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The sizable global use of fossil energy and the worries about harmful emissions to the 

environment and human health have led investigations focused on using renewable fuels. 

Ethanol seems to be a desirable renewable fuel due to availability and significant 

production. The ethanol fumigation in compression ignition engines has been explored 

as a possible solution to enhance efficiency and decrease harmful and pollutant gases. 

This study investigates the effects of a generator set running on directly injected diesel 

fuel containing 7% biodiesel in volume and port fuel injected hydrous ethanol in different 

loads. The experiments were carried out in a diesel engine with specific loads, and the 

ethanol substitution rate ranged from 9% to 52% by energy. Results showed a significant 

decrease up to 61% in smoke opacity. An improvement of about 9.7% at 7.0 kW in global 

thermal efficiency was observed. Nevertheless, the other loads' efficiency deteriorated, 

resulting in a maximum decrease of about 14.6% at 4.0 kW. The total specific fuel 

consumption increased when ethanol was used, whereas the exhaust gas temperature 

decreased. The lowest NOX emissions found was 290 ppm at 6.0 kW and an ethanol 

energy ratio of 21%, although an increase in CO emissions was observed.  
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1. INTRODUCTION

The world's energy matrix is mostly based on fossil sources; 

about 83% of the primary energy in 2013 came from fossil 

fuels. Besides, in the same year, 31% of all primary energy in 

the world came from oil, showing our high dependence and 

importance of oil for the world [1]. The oil demand tends to 

increase due to the greater need for energy because of 

population, economic growth, and improved quality of life. 

Projections indicate that the energy demand will increase by 

around 50% in 2030 [2]. 

Internal combustion engines (ICE) produce mechanical 

energy through the combustion process, which mostly uses 

fossil fuels such as diesel fuel and gasoline. As a result of this 

process, some polluting gases are formed [3]. Pollution from 

ICEs is becoming increasingly worrying, affecting air quality, 

worsening the greenhouse effect, and damaging human health 

[4]. Compression ignition (CI) engines are frequently used in 

various sectors, but they are immensely used in the 

transportation sector due to high efficiency, reliability, and 

stability [5-7]. In 2014, only the transport sector consumed 

about 64.5% of all oil produced, emitting 23% of all CO2 

discharged into the environment [1]. Therefore, the transport 

sector has the highest final energy consumption and one of the 

leading global contributors to greenhouse gas emissions [8]. 

It is essential to investigate CI engines to enhance their 

efficiency and minimize the environmental impact in this 

context. Furthermore, it is inevitable to substitute diesel fuel 

for renewable fuels, considering the exhaustion of fossil fuels 

and climate change [9]. The most popular ones are ethanol and 

biodiesel. Ethanol seems to be a desirable renewable fuel to 

substitute diesel fuel partially. The advantage of replacing 

diesel fuel for ethanol is utilizing a fuel free from sulfur and 

heavy metals and is produced by fermentation of 

carbohydrates using enzymes as catalysts, for example, corn, 

sugar cane, wheat, potato, and rice [10]. The use of ethanol is 

interesting because it reduces fossil fuels' consumption and 

reduces the emissions of pollutant gases that contribute to the 

greenhouse effect. Also, global ethanol production tends to 

grow and is superior to the production of other renewable fuels. 

The largest ethanol producer globally is the USA, with 54%, 

followed by Brazil, which produces 30% of all ethanol 

produced in the world [11]. 

The most common methods to replace diesel fuel with 

ethanol in CI engines are the ethanol and diesel blends method 

[12-14] and the ethanol fumigation method [15-18]. The blend 

method is the simplest: mixing ethanol to the conventional 

diesel fuel and injecting the blend directly into the cylinder 
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through the conventional diesel injector. The alcohol–diesel 

blends help reduce engine emissions without significant 

impacts on engine performance [19]. The bleeding method's 

disadvantage is when diesel and ethanol are mixed; both fuels' 

physicochemical characteristics are affected [20]. Another 

disadvantage in using diesel-ethanol mixtures is that the 

proportion of ethanol in the blend is restricted due to diesel 

fuel and ethanol's poor miscibility.  

In the fumigation method, ethanol is usually injected by a 

port fuel injection (PFI), overcoming the blending method's 

difficulties. The fumigation method's advantages require 

minimum engine modifications and allow operation flexibility 

because they keep the two injection systems separated. 

According to Boretti [21], this method is one of the best 

solutions for alcohol use in CI engines and allows higher 

substitution rates than the blend method. 

Imran et al. [22] analyzed the fumigation of alcohol in diesel 

engines, particularly methanol and ethanol, indicating the 

effects on emissions and performance parameters. The authors 

reported that most studies used substitution ratios between 5% 

and 40%, and the use of alcohol fumigation methods in CI 

engines is capable of reducing CO2 emissions, PM, and smoke 

opacity, although CO and HC emissions increase. They also 

reported an increase in the specific fuel consumption 

contrasted with diesel fuel results for the loads tested. Lastly, 

it was highlighted that thermal efficiency deteriorates at low 

loads and improves at high loads. Chauhan et al. [23] conduct 

an assessment of the fumigation method on a single-cylinder 

CI engine working with ethanol and diesel fuel. The engine’s 

rated brake power is 7.5 kW with a compression ratio of 17.5:1 

and diesel start of injection (SOI) of 26° bTDC. The 

substitution rates varied from 3% to 48% by energy, and 

engine load ranged from 0 to 100%. They reported that ethanol 

fumigation decreases the exhaust gas temperature and 

decreases NOX, CO, CO2 concentrations. However, 

hydrocarbon emissions increased in all loads. 

Han et al. [24] studied the duel-fuel operation in a heavy-

duty diesel engine, six cylinders with a compression ratio of 

15.85:1. Ethanol was injected into the intake port while diesel 

was directly injected into the cylinder. The results indicated 

that up to 80% of ethanol mass ratios could be achieved at 

medium and low loads. The thermal efficiency decreases at a 

low load when ethanol is injected. However, at medium to 

high loads, thermal efficiency first increases to 50.7% and 

49.7%, respectively, then decreases due to sub-optimal 

combustion phasing at high ethanol mass ratios. Concerning 

the emissions, ethanol can reduce soot emissions, with no 

consistent effects on NOX emissions. As the ethanol mass ratio 

increases, the HC and CO emissions increase due to 

incomplete combustion in dual-fuel operation.  

Ferreira et al. [25] evaluated the diesel engine's performance 

and emissions characteristics running with blends of diesel and 

biodiesel indirect injected and ethanol port fuel injected. The 

authors carried out the experiments in a diesel engine with a 

compression ratio of 20:1 at 1800 rpm and 1.58 kW (about 

20% of load). The volumetric ratios of ethanol varied from 0% 

to 15.2%, and one sample was tested with 15.2% of ethanol 

and 0.4% of di-tert-butyl peroxide. In general, engine 

efficiency decreased, and energy consumption was higher 

when ethanol was used. The emissions characteristics revealed 

a decline in NOX and smoke opacity, while CO and HC 

emissions increased. The use of di-tert-butyl peroxide as an 

additive resulted in a slight improvement in efficiency and 

decreased the CO and hydrocarbon emissions. Rosa et al. [26] 

tested a similar engine (with the diesel SOI of 17° bTDC) 

running on ethanol and wet ethanol (a maximum of 30% of 

water concentration) but with a fixed load of 6 kW. The 

ethanol mass fractions ranged from 10.6% to 60.6%. The fuel 

conversion efficiency increased by up to 10% when ethanol 

and wet ethanol were used. The emissions characteristics 

results found a decrease in NOX and smoke opacity. However, 

carbon monoxide emissions increased with ethanol addition. 

The emissions result showed the same trends as those reported 

by Ferreira et al. [25]. 

Tsang et al. [27] conduct fumigation experiments on a 4-

cylinder diesel engine with a compression ratio of 19:1 and 

diesel injection timing of 8° bTDC. The tests were carried out 

at a constant speed of 1800 rpm with different loads and four 

substitution ratios, ranging from 5% to 20%. The results 

indicated a drop in thermal efficiency at low and mid loads, 

and no substantial change was noted for high loads. The use of 

ethanol leads to a decline in NOX, PM, and smoke opacity for 

all conditions analyzed. However, a significant increment in 

the fuel consumption and emissions of HC, CO, and NO2 was 

observed. The authors also perform tests with an oxidation 

catalyst, and it was possible to diminish the high HC and CO 

emissions generated by the fumigation method. The emissions 

results agree with those obtained by López et al. [28], which 

carried out the experiments in a turbocharged, four-cylinder 

diesel engine with a compression ratio of 18.4:1 at 2410 rpm. 

Comparable results were also found by Zhang et al. [29], 

which also studied the ethanol and methanol fumigation 

method with a maximum substitution ratio of 20% in a 4-

cylinder, direct injection CI engine with a compression ratio 

of 19:1 and a speed of 1800 rpm. 

De Oliveira et al. [30] investigated a four-cylinder CI engine 

with a compression ratio of 17:1 working on direct-injected 

diesel fuel having 7% biodiesel (B7) and hydrous ethanol port 

fuel injection (PFI). The diesel injection timing was fixed at 

23° bTDC, and the load varied from 0 to 37.5 kW during the 

tests. The authors varied the substitution ratio of ethanol 

between 5 to 30%. The results showed that fuel conversion 

efficiency decreased at low loads, achieving the highest 

reduction of about 6.6%. However, for high loads, the fuel 

conversion efficiency was enhanced by up to 13% compared 

to conventional diesel combustion. In general, the emissions 

of CO2 and NO were lower than conventional diesel 

combustion for all conditions analyzed. The most significant 

CO2 and NO emissions reductions were about 12% and 53%, 

with ethanol injection of 30%. The results also indicated that 

ethanol’s use to replace diesel fuel partially increased the 

emissions of CO, HC, and NOX for all loads tested. 

Jamuwa et al. [31] investigated the ethanol fumigation 

method on a 3.7 kW, single-cylinder CI engine with a 

compression ratio of 16.5:1 and SOI 23° bTDC. The 

experiments were conducted at a constant speed of 1500 rpm 

using nine specific loads and five ethanol mass flow rates. At 

low loads, the results showed that the thermal efficiency 

decreased around 11.2% and at high loads increased by about 

6% in respect of diesel fuel baseline. In terms of emissions, the 

authors reported a reduction in the smoke index, NO and CO2 

emissions, whereas HC and CO emissions increased compared 

to the diesel fuel baseline. In another work from Jamuwa et al. 

[32], they also found the same trend results. 

According to the literature above, the significance of 

studying diesel engines running on diesel-ethanol by the 

fumigation method is straightforward. There is a great interest 

in improving these engines' efficiency and reducing emissions 
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of polluting gases, making their use more sustainable and eco-

friendlier. In this context, this work experimentally evaluates 

the effects on the performance and emissions of a generator set 

equipped with a diesel engine running on diesel fuel (with 7% 

of biodiesel – B7 in vol.) and hydrous ethanol (with 4.5% of 

the water in vol.). This research aimed to expand the 

knowledge of ethanol's use in compression ignition engines on 

dual-fuel mode. The combination of parameters used in this 

research (number of cylinders, fuel composition, diesel direct 

injection angle, compression ratio, speed, a variation of load, 

and substitution ratio) does not match the parameters studied 

in previous research. This information demonstrates how this 

research contributes to expanding knowledge on the use of 

ethanol in diesel engines. 

Another purpose of this paper is to study the use of a low 

carbon renewable fuel, such as hydrous ethanol, substituting 

partially diesel fuel in the engine. The benefits of this use are 

the reduction of pollutant emissions and the reduction of fossil 

fuel use. The engine used in the tests has many applications, 

such as agricultural machines and power generation. These 

applications can then be more sustainable and reduce their 

environmental impact using ethanol in dual-fuel mode. 

Besides, it is an option for small farmers who can produce their 

ethanol fuel from different crops, allowing their farm use. 

Finally, since this technology of dual-fuel mode is not yet 

commercialized, there are still many points to explore about 

diesel engines' capability fuelled partially with ethanol, and 

this paper helps to improve this understanding.  

 

 

2. MATERIALS AND METHODS 

 

2.1 Experimental setup 

 

A single-cylinder stationary diesel engine was used in the 

experiments. Table 1 displayed the test engine specification. 

The electric generator used has 8.0 kW of power, and the 

electric loads for the experiments were achieved using electric 

resistances. The engine speed was kept constant at 1800 rpm 

in all conditions tested.  

In the experiments were employed hydrous ethanol (HET) 

with 95.5% purity and diesel fuel (B7) with 7% biodiesel. The 

physicochemical properties of the fuels used in the research 

were measured in the paper [17] and are listed in Table 2. 

Figure 1 illustrates a schematic of the experimental setup with 

its fundamental parts. 

 

 
 

Figure 1. Experimental scheme 

 

The engine standard injection fuel system introduces diesel 

fuel (B7). Nonetheless, a port fuel injector system was 

mounted at the engine air inlet manifold when the engine is 

submitted to the ethanol fumigation method. As shown in 

Figure 1, the ethanol PFI system has four components: an 

ethanol injector with a flow of 18-21 mL/min, a pressure-

regulated valve fixed at 4.5 bar, a fuel pump, and an electronic 

injection unit to manage the ethanol mass flow rate. 

 

Table 1. Test engine specification 

 
Engine characteristics Specification 

Type Single cylinder, air cooled 

Bore (mm) x Stroke (mm) 90 x 105 

Displacement (cc) 668 

Compression ratio 20:1 

Maximum power (kW/rpm) 8.8/2400 

Injection type Direct injection 

Injection pressure (bar) 180 

Injection timing  21° BTDC 

 

Table 2. Diesel fuel (B7) and hydrous ethanol properties [17] 

 
Fuel properties B7 HET 

Density at 20℃ (g/cm³) 0.843 0.806 

Viscosity (cP) at 20℃ 3.52 0.5 

Lower heating value (J/g) 42,651 23,922 

Carbon (%) 86.08 48.63 

Hydrogen (%) 12.44 13.14 

Nitrogen (%) 0.04 0.03 

Oxygen + Halogens + Ashes (%) 1.4 38.2 

Sulfur (%) 0.04 0 

 

The diesel fuel (B7) consumption was assessed with a 

digital scale with 0.01 g of resolution and an uncertainty of 1 

g. The energy analyzer Embrasul RE6000 was used to 

supervise the generator's electrical parameters, such as current, 

voltage, power, and frequency. The equipment has a 

measuring range from 50 to 500 V for AC voltage with a 0.01 

V of resolution and from 0.2 to 1000 A for AC with 0.01 A of 

the resolution and a 0.2% accuracy. A K-type thermocouple 

was fixed at the engine exhaust manifold to determine the 

discharge gas temperature. The thermocouple has an accuracy 

of ± 0.75%, a resolution of 0.1℃, and a measuring range of − 

50 and 1300℃. 

The smoke opacity was measured using an opacimeter 

NA9000 model, Napro brand. The opacimeter has the 

following specifications: accuracy of ± 2%, resolution of 0.1, 

measurement range from 0 to 99%. The emissions were 

measured only at 6.0 kW, collecting the combustion gases 

samples at the engine exhaust manifold. The gas analyzer used 

was Eurothron brand, GreenLine 8000, with 1 ppm of 

resolution and 4% uncertainty in the measured range. The 

emissions analyzer measures the concentrations of CO, SO2, 

and NO2 in ppm, the percentages of O2 and CO2, excess air. 

 

2.2 Uncertainty analysis 

 

The uncertainty analysis was based on Eq. (1) based on 

Kline e Mcclintock [33]. R is in the function of more than one 

independent variable, 𝑅 = (𝑥1, 𝑥2, 𝑥3, …, 𝑥𝑛1), and In is the 

instrument uncertainty. 

 

2 2 2

R 1 2 n

1 2 n

R R R
I I I I

x x x

       
= + +     

       
 

(1) 
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The global thermal efficiency and specific fuel consumption 

uncertainty analysis were calculated according to Eq. (1). The 

analysis resulted in uncertainties of 2.0% in specific fuel 

consumption and 0.7% in global thermal efficiency. The 

results presented directly considered the uncertainties 

informed by the manufacturers of each instrument, as 

mentioned above. 
 

2.3 Engine operation conditions and experimental test 

procedure 
 

The experiment was performed for four different loads and 

four ethanol mass flow rate. The loads used were 4.0, 5.0, 6.0 

7.0 kW, which were achieved with electrical resistances 

immersed in a plenum with water. The ethanol energy ratio 

varied from 0% (conventional diesel combustion) to 52%. 

These values were obtained by varying the amount of ethanol 

injected, which was possible using an electronic injection unit, 

which controlled the injector nozzle opening time. The times 

selected for this experiment were 2.00, 3.40, 4.78, and 6.16 ms. 

The maximum substitution rate achieved in this work was 52%. 

For values above this, the knock effect was noted. Other 

studies also reported similar maximum ethanol energy ratios 

[17, 22]. 

The test procedures were as follows: initially, the engine 

was started running on diesel fuel only at 7.0 kW to warm up 

until the lubricant oil temperature was constant. After that 

period, the mono fuel tests began from 4.0 kW to 7.0 kW. The 

duel fuel experiments were then carried out, introducing 

hydrous ethanol at the inlet manifold, with four different 

ethanol flow rates for each load tested. The ethanol injection 

increases the generator speed, exceeding 1800 rpm, so the 

injection of diesel fuel must be reduced to return and maintain 

the generator speed constant at 1800 rpm. This process was 

followed for all injector opening times tested. 

The composition and temperature of the exhaust gases, 

engine power and speed, relative air humidity, and 

atmospheric pressure were measured and recorded during the 

experiments. The experiment procedures follow NBR ISO 

3046/1 standard to correct the fuel consumption and power 

data to the standard reference. 

The ethanol energy ratio can be calculated according to Eq. 

(2) and means the amount of diesel energy substituted by 

ethanol energy [34]. 
 

7 7

% 100HET HET

HET HET B B

m LHV
ER

m LHV m LHV
= 

+  (2) 

 

where, the ethanol energy ratio is represented by %ER, m  is 

the ethanol or diesel (B7) fuel mass flow rate in g/s, and the 

lower heating value of the fuels is represented as LHV in J/g. 

Eq. (3) describes the total specific fuel consumption (SFCT) 

for dual fuel mode, expressed in g/kWh. 
 

7 3600HET B
T

m m
SFC

P

+
=   (3) 

 

where, electrical power measured during the experiments by 

the energy analyzer is represented by P in kW. 

Global thermal efficiency (η) was defined as: 
 

7
7 7

1000

( )B HET
B B HET HET

P

m LHV m LHV


−


=

+  (4) 

3. RESULTS AND DISCUSSION 

 

3.1 Total specific fuel consumption 

 

Figure 2 presents the engine's total specific fuel 

consumption (SFCT) for different loads and substitution rates. 

This figure shows a clear trend of decreasing total specific fuel 

consumption when load increase and increasing when %ER 

increases. 

 

 
 

Figure 2. Total specific fuel consumption 

 

The most significant increase in SFCT was observed at 4.0 

kW, where the engine running on conventional diesel 

combustion was about 400 g/kWh and increased up to 587.5 

g/kWh for 51% of substitution rate. This increase is the highest 

value found in the experiments and represents an increase of 

about 60% of the total specific fuel consumption compared to 

diesel fuel only. However, no significant increase in SFCT at 

7.0 kW was found with ethanol. The increase was about 4% 

when comparing 0% and 50% of %ER. 

Figure 2 also shows that the minimum value of total specific 

fuel consumption was about 327.0 g/kWh for diesel fuel 

operation only at 6.0 kW and increased when hydrous ethanol 

was injected, reaching the value of 394.0 g/kWh for 50% of 

substitution rate. This finding was expected and suggests that 

the cause is the lower heating value of hydrous ethanol than 

diesel fuel. In Table 2, it is possible to notice a significant 

difference of 44% in the lower heating value of B7 relative to 

HET. Consequently, a considerable amount of ethanol is 

required to generate the same amount of energy when running 

on B7 only. These results are in accord with recent studies 

from the paper [23]. 

 

3.2 Global thermal efficiency 

 

The results of global thermal efficiency (GTE) obtained 

from Eq. (4) are presented in Figure 3. What stands out in this 

figure is the general pattern of efficiency growth with 

increasing load, except at 7.0 kW and small values of ethanol 

energy ratio, where GTE at 6.0 kW is the highest. However, 

the opposite trend was found when the ethanol energy ratio 

increases, resulting in lower global thermal efficiencies, 

except at 7.0 kW load, which has increased. 

It is apparent from Figure 3 that the highest deterioration in 

global thermal efficiency occurred for the lowest load-tested, 

4.0 kW. The GTE for mono fuel operation at 4.0 kW was 

21.2%. When the ethanol energy ratio increases to 51%, global 

thermal efficiency decreases to 18.1%, representing a 

reduction of 14.6% and the lowest GTE value found in the 

experiments. This reduction in global thermal efficiency using 

hydrous ethanol has been even more reduced as the load has 

increased. At 5.0 kW, GTE decreases about 3.4% in respect of 
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0% and 52% of ethanol energy ratio. However, no significant 

differences in global thermal efficiency were found between 

diesel fuel operation and 49% of ethanol energy ratio at 6.0 

kW, only a small difference of 1.5%. 

 

 
 

Figure 3. Global thermal efficiency 

 

Interestingly, the global thermal efficiency increased with 

hydrous ethanol fumigation at 7.0 kW. GTE's improvement 

was about 9.7%, starting from 24.6% for diesel fuel operation, 

and reached the maximum efficiency of about 27.0% running 

on 50% of hydrous ethanol. Overall, these results indicate that 

there is a reduction in global efficiency for low loads, while 

for high loads, there is an improvement. 

The reduction in global thermal efficiency at low loads 

when hydrous ethanol was used may be explained by the fact 

that ethanol has a higher latent heat of vaporization than diesel 

fuel, about 0.92 MJ/kg in comparison to 0.23 - 0.60 MJ/kg of 

diesel fuel. In this regard, the introduction of hydrous ethanol 

at the inlet manifold provides the charge's cooling, which may 

decrease the in-cylinder temperature. Since the in-cylinder 

temperature is lower than high load at low load, the ethanol 

cooling makes it more difficult to ignite all the charge and 

maintain the combustion, resulting in a poor fuel conversion 

and, as a consequence, a lower global thermal efficiency. 

However, at higher loads, for example, 7.0 kW, the in-cylinder 

temperature is superior, facilitating the ignition of the cooled 

charge and making it easier to maintain HET's combustion. 

Besides, ethanol has a lower cetane number (5-8) than diesel 

fuel (40-55). Consequently, it increases ignition delay in 

comparison to diesel. Therefore, the time to release the energy 

when combustion starts is shorter, reducing heat losses 

between the gases and the cylinder wall, which increases the 

thermal efficiency [27]. 

 

3.3 Exhaust gas temperature 

 

Figure 4 provides the exhaust gas temperature (EGT) 

experimental results for specific loads and ethanol energy 

ratios tested. From the figure, it is apparent that the EGT 

increases as the load increases, and when the substitution rate 

increases, the exhaust gas temperature shows a tendency to 

decline, mainly at 6.0 and 7.0 kW. The EGT of 440.3℃ was 

the highest found, which decreased when hydrous ethanol was 

injected, achieving a value of 380.3℃ when running on 50% 

of hydrous ethanol. It was the most significant EGT reduction, 

representing a decrease of about 13.6% from conventional 

diesel combustion. However, for lower loads, 4.0 and 5.0 kW, 

no difference greater than 1.5% was observed when hydrous 

ethanol was used. These results support the global thermal 

efficiency results and explanations mentioned before.  

These results may be explained by the fact that ethanol 

fumigation decreases the charge's temperature entering the 

cylinder, which also reduces the in-cylinder temperature and, 

consequently, the exhaust gas temperature. The cetane number 

of ethanol decreases, so the ignition delay is more extended, 

reducing the EGT. These results are in agreement with those 

obtained by the papers [6, 17, 25]. 

 

 
 

Figure 4. Exhaust gas temperature 

 

3.4 Smoke opacity 

 

Figure 5 illustrates the smoke opacity results for various 

ethanol energy ratios and loads. The most interesting aspect of 

this graph is that hydrous ethanol decreases the smoke opacity 

considerably. It is visible from Figure 5 that, for each load 

tested, the highest smoke opacity was found when the engine 

worked only on diesel fuel. The highest smoke opacity found 

was 66% at 7.0 kW for 0% of ethanol energy ratio. When HET 

was fumigated, the smoke opacity reduces, reaching a value of 

26%, meaning a significant reduction of 61%, with the engine 

running on 50% of hydrous ethanol. The minimum smoke 

opacity value found was 21% obtained at 6.0 kW and 49% of 

the substitution rate.  

Following the present results, previous studies from 

Jamuwa et al. [31, 32] and Chauhan et al. [23] have 

demonstrated that ethanol fumigation decreases smoke opacity. 

These results are likely to be related to less carbon in hydrous 

ethanol compositions than diesel fuel (B7), 48.6%, and 86.1%, 

respectively, as described in Table 2. In this regard, on dual 

fuel mode, a lower quantity of diesel fuel is used. As a 

consequence, less carbon is burned, reducing the smoke 

opacity. 

 

 
 

Figure 5. Smoke opacity 

 

3.5 Carbon monoxide emissions 

 

Carbon monoxide emissions were measured using the gas 

analyzer, which was fixed at an engine exhaust manifold. The 

production of CO is related to the incomplete fuel burning and 

the combustion temperature. The CO emissions results for 

various ethanol energy ratios at 6.0 kW are shown in Figure 6.  
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It is apparent from Figure 6 that when the engine starts to 

run on hydrous ethanol and diesel fuel, carbon monoxide 

increase compared to mono fuel operation. The minimum 

value of CO emission found was 497 ppm for diesel fuel only, 

and the maximum value was 2209 ppm for 49% of the 

substitution rate, leading to a substantial increase in CO 

emissions. This result is in line with previous studies [22, 27, 

29], which found similar trends in CO emission results. A 

possible explanation for this significant increase in carbon 

monoxide emissions with the use of HET is the decrease of in-

cylinder temperature caused by the ethanol cooling effect, 

which makes harder the complete oxidation of CO to CO2. 

Besides, the oxygen concentration in hydrous ethanol 

composition is higher than diesel fuel, so more oxygen is 

available for combustion when HET is used, which favors 

carbon monoxide formation. 

 

 
 

Figure 6. CO emissions at 6.0 kW 

 

3.6 NOX emissions 

 

Figure 7 presents the experimental results of NOX emissions 

for different ethanol substitution rates at 6.0 kW. As can be 

seen from the figure, the highest NOX emission was 365.3 ppm 

when the engine operates on conventional diesel combustion. 

The fumigation method's use of hydrous ethanol positively 

affected NOX emissions, reducing about 20.6% was observed 

from 0% to 21% of ethanol energy fraction. However, no 

significant differences greater than 2% were found between 

ethanol energy fractions higher than 21% after this point. 

These results agree with the findings of other studies [23, 27, 

29], in which a decrease in NOX emission with ethanol 

fumigation was reported. However, this outcome is contrary to 

De Oliveira et al. [30], who found an increase in NOX. 

 

 
 

Figure 7. NOX emissions at 6.0 kW 

 

The decrease in NOX emissions with the hydrous ethanol 

injection may be explained by the higher ethanol latent heat of 

vaporization, which may reduce the in-cylinder temperature, 

and as a consequence, less NOX is formed by the Zeldovich 

mechanism. However, the NOX emissions were constant, 

with %ER higher than 21%. A possible explanation for this 

might be that hydrous ethanol has more oxygen in its 

composition than diesel fuel. In this context, when ethanol 

energy ratio increases, more ethanol was used, meaning a 

higher amount of oxygen available for combustion, favoring 

the NOX formation. Nevertheless, the in-cylinder temperature 

was reduced due to the ethanol cooling effect. Therefore, these 

two factors may have been counterbalanced and held the 

formation of NOX constant between 21% and 49% of ethanol 

energy fraction. 

 

 

4. CONCLUSION 

 

This research study the performance and emissions 

characteristics of a generator set working on direct injection of 

diesel fuel (B7) and port fuel injection of hydrous ethanol at 

various loads and substitution rates. This work helps reduce 

emissions of pollutant gases and diminish our dependency on 

fossil fuel, especially diesel fuel. It also improves the 

understanding of the utilization of low-carbon fuels, such as 

ethanol, in compression ignition engines running on dual fuel 

mode. 

This study conducts the experiments in a CI engine 

connected to a generator at a speed of 1800 rpm and four 

distinct loads. The injection of hydrous ethanol was performed 

in four different mass flow rates, reaching 9.0 to 52.0% 

of %ER. The global thermal efficiency and total specific fuel 

consumption were analyzed to evaluate the generator set's 

performance, and smoke opacity, CO, and NOX were studied 

to evaluate the emissions characteristic. The key results of this 

work are: 

(a) The total specific fuel consumption increases when the 

ethanol energy ratio increases and decreases as the load 

increases. The highest increase was 46.7% at 4.0 kW and 

51% of %ER compared to conventional diesel 

combustion. This considerable increase in SFCT is 

explained by the lower heating value of ethanol than 

diesel fuel, requiring more fuel to maintain the same load. 

(b) Generally, the global thermal efficiency decreases at low 

loads (4.0 and 5.0 kW) and increases at high loads (7.0 

kW) when the hydrous ethanol fumigation method is used. 

However, at 6.0 kW, no difference greater than 1.5% was 

observed. The lowest GTE found was 18.1% at 4.0 kW 

and 51% of %ER, meaning a 14.6% reduction compared 

to baseline operation. The highest GTE was 27.0% at 7.0 

kW, an improvement of 9.7% compared to the B7 baseline 

operation. The deterioration in global thermal efficiency 

is because of the ethanol cooling effect, which reduces the 

temperature inside the cylinder. As a result, B7 had 

difficulties to ignite and maintain adequate combustion. 

At a high load (7.0 kW), the temperature inside the 

cylinder is higher, making it easier to start and maintain 

HET's combustion. 

(c) The exhaust gas temperature decreases as the ethanol 

energy ratio increases. The decrease in EGT is more 

significant at higher loads than lower loads. At 4.0 and 5.0 

kW, a slight decrease was observed. Otherwise, at 7.0 kW, 

the reductions were about 4.4 to 13.6%. The cause of this 

decline in the EGT is the drop in-cylinder temperature 

occasioned by the HET injection, which also affects the 

exhaust gas temperature. 

(d) The use of hydrous ethanol in dual fuel mode operation 

had a beneficial impact on smoke opacity. The results 
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showed a considerable drop in the smoke opacity for all 

conditions tested. The highest decrease was about 61% at 

7.0 kW for 50% of the substitution rate. The leading cause 

is that hydrous ethanol has less carbon in its composition 

in comparison to B7. Consequently, there is less 

propensity to produce particulate matter. 

(e) The CO emissions at 6.0 kW increases as the ethanol 

energy ratio increases. A substantial increase of 344% was 

observed in CO emissions with HET injection compared 

to conventional diesel combustion, reaching the value of 

2209 ppm. It seems possible that these results are due to 

the ethanol cooling effect, which results in a lower in-

cylinder temperature, making it challenging to complete 

oxidize of CO to CO2, resulting in higher CO emissions. 

(f) The experimental data indicates that NOX emissions 

decrease until 21% of the substitution rate, achieving a 

value of 290 ppm, meaning a decrease of about 20.6% 

compared to mono fuel operation. Simultaneously, for 

substitution rates higher than 21%, the emissions of NOX 

were practically constant. These results are likely to be 

related to the ethanol cooling effect, which decreases the 

temperature inside the cylinder, and less NOX is formed. 

Overall, this study's findings strengthen the idea that 

utilizing HET in a CI engine running on dual fuel mode is 

feasible and has a great potential to substitute fossil fuel for a 

low-carbon fuel, such as hydrous ethanol. As a result, it 

reduces our dependence on fossil fuels and pollutant emissions. 

The study contributes to our understanding of using the 

fumigation method on CI engines running on ethanol at 

different loads. The experimental results using high loads, 

especially 7.0 kW, were the most attractive, resulting in better 

global efficiency, minimal specific fuel consumption, and a 

considerable decrease in smoke opacity. 
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NOMENCLATURE 

B7 diesel fuel containing 7% of biodiesel in 

volume 

bTDC before the top dead center 

CI compression ignition  

EGT exhaust gas temperature 

GTE global thermal efficiency 

HET hydrous ethanol 

HHV higher heating value, J.g-1  

ICE internal combustion engine 

LHV lower heating value, J.g-1 

m mass flow rate, g.s-1 

P power, kW 

PFI port fuel injection 

SFC specific fuel consumption, g.kW-1.h-1 

Greek symbols 

η dimensionless global thermal efficiency 

Subscripts 

T total 
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