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Abstract  

In this paper an experimental analysis of the ambient temperature effect on diesel engine 

pollutant emissions is carried out. The study is focused on hydrocarbons and carbon monoxide 

of both engine out pollutants formation analysis and diesel oxidation catalyzer (DOC) 

performance. The experiments were carried out at transient engine load conditions of 

Worldwide harmonized Light vehicles Test Cycle (WLTC) at two levels of ambient temperature: 

20ºC and -7ºC. The study presented in this work shows significant different results depending 

on the pollutant analysed. Regarding hydrocarbons, a significant dependence of pollutant 

formation on ambient temperature is observed, being the emissions at -7 ºC between two and 

three times the emissions at 20 ºC. The DOC performance between temperatures shows similar 

conversion efficiency. In the case of carbon monoxide formation, temperature dependence 

plays a less important role than the engine load conditions. The reduction of air fuel ratio at 

transient conditions drives to unsteady CO profiles emissions along the WLTC that reduce the 

pollutant conversion with a greater negative impact at -7 ºC. 
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1. Introduction 

Pollutant emissions in automotive diesel engines have become as a major subject of research. 

Hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides (NOx) and particles are the main 

pollutants emitted in combustion diesel engines [1, 2, 3, 4, 5 , 6 and 7]. Catalytic converters 

have been used in engine exhaust after treatment systems for more than two decades to 

reduce pollutant emissions [8]. Diesel oxidation catalysts (DOC) are used to control CO, HC and 

the organic fraction of diesel particulates to form harmless exhaust products. Additional 

reactions such as the oxidation of NO to NO2 also occurs with the key interest attributed in 

facilitating passive diesel particulate filter (DPF) regenerations as well as in enhancing the 

performance of some selective catalytic reductions (SCR) catalysts [9]. 

Salomons et al. [10] studied the effect of CO and H2 concentration on the catalysis 

performance, showing the increase of light off temperature with the CO concentration and the 

decrease of light off with the H2 concentration. In addition to the pollutants concentrations effect, 

Zervas [11] analysed the impact of space velocity, average value and profile of exhaust 

temperature, on Diesel engine tail-pipe emissions, pointing out the reduction of catalysis 

efficiency with the space velocity because of the lower dwell time as well as the increase of 

conversion efficiency with higher, both average and instantaneous, exhaust temperatures. 

Botsaris and Sparis [12] analysed the impact of the ambient temperature on the catalyst 

performance, by means of catalyzer inlet-outlet temperature measurements, reporting an 

increase of efficiency with the ambient temperature. Karl Arnby et al. [13], studied the 

improvement of catalysis activity of CO performing at low temperatures by means of non-

homogeneous supported catalyst.  

As automotive driving cycles are being more restrictive, it is expected that the operation 

conditions of the test drive will consider the effect of running at lower ambient temperature. 

Under these conditions, pollutant emissions during the engine warm-up are critical. According to 

the literature [14] and [15], unburned hydrocarbons and carbon monoxide are mainly emitted 

when engine temperatures remain low. Researchers have study the effect on pollutant 

emissions and engine performance in cold driving cycles [16, 17, 18 and 19]. Currently, the U.S 

Environmental Protection Agency includes a cold cycle of FTP-75 as an optional driving cycle 
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carried out at -7 ºC. It is expected that if future regulations include cold cycles as mandatory, 

they will be assessed at this temperature. 

In this work, the effect of cold ambient temperature on the engine-out emissions as well as on 

the pollutants conversion efficiency at the DOC is analysed. The pollutants studied are 

hydrocarbons and carbon monoxide. The tests were carried out at transient engine load 

conditions of WLTC at -7 ºC and 20 ºC of ambient temperature. 

The paper is structured as follows. Section 2 is devoted to the experimental setup and the 

explanation of the theoretical models and tools. Section 3 contains the results and analysis of 

the ambient temperature effect on the engine-out emissions and on the DOC performance. 

Finally, the main conclusions are presented in section 4. 

2. Experimental setup and methodology 

2.1. Description of test cell and setup. 

Experiments with an inline 4 cylinder, 1.6 l, turbocharged HSDI diesel engine were conducted. 

In Fig. 1 the engine layout is depicted, where both the High Pressure (HP) and Low Pressure 

(LP) Exhaust Gas Recirculation (EGR) loops are shown. An intercooler is placed between the 

compressor and the HP EGR inlet. The aftertreatment system formed by the DOC and DPF is 

placed downstream the turbine.  

Fig 1. Engine layout. 

The tests were carried out in a climatic chamber where the ambient, coolant and fuel 

temperatures are under control. In Table 1 the features of the engine are shown. The engine 
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was run under transient state conditions of a WLTC driving cycle. Once the WLTC has finished, 

the engine is put under specific conditions of load to regenerate the particulate filter. After that, 

test cell is cooled for several hours in order to ensure the same initial conditions of all cycles 

carried out. 

Table 1. 

Engine specifications. 

  

Cylinder number In-line 4 

Bore x stroke (mm) 80 x 79.5 

Displacement (cm3) 1598 

Compression ratio  15.4:1 

Valve number 16 

Valvetrain Double cam shaft over 
head 

Fuel delivery system Common rail. Direct 
injection. 

EGR system HP and LP cooled EGR 

Intake boosting Turbocharger with VGT 

Maximum power (kW/rpm) 96/4000 

Maximum torque (Nm/rpm) 320/1750 

Torque at maximum power 
(Nm) 

315 

Specific power (kW/liter) 60.86 

Relevant variables of the test needed for the analysis were recorded: engine speed, torque, 

intake manifold pressure, turbine inlet pressure, intake manifold temperature, air mass flow rate, 

fuel consumption and chemical species such as carbon monoxide (CO), hydrocarbons (HC), 

oxygen (O2) and carbon dioxide (CO2). All measurement signals were sampled at 10 Hz. 

Engine speed was measured through a KYSTLER encoder with an uncertainty of 0.02 Crank 

Angle Degree (CAD). Engine torque was measured by the SCHENK DYNAS3 dynamometer, 

with an error of 0.1%. The engine speed and torque are the engine target variables needed to 

perform the WLTC. Both variables are calculated from the vehicle velocity and the gear ratio 

defined by the WLTC and the characteristics of the vehicle. The vehicle model used for the tests 

was a typical mid-size car from the European market. The calculation process of the driving 

cycle target variables is as follows: 

The engine speed is calculated from the vehicle speed and gear according to the following 

expression: 
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𝑛 =
𝑢

𝜋∙𝐷∙𝑍
        [1] 

Where 𝑛 is the engine speed, 𝑍 is the gearbox ratio between the driven and the drive gear, 𝑢 is 

the vehicle speed and 𝐷 is the diameter of the car wheel.  

The engine power demand is calculated from the increase of vehicle kinetic power, the loss 

terms and the mechanical efficiency of the gearbox. 

𝑃 = (
𝑚

2
∙(𝑢2

𝑡+1−𝑢2
𝑡)

𝑡
+𝑃𝑟𝑜𝑎𝑑+𝑃𝑎𝑖𝑟) ∙

1

𝜂𝑚
     [2] 

Where 𝑃 is the crankshaft power, 𝑚 is the vehicle mass, 𝑢 is the vehicle speed, 𝑡 is the time 

between two points of the WLTC, 𝑃𝑟𝑜𝑎𝑑  is the road friction power loss, 𝑃𝑎𝑖𝑟 is the aerodynamic 

power loss and 𝜂𝑚 is the mechanical efficiency of the gear box. The first term of the sum 

represents the increase of kinetic power of the vehicle. In case of no velocity variation, the 

demand of power is only because of the frictional losses. Road and aerodynamic friction losses 

are vehicle speed depending. 

Once the crankshaft power and the engine speed are obtained the engine torque, 𝑇, is 

calculated as: 

𝑇 =
𝑃

𝑛
        [3] 

Temperatures were measured with type K thermocouples of TCA brand, with a measurement 

error of 2.2 K. Gas pressure was measured with KISTLER pressure sensors with an error of 

0.3%. Air mass flow rate was measured by means of a hot wire anemometer of Sensyflow 

brand, with a measurement error of 0.1%. Fuel consumption along the WLTC cycle was 

measured with an AVL fuel balance, with a measurement error of 0.12%. 

A HORIBA MEXA ONE gas analyser was used to measure the exhaust gas chemical 

composition at both upstream and downstream DOC sample points. O2 was measured by 

means of a magnetopneumatic detector. CO was measured by using non-dispersive infrared 

techniques. HC was measured by means of the the flame ionization detection technique. In 

case of CO2 it was measured at the intake manifold as an additional sample point for Exhaust 

Gas Recirculation (EGR) rate calculation, by means of non-dispersive infrared techniques. The 

uncertainty of the gas analyser is in the range of 2%.  
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Both intake and exhaust, upstream DOC, CO2 measurements were recorded in order to obtain 

the LP EGR rates. The EGR rate is defined as: 

XEGR= 
ṁegr

ṁair+ṁegr
       [4] 

Where 𝑚̇egr and 𝑚̇air are the mass flow of EGR gas and fresh air, respectively. Eq. 4 can be 

expressed as a function of a specific pollutant molar concentration, like CO2, measured in the 

intake and exhaust manifold: 

XEGR= 
[CO2 INT]-[CO2 ATM]

[CO2 EXH]-[CO2 ATM]
       [5] 

Where [𝐶𝑂2 INT], [𝐶𝑂2 ATM] and [𝐶𝑂2 EXH] are the carbon dioxide concentration in the intake, 

ambient and exhaust place respectively. 

2.2. Pollutant emissions calculation 

Once the chemical pollutants have been measured by the gas analyser, it is necessary to 

process the data to ensure the right time span and avoid the mismatch between pollutant 

emissions and the other engine variables such as air and fuel mass flow [20]. The existence of 

a delay in pollutant analysis is due to two different sources [21]. On one hand, there is an 

internal delay necessary to analyse the sample that depends on the type of pollutant. On the 

other hand the distance between the sample point and the gas analyser forces the existence of 

a delay defined by the gas velocity and the length of the sample pipes. The gas speed through 

the sample pipes is produced by the vacuum pressure generated by the gas analyser pump, 

which remains equal during the whole cycle. Some authors have implemented physical 

behavior models [22] while other authors analyse the delay by correlation methods comparing 

the pollutant measurement with other related variables like engine speed and air mass flow rate 

[23]. In this study a correlation method is used, based on the convolution between pollutants 

and air mass flow signals [24]. Convolution expresses the amount of overlap between two 

functions; it is defined as the integral of the product of two signals when one of these functions 

is shifted over the other:  

(𝑝 ∗ 𝑚)(𝑡) = ∫ 𝑝(𝑡) ∙ 𝑚(𝑡 − 𝜑)𝑑𝜏 ≅  ∑ 𝑝𝑖 ∙ 𝑚𝑖−𝑘
𝑖=𝑛
𝑖=0  

+∞

−∞
  [6] 
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Where 𝑝 and 𝑚 are the pollutant and air mass flow signals in the timed domain (𝑡). 𝜑 is the shift 

variable. The right hand side of the equation is an approximation of the convolution between 

functions in case they are finite discrete signals. 𝑝𝑖 and 𝑚𝑖−𝑘 are expressed in vector notation, 

where 𝑖 is any point of the signal of the 𝑛 measured points, 𝑘 works as shift coefficient. The 

point where the convolution function is maximum indicates the mismatch delay between signals 

that have to be corrected to match both measurements. 

The chemical sample point is located at both upstream and downstream the DOC to analyse 

the effect of the catalyser on the pollutant emissions. Flow rate mass emissions are calculated 

using the pollutant concentrations and the air and fuel mass flow rate, according to the equation 

below, in order to know how much pollutants are released to the atmosphere.  

𝑚̇𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 =
𝑀𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡

𝑀𝑎𝑖𝑟
∙ (𝑚̇𝑎𝑖𝑟 + 𝑚̇𝑓𝑢𝑒𝑙) ∙ [𝐶𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡]

∗
  [7] 

Where 𝑀pollutant and 𝑀air are the molecular weight of pollutants and air respectively 𝑚̇air and 

𝑚̇fuel are the mass flow of fresh air and fuel respectively and [𝐶pollutant]
∗
 is the corrected 

pollutant concentration. Species concentration measurements such as CO, CO2 and NOx are 

carried out in dry basis, so the concentration is corrected in order to take into account the 

exhaust gas water vapor content because of the combustion as well as the ambient humidity 

where the chemical products are being released. Pollutant measurements are corrected 

according to European Commission Directive 2001/63/EC of 17 August 2001 adapting to 

technical progress Directive 97/68/EC [25]. 

2.3 Repeatability and test uncertainty calculation 

In addition to the errors of the measurement devices, engine performance and boundary test 

conditions variability affects the result obtained. Beyond the accuracy of the engine actuators 

and sensors such as fuel injectors, variable geometry turbine position control and engine speed 

encoder between others, it is observed a variability when the same test is performed several 

times. In order to quantify the natural variability of the process and define which tests are under 

control and which can be considered as outliers, a procedure for anomalous results detection is 

defined. The outlier detection methodology is divided in two parts. The first part calculates the 

weighted average of the relative error of test variables. The relative error is weighted by means 
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of the instantaneous variable measurement magnitude. The mathematical expression is shown 

below, where the right hand side is the discrete approximation according to Riemann Sum. 

𝜀 =  
∫ 𝛽̅(𝑡)∙𝑥̅

𝑇

0
(𝑡) 𝑑𝑡

∫ 𝑥̅(𝑡)
𝑇

0
 𝑑𝑡

≅
∑ 𝛽̅𝑖∙𝑥̅𝑖

𝑖=𝑛
𝑖=0

∑ 𝑥̅𝑖
𝑖=𝑛
𝑖=0

     [8] 

Where 𝑥̅ is the instantaneous measured average variable, 𝛽̅ is the instantaneous average 

relative error of each variable, both obtained from the mean of several repetitions of the same 

test, and 𝑛 is the number of test measurement points. 𝛽̅ is calculated as follows: 

 𝛽̅ =
1

𝑚
∙ ∑ 𝛼𝑗

𝑗=𝑚
𝑗=0       [9] 

Where 𝑚 is the number of test repetitions by case and 𝛼 is the instantaneous relative error of 

each test repetition defined as:  

𝛼𝑗 =
𝑥𝑗−𝑥̅

𝑥̅
        [10] 

Where 𝑥 is the variable under study at the 𝑗 test repetition. Measured variables, such as 

pressures, temperatures, fuel mass flow, air mass flow, engine speed, engine torque show a 

relative error (𝜀) lower than 5%. 

The second part of the outlier detection method focusses on pollutant emissions variability. 

Because pollutants emissions variation between test repetitions can be high compared to the 

rest of the test variables [21], an additional analysis based on cumulative emissions instead of 

instantaneous measurements is applied. The pollutant mass is calculated at the key points of 

the WLTC test: low load, middle load, high load and extra high load. The pollutants dispersion 

degree is analysed by means of boxplots where data is divided in quartiles. The threshold to 

consider a measurement as an outlier is when the distance between the pollutant mass and the 

closest quartile is higher than 1.5 times the interquartile range. In addition, extreme values 

existence is studied though the comparison of the mean and median of the data set. In case of 

adding an anomalous test in a sample, the median remains with low variations while the mean 

is strongly modified. The comparison between median and mean is characterised by the ratio 

between the absolute difference between the median and mean divided by the median of the 

data set: 

𝑆𝐾 =
|𝑚−𝜇|

𝑚
∙ 100 (%)       [11] 
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Where 𝑆𝐾 is the median-mean skewness coefficient, 𝑚 and 𝜇 are the pollutant median and 

average of the test, respectively, at each defined time step. This coefficient measures the 

central tendency of the data set distribution. Taking into account that the experimental 

uncertainty variability as a symmetric distribution, the higher this coefficient is the skewed the 

data set because of the presence of an outlier. The threshold of this coefficient, to consider a 

measurement as an outlier, is defined as 4%. The threshold value is obtained by statistical 

simulation approach: first, considering the hypothesis of normal error pollutants distribution [26] 

it is created a normal distribution with a mean and a standard deviation obtained from the 

experimental data set. Then, a large data set is randomly sampled and used to calculate the 

average of the median-mean skewness coefficient. This procedure is applied at each key point 

of the driving cycle by pollutant emission. Finally, the highest value obtained of the averaged 

skewness coefficients is defined as threshold of the 𝑆𝐾 coefficient.  

2.4 Experimental data analysis tools 

Pollutant emissions are analysed at the inlet and outlet of the DOC at both low (-7 ºC) and high 

(20 ºC) ambient temperatures. Effect of ambient temperature on pollutants formation is 

analysed by means of engine-out emissions through the DOC inlet measurement comparison 

between cases performed at different ambient temperatures. DOC performance analysis is 

carried out for CO and HC emissions. The catalyser efficiency is defined as follows: 

𝜂 =
[𝑋𝑖]−[𝑋𝑜]

[𝑋𝑖]
        [12] 

Where [𝑋𝑖] and [𝑋𝑜] are the pollutant concentration at the inlet and outlet of the DOC 

respectively. 

According to several authors [8] and [11], DOC temperature, dwell time, [O2], [CO] and [HC] are 

the test variables that play a key role in the DOC performance. Dwell time is calculated as: 

𝜏 =
𝑉𝐷𝑂𝐶∙𝜌

𝑚̇𝑒𝑥ℎ
        [13] 

Where 𝑚̇𝑒𝑥ℎ is the exhaust mass flow, 𝑉𝐷𝑂𝐶 is the internal DOC volume and 𝜌 is the gas density 

calculated from the ideal gas law: 

𝜌 =
𝑝

𝑅∙𝑇
         [14] 

Where 𝑝 is the exhaust pressure, R the ideal gas constant and T the gas temperature. 
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2.5 Catalysis temperature estimation 

DOC inner temperature plays an important role for DOC performance analysis. However, DOC 

inner measurements are difficult to achieve because of technical restrictions. Firstly, the small 

honeycomb channel section would be partially blocked by the presence of a thermocouple, 

disturbing the gas flow through the channel. Secondly, the small space available for 

temperature sensing makes it difficult to ensure the right position of the sensor during the tests 

realization. Finally, to perform the honeycomb bulk temperature measurement it would be 

needed to drill the DOC housing with the risk of damaging the ceramic honeycomb. Taking into 

account the aforementioned drawbacks, a DOC temperature estimation model is proposed. 

The temperature estimation is based on a nodal heat transfer model where the thermal inertia, 

surrounding heat losses and internal heat generation are considered. The estimated 

temperature, named in this paper as DOC reference temperature, represents an average 

temperature of the whole DOC. The variables needed for the model implementation are: the 

exhaust gas temperatures and chemical species concentration at the inlet and outlet of the 

DOC, the exhaust mass flow and the surrounding air room temperature where the DOC is 

placed. The DOC reference temperature is averaged with the mean DOC internal exhaust gas 

temperature in order to obtain the estimated catalysis temperature. This temperature represents 

the mean temperature of the solid-gas interface where catalysis takes place. The catalysis 

temperature estimation is defined as follows: 

 𝑇catalysis =
 𝑇DOC+ 𝑇gas_mean

2
      [15] 

Where  𝑇DOC is the DOC reference temperature and  𝑇gas_mean is the mean gas temperature of 

the inlet and outlet of the DOC.  

Regarding the model for DOC reference temperature calculation, the DOC is formed by a 

ceramic honeycomb and a steel housing. Due to the small thickness of the steel housing, both 

parts are merged in the model and considered as one bulk. The heat released in the DOC 

comes from the exhaust gas enthalpy and the reaction enthalpy of the chemicals species 

oxidation. The heat losses to the surroundings are calculated considering natural convection 

heat transfer. The DOC reference temperature evolution over time is calculated according to the 

following expression: 
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 𝑇DOC
𝑡+1  =  (Ḣt − (𝑇DOC

𝑡 − 𝑇amb
𝑡) ∙ ℎext

𝑡 ∙ 𝐴ext) ∙
𝜏𝑡

𝜌ℎ∙𝑉ℎ∙𝐶ℎ+𝜌𝑠∙𝑉𝑠∙𝐶𝑠
  [16] 

Where Ḣ is the internal generation of thermal power released in the DOC, 𝑇amb is the ambient 

temperature in the test cell, ℎext is the convective heat transfer coefficient, 𝐴ext is the exterior 

surface of the DOC housing, 𝜌ℎ ∙ 𝑉ℎ ∙ 𝐶ℎ and 𝜌𝑠 ∙ 𝑉𝑠 ∙ 𝐶𝑠 are the density, volume and specific heat 

of the honeycomb and the steel DOC housing respectively. The superscript indicates the time 

instant along the WLTC. 

The convective coefficient of the natural convection is calculated according to Morgan’s 

correlations [27] of the Nusselt number by means of the Grashof and Prandtl number 

calculation. 

The DOC internal generation has two energy terms. On one hand, the heat coming from the 

exhaust gases, calculated as: 

𝐻̇𝑒𝑥ℎ = 𝑚̇exh ∙ 𝑐exh ∙ (𝑇DOC_i − 𝑇DOC_o)     [17] 

Where 𝑚̇exh is the exhaust mass flow passing through the DOC,  𝑐exh is the exhaust gases 

specific heat, 𝑇DOC_i and 𝑇DOC_o are the inlet and outlet DOC gas temperatures. 

The other term of the internal generation concerns the enthalpy released by the oxidation of 

carbon monoxide and hydrocarbon species. The proposed reaction mechanism is based on a 

set of one elementary step reactions. CO mechanism is shown below: 

𝐶𝑂 + 
1

2
∙ 𝑂2 → 𝐶𝑂2       [18] 

The specific reaction enthalpy is calculated from the balance of standard formation enthalpy of 

products and reactants: 

∆𝐻𝑟 = 𝐻𝑓(𝐶𝑂2) − 𝐻𝑓(𝐶𝑂)      [19] 

Where ∆𝐻𝑟  is the specific reaction enthalpy and 𝐻𝑓 is the formation enthalpy of the 

correspondent compound. 

In the case of hydrocarbons measurement, the FID technique (Section 2.1) doesn’t allow to 

know the concentration of each hydrocarbon species. The HC measurement is obtained as an 

equivalent methane molar concentration. According to the bibliography, diesel engines 

hydrocarbon emissions are mainly formed by light alkenes along with medium-heavy alkanes 
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[28] and [29]. The general reaction formulation for alkanes and alkenes (only monounsaturated 

considered) used is: 

𝐶𝑥𝐻2∙𝑥+2 + (
3∙𝑥+1

2
) ∙ 𝑂2 → 𝑥 ∙ 𝐶𝑂2 + (𝑥 + 1) ∙ 𝐻2𝑂    Alkanes [20] 

𝐶𝑥𝐻2∙𝑥 + (
3

2
∙ 𝑥) ∙ 𝑂2 → 𝑥 ∙ 𝐶𝑂2 + 𝑥 ∙ 𝐻2𝑂                 Alkenes [21] 

The HC concentration measurement and the standard enthalpy of formation are weighted 

according to the hydrocarbons species distribution study by Stanislav V. Bohac et al. [30] for a 

conventional diesel combustion engine running at 1500 rpm and 3.9 bar of break mean effective 

pressure (BMEP), that are representative conditions of the engine speed and BMEP average 

values of the performed WLTC tests. The set of reactions include fifteen hydrocarbons, parafine 

and oleofine species, from methane to pentadecane. The enthalpy of formation of the products 

is corrected as follows: 

𝐻𝑓(𝑋𝑖)_corr = 𝐻𝑓(𝑋𝑖) ∙ ∑ 𝑐𝑖 ∙ 𝐴𝑖
𝑖=15
𝑖=1      [22] 

Where 𝐻𝑓(𝑋𝑖) is standard enthalpy of formation without correction for CO2 or H2O,  

𝑐𝑖 is the concentration of each species referred to the total amount of hydrocarbons and Ai is the 

products stoichiometric index according to the formulation shown at Eq. 20 and Eq. 21.  

In the case of reactants, the correction includes the standard enthalpy of formation of each 

hydrocarbon species as: 

𝐻𝑓(𝐻𝐶)_corr = ∑ 𝑐𝑖 ∙ 𝐻𝑓(𝐶𝑥𝐻𝑦)
𝑖

𝑖=15
𝑖=1      [23] 

Where 𝐻𝑓(𝐶𝑥𝐻𝑦)
𝑖
 is the standard enthalpy of formation of each hydrocarbon species. The 

stoichiometric index is not included because it is defined as one according to the formulation 

shown previously in Eq. 20 and Eq. 21. 

In addition to the enthalpy of formation, the hydrocarbon concentration measured by the FID 

has to be corrected too. The hydrocarbons concentration is corrected taking into account the 

number of carbon atoms of each species according to the following expression: 

𝑓 =
1

∑ 𝑐𝑖∙𝑛𝑖
𝑖=15
𝑖=1

         [24] 

Where 𝑓 is the concentration factor to be applied to the HC concentration measurement and 𝑛𝑖 

is the number of carbon atoms by hydrocarbon species.  
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Once both the enthalpy of formation correction and the concentration factor are calculated, the 

corrected specific reaction enthalpy is obtained as: 

∆𝐻r_corr = 𝑓 ∙ (𝐻𝑓(𝐶𝑂2)corr + 𝐻𝑓(𝐻2𝑂)corr − 𝐻𝑓(𝐻𝐶)corr)   [25] 

3. Results and discussion 

This section is divided in two parts. First the effect of the ambient temperature on the 

combustion process is analysed trough the engine out pollutants measurement. 

Secondly, the DOC performance variation because of the ambient temperature is 

covered by means of conversion efficiency comparison.  

3.1 Effect of ambient temperature on engine performance and pollutants formation.  

WLTC cycles are performed at two ambient temperatures: -7ºC and 20ºC. Fig.2 depicts 

the temperature measured in the intake manifold downstream the intercooler before the 

HP-EGR mixer at both ambient temperatures. The top intake temperature (dotted red 

line) belongs to the 20 ºC case while the lowest intake temperature (solid blue line) 

belongs to the case at -7 ºC. The gray area represents the vehicle speed during the 

WLTC cycle. A similar temperature evolution is shown in both cycles: as the engine 

load increases along the cycle the intake temperature increases. 

Fig 2. Intake temperatures of WLTC cycles at different ambient temperatures, -7 ºC in solid blue line and 

20 ºC in dotted red line. The gray area shows the vehicle speed at the WLTC cycle. 
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In Fig. 3 the coolant and oil temperatures are shown for both ambient temperatures. On 

one hand, coolant and oil temperatures evolve in similar manner by case. On the other 

hand, comparing between the different ambient temperatures, the initial temperature 

difference of 27 ºC roughly remains along the WLTC, pointing that the warmup evolves 

in both cases in a similar way. The higher heat transfer to the surroundings and mass 

heating in the case of – 7ºC doesn’t affect the coolant and oil heating rate because the 

amount of injected fuel is higher at -7 ºC than at 20 ºC.  According to the figure 4 the 

fuel consumption is up to 30% higher in the case of -7 ºC at the beginning of the WLTC 

cycle. Once the coolant and oil temperatures reach 80 ºC, the radiator cooling system 

is enabled by means of the thermostat opening. After 1300 seconds, when high and 

extra high loads are performed, both cases -7 ºC and 20 ºC show the same coolant 

and oil temperatures. As the warm up proceeds the temperature of both fluid increases 

and the fuel consumption ratio between cases decreases. When the high loads are 

performed, temperatures are at the same level and fuel ratio is close to one. 

Figure 3. Engine coolant (blue lines) and oil temperatures (green lines) temperature evolution along the 

WLTC cycle at -7 ºC (solid lines) and 20 ºC (dotted lines). The gray area shows the vehicle speed at the 

WLTC cycle 

The ambient temperature difference carries a significant variation of the operative 

engine variables, such as the intake mass flow and fuel consumption. The ratio of 

cumulated air mass flow and fuel consumption between the -7 ºC and the 20 ºC cases 
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is shown in Fig. 4. Because of the intense transient load conditions of WLTC cycles, 

the variables shown were averaged over the time. Both air and fuel ratio show similar 

profiles: at the beginning, significant reductions are observed at times from 100 to 300 

s, due to the engine warming up. Then, due to the reduction on engine load at the last 

part of the low load part of the WLTC, a flat evolution is observed in fuel ratio and an 

increase of air mass ratio is noticed. From the 600 and 875 seconds, for fuel and air 

mass flow ratios respectively, the reduction of both ratios happens because of the 

performance of the medium, high and extra high load parts of the WLTC cycle along 

with the activation of HP and LP EGR at 20ºC and -7 ºC respectively. The fact that the 

fuel consumption is the same at the end of both WLTC cases, points out the low effect 

of the ambient temperature on engine efficiency when high loads are performed. The 

high engine loads at the WLTC speed up the warming up leading to reductions in the 

impact of ambient temperatures on the combustion process. 

Regarding the air mass flow ratio, notable differences are observed between the two 

ambient temperature cases. The reason of the air mass flow difference is twofold: on 

one hand, the lower ambient temperature carries a higher intake air density. On the 

other hand, the tests are performed according to the serial engine driving calibration. 

So, the HP and LP EGR systems perform in different manner. The HP EGR system is 

enabled from the beginning of the cycle at 20 ºC, while at low ambient temperatures is 

not activated until the 875 seconds. Owing to the aforementioned, the cylinder trapped 

air mass is higher at – 7 ºC than at 20 ºC.  

Regarding fuel ratio, it is observed higher fuel consumption from the beginning of the 

WLTC at -7 ºC. According to several authors [31] and [16] fuel consumption increases 

at low temperature conditions because of the heat engine losses, engine mass heating 

and frictional losses which are higher at low temperatures.  

As the cycle proceeds, both air and fuel ratios decrease. Concerning the air mass flow, 

from 875 seconds the ratio begins to decrease because of the HP EGR enabling in the 
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-7 ºC case.  In the case of fuel consumption, as the engine mass heating evolves with 

the WLTC, both the thermal inertia losses as well as oil frictional losses are reduced, 

and, therefore the fuel consumption ratio becomes lower. Finally, at the end of the 

WLTC, the fuel ratio between both ambient temperature nearly achieves unity. 

Fig. 4. Ratio of cumulative air and fuel between -7 ºC and 20 ºC cases. Air mass ratio in blue circle, fuel 

mass ratio in black triangles, WLTC vehicle speed is depicted as a surface in gray. 

Regarding the effect of ambient temperature on pollutants formation (DOC upstream), 

cumulative HC and CO mass ratios between -7 ºC and 20 ºC are shown in Fig. 5. High 

pollutants are produced at -7ºC at the beginning of the cycle for the two species. At 200 

seconds, where the last part of low load is performed, both pollutant ratios begin to reduce. The 

evolution of these ratios performs in different ways. While HC emissions show a quite constant 

reduction rate profile with the increase of the engine load along the cycle, the CO emissions are 

drastically reduced between 200 and 300 seconds of the WLTC. Following, at the low loads and 

idle condition between 300 to 600 s, it is observed a plateau behavior in CO. Once the medium 

load performs, the reduction carries on and finally the measured CO values at -7ºC become 

lower than 20 ºC with around a 20% of reduction. This fact proves the existence of additional 

factors beyond the ambient temperature on CO pollutants formation. While HC emissions are 

driven mainly by temperature, CO emissions are produced mostly because of air fuel ratio 

conditions. Due to the notable transient load conditions of the WLTC, uncomplete combustion 

can occur and therefore carbon monoxide is released as a combustion product. So, CO 
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formation is because of two factors: ambient temperature and air fuel ratio which plays a major 

role on CO release because of the high speed transient events of WLTC. The lower CO 

formation at -7ºC is due to the higher amount of air mass (Fig. 4) that implies higher air fuel ratio 

during transient conditions. 

Fig. 5. Ratio of engine out (DOC upstream) cumulative THC and CO between -7ºC and 20ºC cases. THC 

in green circles, CO in black triangles, WLTC vehicle speed is depicted as a surface in gray. 

3.2 Diesel Oxidation Catalyst performance 

According to the general expression of the chemical reaction rate, along with the Arrhenius 

constant rate expression, the efficiency of a chemical reaction depends on the DOC 

temperature, dwell time and oxygen concentration at the inlet of the DOC. The conversion 

efficiency equation can be obtained from the general reaction rate expression, considering a 

single-step reaction, as follows: 

𝑑[𝑋]

𝑑𝑡
= [𝑂2]𝑎 ∙ [𝑋] ∙ 𝐾(𝑇)       [26] 

𝑑[𝑋]

𝑑𝑡
≅

[𝑋𝑖]−[𝑋𝑜]

𝜏
= [𝑂2]𝑎 ∙ [𝑋𝑖] ∙ 𝐾(𝑇)     [27] 

The above expression is substituted in the conversion efficiency equation, Eq. 12,  as: 

𝜂 = [𝑂2]𝑎 ∙ 𝐾(𝑇) ∙ 𝜏       [28] 

Where [O2]a is the oxygen concentration raised to the a power, a is the stoichiometric coefficient 

of oxygen, 𝜏 is the dwell time of the gas in the DOC, 𝐾(𝑇) is the reaction rate constant, [𝑋𝑖] and 

[𝑋𝑜] are the DOC inlet and outlet pollutant concentration respectively. 
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Despite Eq. 28 doesn’t take into account the pollutant concentration on DOC efficiency, several 

authors have reported the influence of pollutant concentration on catalyst performance. 

According to [10] and [32], the light-off temperature increases with the pollutant concentration. 

In addition, pollutants interfere between them in the catalyst process [33], encouraging the 

conversion rate of CO2, in case of high monoxide concentration, due to the higher reactivity of 

CO respect to some hydrocarbon species. 

Because of the catalysis temperatures show very similar values comparing different ambient 

temperatures, they are not included in the analysis for DOC efficiency differences. The 

estimated catalysis temperature, as detailed in section 2.5, is shown in Fig. 6. The catalysis 

temperatures show similar values from the beginning of the cycle. Higher temperatures are 

estimated at 20ºC after 800 seconds of the WLTC. The cause of such difference is twofold. On 

one hand the exhaust gas temperature is slightly higher at 20 ºC than at -7ºC, with an average 

difference of 17 ºC along the WLTC cycle. On the other hand, after the 600 seconds the HP 

EGR is changed to LP EGR in the case of 20 ºC case, and therefore the exhaust mass flow 

increases. Both higher exhaust temperature and exhaust mass flow increase drive to a higher 

release of thermal power in the DOC at 20 ºC when high engine loads are performed from the 

800 seconds of the WLTC. The reasons why catalyst temperatures show so similar values no 

matter the ambient temperature are: the similar DOC inlet gas temperatures, the higher exhaust 

gas flow at -7ºC than 20ºC, the relative low heating losses at the DOC driven by free convection 

and the low thermal inertia of the DOC because of its low mass.  
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Fig. 6. Catalysis temperature evolution for -7 ºC and 20 ºC ambient temperature. WLTC vehicle speed is 

depicted as a surface in gray. 

DOC conversion efficiencies over the WLTC are depicted in Fig. 7 for THC and CO. DOC 

performs with relative high efficiency from the beginning of the cycle, mainly in the case of HC 

conversion (70%). The high efficiency in the first instants can be explained by the adsorption of 

some chemical species in the washcoat that retains pollutants in the DOC. Several authors 

have study the adsorption and desorption mechanisms on oxidation catalyzers, [35] and [36]. 

The adsorption effect on pollutants conversion is beyond the scope of this paper and it hasn’t 

been considered in the DOC performance analysis. The evolution of the efficiencies shows very 

different profiles. On one hand the HC conversion efficiency performs in a quasi-steady 

behavior along the WLTC cycle. On the opposite, the CO conversion efficiency shows an 

unstable pattern along most part of the WLTC. This unsteady operation is because of the 

dependence of the conversion efficiency with the CO inlet concentration and therefore the CO 

conversion is strongly affected by the transient load conditions. In Fig. 8 the variables that play 

a main role in the conversion efficiency are shown: CO, HC, oxygen concentration and dwell 

time. CO concentration performs in a transient manner along the WLTC cycle. Lower CO peaks 

are observed at -7 ºC than 20 ºC because of the higher air to fuel ratio at low temperatures. HC 

concentration is greater at -7 ºC during the first 1200 seconds of the WLTC. The HC 

concentration at -7 ºC becomes lower as the warming up proceeds until it reaches the 

hydrocarbons level at 20 ºC. The differences observed in O2 and in dwell time are because of 

the exhaust mass flow. During the first 600 seconds, exhaust mass flow is higher at -7 ºC 
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causing lower dwell time and higher oxygen content because of the higher air to fuel ratio. From 

600 seconds until the end of the WLTC, both ambient temperature cases show similar dwell 

times but different oxygen concentrations. The reason of this fact is because of the LP EGR 

enabling at 20 ºC causing the reduction of both the dwell time, because the higher exhaust 

mass flow, and the oxygen content, because of the reduction of air to fuel ratio. 

Fig. 7. DOC conversion efficiency for HC and CO. WLTC vehicle speed is depicted as a surface in gray. 

The conversion efficiency evolution over the WLTC in Fig. 7 can be deeply analyzed by means 

of the explanatory variables of Fig. 8. The HC conversion efficiency shows quite high and very 

similar values from the beginning of the cycle for both ambient temperatures. Between 300 and 

800 seconds the efficiency is higher in the case of 20 ºC because of the higher dwell time and 

lower HC concentration. Despite the lower oxygen concentration at 20 ºC compared to -7ºC, it is 

still high enough to avoid negative effects on HC conversion. An instant to highlight in the WLTC 

occurs at 800 seconds, when a notable reduction is detected on HC conversion efficiency in -
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7ºC case. The reason of the efficiency reduction in this point is a combination of low dwell time, 

reduction of oxygen concentration and a sudden increase of CO emissions. The effect of CO 

concentration peaks on HC conversion is observed many times along the WLTC: 300, 600, 800, 

1200 and 1550 seconds are points of HC conversion efficiency reduction because of the 

interference of CO concentration peaks. In case of 20 ºC two significant efficiency reductions 

are observed at 1200 and 1550 seconds mainly because of the very low oxygen concentration 

at these points, which is around 6%. From 1000 seconds, when high and extra-high load are 

performed, until the end of the WLTC, the HC conversion efficiency is slightly higher in the case 

of -7ºC than 20 ºC. In the case of -7 ºC, the generation of HC falls to the hydrocarbon 

concentrations produced at 20ºC and the oxygen concentration keeps higher than 20 ºC. These 

factors drive to higher conversion efficiency in the case of -7 ºC. Compared to the beginning, at 

these higher loads of the WLTC parts, the HC conversion shows a steadier profile over time in 

the case of -7 ºC because of both, the drop of HC formation and the high DOC temperature. As 

plotted in Fig. 6, the temperature has overcome the 250 ºC threshold, which is considered by 

many authors as the light-off up limit and beyond that value the conversion efficiency remains 

constant at the highest value [11, 34]. Regarding CO conversion, the higher the CO peak is, the 

stronger the CO conversion efficiency drop is. This conversion dependence on CO peaks 

reduces as the WLTC proceeds. One point to highlight is at 600 seconds where CO DOC 

efficiency conversion drops because of the change between the HP to the LP EGR system 

along with the presence of a CO emission peak. The LP EGR enabling increases the exhaust 

mass flow and therefore the dwell time reduces, driving to lower DOC efficiencies. In the case of 

THC, as this change is not accompanied with a hydrocarbon emission peak the negative effect 

in the THC DOC efficiency is less noticeable. Once the WLTC reaches the 800 seconds the 

drops of CO conversion efficiencies become less important because of the high DOC 

temperature (250 ºC) and low CO pollutant formation due to engine warming-up. As higher 

engine loads are performed, the CO conversion efficiency differences between -7 ºC and 20 ºC 

vanish. 
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Fig. 8. DOC performance explanatory variables. WLTC vehicle speed is depicted as a surface in gray 
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4. Conclusions 

The effect of low ambient temperatures on pollutant emissions formation and on DOC 

performance are analysed in this paper. Experimental tests were carried out at transient engine 

load conditions of WLTC. The pollutants analysis are foccused on carbon monoxide and 

hydrocarbon emissions.  

Regarding the engine-out emissions, the formation of pollutants performs with different 

behaviours. On the one hand, urburned hydrocarbons show an important dependence on the 

ambient temperature. At -7 ºC the whole WLTC HC emissions are 2.5 greater than the 

emissions at 20ºC. On the other hand, carbon monoxide shows a lower dependence with 

ambient temperature. CO release is strongly affected by transient engine loads because CO 

formation is driven mainly by the air-fuel mixture conditions. At high and transient loads the air 

to fuel ratio becomes lower and the incomplete oxidation of CO rises. Owing to this high 

dependence on air-fuel ratio, the CO production is lower at -7 ºC than at 20 ºC because of the 

higher air to fuel ratio at lower ambient temperatures. 

Concerning the DOC performance, the conversion efficiency of CO and HC shows very different 

evolutions. Hydrocarbons conversion performs in a steadier way along the WLTC than the 

carbon monoxide, which is deeply affected by the CO peaks generation at the transient engine 

load conditions. For most of the WLTC low and medium load cycle part, the conversion 

efficiency for both pollutants is higher at 20 ºC than  at -7 ºC. As the engine load increases (high 

and extra high WLTC parts) conversion efficiency differences vanish and even the HC 

conversion shows slighlty higher efficiencies at -7ºC than at 20ºC. While HC conversion shows 

relative low differences between both ambient temperatures, in the case of CO the DOC 

performance is considerably worse at -7ºC than at 20ºC.   
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