisaercni yb noitsubmoc

 fo taeh tnetal desaercni eht fo esuaceb erutarepmet dna

 lio mlap %02–leseid %08 ot nosirapmoc nI .noitaropave

 dna OC desaerced EED fo noisulcni htiw dnelb leseidoib

 nehW .ylevitcepser ,%5.53 dna %52 yb snoissime ekoms

 saw noissime ON ,dnelb leseidoib eht ot dedda saw EED %01

 desaercni noissime CH ,revewoh ;%02 yb decuder ylralimis

 dna dasarparaV yb denimreted saw tI .]951[ sdnelb EED htiw

 lio mlapleseid ot noitidda EED rewol eht taht )7102( oaR

 ot noitidda EED .ETB erom eht devorpmi sdnelb leseidoib

 ,ecneH .llew sa snoissime eht decuder sdnelb leseidoib eht

 senigne leseid ni evitidda evitcepsorp a sa desu eb dluoc EED

 ot EED gnidda taht dnuof )4102( .la te oaradasarP .]061[

 ni %8.01 yb ETB desaercni dnelb leseidoib lio mlap–leseid

addition to reducing BSFC, CO, NOx, and CO2 emissions. 

 snoissime dna ecnamrofrep gnisaercni rof dnelb lamitpo ehT

 EED %5 dna ,leseidoib %51 ,leseid %58 eb ot detseggus saw

 tseb eht taht )0202( ulsU yb denimreted saw tI .]161[ noitidda

 %6 ,oitar EED %5 sa denimreted erew sretemarap gnikrow
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 ,ETB fo seulav tseb ehT .sdaol W 058 dna oitar leseidoib

 ,%37.03 sa deniatbo erew snoissime ekoms dna xON ,CFSB

 mumitpo eht rof %19.86 dna mpp 2.292 ,hWk/g 95.428

 dna ulsU yb denimreted saw tI .]261[ sretemarap gnikrow

 mlapleseid eht ni oitar leseidoib hgih eht taht )0202( nıdyA

 wol tub ,snoissime ekoms dna OC decuder dnelb leseidoib lio

 snoissime eht dna CFSB decuder ,ETB desiar oitar leseidoib

 lio mlapleseid eht ni oitar EED woL .xON dna CH fo

 OC dna CFSB decuder ti elihw ,ETB desiar dnelb leseidoib

 ekoms dna xON decuder oitar EED hgiH .noissime

 CH dna TGE laedi eht evag oitar EED elddiM .snoissime

 CH ,OC fo snoissime eht decuder noitcejni ylraE .noissime

 ETB ,TGE devorpmi noitcejni gnidrater eht elihw ,xON dna

 noitcejni egareva ta deniatbo saw CFSB tseb ehT .ekoms dna

 erew xON dna CH fo snoissime eht dna TGE tseb ehT .gnimit

 OC dna CFSB ,ETB tseb eht elihw ,daol wol ta deveihca

 eht evag daol hgih ehT .daol elddim ta deniatbo saw noissime

 saw tI .]361[ noissime ekoms ylno rof seulav mumitpo

 EED taht )3202( otowarP dna otnayidraH yb denimreted

 desiar dnelb leseidoib lio mlap %53leseid %56 ot noitidda

 eht dna CFSB decuder dna ETB dna rewop enigne eht

 EED %4 .dnelb leseidoib %53 eht ot derapmoc snoissime

 dna %96.7 yb ETB desiar dnelb leseidoib eht ot noitidda

 decuder 3EED .53DB ot derapmoc %3.6 yb CFSB decuder

 %52.8 yb decuder ti elihw 53DB ot derapmoc %28.1 yb OC

 rewol saw 4EED rof noissime xON .leseid ot derapmoc

53.48% than BD35 and it was less 48.88% than diesel. SO2 

 rewol saw ti dna 53DB naht %98.04 ssel saw 4EED rof

 )3202( nainamarbuS dna ymasuruG .]461[ leseid naht %71.17

 ETB desaercni gniximerp EED dna lohocla lyzneb taht dnuof

 enip %05–leseid %05 ot nosirapmoc ni %57.8 dna %5.4 yb

 .rewol saw dnelb leseidoib fo CFSB tub ,dnelb leseidoib lio

 CH dna OC ,desaerced erew snoissime ekoms dna xON elihW

 erew lohocla lyzneb dna EED nehw desaercni erew snoissime

 kaep eht ,deximerp saw lohocla lyzneb nehW .deximerp

 EED nehw ,revewoh ;desaercni RRH dna erusserp rednilyc

 )6102( .la te leumaS .]561[ desaerced yeht ,deximerp saw

 nehw sdnelb deiduts lla ni rewol saw ETB taht dnuof

–leseid eht ot EED %51 gnidda taht dna ,leseid ot derapmoc

 erew taht seulav ETB ni detluser dnelb leseidoib lio aimagnop

 ,seulav CFSB tsewol eht decudorp leuf leseiD .leseid ot resolc

 leseidoib ehT .sdaol lla ta CFSB desiar sdnelb detset lla dna

blend’s addition of DEE decreased EGT as well as CO, NOx, 

and CO2 emissions [166]. It was determined by Pugazhvadivu 

 aimagnopleseid ot noitidda EED taht )9002( napogajaR dna

 xON fo snoissime eht dna ETB decuder sdnelb leseidoib lio

 laicifeneb erom saw sdnelb EED %02 dna %51 .ekoms dna

 ahsenaD .]761[ dnelb EED %01 naht xON fo gnicuder eht rof

 %08 ,sdaol laitrap ta taht dnuof )6102( htanujnaM dna

 dna dnelb leseidoib lio dees acualg abuoramis %02leseid

 decudorp noitidda EED %1 htiw leseidoib %91leseid %08

 EED %1 dna %5.0 fo noitidda ehT .leseid naht ETB retaerg

 htiw CFSB lacitnedi ylraen decudorp dnelb leseidoib eht ot

 detset yreve rof noissime xON eht ,sdaol retaerg tA .leseid

 sdnelb detagitsevni llA .leseid fo taht naht rewol saw dnelb

had lower HC and CO emissions but higher CO2 emissions 

 tunpaos %01leseid %09 taht dnuof )0202( .la te ubarP .]861[

 dna erusserp rednilyc rewol dah EED %5 htiw leseidoib lio

 enigne htooms ni detluser hcihw ,leseid naht RRH

 decudorp dnelb EED %5 dna leseidoib %01 .ecnamrofrep

 %9.2 yb desiar saw ETB .leseid htiw CFSB lacitnedi ylraen

 saw EED nehw %1.23 yb decuder saw noissime xON dna

 eht ot EED gnidda ,revewoH .dnelb leseidoib ot dedda

 tI .CH dna OC fo snoissime eht desaercni dnelb leseiedoib

 saw EED %5 htiw dnelb leseidoib %01 taht denimreted saw

 dna narawseenuM .]961[ tnemecalper leseid doog a

 naebyosleseid ot EED gnidda taht dnuof )5102( rahkesnahT

 eht desaerced nrut ni hcihw ,DI desaerced sdnelb leseidoib lio

 eht ot dedda saw EED nehW .erutarepmet noitsubmoc

 erew xON dna OC fo snoissime eht ,sdnelb leseidoib

 saw tI .desaercni erew CH fo snoissime eht elihw desaerced

 yb deveihca eb yam snoissime xON gnicuder taht deralced

 .]071[ EED htiw leseidoib %03leseid %07 gnidnelb

 gnidda taht dnuof )5102( navedusaV dna nanhsirkahteenavaN

 ETB desaercni leseidoib lio unamat %04leseid %06 ot EED

 gniddA .leseid sa emas eht tuoba ot CFSB dna tnecrep 4.3 ot

 erusserp rednilyc eht desaerced dnelb leseidoib eht ot EED

 te ujaR .]171[ xON fo noitpecxe eht htiw ,snoissime lla dna

 lio dees dniramat %02leseid %08 taht dnuof )7102( .la

 dna %7.7 yb ETB desaercni EED %01 htiw dnelb leseidoib

 ehT .leseid ot nosirapmoc ni %63.5 yb CFSB desaerced

 xON desaercni dnelb leseidoib eht ot EED fo noitidda

 tA .snoissime ekoms dna ,CH ,OC gnicuder elihw snoissime

 decudorp EED %01 htiw dnelb leseidoib eht ,daol lluf

 sdnelb taht denimreted saw tI .leseid naht ekoms ssel %58.34

 dna retteb demrofrep leseidoib %02 dna EED %01 gniniatnoc

 saw tI .]271[ sdnelb rehto eht naht snoissime rewol decudorp

 %08 ot noitidda %21 taht )0202( .la te ujaR yb denimreted

 desiar dnelb )02DB( leseidoib lio dees dniramat %02leseid

 derapmoc %22.4 dna %88.8 yb ETB dna etar esaeler taeh eht

 dna xON ,CH ,OC fo noissime ehT .leseidoib %02 eht ot

 ,%33.33 ,%86.01 yb decuder erew dnelb siht rof ekoms

 saw tI .daol lluf ta leseid ot derapmoc %27.72 dna %33.01

 htob lufepoh saw EED %21 htiw dnelb 02DB taht deralced

 dna )6102( .la te uduT .]371[ yllaciteroeht dna yllatnemirepxe

 %06 ni oitar EED gnisaercni taht dnuof )7102( .la te naguruM

 )04DB( leseidoib lio sisyloryp devired eryt %04–leseid

 EED %4 nehW .erusserp rednilyc desaercni dna DI desaerced

 naht rewol %6 saw CFSB ,dnelb leseidoib eht ot dedda saw

 rof noissime ON ,daol mumixam tA .daol lluf ta leseid fo taht

 rewol %52 dna 04DB fo taht naht retaerg %02 saw dnelb siht

 dna %3 fo noissime ekoms ,daol lluf tA .leseid fo taht naht

 %93 dna leseid fo esoht naht ssel %12 dna %62 erew EED %4

 EED eseht ,revoeroM .04DB fo esoht naht ssel %43 dna

 denimreted saw tI .]571471[ noissime OC desaerced sdnelb

 %02leseid %08 fo ETB taht )3202( .la te nahbanamdaP yb

 saw EED %02 htiw )02DB( dnelb leseidoib lio gnikooc etsaw

 .leseid fo taht naht %51 rewol saw CFSB dna %2.5 rehgih

 xON dna CH ,OC fo snoissime eht decuder osla sdnelb EED

 ylevitcepser ,%4.31–2.4 dna %9 ,%9–7 tuoba snoissime

 nehw taht dnuof )5102( najarataN dna ihtroomanhsirK .]671[

 snoissime dna CFSB ,leseid fo daetsni desu erew sexim EED
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were reduced. The lowest emissions of HC, CO, NOx, and 

CO2 were produced by 75% diesel25% waste frying oil 

 saw tI .]771[ EED %5 htiw dnelb )52DB( leseidoib

 %53leseid %56 taht )3202( .la te yebuD yb denimreted

 %01 htiw dnelb )53DB( leseidoib lio gnikooc naebyos etsaw

 ,CFSB .lamitpo na sa denimreted saw RGE %51 dna EED

 erew CH dna ,OC ,xON ,ekoms fo snoissime eht dna ETB

obtained as 272 g/kWh, 31.47%, 18.94 HSU 

(Hartridge Smoke Unit), 91 ppm, 0.03% and 24 ppm at these 

 %08 taht dnuof )2202( .la te yddeR .]871[ snoitidnoc lamitpo

 EED %01 htiw )02DB( leseidoib lio citsalp etsaw %02leseid

 erusserp rednilyc gnivorpmi elihw %68.4 yb ETB desaercni

 EED %01 htiw dnelb 02DB ,leseid ot derapmoC .RRH dna

 yb decuder erew taht ekoms dna ,CH ,OC fo snoissime dah

 .la te iruttoK .]971[ ylevitcepser ,%94.51 dna ,%37.02 ,%25

 etsaw %02leseid %08 ot EED gnidda taht dnuof )3202(

 hcihw ,ytisocsiv desaerced )02DB( leseidoib lio citsalp

 noitsubmoc dna noitazimota erutxim leuf decnahne

 ,sdnelb EED rehto eht dna 02DB ot nosirapmoc nI .ycneiciffe

 hgih tA .ETB retteb decudorp EED %51 htiw dnelb 02DB

 ot ralimis erom saw sdnelb EED fo CFSB ,sdeeps enigne

 yb derewol erew RRH dna erusserp rednilyc kaep ehT .leseid

 OC desaerced ti ,yllanoitiddA .dnelb 02DB eht ot EED gnidda

 eroM .]081[ snoissime CH desaercni tub ,snoissime xON dna

 %08 ot noitidda EED %8.0 taht dnuof )0202( .la te

 dnelb )02DB( leseidoib lio gnikooc desu %02leseid

 nI .%21.4 yb CFSB desaerced dna %60.61 yb ETB desaercni

 dna ,CH ,OC desaerced sdnelb EED ,leseid ot nosirapmoc

 ,%33.32 dna ,%96.43 ,%14.02 yb snoissime xON

respectively. Blends of DEE also decreased CO2 emissions 

 ot EED %01 gnidda taht dnuof )5102( .la te lihtneS .]181[

 )02DB( leseidoib lio aimagnop %02lio sutpylacue %08

 dna leseid fo esoht ot resolc erew taht seulav ETB decudorp

 .daol lluf ta TGE dna ,CFSB ,CESB decuder yltnacifingis

 dnelb siht fo snoissime ekoms dna ,CH ,OC ,yllanoitiddA

 .]281[ daol lluf ta leseid naht ssel %7.53 dna ,%01 ,%03 erew

 noitidda EED %5 taht )1102( .la te iQ yb denimreted saw tI

 CFSB decuder dnelb )03DB( leseidoib %03leseid %07 ot

 03DB fo taht ot ralimis saw ti elihw ,dnelb 03DB ot derapmoc

 EED ro lonahtE .dnelb 03DB ot noitidda lonahte rof dnelb

 rehgih ta noissime ekoms decuder dnelb 52DB ot noitidda

 xON dna CH fo snoissime eht desiar dnelb lonahtE .sdaol

 saw noissime OC tub ,noissime CH desiar dnelb EED elihw

 rednilyc kaep ehT .sdnelb EED dna lonahte htob rof rewol

 EED rof etar esaeler taeh dna etar esir erusserp ,erusserp

 lonahte fo esoht naht rehgih dna 03DB ot ralimis erew dnelb

 esir erusserp ,erusserp rednilyc kaep ehT .sdaol wol ta dnelb

 elihw tsehgih erew dnelb EED rof etar esaeler taeh dna etar

 saw tI .sdaol hgih ta dnelb 03DB rof tsewol erew yeht

 dna lonahte fo esoht naht retteb saw dnelb EED taht deralced

 OC elihw taht dnuof )6102( .la te yoR .]381[ sdnelb 03DB

 desaercni snoissime CH ,desaerced snoissime xON dna

 alonacleseiD .trats dloc ot desoppo sa pu–mraw gniwollof

 ,leseid ot evitaler noissime ON desaercni sdnelb leseidoib lio

 noitidda eht elihW .snoissime CH dna OC desaerced yeht tub

 fo snoissime eht desaercni dnelb leseidoibleseid ot EED fo

 desaerced sdnelb eht ot EED dna lonahte fo noitidda eht ,CH

 elbinrecsid on saw erehT .xON dna OC fo snoissime eht

 yna decudorp sdnelb on dna ,snoissime edyhedla ni esaercni

 )0202( .la te ohlavraC .]481[ doirep pu–mraw eht retfa ekoms

 leseidoib %02–leseid %08 ot lonahte %01 gnidda taht dnuof

 dna %8.7 yb euqrot mumixam eht desaerced dnelb )02DB(

 nehW .dnelb 02DB dna leseid eht ot derapmoc nehw %7.6

 CH dna OC ,sdaol wol ta 02DB ot dedda saw lonahte

 .dnelb 02DB dna leseid ot nosirapmoc ni desaercni snoissime

 yb deretla yltnacifingis ton saw euqrot enigne mumixam ehT

 tA .dnelb lonahte dna ,leseidoib ,leseid eht ot EED %5 gnidda

 xON decuder EED fo noitidda eht ,sdaol hgih dna etaredom

 dna leseid ot derapmoc nehw %17 yb snoissime MP dna

 hcae ot esolc ylriaf saw ETB fo dnelb detset yrevE .02DB

 ta ETB tsehgih eht decudorp dnelb EED eht hguohtla ,rehto

 navahdaM dna uneV yb denimreted saw tI .]581[ sdaol hgih

 dnelb lonahte–leseidoib–leseid ot noitidda EED taht )7102(

raised the peak heat release rate, BSFC and the emissions of 

HC, CO and CO2 besides the reduction in peak pressure and 

the emissions of NOx and smoke. Alumina (Al2O3) addition 

 fo snoissime eht desiar dnelb lonahte–leseidoib–leseid ot

 esaeler taeh kaep eht ni noitcuder eht sediseb ekoms dna xON

rate, BSFC and the emissions of HC, CO and CO2. Addition 

both Al2O3 and DEE resulted in higher particulate matter 

(PM) formation, but 5% DEE and 25 ppm Al2O3 addition 

reduced PM at higher loads. It was declared that 5% DEE and 

25 ppm Al2O3 gave the better performance and emission 

 dna uneV yb denimreted saw tI .]681[ scitsiretcarahc

–leseidoib–lonahte ot noitidda EED taht )7102( navahdaM

 erusserp rednilyc ,noitarud noitsubmoc eht desiar dnelb leseid

 .snoissime ekoms dna MP ,xON decuder eht htiw CFSB dna

DEE addition to methanol–biodiesel–diesel blend raised PM, 

CO, CO2 and smoke emissions with reduced combustion 

 %5 .CFSB dna etar esaeler taeh ,erusserp rednilyc ,noitarud

 esaeler taeh ,erusserp rednilyc rehgih eht evag noitidda EED

 noitsubmoc decuder htiw noissime xON dna TGE ,etar

duration and the emissions of HC, CO2 and PM compared to 

 ot noitidda EED %5 taht deralced saw tI .noitidda EED %01

 retteb eht evag sdnelb leseid–leseidoib–lonahtem/lonahte

 saw tI .]781[ snoissime dna ecnamrofrep ,noitsubmoc

 noitidda EED taht )7102( .la te ihtroomayihtaS yb denimreted

 leseidoib lio ssargnomel %52leseid %57 deifislume onan ot

 dna xON fo snoissime eht decuder RGE htiw dnelb )52DB(
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5. Effects of Diethyl Ether on Cyclic Variations 

The coefficient of variation (COV) of the indicated mean 

effective pressure (IMEP) is used to assess the stability of 

engine. The cycle to cycle variations are observed when 

cylinder pressure is measured over multiple thermodynamic 

cycles without interruption. The cycle to cycle pressure 

variation is mainly a result of variations in the combustion 

process from cycle to cycle [197]. The COV of IMEP is a 

significant indicator of the cyclic variability that may be 

computed from recorded cylinder pressure data. It is 

computed as follows [198, 199]: 

IMEPCOV 100
IMEP

x


  (1) 

Where, IMEP is the average indicated mean effective 

pressure calculated for a number of cycles N, while IMEP is 

the standard deviation in IMEP. These parameters are 

calculated as follow [198, 198]: 

i = N

i = 1

IMEP IMEP(i) / N   (2) 

 
2

IMEP

i = N

i = 1

1
IMEP(i) IMEP

N 1
  


  (3) 

Heywood [197] declared that engine stability was negatively 

impacted when COV exceeded 10%. However, other studies 

declared that engine stability started to deteriorate when COV 

increased beyond 5% [199]. 

 

 

 
     (a)   

    (b) 

Figure 3. Variation of a) COV of IMEP and b) COV of 

maximum cylinder pressure (pmax) with DEE 

premixed ratio [31] 

 

The effects of the DEE premixed ratio on the cyclic variation 

of 50 consecutive cycles are displayed in Figures 3(a) and (b). 

The cyclic variation usually affected by knocking and 

combustion instability when considering the operating limits 

of engine. It is declared that DEE premixed ratio was limited 

to 40%, since audible knocking was observed during the tests. 

The cyclic variations for diesel fuel and 10% DEE premixed 

ratio were quite small as seen from Figures 3(a) and (b). The 

cyclic variations started to come into sight at 20% DEE 

premixed ratio. The difference in the maximum cylinder 

pressures of each cycle increased continuously as DEE 

premixed ratio was raised. The values of COV of IMEP shown 

in Figure 3(a) were determined as 1.29, 1.44 and 2.01 for 

diesel, 10% and 20% DEE premixed ratios, respectively. The 

COV of Pmax shown in Figure 3(b) was also determined as 

1.08, 1.2 and 2.44 for diesel, 10% and 20% DEE premixed 

ratios, respectively. During the high premixed DEE ratio, 

rapid combustion of the bulk premixed fuel occurred, leading 

to excessive heat release rate which caused unstable ignition 

timing. The knocking combustion is clearly observed from 

pressure oscillations especially during 30% and 40% DEE 
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premixed ratio. The cyclic variation was excessive with 40% 

DEE premixed ratio, with the fluctuation of the maximum 

cylinder pressure, ignition timing and crank angle related to 

the highest cylinder pressure. The COV of IMEP was 2.4 and 

2.6 while the COV of pmax was 4.2 and 6.7 at 30% and 40% 

DEE premixed ratios. The higher premixed fuel ratio can lead 

to fuel film formation on the intake manifold walls and the 

head of the intake valve in external homogeneous charge 

formation with port type fuel injection. Hence, the trapped 

homogeneous charge in the cylinder at the intake valve 

closure can show variations from cycle to cycle. The rising 

intake charge temperature leads to the increased vaporization 

of premixed fuels and decreased formation of fuel films on the 

intake manifold wall. It can be concluded that controlling the 

intake charge temperature during the homogeneous charge 

formation can provide stable engine operation. It can reduce 

the ignition delay caused from intake charge cooling. The 

combustion temperature can be also increased by heating the 

intake charge. It can reduce the ignition delay caused from 

intake charge cooling and promotes the chemical reaction rate. 

In consequence, stable ignition and engine running can be 

achieved. The application of EGR can reduce cylinder 

pressure rise rate for higher premixed DEE ratio. Hence, it can 

be used for the engine knocking controlling [31]. 

 

 

 

     (a)   

    (b) 

 

 
     (c)   

    (d) 

Figure 4. Variation the COV of a) maximum cylinder 

pressure, b) maximum pressure rise, c) dynamic 

injection timing and d) ignition delay with BMEP for 

diesel–DEE blend [74] 

 

Figure 4(a) and (b) demonstrate the COV of the maximum 

cylinder pressure and maximum pressure rise with brake mean 

effective pressure (BMEP) for pure diesel and the blend of 

24% DEE with diesel fuel (D76DEE24), respectively. Figure 

4(c) and (d) indicate the COV of dynamic injection timing and 

ignition delay, respectively. From Figure 4(a)–(d), it could be 

concluded that the addition of DEE up to 24% blending ratio 

did not significantly change cyclic variability when compared 

to diesel fuel, which was already small. It was declared that 

the analysis of the results from the figures show that neither 

the injection process nor the DEE ratio in diesel–DEE blend 

had any adverse effect on the observed cyclic variations. It 

was assessed from the results that the engine would not have 

an unstable operation for up to a 24% DEE addition [74]. 
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    (a)   

    (b) 

Figure. 5. Variation the COV of IMEP for diesel fuel and 

various diesel–DEE blends with indicated power a) 

[26] and b) [24] 

 

Figure 5(a) shows COV of IMEP by the indicated power for 

tested fuels. It was stated that values of COV of IMEP were 

computed for five thermodynamic cycles. As seen from 

Figure 5(a), the values of COV are usually higher at the lower 

engine loads compared to higher loads especially for 

D85DEE15 blend. It was stated that this was because the 

engine was operated with the leaner fuel–air mixture during 

lower load operation and the operating of the engine with 

leaner fuel–air mixtures can raise the engine cyclic variations. 

It was determined that COV of IMEP values are below 5% for 

the most of engine loads especially at higher engine loads for 

all tested fuels. However, average COV of IMEP values raised 

slightly when DEE blends were used compared to diesel fuel. 

It was determined that average COV of IMEP for diesel, 

D90DEE10 and D85DEE15 was 2.85%, 2.98%, and 3.391%, 

respectively. It was stated that rising DEE ratio increased the 

amount of the fuel vapor bubbles due to high volatility of DEE 

causing vapor lock, which decreased engine stability and 

increased COV of IMEP [26]. Figure 5(b) indicates the COV 

of IMEP averaged over 200 engine cycles. Commonly, 5% 

COV of IMEP value is considered a cutoff that determines 

combustion stability. The COV of IMEP values were 

comparable and were less than 2.5% for all tested fuels under 

all engine loads, which pointed out very much stable 

combustion. As the engine load increased, the combustion 

stability also raised, showing the lower COV of IMEP values. 

This was because the quantity of injected fuel increased by 

rising engine load, which assisted the formation of the local 

fuel–rich region in the combustion chamber [24]. 

Figure 6 shows the COV of IMEP values for diesel, biodiesel 

(BD), and biodiesel–DEE blends including up to 40% DEE. 

The COV of IMEP values are about two/three times higher for 

DEE30 and DEE40 blends than that of diesel fuel. The results 

demonstrated that the combustion process of the biodiesel 

blend containing large amounts of DEE was more unstable. 

Such an engine operation presented the appropriate torque, but 

its uniformity of operation was also worse than that of diesel 

fuel. It was stated that the reason for higher variability of 

combustion process of biodiesel–DEE blends was sourced 

from disturbance of the fuel injection process. It was 

determined that the average value of IMEP was 0.648 bar for 

the cycle no of 70 while it is 0.731 bar for the cycle no of 71 

when the engine was operated under 100 Nm and 1200 rpm 

operating conditions when engine fuelled with DEE40 blend. 

It was stated that lower IMEP was caused by a disorder in the 

fuel injection process. It was assumed that cause of failure in 

the fuel injector work was vapor lock formed in the fuel 

system caused by the evaporation of volatile DEE and it was 

also the reason for the difficult start–up of the engine fueled 

with biodiesel and large DEE ratio. The analysis of the results 

revealed that the variation in the combustion process 

depended on the variability of diesel fuel, biodiesel fuel, and 

biodiesel–DEE blends including up to 20% DEE ratio. In 

these cases, COV of IMEP did not exceed 4%. Moreover, it 

became obvious that COV of IMEP was raised with the higher 

DEE ratio in the biodiesel–DEE blends. Thus, the values of 

COV of IMEP for 30 and 40% of DEE with biodiesel were 

three times higher than those of diesel fuel. The results 

indicated that raised DEE into biodiesel is disadvantageous as 

it leaded to excessive roughness in engine operation compared 

to diesel fuel. The observed deterioration of the combustion 

process is caused by vapor locks, which were formed due to 

evaporation of volatile DEE in the fuel line, leading to the 

interrupted operation of fuel injector [97]. 
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Figure 6. Variation the COV of IMEP for diesel, biodiesel 

and biodiesel–DEE blends [97] 

 

Figure 7(a) shows the comparison of COV of IMEP 

determined from over a 200 consecutive cycles for all tested 

fuels. It is seen from Figure 7(a) that the variation in COV of 

IMEP was reduced by the rising number of cycles. This 

tendency indicated that the increase in the number of cycles 

was reduced the effects of cyclic variability in the averaged 

IMEP pressure data. Moreover, COV of IMEP tends to be 

constant with less than 1% error when the cycle number is 

more than 150 for all tested fuels. Therefore, 200 cycles was 

assumed sufficient to examine the engine cyclic variations. 

Figure 7(b) shows the effect of rising DEE ratio on COV of 

IMEP for BD30 blend. As seen from Figure 7(b) that COV of 

IMEP was lower for BD30 blend without DEE additive and 

increases with rising DEE ratio. This observation was due to 

effect of different chemical compositions, low flash point and 

high volatility of DEE on combustion process of the mixture 

which leaded to developed more engine cyclic variations 

[154]. Figure 7(c) indicates the variation of COV of IMEP 

with load for tall tested fuels. As seen from Figure 7(c) that 

COV of IMEP was lower than 5% for most of engine 

operating conditions. Therefore, it could be stated that adding 

DEE up to 10% into diesel–biodiesel blend did not negatively 

affect engine stability. Figure 7(c) also indicates that COV of 

IMEP generally reduced with the rising of load showing better 

engine stability. That could be explained as the engine 

consumed the richer air–fuel mixture at higher loads. The 

reducing the air–fuel ratio could decrease engine cyclic 

variations. The COV of IMEP for diesel fuel was determined 

about 3% for most of engine loads as seen in Figure 7(c). That 

could be considered slightly higher compared to other diesel 

engines because the air flow rate was measured using an 

orifice meter which was the flow restriction device which 

could induce relatively higher fluctuations in inlet pressure 

and air flow rate. However, COV of IMEP could change much 

from engine to engine according to engine specifications, 

operating conditions and fuel properties [152].  

 

 
    (a)   

    (b) 

 
      (c) 

Figure 7. Variation the COV of IMEP for diesel–biodiesel–

DEE blends with a) cycle number, b) DEE ratio 

[154] and c) indicated power [152] 

 

Figure 8(a) shows the COV of maximum cylinder pressure 

rise with load (BMEP) for vegetable oil (VO), biodiesel (BD) 

and their blends with 20% diethyl ether. Firstly, it was 

observed that COV values of maximum cylinder pressure rise 
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with pure VO or its blend with biodiesel were lower than the 

values for DEE blends. All COV values were raised with load 

because the more fuel is injected and combusted. The lower 

COV values at high load were possibly due to the fuel mixture 

reaching then over–richness at the point where the maximum 

rate occurred. As regards the corresponding COV values, it 

could be observed that there were slight differences between 

the neat VO and its blend with biodiesel and little higher 

values with their blends with DEE, but inside acceptable limits 

for this parameter in diesel engines. The little higher values 

observed for DEE blends with either VO or its blend with 

biodiesel indicated that this might be due to their 

corresponding higher ignition delays, which may have the 

dominant factor for less repeatable first (premixed) part of 

combustion to occur as against a less delayed combustion. 

However, COV values among these blends did not seem to 

correlate with the ignition delays. To be noted that all COV 

values were reduced with load, given that in the case of lower 

loads, having also higher ignition delays, the smaller amount 

of fuel injected (less controllable) and the consequent 

combustion process were less repeatable. Figure 8(b) shows 

the COV of IMEP values with load for VO, BD, and their 

blends with 20% diethyl ether. The related COV values, it 

could be observed that there were slight differences between 

the neat VO and its blend with biodiesel, and little higher ones 

by their blends with DEE, but inside acceptable limits for 

diesel engines. The higher COV values observed with all 

blends against the neat bio–fuel cases indicate that this might 

be due to their corresponding higher ignition delays having the 

dominant factor. On the other hand, it was observed that there 

were no apparent differences at all DEE blends with either VO 

or its blend with biodiesel. This indicated that when all DEE 

blends were compared, the differences in their ignition delays 

were not evident, likely being compensated for by other 

factors that were integrated into the computation of the 

cylinder pressure diagram for IMEP. All COV of IMEP values 

were reduced with the rising engine load similar to Figure 8 

(a) [80]. 

 

 
      (a)   

             (b) 

Figure 8. Variation of a) COV of IMEP and b) COV of 

maximum pressure rise for vegetable oil (VO), 

biodiesel (BD), VO–BD blend with DEE [80] 

 

Figure 9(a) shows the variation of COV of IMEP with engine 

speed for diesel, biodiesel, biodiesel–ethanol blends and 

ethanol–DEE blends. The engine stability was highly affected 

with B20E80, exceeding limits that would allow vehicle 

drivability. Hence, BD20E80 did not show in Figure 9(a). 

DEE80E20 presented the same cyclic variability like the other 

blends, but not following the same trend as presented in Figure 

9(a). However, DEE60E40 showed much higher COV of 

IMEP values than other fuels and blends after engine speed of 

1750 rpm and engine operation were interrupted at engine 

speed of 2250 rpm as in Figure 9(a). On the other hand, COV 

of IMEP values would be different as the fuel pump injection 

timing should be optimized for each blend. Nevertheless, the 

addition of ethanol into biodiesel appeared to benefit 

combustion stability due to lowers values of COV of IMEP. 

The more ethanol in biodiesel gave the more stable 

combustion. The increasing amount of DEE also improved 

combustion stability, but in a narrow range. Less than 60% 

DEE with ethanol did not allow engine operation while 80% 

DEE with ethanol (DEE80E20) gave good combustion 
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stability [70]. Figure 9(b) shows the starting fuel injection 

quantity (SFIQ) effect on the COV of engine speed during the 

initial 50 idle cycles at –10°C. Evidently, as the SFIQ 

decreased, COV of engine speed exhibited a corresponding 

reduction. It indicated that when 0.5% DEE was premixed, 

cutting down the fuel injection quantity enhanced the stability 

of engine speed during the cold start. This effect resulted 

primarily from the fact that a smaller fuel quantity led to a 

narrower gap between the maximum engine speed and the 

targeted idle speed, enabling the PID controller too quickly 

and precisely regulate fuel injection during the idle period. As 

seen in Figure 9(b), using a smaller SFIQ was beneficial for 

increasing the safety and stability of combustion during cold 

start of the diesel engine with 0.5% DEE premixed, but speed–

up period was extended [42]. 

 

 
      (a)   

             (b) 

Figure 9. Variation of a) COV of IMEP with engine speed for 

ethanol and DEE blends [70] and b) COV for engine 

speed with the starting fuel injection quantity (SFIQ) 

[42] 

 

 

 

6. Conclusions  

The effect of diethyl ether (DEE) addition to various diesel 

engine fuels or fuel blends is investigated on the cyclic 

variations in this review study. The following conclusions can 

be summarized as results of the study. 

 It was declared that coefficient of variation (COV) was 

usually higher for the low engine loads compared to the 

high loads due to engine was operated with the leaner 

fuel–air mixture. Operating of engine with leaner 

mixtures could increase cyclic variations by deteriorating 

combustion, while increasing quantity of injected fuel by 

rising engine load reduced cyclic variability due to 

enhancing combustion stability. 

 It was determined that COV values raised a little with 

DEE addition to diesel fuel up to 24% DEE ratio, but it 

did not impact greatly the cyclic variability. COV values 

stayed under 2.5% for diesel–DEE blends up to 50% DEE 

ratio. COV values were determined as 2.85%, 2.98% and 

3.391%, respectively for diesel, 10% DEE, and %15 DEE 

with diesel. 

 It was declared that cyclic variations were often affected 

from knocking combustion which is also determined the 

engine operation limits. It was also declared that cyclic 

variations began to view at 20% DEE premixed ratio with 

diesel and knocking combustion could be noticed at 30% 

and 40% DEE premixed ratios. It was determined that 

COV of IMEP was 1.29%, 1.44%, 2.01%, 2.4% and 2.6% 

for diesel, 10%, 20%, 30% and 40% DEE premixed 

ratios, respectively.  COV of maximum cylinder pressure 

(pmax) was also 1.08%, 1.2%, 2.44%, 4.2% and 6.7% for 

diesel, 10%, 20%, 30% and 40% DEE premixed ratios, 

respectively. It was concluded that DEE premixed ratio 

was limited to 40% because of the heavy audible knock. 

 It was stated that COV of IMEP values was increased 

with biodiesel–DEE blends up to 40% DEE ratio. The 

COV of IMEP values for 30% and 40% DEE with 

biodiesel were two/three times higher than that of diesel 

fuel. It was declared that higher variability in COV of 

IMEP for biodiesel–DEE blends was sourced from 

deterioration of combustion which was sourced from 

vapor locks due to evaporation of volatile DEE in the fuel 

line. 

 It was stated that the lower COV of IMEP was obtained 

with the diesel–biodiesel blend without DEE additive 

while DEE addition into diesel–biodiesel blend increased 

cyclic variations, but DEE addition up to 10% into diesel–

biodiesel blend did not violently affect the engine 

stability. It was determined that COV of diesel fuel was 

around 3% for most engine loads and COV values were 

lower than 5% for the diesel–biodiesel–DEE blends.  

 It was stated that small differences was observed in COV 

values of pure vegetable oil and vegetable oil–biodiesel 

blend. A little higher COV values were get by DEE 

addition to the vegetable oil, biodiesel and their blend, but 

the COV values obtained with all tested fuels were inside 

the acceptable limits. 
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 It was determined that rising ethanol addition to biodiesel 

fuel gave the more stable combustion and increase of 

DEE ratio in the ethanol–DEE blend improved 

combustion stability in a limited range. Higher than 80% 

ethanol with biodiesel and less than 60% DEE with 

ethanol did not allow engine operation while 80% DEE 

and 20% ethanol blend gave the better combustion 

stability. 

 It was determined that reducing of injected main fuel for 

0.5% DEE premixed ratio during engine start–up period 

was raised the stability of combustion (COV of engine 

speed) during cold start of the diesel engine, but speed–

up period was expanded in that case. 

 A single cylinder direct injection experimental diesel 

engine was employed in the most studies on using of 

DEE. Hence, it will be useful the using of the multi 

cylinder diesel engines mounted in the vehicle to 

generalize the findings about DEE for future researches.    

 It was understood that DEE addition to different diesel 

engine fuels generally improves combustion, increases 

efficiency and reduces the most engine emissions with 

tolerable power reduction and reasonable increase in fuel 

consumption, but it is determined that DEE additive 

especially in high blending ratios increases frequently 

cyclic variations. Therefore, new methods have been 

explored the reduction of cyclic variations for future 

studies when DEE is used as a fuel or fuel additive in 

internal combustion engines.  
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