
Fuel 311 (2022) 122578

Available online 19 November 2021
0016-2361/© 2021 Elsevier Ltd. All rights reserved.

Full Length Article 

Experimental investigation of the effect of urea addition to fuel on engine 
performance and emissions in diesel engines 

Usame Demir a,*, Avni Kozan b, Salih Özer c 
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A B S T R A C T   

Today, exhaust emissions have become a critical issue with the increasing number of vehicles due to greenhouse 
gas. Engine manufacturers carry out R&D studies due to emission limitations imposed on engines that use fossil 
fuels. Selective Catalytic Reactor and AdBlue injection systems have been used significantly to reduce NOx 
emissions in diesel engines. For this reason, AdBlue is sprayed in the exhaust manifold to reduce emissions with a 
second injector in diesel engines. In this study, the effects of commercial AdBlue, Urea-pure water mixture and 
urea- pure water-citric acid mixtures as additives to diesel fuel on exhaust emission and performance in a diesel 
single-cylinder engine were investigated. In-cylinder pressure, exhaust gas temperature, fuel consumption, air 
consumption and exhaust emissions were measured experimentally to examine the effects of 3 different mixtures 
added to diesel fuel at 8 different loads. As a result, urea-citric acid–water mixtures added to diesel fuel worsened 
combustion. Brake fuel specific consumption has increased 8% for diesel + urea + citric acid mixtures due to the 
presence of water in mixtures. CO2 emissions increased by 38% with the addition of AdBlue, while an increase of 
53% was observed with the addition of diesel + urea + citric acid. With the addition of urea + citric acid to diesel 
fuel, CO emissions decreased by 233%, while under the same conditions, HC emissions decreased by 300% and 
NOx emissions decreased by a maximum of 19%.   

1. Introduction 

From 2000 to 2019, the number of produced vehicles increased by 
54% [1]. In addition, the number of passenger cars has also increased 
day by day. 28 % of the vehicles produced in 2020 were diesel-fueled 
vehicles. As it can be understood from here, there is still a demand for 
diesel vehicles [2]. 

The use of vehicles defined as heavy vehicles in the world has 
increased considerably and this situation has caused environmental 
pollution in diesel engines. AdBlue used in new-generation diesel en
gines is a chemical mixture consisting of 30% urea and 70% pure water. 
The using purpose of AdBlue was environmental factors and it was 
aimed to prevent harmful greenhouse gas from diesel engine exhaust 
systems. Carbon monoxide (CO) and unburned hydrocarbon (HC) -rich 
gases released from fuel combustion first enter catalytic converter. And 
then, CO gas and unburned hydrocarbons are converted into harmless 
carbon dioxide (CO2) gas and water in a catalytic converter. However, 
Nitrogen oxid (NOx) gases cannot be filtered in any way here. Exhaust 

gases exit from the catalytic converter enters Selective Catalytic Reactor 
(SCR). AdBlue liquid sprayed on the gases.just before entering the SCR 
system. NOx gases are converted into harmless nitrogen gas and water 
vapor to a large extent at the SCR outlet. After the harmful CO and NOx 
components are converted to CO2, nitrogen, and water vapor. Exhaust 
gases finally enter diesel particulate filter (DPF). After filtering various 
harmful particles in DPF. Exhaust gases are released into atmosphere as 
CO2, nitrogen, and water vapor. As a result of this process, NOx gases, 
which are the most harmful component of exhaust gases to humans and 
the environment are filtered by 90%. Fontanarosa et al. [3] investigated 
the effect of adding liquid urea and water vapor to jet A-1 fuel on per
formance and emissions in a 300 kW gas turbine. With the addition of 
2.5% water and 2% urea, the combustion performance remained the 
same, resulting in a 31% improvement in NOx emission. Ström et al. [4] 
studied as an example of the modeling of the urea experiment in the 
simulation environment. They took part in its application within 
Computational Fluid Dynamics (CFD) system. The accuracy of the re
sults obtained for the Euler-Lagrangian CFD simulations of the urea-SCR 
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systems of the modeling selections confirmed that urea decomposition 
limited heat transfer and occurred at a constant temperature (425 K) by 
applying an AdBlue system to the exhaust pipe wall and the exhaust gas 
flow. Varna et al. [5] used an SCR system for the interior of the engine 
cylinder, which aims to lower the combustion temperature. In this sys
tem, exhaust gas flow through reducing agent ammonia is provided by 
catalysts known as Vanadia or Zeolite. It has been seen that low engine 
temperature has a good thermodynamic advantage as it reduces NOx 
emission with the techniques used in the cylinder and also reduces en
gine efficiency. Liao et al. [6] argued that reducing NOx emission for 
performance in diesel engines is possible with further optimization and 
improvement of existing urea-SCR systems. Jeong et al. [7] revealed that 
urea entered a homogeneous gas-phase reaction by dissolving urea in 
the gas phase and separating the urea in three-dimensional modeling 
[8,9]. In a sample study, a study has been made about the effect of nano 
additives and particulate filters on the performance and emission 
characteristics of a diesel engine with biodiesel fuel blended with urea 
within the SCR system. Koebel et al. [10] showed that urea in a diesel 
engine does not cause nitrogen dioxide, nitrogen oxide, hydrogen cya
nide and isocyanic acid emissions. Miller et al. [11] applied urea-SCR 
system to a test setup equivalent to a 350 HP heavy vehicle engine. As 
a result, they proved that it showed NOx reduction in the motor cell. Xin 
et al. [12] measured the pressure loss values of urea in the engine by 
using CFD and BOOST software in the simulation environment. It has 
been observed that it has a slightly positive effect on fuel economy and 
exhaust pressure. Guo and others [13] Urea solution was used for 
emission analysis in Euro 4 diesel, Euro 5 diesel and CNG buses. As a 
result, for CNG buses, the urea system resulted in NOx reduction, high 
exhaust temperature and high NO2/NOx ratio, while for diesel buses, 
these data resulted in lower results. This resulted in extremely low NOx 
emissions from CNG buses. In order to examine the fuel economy of 
urea-SCR, they have studied on a 12-liter heavy vehicle engine. As a 
result of the study, it was seen that a saving rate of 7.5% was achieved 
[14]. An et al. [15] applied an analysis system according to NOx by 
injecting aqueous urea into a 3D designed 2400 rpm diesel engine in a 
CFD simulation. They found that NOx emission reached the best emis
sion value at 50% when various percentages of aqueous urea were 
injected. Xu et al. [16] observed that NOx absorption was at the highest 
levels at low temperatures (below 2500) by giving urea to the diesel 
engine with ammonia in an experiment. Solaimuthu et al. [17] studied 
the behavior of urea as SCR from full motoring to full load in an 
experimental diesel test engine. The engine was run at 250 bar with 
biodiesel fuel. Combustion, emissions and engine performance were 
measured. As a result, they have seen that there is a decrease in HC and 
NOx emissions and a reduction of 5.8% to 1.18% at full load. Sharma 
et al. [18] Similar to the studies described in the literature, urea was 
sprayed from the exhaust system. The difference is, Fe-ZSM5 was used as 
the catalyst. The diesel engine was tested both without and using this 
system. As a result, it was seen that urea and Fe-ZSM5 catalysts came 
forward in performance, emission and thermal efficiency values [19]. In 
an important experiment for engine efficiency, fuel economy and 
emission values in diesel vehicles, a test study was conducted on Ford’s 
hybrid electric vehicle Prodigy, which was developed under the PNGV 
(Partnership for a New Generation of Vehicles) program. Within the 
scope of the program, an emission test consisting of a urea-SCR system 
was carried out after a diesel particulate filter (0.2 g/mi NOx, 0.04 g/mi 
particulate matter (PM)) to comply with ultra-low-emission vehicle 
(ULEV) emission standards. As a result of the test, it has been confirmed 
that emissions and performance yield efficient results both in fuel 
economy and high exhaust gas temperatures. Blakeman et al. [20] 
observed the emission values in a light vehicle using a urea solution. The 
aim was to tackle CO, HC and volatile organic fraction (VOF) issues. 
They achieved a NOx conversion of 73% at the highest load condition. 
The exhaust emission values of the urea solution were tested using a 
high-pressure six-cylinder (7.6 L) diesel engine [21]. It was revealed that 
NOx emission decreased by increasing the urea content up to 30%. The 

NH3 amounts showed an increasing graph compared to the urea water 
solution with high urea content. Lee et al. [22] conducted a urea study 
on a high speed, 2.8 L and 4-cylinder diesel engine in light vehicles. The 
results show that there is less NOx efficiency at low temperature and N₂O 
emission needs to be characterized. They argued that longer perfor
mance and emission results could be achieved if the mixture of urea with 
a mixer was increased. Chaudhuri et al. [23] observed the injection of 
urea solution into the exhaust pipe of a diesel engine containing Pon
gamia pinata methyl ester (PPME), an alternative fuel type, by injecting 
0% 10%, 20% urea solution into a four-stroke, single-cylinder, water- 
cooled and fixed RPM diesel engine. As a result, an average of 64% 
NOx reduction was observed. Due to the ecological problems in today’s 
technology, more useful and economical fuel research has been started. 
One of them is the very prominent Ammonia fuel. This type, which is 
also used as hydrogen energy, has a higher octane number than gasoline 
and has been found to provide more efficient compression ratios at high 
rpm. It is certain that we will see it frequently in the coming years. The 
Marangoni Toyota GT86 ECO, which works with ammonia fuel, was 
introduced for the first time in the world at the 2013 Geneva motor 
show. In the tests, it performed very well at 180 km and 2,800 rpm of 
ammonia. In 1966 Gray et al. [24] succeeded in starting a two-stroke 
engine with diesel-ammonia. They achieved very good compression 
ratios (such as 35:1–15.2:1 etc.) However, engine misfires occurred due 
to ammonia injection, which is slower than diesel injection speed. The 
compression ratio, on the other hand, was found to be proceeding 
correctly with the cetane number. 

In this study, natural urea (50% urea + 50% water by volume), 
commercially available Adblue for diesel vehicles (30% urea by volume- 
70% pure water) and natural urea + citric acid (The effects of adding 
three different mixtures containing 50% natural urea + 25% pure water 
+ 25% citric acid by volume) to diesel fuel were investigated. For this 
purpose, 5% by volume of urea was added to the prepared three mix
tures and diesel fuel. With the studies carried out, it is seen that in the 
technological methods developed commercially, urea is effective on 
emissions by spraying the burned gases in the exhaust manifold. How
ever, the creation of this injection device and the continuity of the in
jection are an extra expense for engine manufacturers. In addition, it 
causes confusion for consumers to buy both diesel and Adblue. In order 
to eliminate this complexity and costs, the effects of adding urea as a 
direct additive to diesel fuel were investigated in this study. 

2. Material and method 

2.1. Test fuels 

The urea used in the experiments was obtained from the fertilizer 
factory in solid form. The obtained solid fertilizer was tried to be dis
solved in pure water at the maximum rate. For this purpose, a certain 
amount of fertilizer by mass was added to one liter of pure water and 
mixed in a magnetic stirrer heater for 24 h each time. After each mixing, 
it was observed whether there was precipitation in the solutions that 
were rested for 24 h. The results obtained showed that 550 gr of fertilizer 
was dissolved in one liter pure water without any problems. Due to the 
high water content, it is predicted that some problems may occur in the 
mixture with diesel fuel. For this reason, citric acid was added to the 
mixtures. The effects of the addition of citric acid with this new mixture 
were tried to be examined. For this purpose, a new fuel mixture was 
formed by adding 20 ml of citric acid to the resulting mixture. These two 
urea mixtures were compared with a commercial product for diesel 
vehicles in Turkey. The product sold to limit exhaust gas emissions in 
diesel vehicles is generally known as AdBlue. AdBlue consists of 30% 
Urea-70% pure water combination. Commercial AdBlue purchased 
consists of a combination of 30% Urea and 70% pure water. Experi
mental fuels were obtained by adding 5% of these three mixture ratios 
into diesel fuel. The properties of the fuel mixtures used in the experi
ments are given in Table 1. 

U. Demir et al.                                                                                                                                                                                                                                   



Fuel 311 (2022) 122578

3

2.2. Test setup 

The resulting fuel mixtures were tested in a single-cylinder, direct 
injection, air-cooled, compression ignition engine. For this purpose, in- 
cylinder and fuel line pressure changes were recorded by sensors on the 
engine. The technical specifications of the engine used in the experi
ments are given in Table 2. All experiments were repeated three times 
with four different fuel mixtures (Diesel, diesel + 5% AdBlue, diesel +
5% urea, diesel + 5% urea + citric acid). The average of the obtained 
data was taken. During all experiments, the exhaust gas temperature was 
measured with a K-type thermocouple. The fuel consumption value was 
measured in mass with a precision balance. The exhaust emission values 
of the engine were measured with a Bosh BEA 350 brand gas analyzer. 

The measurement ranges and measurement uncertainties of the de
vices used in the experiments are given in Table 3. 

In-cylinder pressure of test engine was measured with an air-cooled a 
piezo-resistive pressure sensor (Kistler, 6052C). In addition; Fuel line 
pressure is measured by an air-cooled pressure sensor (Oprand, OPTD 
32288GPA). FNC brand optical crank encoder determined crankshaft 
position. The schematic view of engine test setup is given in Fig. 1. 

2.3. Experimental procedures 

All engine tests were carried out at a constant engine speed of 3000 
rpm. The engine was loaded at this stage with loads of idling, 0.5 kW, 1 
kW, 1.5 kW, 2 kW, 2.5 kW, 3 kW and 3.5 kW. In-cylinder pressure values 
were recorded for every 0.1 ◦CA position of the crankshaft. Each in- 
cylinder pressure graph was created by averaging 100 cycles. Heat 
release analysis was also performed using 100 cycles average cylinder 
pressure data. The heat release rate was calculated through an analytical 
model by applying the first law of thermodynamics and the ideal gas 
law. Using the in-cylinder pressure and cylinder volume values, the 
formula for the heat release rate per ℃A is Eq. It is given in (1) [25]. 

dQn

dθ
=

γ
γ − 1

P
dV
dθ

+
1

γ − 1
V

dP
dθ

(1) 

Here; dQn
dθ net heat release rate (J/℃A), θ crank angle (℃A), γ is the 

specific heat ratio,V is the cylinder volume (m3), and P is the cylinder 
pressure (bar). The total uncertainties of the measurements performed in 
the experimental study were calculated according to the Kline and 
McClintock method [26,27]. The accuracy of the measurements and the 
total uncertainties are given in Table 4. 

3. Experimental results 

Figures drawn from the data obtained from experimental test results 

are given in this section. The important issues in obtained figure results 
were tried to be explained together with literature. Variation of in- 
cylinder pressure values with crank angle (◦CA) under different engine 
loads is given in Fig. 2. It is seen that all fuel mixtures have a similar in- 
cylinder pressure profile with diesel fuel. While the maximum in- 
cylinder pressure value was determined at 39.75 bar with using diesel 
fuel at 3.5 kW engine load, the lowest pressure value was measured with 
diesel + 5% urea at 37.2 bar at motoring. The maximum in-cylinder 
pressure value is obtained very close to top dead center (TDC) with 
diesel fuel. It can be easily seen in the in-cylinder pressure graphs that 
combustion becomes partially irregular with addition of urea and 
Adblue. In this case, combustion partially extends towards exhaust 
stroke. Because maximum in-cylinder pressure takes place far ahead of 
the TDC. In-cylinder pressure values of diesel + urea and diesel +
AdBlue fuel mixtures decreased compared to diesel fuel at all engine 
loads. The best fuel mixture performance at all engine loads was ob
tained with diesel + urea + citric acid mixture after diesel fuel. In in
ternal combustion engines, the heating value of fuel is very important 
for the pressure formed after combustion [28]. It has been reported in 
the literature that fuels with higher calorific value exhibit better com
bustion performance [29].For this reason, it is expected that the in- 
cylinder pressure values will decrease. As given in the previous sec
tion, it has been determined that the mixtures added to diesel fuel reduce 
calorific value. In the literature on the addition of urea to diesel fuel, 
there are studies stating that the in-cylinder pressure value increases 
[30] compared to diesel fuel, while some studies state that it decreases 
[31]. Researchers who reported a rise in in-cylinder pressure, increase 
the oxygen and water in the fuel due to supporting it with mineral 
content. 

For this reason, they explained that better combustion occurs with 
the explosion of excess oxygen. Researchers declaring that it is 
decreasing, on the other hand, describe it with the heating value and 
partial irregularity of combustion. However, studies in the literature also 
report that the maximum combustion pressure moves away from the 
TDC with urea. In addition, with the addition of urea, an increase in 
viscosity and density value and a decrease in cetane number were 
observed. It is known that the deterioration in these values also has an 
effect on combustion [32].It is thought that these values have an effect 
on decrease of maximum in-cylinder pressure values by partially wors
ening combustion. It has been observed that the urea additive with citric 
acid addition has less pressure drop than the fuel mixture without the 
addition of citric acid. This can be expressed by the fact that the amount 
of oxygen in citric acid partially improves combustion. This may have 
provided some improvement over pure urea. It has been reported that 
oxygen content can partially improve combustion in studies with 
oxygen-rich fuels [33]. 

Fig. 3 shows the curves of the heat release rate calculation for diesel 
fuel and three different mixtures addition on diesel fuel for different 
loads. Again, the highest values in heat release rates were obtained with 
diesel fuel and diesel + urea + Citric acid mixtures. At low engine loads 
(motoring, 0.5 kW, 1 kW and 1.5 kW), the maximum heat release rate 
was obtained with diesel fuel, while at medium and high engine loads, 
the maximum heat release rate was obtained with citric acid added urea 
additive fuel mixtures. The highest heat release rate with 27.3 J/◦CA 
was obtained with mixture of diesel + urea + citric acid at 3 kW engine 

Table 1 
Properties of test fuels.  

Fuels Viscosity Density Calorific Value 

Diesel Fuel  3.8 845  43.106 
Diesel + 5% Urea  2.7 831  45.328 
Diesel + 5% AdBlue  2.69 831  45.330 
Diesel + 5% Urea + Citric Acid  2.7 831  45.328  

Table 2 
Technical specifications of the engine.  

Model 186 FAG 

Type Air Cooled − 4 Stroke 
Cylinder Displacement 418 cm3 

Compression ratio 18:1 
Maximum Output Power 7 kW (3000 rpm) 
Injection pressure 200 bar 
Maximum torque 21 Nm (2600 rpm) 
Injector Opening 21 oCA BTDC  

Table 3 
Measurement range of gas analyzer and calculated uncertainties.  

Component Measurement Range Resolution Accuracy % 

CO (% vol.) 0–10.00 0.001  ±0.01 
CO2 (% vol.) 0–18.00 0.01  ±0.05 
HC (ppm) 0–9999 1  ±0.01 
O2 (% vol.) 0–22.00 0.01  ±0.04 
Lambda 0.50–9.99 0.001  ±0.0001 
NO (ppm) 0–5000 ≤1  ±0.1 
Smoke Opacity (%) 0–100 0.1  ±0.1  
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load. Especially, it is seen that diesel fuel with AdBlue additive draws 
different heat release rates from other mixtures and combustion is pro
longed. It is possible to explain this situation with the amount of water in 
the fuel mixtures. It is thought that increased water in fuel mixtures 
worsens the combustion [34]. 

Thus, a decrease in the heat release rate occurs. Heat release rate 
increased with engine load increasing. An increase in engine load in a 
diesel engine is possible with an increase in fuel amount in the cylinder. 
Increasing fuel amount also causes an increase in the heat release rate. 
With the increasing amount of fuel, fuel/air mixture ratio in the cylinder 
gets richer. Thus, imbalances in air/fuel ratio partially worsen the 
combustion. 

As engine load increases, amount of water taken into cylinder in 
diesel fuels with AdBlue and urea mixture also increases. For this reason, 
combustion worsens with AdBlue and urea added diesel fuels and heat 
release rates decrease. Fuel mixture with citric acid added almost similar 
values with diesel fuel. It can be explained by the fact that the diesel +
urea + citric acid mixture is partially higher in calorific value than other 
fuel mixtures. The results of the study are similar to the [31] study with 

urea. 
Fig. 4 shows the graphs of the cumulative heat release calculation for 

four different mixtures for different loads. In motoring load, diesel fuel 
reached the highest cumulative heat release value 432 J and the lowest 
cumulative heat release value of diesel + AdBlue mixture reached 265 J 
maximum. It was observed that the highest cumulative heat release 
value of 970 J at 0.5 kW load for diesel + urea + citric acid mixture, 
while diesel fuel reached 638 J. cumulative heat release. Cumulative 
heat release value of diesel + AdBlue mixture reached 800 J and it has 
reached the lowest cumulative heat value of 648 J for diesel fuel at 3.5 
kW load. 

The variation of the pressure rise rate with ◦CA for diesel and 3 
different fuel additives at different loads is given in Fig. 5. The pressure 
rise rate is used in diesel engines to understand whether the fuels are 
knocking. The knock is an important parameter that can change with 
fuel properties. In motoring (no load), pressure rise rate value has 
reached a maximum value of 1.09 bar/deg at 18 ◦CA Before Top Dead 
Center (BTDC). There was a maximum pressure rise rate of 1.14 bar/deg 
for other load cases at 11 ◦CA BTDC. It can be stated that these values do 
not pose a knock risk, especially for diesel engines. 

The variation of CO2 emission values with different load is given in 
Fig. 6 for diesel fuel and three different additive mixtures. CO2 emissions 
in diesel engines represent formation of complete combustion products 
[35]. When CO2 emission values are examined, Diesel + Urea + Citric 
Acid mixture reached the highest emission value in motoring (no load). 
As the load increased, CO2 emission values decreased in all cases. 

Since diesel engines operate with a high excess air coefficient, they 
partly affect the formation of CO2 emissions as combustion efficiency. 
With the ideal air/fuel mixture in the cylinder, combustion partially 
increases and CO2 emissions increase. However, as the air/fuel ratio 
goes towards the rich mixture, the combustion efficiency decreases and 
CO2 emissions decrease. In studies conducted with the addition of 

Fig. 1. Experimental test setup schematic diagram.  

Table 4 
Uncertainty of measuring device.  

Measured parameter measurement device Accuracy 

Engine speed Incremental encoder, rpm ±1% 
Cylinder pressure Pressure sensor, bar ±0.5% 
Fuel line pressure Pressure sensor, bar ±1% 
Fuel mass Precision scale, g ±0.1% 
Exhaust gas temperature Thermocouple, oC ±1% 
Time measurement Digital chronometer, s ±1% 
Calculated results Uncertainty value  
Power ±1.17%  
BSEC ±1.54%   
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Fig. 2. Variation of in-cylinder pressure values depending on crank angle for different loads.  

U. Demir et al.                                                                                                                                                                                                                                   



Fuel 311 (2022) 122578

6

Fig. 3. Variation of heat release rates depending on crank angle at different loads.  
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Fig. 4. Variation of cumulative heat release depending on crank angle at different loads.  
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Fig. 5. Variation of pressure rise rate depending on crank angle at different loads.  
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chemicals to diesel fuels, it is observed that the combustion efficiency of 
the chemicals with oxygen-rich content increases and there is an 
improvement in exhaust emissions [36]. In addition, it is mentioned that 
the addition of water to diesel fuels causes a micro-explosion during 
spraying and this improves the combustion efficiency [37]. 

At 3 and 3.5 kW load values, diesel + AdBlue mixture produced more 
CO2 emissions than the other fuel mixtures. While CO2 emission for 
diesel fuel was around 1.9%, Diesel + Urea + Citric Acid mixture 
reached its maximum level at motoring (no load) and 1 kW load. In the 
case of 0.5 kW load, Although diesel + urea + citric acid mixture pro
duced the same CO2 emission with diesel fuel, it produced less CO2 
emission than diesel fuel at 1.5 kW and higher load values. Diesel +
AdBlue mixture produced higher CO2 emissions than diesel fuel in all 
load conditions except 0.5 kW load. Diesel + Urea mixture has same 
level of CO2 emissions as diesel fuel at motoring, 0.5, 1, 1.5 and 1.5 kW 
load conditions, while low CO2 emissions have occurred in other 
situations. 

Fig. 7 shows the variation of CO emissions at different engine loads. 
As it is known, diesel engines work with a large amount of air. Therefore, 
CO emissions are almost non-existent. However, according to the fuel 
mixtures used, partially unburned areas are formed in the combustion 

chamber. At the same time, CO emissions may occur as a result of the 
incomplete combustion of fuel particles hitting cylinder walls [38]. With 
the addition of urea to diesel fuel, CO emissions tended to decrease at all 
engine loads and in all fuel mixtures. 

Studies have shown that CO emissions tend to decrease with the use 
of oxygen-rich chemicals in diesel engines [39]. In addition, studies on 
the addition of water-containing mixtures to diesel fuels underline that 
water provides an ideal air/fuel mixture by making a micro-explosion 
effect during spraying [40]. It is thought that this situation, combined 
with oxygen-rich fuels, causes a decrease in CO emissions. 

CO emission formed the highest emission value for diesel fuel except 
for 1 kW engine load. The lowest CO emission value was 0.03% in Diesel 
+ Urea + Citric Acid mixture at 3.5 kW engine load. The highest CO 
emission was 0.25% at 0.5 kW engine load for diesel fuel. Diesel + Urea 
+ Citric Acid mixture provided the best CO emission level. Diesel +
Urea + Citric Acid mixture compared to diesel fuel improved 233% CO 
emission at 2.5 kW and above engine load. In general, CO emission 
levels decreased as engine load increased. As it is known, engine load 
increasing is regulated by the amount of fuel taken into the cylinder. 
Combustion end temperature increases with increased fuel consump
tion. Thus, complete combustion of the fuel mixtures taken into the 
cylinder is ensured. The reduction in CO emissions with the addition of 
urea can be explained by the reduction in the total carbon number, the 
partial explosion effect of the water content in the fuel, and the forma
tion of a near-ideal air/fuel mixture in the cylinder. The effect of fuel 
mixtures with citric acid addition and the reduction of further CO 
emissions can also be explained by the amount of oxygen in the citric 
acid. It can be stated that increasing oxygen relative to urea reaches 
freedom in the cylinder, increasing oxidation and thus reducing CO 
emissions. Similar studies in the literature with fuel mixtures with a high 
water content also mention a decrease in CO emissions [18]. 

Fig. 8 shows the NOx (Nitrogen Oxide) emission variation with en
gine load for different fuel mixtures. Uncontrolled NOx emissions in 
diesel engines are an undesirable emission value. It is formed as a result 
of the reaction of nitrogen in the air with oxygen under high tempera
tures [41]. 

While the diesel + urea mixture provides the lowest emission value, 
the minimum NOx emission value has occurred in the diesel + AdBlue 
fuel mixture with the increase in engine load. Studies report that NOx 
emissions tend to increase when very rich fuel/air mixtures are formed 
in the cylinder or when combustion increases suddenly by accumulation 
[42,43]. It is possible to explain the reason for the increase compared to 
diesel fuel, with the increasing number of oxygen atoms in the fuel 

Fig. 6. Variation of CO2 emission values with load.  

Fig. 7. Variation of CO emission values with load.  Fig. 8. Variation of NOx emission values with load.  
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mixture and the sudden burning of the fuel by accumulating in the 
cylinder. Because urea and citric acid are oxygen-rich fuels. In addition, 
a slight increase in NOx emissions can be expected due to the fact that 
the water content can cause the formation of partially rich regions with 
the effect of micro-explosion. It is possible to explain the reduction in 
NOx emissions with the amount of water in the urea fuel mixtures. 
Studies on the addition of water to diesel fuels indicate that the addition 
of water reduces NOx emissions [44]. It is thought that the amount of 
water in the urea-added fuel causes similar effects with the studies 
carried out and causes a decrease in NOx emissions [45,46]. 

The lowest NOx emission occurred in the diesel + urea mixture with 
70 ppm at motoring. The highest NOx emission was 198 ppm in diesel +
urea + citric acid mixture at 3 kW load. In general, it is seen that the 
mixtures show the highest NOx emission at 3 kW. NOx values increased 
in direct proportion to engine load in all fuel mixtures. While diesel +
urea mixture has the lowest emission at low loads, diesel + AdBlue has 
the lowest NOx emission at high loads. It is possible to explain the 
reduction in NOx emissions with the amount of water in urea for fuel 
mixtures. In studies on the addition of water to diesel fuels, it is 
mentioned that water reduces NOx emissions [44]. 

It is thought that the amount of water in the urea-added fuel also 
causes a decrease in NOx emissions by causing similar effects with the 
studies carried out. 

Exhaust gas temperature values with different engine loads for diesel 
fuel and three different fuel mixtures in Fig. 9. Exhaust gas temperature 
emerges as an indicator of combustion in the cylinder [47]. Exhaust gas 
temperature decreased with the addition of urea to diesel fuel. 

The heating values of fuel mixtures in diesel engines are an important 
parameter that affects the combustion end temperature. In addition, the 
physical and chemical properties of fuels such as cetane number, density 
and viscosity are also determinative at the end of combustion temper
ature [48,49]. In this study, the heating value and cetane number of the 
fuel mixture tended to decrease with the addition of urea to the diesel 
fuel. For this reason, a decrease in exhaust gas temperature is expected 
in all mixtures and engine loads. 

The lowest exhaust gas temperature was 241 ◦C in diesel + AdBlue 
mixture at motoring load. The highest exhaust gas temperature was 
580 ◦C in diesel fuel at 3.5 kW load. The exhaust gas temperature of 
diesel fuel has the highest value at all powers. While diesel +AdBlue fuel 
mixtures had the lowest exhaust gas temperature at loads below 2 kW, 
the lowest temperature was realized in diesel + urea + citric acid 
mixture after 2 kW load. 

The variation of O2 emission values with engine load is shown in 
Fig. 10 for different fuel mixtures. A part of the air taken into the cyl
inder consists of oxygen atoms. While some of the oxygen atoms taken 
with the air are burned, the unburned oxygen is thrown out of the 
exhaust. In studies on mixing oxygen-rich chemicals with water content 
into diesel fuels, it is seen that the amount of oxygen is released in the 
cylinder, causing an increase in the amount of oxygen emission [37,50]. 
The lowest O2 was 17.05% for the motoring condition in diesel + urea +
citric acid mixture. The highest O2 was 19.85% for diesel + urea + citric 
acid mixture at 3 kW load. In general, the amount of O2 as exhaust 
emission increased with increasing load. Diesel + AdBlue mixture has 
lower O2 emissions compared to diesel fuel in all load conditions. On the 
other hand, other mixtures produced O2 emissions values close to diesel 
fuel. 

Fig. 11 shows the variation of HC emission values with engine load 
for different fuel mixtures. HC emissions in internal combustion engines 
refer to oils and fuels that do not burn in the cylinder. Some researchers 
frequently state that these emissions are caused by fuel mixtures that do 
not fully combine with oxygen [51]. Studies explain this situation with 
low end-of-combustion temperature. In addition, there are many studies 
reporting that oxygen-rich fuels reduce HC emissions [52,53]. In these 
studies, it is mentioned that in general, oxygen and fuels with high 
calorific value are effective in reducing HC emissions by partially 
increasing the combustion in the cylinder. HC emissions have decreased 
as the overall trend as engine power increases. It is possible to explain 
this situation with the combustion end temperature. With the increasing 
end-of-combustion temperature, the HC emissions in the cylinder 
continue to decrease. The lowest HC emission was 4 ppm at 3.5 kW 
engine load for diesel + urea + citric acid mixture. The highest HC 
emission was 188 ppm at 0.5 kW engine load for diesel + urea mixture. 
As a general trend, HC emissions decreased with increasing engine load. 
HC emission of Diesel + Urea mixture increased in all engine load. 
Diesel + AdBlue and diesel + urea + citric acid mixtures have lower HC 
emissions compared to diesel fuel. 

The variation of particulate emission with load is given in Fig. 12 for 
different fuel mixtures. PM emissions are extremely important for 
human health. There are many studies reporting that the oxygen content 
of chemicals used by mixing with fuel mixtures is effective on these 
emissions [54]. In general, it has been observed that diesel + urea +
citric acid mixture produces the best results in terms of PM emissions at 
all engine loads. It is possible to explain this situation with the oxygen 

Fig. 9. Variation of Exhaust Gas Temperature values with load.  Fig. 10. Variation of O2 emission values with load.  
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concentration in citric acid and the fact that the heating value does not 
decrease too much. The lowest PM emission was 0 mg/m3 in diesel and 
diesel + urea mixtures between 2 and 3.5 kW engine load. The highest 
PM emission was 0.067 mg/m3 for diesel + AdBlue mixture for 3.5 kW 
engine load. Diesel + urea mixture has zero particle emission at 2 kW 
and above loads but has the highest particle emission value between 
motoring and 1.5 kW load range. Diesel + urea + citric acid mixture 
created minimum particle emission at low loads. At high loads, it gave 
very close to zero particle emission. 

The variation of brake-specific fuel consumption (BSFC) values with 
engine load is given in Fig. 13 for different fuel mixtures. 

Brake-specific fuel consumption value is an important parameter in 
alternative fuels studies for diesel engines. Because the fuel is econom
ical, it can be widely used in internal combustion engines in the future. 
BSFC refers to the amount of fuel required to produce one kW of power 
for one hour. In this respect, it can be useful to understand how much of 
the BSFC value is used efficiently in the cylinder because the high 
combustion efficiency and the use of all the fuel can cause a decrease in 
the BSFC value. With the addition of water-containing fuel to diesel fuel, 
there is not much decrease in the heating value. However, a slight in
crease is observed at low engine loads. This may be due to the water 
content in the urea and AdBlue fuel mixtures. At low engine loads, low 

end-of-combustion temperature occurs. In this case, the fuel consump
tion value may have increased since the fuel mixtures could not evap
orate completely and the combustion efficiency would decrease. With 
the increase of the engine load, the BSFC value decreases as a better fuel 
mixture will be formed with the effect of the oxygen in the fuel content 
and the end-of-combustion temperature. 

The lowest BSFC was 339.12 g/kWh at 3.5 kW engine load in diesel 
+ urea + citric acid mixture. The highest BSFC occurred as 1554.74 g/ 
kWh in diesel + urea mixture at 0.5 kW engine load. As it is known, the 
low brake-specific fuel consumption value means that the engine is 
operating at good efficiency. Diesel fuel showed the best efficiency up to 
1.5 kW load. Diesel + urea + citric acid fuel mixture from 2 kW to 3.5 
kW has a similar BSFC value to diesel fuel. As explained in the previous 
figures, fuel consumption increased due to the lower calorific value of 
urea mixtures added to diesel fuel. However, diesel + urea + citric acid 
mixture has reached a performance close to diesel due to low water 
content. 

4. Conclusion 

This study investigated the added effects of AdBlue, urea and urea +
citric acid mixtures to diesel fuel on the engine performance and exhaust 
emissions in a direct injection diesel engine. Experimental study per
formed at different engine loads on other parameters was investigated.  

• It has been observed that urea has a reducing effect on emissions 
along with its direct addition to fuel. Therefore, perhaps there may 
be a potential for it to be used as a fuel additive in the future.  

• The addition of commercial AdBlue to diesel fuel has reduced the 
maximum in-cylinder pressure. Addition of commercial AdBlue to 
diesel fuel caused delay and worsening of combustion. Diesel + urea 
+ citric acid mixture gave performance close to diesel fuel. When 
heat release rate is evaluated, same situation is observed with in- 
cylinder pressure graphs. In addition, it is more clearly understood 
from heat release rate graphs that diesel + urea and diesel + urea +
citric acid mixtures accelerate combustion compared to diesel fuel. 

• Due to addition of urea and its mixtures to diesel fuel reduces calo
rific value, the cumulative heat release values decreased compared to 
diesel fuel. Urea and its mixtures added to diesel fuel did not 
significantly affect the pressure increase rate.  

• When CO2 emission values are examined, the additions of urea 
mixtures added to diesel fuel generally reduced CO2 emission level. 
However, Diesel + AdBlue fuel mixture has increased CO2 emissions 
compared to diesel fuel at all loads. Diesel + AdBlue mixture 

Fig. 11. Variation of HC emission values with load.  

Fig. 12. Variation of Particle emission values with load.  
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increased CO2 emissions by 38% compared to diesel fuel at 3.5 kW 
engine load. Compared to diesel fuel, the highest CO2 emission in
crease was 53% in diesel + urea + citric acid mixture at 1 kW engine 
load.  

• Diesel + urea + citric acid mixture provided the best 233% 
improvement in CO emission compared to diesel fuel. In general, it 
can be said that the addition of urea and its mixtures reduces CO 
emissions.  

• NOx emission was expected to decrease further with the addition of 
urea and its mixtures. However, the expected decrease was not fully 
achieved. The biggest decrease was 12% in diesel + Adblue mixture 
compared to diesel fuel. The addition of urea and mixtures at 
different rates may have the expected effect on NOx emissions. 
Diesel + urea + citric accid mixture showed the opposite effect of 
expected and increased NOx emission at some loads.  

• Exhaust gas temperature generally increased as power increased. In 
general, urea and its mixtures added to diesel fuel as an additive 
decreased the exhaust gas temperature. Diesel + urea + citric acid 
mixture showed a 26.82% decrease in 2.5 kW load value compared 
to diesel fuel.  

• When evaluated in terms of HC emission, other mixtures except 
diesel + urea mixture significantly reduced HC emissions. Especially 
the diesel + urea + citric acid mixture provided a 300% improve
ment in maximum power value.  

• Adding AdBlue to diesel fuel increased the amount of particulate 
matter. Other mixture produced particulate matter emissions similar 
to diesel fuel.  

• Addition of AdBlue to diesel fuel increased BSFC except for 2.5 kW 
engine load. Other mixtures gave a result close to diesel fuel in terms 
of BSFC. Diesel + urea + citric acid mixture provided the minimum 
BSFC value at 3.5 kW load. Diesel + urea + citric acid mixture 
provided an improvement of about 8% compared to Diesel fuel. 

As a result, the addition of urea and citric acid to diesel has improved 
especially HC, CO, and NOx emissions. The use of urea alone signifi
cantly increased HC and PM. However, diesel + urea + citric acid seems 
to be a great combination. Cost reduction can be achieved by elimi
nating AdBlue injectors used by vehicle manufacturers to avoid 
exceeding the Euro emission limit. Besides, urea and water mixture in 
different rates to diesel fuel seems to be a subject to be studied. It is 
crucial to carry out studies on the effects of the corrosion effect of water 
and urea on engine parts in future studies. 
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