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a b s t r a c t

The objective of this study is the development and evaluation of two models to predict instantaneous
exhaust emissions of CO2, NOx, particle number concentration and geometric mean diameter in accu-
mulation mode (30e560 nm) and in nucleation mode (5.6e30 nm) of a 2.0 euro 4 diesel engine fueled
with pure diesel and animal fat in different proportions. To acquire data for training, validation and
testing, 4 repetitions of the urban part of the New European Driving Cycle and 5 steady-state conditions
(15, 30, 50, 70 and 100 km/h) were reproduced in a dynamic engine test bench. The used prediction
models were Artificial Neural Networks and Symbolic Regression. Vehicle speed and acceleration, engine
speed and torque, air intake temperature, boost pressure, mass air flow and fuel consumption were used
as inputs variables. Artificial Neural Networks provided a R2 for testing dataset equal to 0.91, 0.78, 0.87
and 0.81 for CO2, NOx, number of particles in accumulation mode and geometric mean diameter,
respectively. Symbolic regression showed a R2 of 0.91, 0.82, 0.87 and 0.82 for the mentioned pollutants.
Particle number concentration in nucleation mode presents low correlation with the considered inputs
due to the variability of the formation process of this particle mode.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

There is a growing interest in biofuel study to enhance fuel
diversification and to limit excessive use and dependence on fossil
fuels. Within the wide range of biofuels for diesel engines, fuels
from waste are presented as a very valuable alternative due to the
reduction of land use impacts and revaluation of waste products.
Fuel from animal fat has received increasing attention in recent
years [1]. Animal fats are composed of a mixture of fatty acids
whose proportions depend on the source material (beef tallow,

pork lard, and chicken fat). This fatty acid composition has influ-
ence over some fuel properties such as the length of the carbon
chain or the degree of saturation. All these fuel properties will
finally affect the fuel quality [2] and, consequently, the exhaust
emissions. In recent years, pollutant emissions and performance of
animal fat are being investigated in detail in diesel engines [3e6]. In
these studies, NOx emissions increase [3e5] but THC emissions
decrease [3,4,6] in comparison with conventional diesel fuel. To
date, there are few studies that examine the nanoparticle emissions
when animal fat is used as fuel in diesel engines. According to Awad
et al. [4], Particulate Matter (PM) emissions were reduced at low
and medium engine loads with the use of animal fat, but no dif-
ferences were observed at high engine loads. Barrios et al., in 2014
[5], showed that with a blend ratio of 50% of Animal Fat and pure
diesel, the total particle number concentration (in the size-range of
5.6e560 nm) decreased drastically for all the experimental condi-
tions in comparison to pure diesel. In this study [5], the data in
transient conditions were discarded, considering only the average
emissions of steady-state.

In the present study, second-to-second data of all engine con-
ditions (steady-state and transient operating), have been
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considered. The exhaust emission of a 2.0 TDI Euro 4 diesel engine
running on the urban part of the New European Driving Cycle
(NEDC cycle) and five steady-state conditions have been measured
with pure diesel and 6 different proportions of animal fat/pure
diesel. Subsequently, it has been modeled using the actual
measured emissions database as training, validation and testing
data.

Since linear models (or deterministic models) do not adjust to
the complexity of emission-forming mechanisms [7] and combus-
tion models to predict pollutant emissions are generally very so-
phisticated and complex, and need strictly defined boundary
conditions [8,9] with data that is not always easy provide, refined
alternatives to estimate the emissions must be addressed. In the
case of this work, two different machine learning techniques have
been applied in order to forecast the emissions in transient
conditions.

The first one, Artificial Neural Networks (ANN), have been used
for years to solve many problems of science, especially in areas
where normal methods of modeling do not work properly, e.g.
financial and economic modeling, medical applications, optimiza-
tion of industrial processes and quality control, and a long list of
scientific areas. ANN models have proven their accuracy and their
ability to re-learn from new data [10], they have shown flexibility in
the selection/elimination of input variables, they are computa-
tionally faster than iterative mathematical models [11].

The second one, also biologically inspired and able to auto-
matically develop non-linear equations to fit a function, has been
Symbolic Regression (SR) [12]. One of the main advantages of this
method is that, instead ANN and other machine learning tech-
niques, the regression formula (the final equation) is provided at
the end of its optimization. The analysis of the regression equation
goes beyond the scope of this article, devoted to pragmatic esti-
mations, but its assessment may help to shed some light upon
emissions formation depending on engine operation parameters.
Therefore the full utility of the results obtained with this technique
can be exploited in the future.

The data, accessible from the engine Electronic Control Unit
(ECU), have been used as input values of the model, and CO2, NOx,
particle number concentration (accumulation and nucleation mode
particle) and geometric mean diameter (GMD) have been the var-
iables to be estimated.

Obtaining a good model reduces the number of new experi-
ments and the need to repeat experimental conditions (different
concentrations of Animal Fat/diesel blends, different engine oper-
ating conditions, etc.), which results in economic and time saving.
On the other hand, both Genetic Algorithms (GAs) and ANNs are
powerful tools for identifying complex relationships between input
and output data or potential real-time control applications focused
on emission reduction (modifications of diesel catalyst or exhaust
gas recirculation increase).

To the best of our knowledge, the present work is the first one
that: 1) performs a comparison of twomachine learning models for
the prediction of engine emissions, 2) predicts the particle number
in steady-states and transient conditions for diesel engines, and 3)
uses symbolic regression to predict emissions under transient
conditions. There are no ANN or regression models available for
particle number prediction for diesel engine, although there are
studies applied to PM or smoke levels [13e17], PM size [18] and
particle number for gasoline engines [19]. Pu et al., in 2017 [19]
predicted the particle number emitted by gasoline direct injection
in steady state conditions in 5 sizes-ranges. However, other types of
particle number concentration and size distribution modeling in
real traffic conditions have been developed depending on the type
of driving [20]. In the past few years, some applications of predic-
tive models using ANN to pollutant emissions of CO2, NOx or HC

[10,11,21e23] or other engine parameters related to engine per-
formance [24e26] or combustion processes [27] have been pub-
lished. On the other hand, only one study from 2017 [28] has used
genetic algorithms to predict emissions and performance of a diesel
engine in steady-state conditions. Most of these studies have been
performed under steady-state engine operating conditions.

For the case of transient conditions there are fewer applications
of predictive models of pollutant emissions and these models have
lower correlation values. Under transient conditions, the number of
variables influencing pollutant emissions is larger and lower
repeatability values are obtained. Mudgal et al., in 2011 [14], used
ANN to predict emission from biodiesel in buses in on-board con-
ditions obtaining an R2 (coefficient of determination to quantify the
goodness of the fit) of 0.96, 0.94, 0.82, 0.98 and 0.78 for NOx, HC,
CO, CO2 and PM, respectively. In a study of Hashemi and Clark in
2007 [29], ANN was trained on chassis dynamometer data from
heavy-duty diesel vehicles reaching an average accuracy of 0.97,
0.89, 0.70 and 0.48 for CO2, NOx, CO and HC, respectively. The
improvement of the prediction models in transient conditions and
the inclusion of the particle number (emission included in the most
current regulations) can be of great interest and help a more effi-
cient control of emissions.

The main objective of this work is the development, evaluation
and comparison of two predictive models, artificial neural network
model and symbolic regression model, of the instantaneous
exhaust emissions of a diesel 2.0 TDI engine operating with
different proportions of animal fat/pure diesel and using as input
the variables that can be read by the electronic control unit (ECU).

In this article, Section 2 has been devoted to introduce the en-
gine testing procedure. In Section 3 the fuels used in the study have
been detailed whereas in Section 4 the ANN and symbolic regres-
sion principles and their application are explained. In Section 5 the
results are shown and discussed and the conclusions of the work
are finally summarized in Section 6.

2. Engine testing procedure

The engine test bench usedwas composed of a diesel engine and
dynamometer (SCHENK W150) controlled by a HORIBA's SPARC
system. The diesel engine was a 2.0 Volkswagen TDI (2005) 140 hp
@ 4000 rev-1, Euro 4, in-line 4-cylinder, turbocharged, direct in-
jection, Compression ratio of 18, with exhaust gas recirculation
(EGR) and without diesel particulate filter (DPF). This engine has
been previously used in a large number of experiments with
different types of fuels and engine conditions [5,30,31]. Particle
number and size distribution data were measured using an Engine
Exhaust Particle Sizer 3090 (EEPS) by TSI Inc. and a Rotating Disc
Raw Gas Diluter MD19-2E (Matter Engineering). The dilution sys-
tem and particle sampling has been thoroughly explained in pre-
vious publications [32,33]. In order to measure pollutant
concentrations of exhaust gases, an OBS 2200 (HORIBA Inc.) was
used. Additionally, different engine operating parameters were
recorded such as engine speed, engine torque, throttle position,
intake air temperature, temperature of the exhaust gas, flow of
exhaust gas, the percentage of exhaust gas recirculation, fuel
temperature, boost pressure, mass air flow and fuel consumption.

Regulated emissions and particle number concentration and
size distribution emissions were measured in a driving cycle
composed of 4 repetitions of the UDC (Urban Driving Cycle or
NEDC-urban part of the New European Driving Cycle) and five
steady-state conditions (15, 30, 50, 70 and 100 km/h). In a previous
study, pollutant emissions were analyzed using only emission
mean values of each experimental steady-state condition [5], dis-
carding the data of the transient states. The operational phase at
cold start was not considered for this study. There was a preheat
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