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ARTICLE INFO ABSTRACT
Keywords: Diesel engines applications cover a broad spectrum, ranging from vehicles that transport pas-
Emission control sengers and move goods to specialized vehicles and equipment used in the construction and

Air pollution
Alternative fuels
Environmental impact
Nitrogen oxides
Diesel engine

agriculture industries. However, diesel engines are a significant source of pollutant emissions that
contribute to poor air quality, negative human health impacts, and climate change. This exper-
imental case study develops emission maps based on statistical models for a single-cylinder, four-
stroke, air-cooled diesel engine as a function of torque and engine speed. The tested fuels were
100% diesel (BO), and blends with 5% (B5) and 10% (B10) biodiesel originating from African oil
palm (Elaeis guineensis). The study explores the individual contributions of NO and NO; to NOx
and discusses the correlation between CO and O2 emission maps. The statistical models of CO,
CO,, and O feature R? adjusted values greater than 0.8, while the models of NO and NO4 show R?
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adjusted values of around 0.6. The apparent discrepancies in CO emission trends among previous
studies are explained. The emission maps developed here are a practical alternative to predictive
models and can assist in engine calibration and aftertreatment optimization while saving time and

costs.
Nomenclature
ANN Artificial neural network
B Biodiesel content % v/v
BMEP  Brake mean effective pressure
BSFC Brake specific fuel consumption
BTDC Before top dead center
BTE Brake thermal efficiency
Bx Diesel-biodiesel fuel blends with x volume % of biodiesel
EGR Exhaust gas recirculation
FAME  Fatty acid methyl ester
H High level of input variables
HC Hydrocarbons
L Low level of input variables
M Medium level of input variables
MAE Mean absolute error
N Engine speed rpm
RSM Response surface methodology
R? Correlation coefficient
T Torque N-m

1. Introduction

Combustion engines are widely used to power road and non-road vehicles as well as small medium-size stationary equipment in
several industry sectors [1]. Due to their higher efficiency and durability, diesel engines are preferred over their spark-ignition
counterparts for heavy-duty applications and power generation [2]. Although essential to economic growth, diesel engine emis-
sions negatively affect air quality, human health, and global climate. Exhaust aftertreatments such as selective catalytic reduction and
particulate filters are typically used to meet the ever-increasing emission standards [3]. The latter have also motivated the develop-
ment of control and optimization solutions such as exhaust gas recirculation (EGR), high-pressure injection, variable geometry tur-
bochargers, and oxygenated additives [3-5]. This work is focused on the development of emissions maps based on statistical models for
a diesel engine powered by diesel and diesel-biodiesel fuel blends. The emissions maps obtained from those statistical models can be
used for engine calibration and engine aftertreatment optimization, thus saving time and costs. Those maps are also of great value to
assess emissions in stationary operations requiring changes in engine speed, such as in diesel engines coupled to electric alternators or
hydraulic pumps.

Humanity faces the challenge of reducing carbon emissions while increasing energy production. Scenarios of the global energy
transition to 2040 indicate that the transport sector continues to be dominated by oil, despite increasing penetration of electricity,
natural gas, and biofuels [6]. Biodiesel together with diesel-biodiesel and vegetable oil-diesel blends show great potential as alter-
native fuels for diesel engines [2,7-10]. Biodiesel is an alkyl ester, mostly a fatty acid methyl ester (FAME) in the chain range C;4—Caa,
originating from various renewable feeds such as vegetable oils and animal fats. Biodiesel highly resembles fossil diesel in terms of
cetane number, density, and viscosity [2]. A recent literature survey points out that biodiesel and diesel-biodiesel fuel blends influence
both performance and emissions of diesel engines [11]. Despite intensive research in the last two decades, published results are still
inconsistent in some parameters. Brake specific fuel consumption (BSFC) could increase while brake thermal efficiency (BTE) could
either increase or decrease. Carbon monoxide (CO), hydrocarbon (HC), and particulate emissions decrease, but nitrogen oxides (NOx)
emissions increase. The carbon dioxide (CO2) emission could decrease or remain at nearly the same levels of fossil diesel. Oxygen (O3)
concentration increases with a higher content of biodiesel in the blend while smoke opacity reduces.

Predictive models that account for engine processes such as combustion and emissions formation are not the focus here, and the
interested reader is referred to Refs. [3,4,12,13]. On the other hand, an artificial neural network (ANN) was capable of accurately
predicting the performance and emissions of a diesel engine [14]. Performance and emission maps of a diesel engine were obtained as a
function of engine speed and load [15,16]. Likewise, a response surface methodology (RSM) approach was used to study the effect of
fuel injection pressure, the start of injection timing, and pilot-main injection intervals on performance and emissions [17]. A method to
create engine maps uses data from onboard diagnosis, and portable emissions measurements while vehicles are in actual operation
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[18].

Both engine manufacturers and governments are constantly looking for new technologies to reduce emissions and improve fuel
efficiency. Only a few studies of engines fueled with diesel and diesel-biodiesel blends cover wide ranges of engine speed and torque.
Additionally, there are no detailed studies with a method to construct emissions maps for diesel engines using statistical models. Those
emissions maps are an alternative to predictive models and can be used for engine calibration and engine aftertreatment optimization.
This case study contributes to closing this gap by combining the design of experiments with the development and validations of
statistical models to construct emissions maps. Here we present emissions maps of CO, Oy, COs, nitric oxide (NO), and nitrogen dioxide
(NO3). Typically NO and NO, emissions are reported together as NOx; as a novelty, here we also explore their individual contribution.
Experiments were carried out in a single-cylinder compression ignition engine fueled with diesel and diesel-biodiesel fuel blends
covering nine engine operation conditions. The fuels were 100% diesel (B0), and blends with 5% (B5) and 10% (B10) biodiesel content.

2. Materials and methods
2.1. Experimental setup

Fig. 1 shows a schematic diagram of the experimental set-up configuration. The experiments were carried out in a single-cylinder,
four-stroke, air-cooled diesel engine (model SK-MDF300, Sokan®). The 3.5 kW generator set-up (SK-GD4000CL, Sokan®) produces
alternating current at two voltage levels.

Table 1 summarizes the technical specifications of the engine. The engine has an integrated structure for signal processing through
a data acquisition system that acts as an interface between the primary measurement elements and a computer.

Table 2 shows the list of measured variables together with sensor type, accuracy, and measuring range used in this study.

2.2. Exhaust gas analyzer

A portable emissions analyzer (model PCA 400, Bacharach®) was used. The analyzer consists of a sampling probe, an analyzer box,
and a control unit, and is equipped with CO, O3, CO3, NO, and NO; sensors. Table 3 summarizes the technical specifications of the
exhaust gas analyzer used in this study.

2.3. Experimental design

The experimental design is composed of different types of variables, namely response, input, blocking, and noise variables. The
response variables in the experimental design were gaseous emissions: CO, NO, and NO; concentrations in ppm, and O3 and CO5 in %
v/v. The input variables were torque (N-m), engine speed (rpm), and biodiesel % (v/v) in the fuel. These input variables were chosen
due to their influence on engine performance as well as on emissions.

Fig. 1. Schematic diagram of the experimental set-up configuration. Main equipment: @ gravimetric fuel meter, @ fuel filter, @ injection pump, @
airflow meter, ® single-cylinder diesel engine, ® resistive test bench, @ alternator, ® data acquisition system, @ exhaust gas analyzer, and
encoder.
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Table 1
Technical specifications of the diesel engine.
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Specification

Value/type

Rated power
Cylinders

Strokes

Cylinder bore
Cylinder stroke
Displacement
Compression ratio
Cooling media
Intake system
Injection system

3.5 kW @ 3600 rpm
1

4

78 mm

62.57 mm

299 cm?

20:1

Air

Naturally aspirated
Direct

Injection Angle 20° BTDC"
@ Before top dead center.
Table 2
Measured variables and sensors specifications.
Variable Sensor type Accuracy Measuring Range
Temperature Type K thermocouple 0.1% —200-1370 °C
Pressure Piezoresistive 0.3% —100-100 kPa
Fuel mass Gravimetric meter 2% 0-16gs!
Air mass flow rate Hot wire 1% 0-125 g s *
Engine speed Hall effect 0.03% 5-9999 rpm
Relative humidity Capacitive 2% 0-100%
Atmospheric pressure Digital barometer 0.5% 30-110 kPa
Electric current Hall effect 3% 0-100 mA

Table 3

Technical specifications of the exhaust gas analyzer.
Measurement Range Accuracy
0O, 0-21% v/v +0.3%
co 0-10000 ppm +10%
NO 0-10000 ppm +10%
NO 0-1000 ppm +5%
CO, 0-19.9% v/v +1%

High (H), medium (M), and low (L) levels were established for each input variable, as can be seen in Fig. 2. At least two levels are
necessary to determine the effect of each input variable on the response variables. An intermediate level was included to find out
whether the behavior of the response variables within the analysis domain was linear. A multilevel 3> experimental design, consisting
of the three input variables at three levels, was established. A total of 81 experimental runs were performed, i.e., three results were
obtained at each experimental condition. To guarantee the randomness of the experiments, and to minimize unwanted effects caused
by uncontrolled ambient factors, the order of the runs was defined with the aid of PSPP (Free Software Foundation, Inc.).
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Fig. 2. Operational parameters of the engine used for the experiments. Subscripts H, M, and L refer to the levels of the input variables, T represents
torque, and N represents engine speed. The upper curve corresponds to the engine characteristic curve.
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The operating modes were chosen, taking into account the most significant points below the engine characteristic curve. In the case
of engine speed, the maximum value was 3800 rpm. Since this is the point at which maximum power is reached, working at a lower
frequency (e.g., 50 Hz) requires decreasing engine speed. A value of 3000 rpm was taken as the minimum engine speed to cover the
range of plausible operating conditions for both stationary and transient applications. For the torque, the selected maximum and
minimum values were 6.05 and 3.15 N m, respectively.

Fuel composition is another factor that significantly affects engine emissions. Pure diesel (BO) and diesel-biodiesel blends of 5 and
10% (B5 and B10, respectively) were used. Table 4 summarizes the standardized fuel properties of the diesel and the diesel-biodiesel
blends.

Blocking variables are variables that can be quantified, but their influence is not evaluated, such as ambient temperature and fuel
temperature. Non-controlled variables are, by definition, difficult to control and could influence the behavior of response variables.
Examples of the latter are cylinder head temperature, exhaust temperature, and intake pressure.

This study comprises 81 experimental runs, three at each experimental condition. Data from 80% of the trials were used to fit
regression models through variance analysis. Fig. 3 depicts the methodology using the CO emission map for one type of fuel. Fig. 3a
shows the raw experimental data, while Fig. 3b shows the emission map obtained from the regression model. Finally, the remaining
20% of the data were used for validation, as illustrated in Fig. 3c.

3. Results and discussion
3.1. Models development

This section describes how statistical models with a significant association between emissions and torque, engine speed, and fuel
type were developed. Besides the main effects (torque, engine speed, and fuel type), models also include squared and interaction terms.
The p-value for each term was compared to a significance level to determine whether the association between the response and the
term was statistically significant. If the p-value was <0.05, the association between the response and the term was assumed as sig-
nificant; otherwise, the model was fitted without that term. Table 5 shows the p-values of each of the terms considered for the
development of the models.

Models were fitted following either a bottom-up or a top-down terms selection procedure. The bottom-up selection started with a
constant to which a term was added at a time. At each step, the algorithm brought into the model the most significant term provided
that its p-value was <0.05. Terms previously brought into the model can be deleted later if their p-values fall below 0.05. The top-down
selection started with a model containing all the possible terms. At each step, the algorithm removed the less significant term provided
that its p-value was >0.05. Terms previously deleted can be reentered later if their p-values meet the significance criterion. The
resulting top-down and bottom-up models were compared, and the ones with the highest R? were selected.

Table 6 summarizes the selected models and their respective Rz, R? adjusted, standard error, and mean error absolute. It should be
noticed that R? represents the percentage of variation in the response that is explained by the model. R? adjusted, on the other hand, is
R? adjusted for the number of predictors in the model relative to the number of observations. The standard error of the estimate
represents the standard deviation of the residues, and the mean absolute error is the average of the residues.

3.2. Emissions maps

3.2.1. CO emission map

Fig. 4 shows the CO emission map as a function of engine speed and torque. The CO emission map features three diagonal bands. A
central band with relatively low CO emission (<500 ppm) covers the engine speed range 3200-3600 rpm and the torque range 4.2-6.0
N m. An upper band in which CO emission increases significantly (500-7000 ppm) with both engine speed and torque. At those
operation conditions, the fuel-to-air ratio gradually increases, and there is not enough time for mixing, which negatively affects
combustion quality. A lower band in which CO emission increases (500-2000 ppm) with decreasing both engine speed and torque. At
those operation conditions, the lean fuel/air mixture results in relatively low combustion temperatures, which leads to higher CO
formation rates.

The emission map in Fig. 4 indicates the presence of a global minimum in CO emission. Minimum values in CO emission are thus
found either increasing torque at constant engine speed or increasing engine speed at constant torque. Several studies with fossil diesel

Table 4

Standardized fuels properties of diesel and palm oil biodiesel-diesel blends used in this study.
Property Standard BO* B5 B10
Density, kg m 3 ASTM D1298 821.5 823.1 827.5
Viscosity, cSt ASTM D445 2.64 2.65 2.66
Flash point, °C ASTM D93 76 85 96
Cloud point, °C ASTM D2500 6.5 7.2 8.3
Pour point, °C ASTM D97 3.1 3.5 3.8
High heating value, MJ kg~* ASTM D240 44.05 43.89 43.25

2 Pure diesel.


astm:D1298
astm:D445
astm:D93
astm:D2500
astm:D97
astm:D240
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Fig. 3. Methodology used in this study. a) Experimental result for CO emissions for one type of fuel. Error bars represent twice the standard de-
viation, b) Emissions map predicted by the regression model obtained from the analysis of variance, c) validation of the regression model.

Table 5

P-values as obtained from the analysis of variance.
Factor CO CO, NO NO, 0,
T:Torque 0.0000 0.0000 0.0000 0.0000 0.0000
N:Speed 0.0000 0.0000 0.9827 0.9961 0.0000
B 0.3983 0.0307 0.0001 0.0001 0.0416
TT 0.0085 0.7926 0.0388 0.0383 0.6179
N 0.0000 0.0000 0.9198 0.9319 0.0000
TB 0.3322 0.6881 0.0156 0.0156 0.7756
NN 0.0000 0.0070 0.1918 0.0406 0.0000
NB 0.1572 0.4490 0.0001 0.0001 0.0205
BB 0.0589 0.0284 0.5049 0.5201 0.0320

report a minimum in CO emission when torque (also reported as engine load percentage or BMEP) increases at constant engine speed
[11,19-23]. Under the same condition, some studies with fossil diesel show either a decreasing [24] or an increasing [25] trend in CO
emission. Other studies, in which engine speed increases at full load, show a CO emission increasing trend [26] or a trend with local
minima and maxima [27]. The CO emission map in Fig. 4 is consistent with published studies. The apparent discrepancies in trends
depend on the location of engine speed and torque ranges with respect to the global minimum.

Our results show that the association between CO emission and fuel type was statistically non-significant. A recent experimental
study explored the effect of biodiesel content on CO emissions, increasing engine load at constant engine speed [11]. For engine load in
the range 10-80%, there were no significant differences in CO emission for diesel-biodiesel blends lower than B20, which is in
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Table 6
Statistical models and selected parameters.
Model  Model R? R?Adj"  Standard MAE" Fitting
Error proc®
co 142445.0021 — 12034.9056 - T — 72.7381 - N + 302.4108 - T? + 2.9637 - T-N + 0.8547  0.8455  1027.43 776.494 Asc?
0.0093515 - N?
CO> 35.6719 — 2.1437 - T— 0.02056 - N — 0.1511 - B+ 0.0009291 - T- N + 0.000003044 - 0.8930 0.8760 0.7287 0.4110 Desc®
N? 4+ 0.01570 - B
NO —166.3510 + 431.9910 - T — 212.5820-B — 36.9578 - T? + 8.9195-T-B + 0.6455 0.6167 155.29 109.77 Desc
0.00004107 - N? + 0.05567 -N - B
NO, —170.0360 + 455.2360 - T — 225.1740 - B — 39.0805 - T? + 9.4100-T-B — 0.6432 0.6143 163.759 114.94 Desc
0.00004374 -N? + 0.05900-N-B
[} — 47.8265+ 4.0399 - T+ 0.03875-N+ 0.6867 -B— 0.001719-T-N — 0.9533 0.9488 0.8060 0.566781 Des

0.000005579 - N% — 0.0001611-N-B — 0.01681 - B

@ Adjusted.

b MAE: Mean absolute error.
¢ Procedure.

4 Ascending.

¢ Descending.

60 7000
55 6000
% 50 E 5000
Qé: Az § 4000
3 O 3000
4.0 2000
3.5 1000

L . \

3000 3200 3400 3600 3800
Engine speed, rpm

Fig. 4. Emission map of CO. The association between CO emission and fuel type was statistically non-significant. Dashed and dotted lines represent
isoconcentration contours.

agreement with our results. Starting from a relatively low engine load, operating with pure biodiesel (B100) results first in a local
maximum and then in a local minimum in CO emission. Other studies with pure biodiesel (B100) only report a minimum in CO
emission when torque increases at constant engine speed [20,25].

3.2.2. O3 emission map

Fig. 5a shows the O3 emission map for the operation with fossil diesel. An inverse proportion characterizes the dependence of Oo
emission on both engine speed and torque. When torque increases by 1.0 N m, O, concentration decreases by 1.1% v/v at 3000 rpm
and a 2.5% v/v at 3800 rpm. When engine speed increases at constant torque, O emission decreases linearly at first and then more
rapidly. The nonlinear dependence of O, emission on engine speed is more evident at the higher end of the assessed torque range. The
O, emission map is consistent with the CO emission map, i.e., the area corresponding to the lower end of the studied engine speed and
torque ranges shows the highest O, emission and significant CO emission due to relatively low combustion temperatures. Conversely,
the area corresponding to the upper end of the studied engine speed and torque ranges shows the lowest Oy emission due to the
relatively high fuel-to-air ratio and lack of mixing.

Studies reporting O3 emission in the exhaust of diesel engines are rather scarce. A study in which load increases at constant engine
speed reports a decreasing O, concentration trend [11]. Another study with fossil diesel found that, at constant engine speed, the
equivalence ratio increases linearly with BMEP [24]. The O3 emission map in Fig. 5 is consistent with those findings. Another study, in
which engine speed increases at full load, shows a linear O, emission trend, as it was expected [26]. On the other hand, a study under
similar conditions shows that Oy emission increases at first, then decreases and finally increases sharply [34]. The latter results,
especially those at the higher end of the studied engine speed range, are not evident in our results. This indicates that emissions at full
load operation require further attention.

Fig. 5b and c shows the O3 emission map for the operation with B5 and B10 diesel-biodiesel blends. With respect to the operation
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Fig. 5. Emission maps of O for the operation with a) fossil diesel, b) 5% v/v biodiesel and 10% v/v biodiesel. Dashed and dotted lines represent
isoconcentration contours.

with fossil diesel, there was a slight increase in O emission for B5. On the other hand, O, emission for B10 resembles that of fossil
diesel. It was found that for loads in the range of 5-95%, the effect of biodiesel content in the range BO-B100 on O concentration was
negligible [11]. A study with B100 found that, at constant engine speed, the equivalence ratio increases linearly with BMEP [24]. The
O, emission maps obtained here are thus in agreement with those studies.

3.2.3. COgz emission map
Fig. 6a depicts the CO, emission map for the operation with fossil diesel. The CO, emission map features opposite trends when
compared with the Oy emission map. A direct proportion characterizes the dependence of CO, emission on both engine speed and
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torque. When torque increases by 1.0 N m CO; concentration increases by 0.64% v/v at 3000 rpm and 2.2% v/v at 3800 rpm. When
engine speed increases at constant torque, CO, emission increases linearly at first and then more rapidly. CO3 is a primary combustion
product, and its concentration depends on the fuel-to-air ratio, which increases with both engine speed and torque.

Studies with fossil diesel report a linear increase in CO3 emission when engine load (or BMEP) increases at constant engine speed
[11,24], which is consistent with our results. Under the same conditions, other studies found that CO5 emission increases linearly at
first and then more rapidly at the higher end of the studied load range [22,25]. The CO3 emission profiles resulting from varying engine
speed at full load shows maxima and minima [27] or a linear profile [26].
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Fig. 6. Emission maps of CO, for the operation with a) fossil diesel, b) 5% v/v biodiesel and 10% v/v biodiesel. Dashed and dotted lines represent
isoconcentration contours.



A. Mejia et al. Case Studies in Thermal Engineering 19 (2020) 100613

Fig. 6b and c shows the CO, emission map for the operation with B5 and B10. With respect to the operation with fossil diesel, there
was a slight decrease in CO, emission for B5, but CO, concentrations for B10 show the same level. A study at constant engine speed
using fossil diesel, diesel-biodiesel blends found that at low and medium loads, CO; emissions are rather similar [11]. Under the same
conditions, another study reports CO2 emissions slightly higher for B20 compared with fossil diesel [25]. Additionally, for all the
blends, there was an increase in CO, emission at 80% and 95% load [11]. A slight increase in CO, emission with respect to fossil diesel
was observed for B5 at full load and different engine speeds [26]. The difference between fossil diesel and B10 was more evident, and
the CO; emission profile was no longer linear [26].
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Fig. 7. Emission maps of NOx for the operation with a) fossil diesel, b) 5% v/v biodiesel and 10% v/v biodiesel. Dashed and dotted lines represent
isoconcentration contours.
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3.2.4. NOx emissions

NOx, composed of NO and NOs, is a challenge for internal combustion engines [28]. Fig. 7a shows the NOx emission map for the
operation with fossil diesel. A direct proportion characterizes the dependence of NOx emission on torque. Additionally, NOx emission
is virtually independent of engine speed. At the lower end of the assessed torque range, NOx emission increases steadily but then slows
down at the higher end. When engine speed increases at constant torque, NOx emission decreases slightly. Studies with fossil diesel
report NOx emission profiles consistent with our result when the load (or BMEP) increases at constant engine speed [11,20]. Under the
same conditions, another study reported an S-shaped NOx profile [25]. A plausible explanation for the latter is that the load range
assessed here starts at the steadily growing section. In contrast to our findings, another study reports that NOx emission grows faster at
the higher end of the load range [22].

Fig. 7b and c shows that the presence of biodiesel in the fuel significantly increases NOx emission, and several studies report this
effect [11,25,26]. Within the assessed engine speed and torque ranges, NOx emission with B5 and B10 increases by 8.9% and 18%,
respectively, with respect to fossil diesel. The reactions forming NOx are highly temperature-dependent [28], so higher operation
temperatures characterize the operation with diesel-biodiesel fuel blends. In contrast to the operation with fossil diesel, B5 and B10
increase NOx emission linearly when engine speed increases at constant torque. Additionally, the presence of biodiesel in the fuel
increases NOx emission beyond that of fossil diesel at the higher end of the assessed engine speed range while an opposite trend
prevails at the lower end.

The dominant component of NOx is NO, with a reported share of 70-90% in compression ignition engines [28]. Thermal equi-
librium calculations are the first approximation to NO and NO; emissions. Other predictive approaches are the Zeldovich, Fenimore, or
fully detailed mechanisms. All these approaches present significant deviations of experiments [12], so direct measurements are a
valuable tool for basic understanding and validations.

Fig. 8a and d shows the NO and NO, emission maps for the operation with fossil diesel. On average, NO accounts for 73% of the
total NOx. Both NO and NO; emissions show similar profiles when torque increases at constant engine speed: steadily increasing at the
lower end, slowing down at the higher end. On the other hand, NO and NO;, emissions feature opposite linear trends when engine speed
increases at constant torque: increasing for the former, decreasing for the latter. Fig. 8b and c illustrate the NO and Fig. 8e and f the NO5
emission maps for the operation with B5 and B10, respectively. NO accounts for 76 and 80% of the total NOx for B5 and B10,
respectively, which is within the reported range [28]. With biodiesel in the fuel, NO emission features similar profiles with torque (at
constant engine speed) but reaches significantly lower levels at the lower end of the assessed engine speed range. Additionally, NO
emission still increases linearly with engine speed (at constant torque), but at a significantly higher rate. On the other hand, NO2
emission features similar profiles with torque (at constant engine speed), turns almost independent of engine speed for B5, and reaches
lower levels at the lower end of the assessed engine speed range for B10. Finally, NO, emission shows a linear dependence on engine
speed (at constant torque) but switches from a decreasing trend for fossil diesel to an almost constant value for B5 and an increasing
trend for B10, as illustrated in Fig. 8d, e and 8f.

The regression models for CO, CO, and O feature R? adjusted values greater than 0.8. The regression models for NO and NO, show
a rather low R? adjusted value. A plausible explanation for the latter is that longer exposition times are required for those sensors. In
any case, results were found to be qualitatively consistent with published literature. Both top-down and bottom-up selection pro-
cedures are recommended to fit the models and then select those with the highest R? value. Additional experiments can be done to
further improve the models, especially those for NO and NO3. Nevertheless, a successful methodology for constructing the models has
been proved.

4. Conclusions

This work presents the development of CO, O3, CO2, NO, NO, and NOx emission maps for a diesel engine powered by diesel and
diesel-biodiesel fuel blends. Experiments were carried out in a single-cylinder, four-stroke, air-cooled compression ignition engine
covering nine experimental conditions corresponding to high, medium, and low torque and engine speed levels. The fuels were 100%
diesel (B0), and blends with 5% (B5) and 10% (B10) biodiesel content. A successful methodology for constructing statistical models
and then generate emission maps has been proved. Procedures such as engine calibration, aftertreatment optimization and emissions
assessment in stationary operation can benefit from those emission maps.

The apparent discrepancies in CO emission trends among previous studies are explained based on the location of the studied engine
speed and torque ranges with respect to a global minimum. The association between CO emission and fuel type was statistically non-
significant. The lower end of the studied engine speed and torque ranges shows the highest O, emission and relatively high CO levels,
which is consistent with a relatively low combustion temperature. Conversely, the upper end of the studied engine speed and torque
ranges shows the lowest Oy concentration due to the higher fuel-to-air ratio. With respect to B0, there is a slight increase in Op
concentration for B5, but there are no noticeable differences with B10.

A direct proportion characterizes the dependence of CO, emission on both engine speed and torque. With respect to the operation
with fossil diesel, there was a slight decrease in CO5 emission for B5, but CO5 emission for B10 rises again to the initial level. A direct
proportion also characterizes the dependence of NOx emission on torque, although it is virtually independent of engine speed. Both NO
and NO; emissions show similar profiles for BO when torque increases at constant engine speed: steadily increasing at the lower end,
slowing down at the higher end. On the other hand, NO and NO, emissions feature opposite linear trends when engine speed increases
at constant torque: increasing for the former, decreasing for the latter. NOx emission for B5 and B10 increases by 8.9% and 18%,
respectively, with respect to BO.
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