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The influence of ambient temperature on exhaust emissions during cold start  

in the homologation test 
 
ARTICLE INFO  The cold start phase in an ICE is susceptible to changing environmental conditions, especially ambient tempera-

ture. The work aimed to analyse the influence of different thermal conditions on the concentration of pollutants 
and operating parameters of the drive unit during a cold start. The tests were conducted on a chassis dynamom-

eter at various ambient temperatures. The same homologation cycle was used in both cases, allowing direct 

comparison of results. The concentrations of HC, CH₄, CO₂, and NOx were recorded, as well as the basic 

operating parameters of the engine: coolant temperature, rotational speed, load, and throttle position. Based on 

empirical data, mathematical models describing the influence of ambient temperature on the dynamics of 

emissions and stabilisation of engine operation were developed. Relationships were identified that allow for 
assessing the time to reach steady-state conditions as a function of starting temperature. The results of the 

analysis provide the basis for developing a start control strategy in climatically variable conditions. They can 

support the development of adaptive emission control systems compliant with current and future legal standards. 
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1. Introduction 
Cold starting of a combustion engine is one of the most 

significant challenges concerning pollutant emissions, es-

pecially in light of increasingly stringent environmental 

standards. The significance of this phase has been recently 

emphasised in studies focused on emission surges during 

cold start [19]. In this short but intensive phase of the en-

gine's operation, there are rapid emissions of hydrocarbons 

(HC), carbon monoxide (CO), nitrogen oxides (NOₓ), and 

methane (CH₄) before the catalytic converter reaches oper-

ating temperature. One of the key factors influencing this 

phenomenon is the ambient temperature and the thermal 

state of the engine at the time of start-up, reflected, among 

other things, by the initial coolant temperature. 

In emissions research, increasing attention is being paid 

to analysing the impact of variable thermal conditions on 

emission dynamics and engine stabilisation. Low starting 

temperatures result in delayed catalyst warm-up, a richer 

fuel-air mixture, and higher internal friction, translating into 

more intense and longer-lasting emissions. Therefore, com-

paring the cold start process under different initial condi-

tions – especially at different coolant temperatures – allows 

for a more accurate determination of emission characteris-

tics in real conditions. 

The following literature review explores the influence 

of coolant temperature on emissions, combustion behav-

iour, and exhaust treatment effectiveness. It highlights 

findings related to hydrocarbon, carbon monoxide, nitrogen 

oxide and particulate emissions, as well as the role of fuel 

type and control strategies. 

The influence of coolant temperature on pollutant emis-

sions during cold start has been the subject of numerous 

studies in both spark-ignition and compression-ignition 

engines. Similar analyses of low-temperature effects on 

exhaust composition, including detailed hydrocarbon speci-

ation, were performed by Hunicz and Krzaczek [11] in  

a gasoline HCCI engine.  

Low coolant temperature at start significantly affects 

combustion processes, fuel-air mixture formation and the 

efficiency of exhaust gas treatment systems. In their studies 

on emission dynamics and drive system reliability, 

Kozłowski et al. [16] emphasised the importance of the 

technical condition of the system in the context of emis-

sions. Rimkus et al. [29] analysed the influence of hydrogen 

addition on emissions from combustion engines in dynamic 

driving conditions, indicating high variability of drive unit 

operating parameters. Kozłowski et al. [17] also analysed 

the relationships between vehicle acceleration and energy 

consumption, which is important in the context of the 

WLTC start analysis. 

He et al. [9] showed that under low coolant temperature 

conditions, combustion becomes slower and less stable, and 

HC, CO, and particulate matter (PM) emissions significant-

ly increase. Only with increasing coolant temperature does 

combustion quality improve and emissions decrease, alt-

hough NOx concentration may increase due to higher com-

bustion temperature. Similar relationships were observed by 

Irimescu et al. [12] in a direct injection engine fueled with 

gasoline and butanol – the cold coolant promoted the for-

mation of fuel films on the combustion chamber walls, 

which resulted in slower flame propagation and increased 

emissions. 

Bielaczyc et al. [2] confirmed that the coolant tempera-

ture and the low ambient temperature significantly in-

creased the emissions during cold start. In particular, an 

http://orcid.org/0000-0001-9193-1473
http://orcid.org/0000-0002-7147-4903
http://orcid.org/0000-0003-2491-4432
http://orcid.org/0009-0009-5329-9927
http://orcid.org/0000-0001-7451-9161
http://orcid.org/0000-0001-5113-8569
http://orcid.org/0000-0002-4376-0830
http://www.combustion-engines.eu


 

The influence of ambient temperature on exhaust emissions during cold start in the homologation test 

4 COMBUSTION ENGINES, 0000;XXX(X) 

increase of up to tenfold in HC emissions was observed 

compared to steady-state conditions. 

In the analyses of Mancarella and Marello [24] and 

Tauzia et al. [33], it was emphasised that higher coolant 

temperature improves engine thermal efficiency and reduc-

es CO, HC, and PM emissions, but this is associated with 

the risk of increasing NOx emissions. Dynamic modelling 

of thermal parameters (e.g. oil temperature, combustion 

chamber walls) was also indicated as a key factor in the 

realistic representation of emissions during the warm-up 

phase. 

The type of fuel is also important. Farooq et al. [6] 

showed that engines fueled with methanol or its mixtures 

are characterised by an apparent sensitivity to low coolant 

temperature, which makes ignition difficult and leads to 

increased soot and HC emissions, especially at high fuel 

evaporation enthalpy. In the context of using modern emis-

sion analysis and prediction methods, Kłosowski et al. [14] 

proposed using LSTM networks to monitor industrial pro-

cesses, which can also be adapted in the context of exhaust 

emissions. Pawlik et al. [27] indicated the potential of un-

supervised algorithms to identify machine operating states, 

which is a direction for further development of emission 

models based on empirical data. 

Proposed technical solutions include catalytic heaters 

[4], intake air preheating systems, and injection strategy 

optimisation [7, 9]. In recent years, predictive models using 

machine learning algorithms have also gained much popu-

larity, which allow predicting emissions as a function of 

coolant temperature and starting conditions [21]. 

The cold start of an internal combustion engine is par-

ticularly problematic in low ambient temperature condi-

tions, as it leads to heat losses, ignition delays and in-

creased emissions due to incomplete combustion [1, 35]. 

This applies especially to hydrocarbons and carbon monox-

ide, which reach levels even several times higher in this 

phase than in the steady state. 

In the studies by Andrych-Zalewska et al. [1] it was 

emphasised that not only the ambient temperature, but also 

the thermal state of the engine itself at the time of start (i.e. 

coolant and oil temperature) significantly affects the emis-

sion characteristics, which is fully confirmed by thermody-

namic analyses [5]. A cold engine, even at moderate outside 

temperatures, can increase HC and PM emissions due to the 

delayed activation of exhaust gas combustion systems. 

Attention is also drawn to the different engine behaviour 

depending on the fuel type. For example, fuels with high 

enthalpy of vaporisation, such as ethanol, methanol, or 

ammonia, require special ignition and injection manage-

ment strategies [3, 15], including the use of fuel reformers 

or mixture preheaters. Koike et al. [15] demonstrated that 

using on-board ammonia reforming significantly improves 

the ignition stability during cold start. Recent research 

increasingly focuses on dynamic thermal management 

systems, including electrically heated catalysts [4], preheat-

ing strategies for intake air or coolant [7], and predictive 

algorithms for optimizing coldstart emissions using ma-

chine learning [21]. These approaches provide practical 

pathways for reducing pollutant peaks during start-up and 

improving overall emission control calibration. 

An important technical aspect is optimising control 

strategies – modification of the ignition timing, injection 

time, and fuel delivery amount [22, 26]. Hybrid systems or 

auxiliary heat sources are also increasingly used in modern 

powertrains [15]. 

This study aims to assess the influence of ambient tem-

perature and initial coolant temperature on pollutant emis-

sions during the cold start of a combustion engine. In the 

first part, a literature review was conducted on measure-

ment conditions, empirical relationships, and prediction 

models related to this phenomenon. Then, an experimental 

analysis of HC, CO, and CO₂ emissions in the WLTC test 

was conducted for two initial coolant temperature levels: 

6°C and 28°C. The study aimed to determine the influence 

of these thermal differences on emission levels and the rate 

of their stabilisation during the engine warm-up phase. 

In addition to the analysis of instantaneous emission 

values, a set of quantitative indicators is proposed, such as: 

total pollution (area under the curve), the relative share of 

emissions due to cold start, and the sensitivity of emissions 

to changes in initial temperature. The proposed indicators 

constitute a new analysis element, enabling a quantitative 

assessment of the engine's sensitivity to thermal conditions 

during start-up. In particular, the coefficient ηT0
c :T0

n  can be 

used as a comparative measure of the engine's “ecological 

sensitivity” and the effectiveness of the applied technical 

solutions in the context of cold start. This approach allows 

for a better capture of the relationships between thermal 

conditions and emission characteristics. 

The presented results can be used to develop start strat-

egies in variable climatic conditions and to calibrate emis-

sion prediction models in the cold start phase. These con-

clusions apply to homologation processes and the design of 

adaptive engine control systems that are compliant with 

future emission standards.  

The main hypothesis of this study is that the initial 

thermal state of the engine, particularly the coolant temper-

ature, significantly affects both the magnitude and dynam-

ics of pollutant emissions during the cold start phase. The 

objective is to quantify this impact and propose diagnostic 

indicators for engine control strategy development. 

2. Methodology 
The choice of research methodology was based on anal-

yses by previous authors [16, 17, 29], who emphasised the 

importance of vehicle starting conditions and drive system 

reliability in the context of pollutant emissions. Particular 

attention was paid to the influence of driving dynamics and 

the possibility of reproducing it during laboratory tests. The 

WLTC cycle was used in the study, following the recom-

mendations for emission measurements in dynamic condi-

tions, which allows for a realistic assessment of the start 

and initial phase of engine operation. 

The tests were performed using a Ford Focus passenger 

car equipped with a spark-ignition engine with a displace-

ment of 1798 cm³, in the Flexifuel version. The tests were 

performed on a chassis dynamometer, which reproduced  

a vehicle's rolling resistance and aerodynamic drag in real 

conditions. This combined measurement-modelling ap-

proach was successfully used in other studies [36]. The 

WLTC cycle procedure was carried out for the simulated 
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drive. Figure 2 shows the changes in the coolant tempera-

ture during the test, while Fig. 1 shows the vehicle speed 

profiles in two drives by the WLTC cycle. 

 

 

Fig. 1. Coolant temperature changes over time WLTC test 

 

Figure 1 shows the coolant temperature increase during 

the WLTC test in two starting variants. The higher initial 

coolant temperature (28°C) resulted in faster achievement 

of the operating temperature (90°C), which is important for 

stabilising combustion processes and operating exhaust gas 

after-treatment systems. 

A comparison of emissions was made between CO2, CO 

and HC during the start of a passenger car, where in the first 

case the temperature of the cooling system was 6°C and in 

the second case 28°C. We consider the sequences 

{(xi
c, Ti

c, vi
c)}0≤i≤m and {(xi

n, Ti
n, vi

n)}0≤i≤m, the quantity xi
a 

denotes the amount of pollution in [ppm], Ti
a – engine tem-

perature [°C], vi
a – vehicle speed at the moment of i, 

0 ≤ i ≤ m, and a ∈ {c, n}, where c- the case where, when 

the vehicle was started, the temperature of the cooling sys-

tem was 6°C, i.e. T0
c = 6, n – the case where, when the 

vehicle was started, the temperature of the cooling system 

was 28°C, i.e. T0
n = 28. 

The contamination was analysed until the moment 

τ = min{i: Ti
c = Ti

n, 0 ≤ i ≤ m}. The moment of reaching 

identical temperatures τ = 656, i.e. the moment of temper-

ature equalisation (90°C), was obtained after 10 min 56 s. 

Therefore, the influence of temperature differences on con-

tamination was analysed until the moment τ. When the initial 

temperature of the cooling system was 28°C, the engine 

operating temperature reached 90°C after 9 min 31 s. 

The use of statistical and predictive methods is based on 

the approach proposed in [14] and [27], where the useful-

ness of machine learning algorithms in analysing technical 

and emission data has been demonstrated. This approach 

enables future extension of classical analysis methods with 

predictive components based on neural networks and tem-

poral models as recommended in introductory machine 

learning frameworks [13]. Such extensions can be support-

ed by cognitive tools and simulation-based frameworks 

developed for sustainable engine control [25]. 

Figure 2 shows the vehicle speed dynamics in two runs 

by the WLTC cycle, conducted at different initial coolant 

temperatures (6°C and 28°C). The similarity of the curves 

indicates high repeatability of the driving conditions, ena-

bling a reliable comparison of the effect of the initial tem-

perature on the dynamics of changes in the concentrations 

of pollutants in the exhaust gases. 

Let {vi}0≤i≤τ be a sequence of speed differences at the 

appropriate moments of the journey between the two tests 

until τ (the moment when the engine temperatures equal-

ise), i.e. vi = vi
n − vi

c, 0 ≤ i ≤ τ. The average of speed 

differences in the tests v⃐ =
1

τ
∑ vi

τ
i=1  is – 0.08 km/h. In con-

trast, the standard deviation of speed differences Sv =

√
1

τ
∑ (vi − v⃐ )2τ

i=1  is 1.66 km/h, the average of absolute 

values of speed differences ṽ =
1

τ
∑ |τ

i=1 vi| is equal 1.06 

km/h. The statistical convergence of the recorded speeds, 

confirmed by the low deviation and the average difference, 

is consistent with the course shown in Fig. 2 and provides  

a basis for a reliable comparison of emissions under condi-

tions of different initial temperatures. 

 

Fig. 2. WLTC cycle course for two tests with different temperatures initial 

liquid cooling 

 

The graphs below show the differences in pollution (red 

curve for starting from a temperature of 6°C and green 

curve for starting from a temperature of 28°C) and vehicle 

speed (black curve, scale on the right side of the graph). 

Starting at a lower initial temperature led to increased 

CO₂ concentrations in the exhaust gases in the first minutes 

of the test (see Fig. 3), which reflects the intensification of 

the combustion process with an enriched mixture. As the 

coolant warms up, a gradual convergence of the concentra-

tion curves for both cases is observed. 

 

Fig. 3. CO2 concentration and vehicle speed as a function of time (WLTC)  
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The concentration of carbon monoxide (CO) remains 

significantly higher during cold start (Fig. 4), which con-

firms the lower efficiency of exhaust gas combustion in this 

operation phase. The differences decrease with the increase 

in coolant temperature, but complete stabilisation occurs 

only after reaching operating conditions. 

From Fig. 5, we can see that the concentration of un-

burned hydrocarbons (HC) after a cold start is several times 

higher than in the case of a start with a higher coolant tem-

perature due to fuel condensation on the cold surfaces of 

the combustion chamber and delayed activation of emission 

reduction systems. 

 

Fig. 4. CO concentration and vehicle speed as a function of time (WLTC)  

 

Fig. 5. HC concentration and vehicle speed as a function of time (WLTC)  

Quantitative analysis of pollution growth 

The value 

 WT0
a = ∫ xt

aτ

0
dt   (1) 

is called the total pollution caused by starting the car for 

initial temperatures T0
a, a ∈ {c, n}. The quantity WT0

 a means 

the area under the curve xt
a for 0 ≤ t ≤ τ. In the case of 

measurements taken, for example, every second, the total 

pollution up to the moment τis approximated by WT0
a ≈

∑ xi
aτ

i=0 . The quantity 

 κT0
c :T0

n =
W

T0
c−W

T0
n

WT0
c

   (2) 

denotes the share of the increase in pollutants caused by 

starting the engine from the initial temperature T0
c com-

pared to the state of temperature T0
n( T0

c < T0
n) and operat-

ing the engine until the engine operating temperature is 

reached, i.e. Tτ
c = Tτ

n. 

In order to compare the differences caused by different 

initial temperatures, the coefficient  

 ηT0
c :T0

n =
∫ |

τ
0 xt

c−xt
n|dt

∫ |
τ
0 Tt

n−Tt
c|dt

≈
∑ |τ

i=1 xi
c−xi

n|

∑ |τ
i=1 Ti

n−Ti
c|

  (3) 

was defined, which means the rate of change of pollutant 

concentration about changes in the initial engine operating 

temperature (emission sensitivity to changes in initial tem-

perature). The parameters presented in equations (1)–(3) are 

an extension of the classical emission assessment methods 

with an approach that considers instantaneous concentra-

tions. The indicator κT0
c :T0

n  expresses the relative increase in 

the cumulative pollutant concentration in cold start condi-

tions, compared to a start with a higher initial temperature. 

In turn, the value ηT0
c :T0

n  describes the rate of change of 

cumulative concentration about the change in initial tem-

perature, constituting a measure of the sensitivity of the 

drive system to cooling down. On the one hand, these indi-

cators allow for a quantitative assessment of the impact of 

start conditions on emissions from the perspective of the 

concentration curve, and on the other hand – especially in 

the case of CO and HC – they indicate the variability of 

combustion efficiency and operation of exhaust gas treat-

ment systems in the warm-up phase. A high value  for  

a given component may indicate limited engine capability 

for stable fuel energy conversion in low-temperature condi-

tions. The proposed indicators can be used in thermal diag-

nostics and when comparing emission reduction strategies 

in different start scenarios. 

Analysis of the impact of temperature differences 

To analyse the effect of temperature differences on pollu-

tants generated by the combustion engine, we define the 

sequence {(pt, Tt)}0≤t≤τ, where Tt = Tt
n − Tt

c denotes the 

temperature difference and the pollutant difference pt =
xt

c − xt
n for the moments 0 ≤ t ≤ τ, by the definition Tτ = 0 

and the largest temperature difference Tmax = max{Tj
n −

Tj
c: 0 ≤ j ≤ τ}. The interval [0, Tmax] has been divided into 

k −separate intervals, so that [0, Tmax] ⊂ [0, d) ∪ [d, 2d) ∪
… ∪ [(k − 1)d, kd) and Tmax ∈ [(k − 1)d, kd). As a repre-

sentative of the temperature interval [(j − 1)d, jd) for 

j = 1,2, … , k the value tj = (j − 0.5)d was taken. 

For each set Pj = {pi: Ti ∈ [(j − 1)d, jd), 0 ≤ i ≤ τ},j =

1,2, … , k the quantiles of order α/2 and 1 − α/2 were de-

termined and denoted as qj
α/2

and qj
1−α/2

respectively. The 

sequences {(tj, qj
α/2

)}
1≤j≤k

and {(tj, qj
1−α/2

)}
1≤j≤k

consist of 

a representative of the temperature difference interval 

{(tj, qj
α/2

)}
1≤j≤k

and the limits of the pollutant quantiles for 

these intervals. In order to predict the pollutants concerning 

the temperature difference for each of the sequences 

{(tj, qj
α/2

)}
1≤j≤k

 and {(tj, qj
1−α/2

)}
1≤j≤k

 the dependence 

 log(qj
s) = θ0

s + θ1
stj + θ2

s
√tj + θ3

s 1

tj
+ εj   (4) 

was considered, where εj denotes a random variable with a 

normal distribution N(0, σs
2), s ∈ {α/2,1 − α/2}. The Least 

Squares Method was used to estimate the structural parame-
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ters of the model (4). Additionally the coefficient of deter-

mination 

 R2 = 1 −
∑ εj

2k
j=1

∑ (log(qj
s)−ĝs)

2
k
j=1

   (5) 

was determined, where ĝs =
1

k
∑ lk

j=1 og(qj
s). The determi-

nation coefficient shows what part of the quantile variabil-

ity of the order s ∈ {α/2,1 − α/2} due to the temperature 

difference is explained by the model, Based on the follow-

ing formula 

 qs(t) = exp (θ̂0
s + θ̂1

st + θ̂2
s√t + θ̂3

s 1

t
)   (6) 

the values of the quantile of order s ∈ {α/2,1 − α/2} for 

temperature differences t ∈ (0, T0] were estimated. 

3. Results 
Using formulas (1)–(3), the indicators of the impact of 

the initial temperature on the pollutants generated by the 

operation of the combustion engine were estimated. 

 
Table 1: Total pollution for normal start, total pollution from cold start, 

relative pollution due to starting the engine from low temperature, and the 
coefficient of change of contaminant concentration relative to changes in 

 initial temperatures 

 WT0
n WT0

c  κT0
c :T0

n ηT0
c :T0

n 

CO2 68506849 78926888 0.132 1328 

CO 929425 1537429 0.3955 77 

HC 221151 378723 0.4161 20 

 

Using the quantitative indicators in Table 1, a clear rela-

tionship was observed between the initial engine tempera-

ture and the cumulative concentration of pollutants in the 

exhaust gases. The highest relative increase in the total 

concentration was noted for unburned hydrocarbons (HC), 

the share of which in emissions attributed to the cold start 

phase exceeded 40%. It is worth noting that, according to 

the time graphs (Fig. 5), this increase is concentrated main-

ly in the initial phase of the test, especially during accelera-

tions, when the combustion chamber remains cooled. The 

concentration sensitivity indicator to initial temperature 

differences (η) reached the highest value for CO₂, which 

indicates a significant dependence of combustion intensity 

on thermal conditions of start-up, even though the total 

increase in the concentration of this component was rela-

tively low. High values of the indicators for CO and HC 

indicate a high susceptibility of these compounds to the 

effect of delayed activation of after-treatment systems and 

combustion quality in the initial phase of the cycle. 

The temperature difference interval [0,24] was divided 

into intervals of length d = 1. For each type of pollutant, 

CO2, CO, and HC, for the appropriate intervals and level, 

α = 0.1 quantiles of order α/2 = 0.05 and were estimated, 

1 − α/2 = 0.95 and sequences {(tj, qj
0.05)}

1≤j≤k
 and were 

determined, {(tj, qj
0.95)}

1≤j≤k
. Using the least squares meth-

od, structural parameters (4) were determined and using 

formula (6), quantiles for pollutants were predicted con-

cerning the temperature difference at the start. In Fig. 6–8 

in the Cartesian coordinate system, the realisation of the 

sequence {(pt, Tt)}0≤t≤τ, where the temperature difference 

Tt = Tt
n − Tt

con the abscissa axis, and the pollutant differ-

ence on pt = xt
c − xt

n the ordinate axis for the moments, 

were marked with black points 0 ≤ t ≤ τ. Values predic-

tion of quantiles are salmon coloured. 

The models describing the behaviour of quantiles for 

CO₂, CO, and HC concentrations showed high values of the 

coefficient of determination (R² > 0.86), confirming the 

agreement between the difference in initial temperatures 

and the distribution of the analysed components' concentra-

tions. The differences in the values of structural parameters 

between quantiles 0.05 and 0.95 reflect the increasing risk 

of extreme concentrations in conditions of strong cooling of 

the powertrain. In particular, a larger range of these pa-

rameters results in wider confidence intervals for the pre-

dicted concentrations, which means that a larger difference 

in initial temperatures leads to increased prediction uncer-

tainty. The smallest differences in structural parameters and 

the smallest fitting error were observed for CO₂ (quantile 

0.95), which indicates the stable nature of this component's 

emissions. In turn, for CO, the highest values of standard 

deviations of predictions and relatively lower R² were ob-

served (especially for the 0.05 quantile), which confirms its 

greater susceptibility to the variability of start conditions 

and lower accuracy of representation in the model. 

 
Table 2: The values of estimators of structural parameters, the values of 

coefficient determination and the values of standard deviations for quanti-
 tative models 

Pollution s θ0
s  θ1

s θ2
s  θ3

s  Rs
2 σs 

CO2 0.05 5.73 –0.17 1.73 –0.62 0.90 0.39 

CO2 0.95 3.82 –0.28 2.57 0.76 0.99 0.11 

CO 0.05 64.12 3.79 –29.49 –67.34 0.87 0.96 

CO 0.95 6.44 0.44 –1.39 –0.79 0.94 0.430 

HC 0.05 26.76 2.56 –16.47 –10.38 0.95 0.65 

HC 0.95 5.87 0.79 –3.08 –1.17 0.975 0.42 

 

For each of the pollutants, the values of structural pa-

rameters for the model (4), the values of the standard devia-

tion of the residuals, and the values of the coefficient of 

determination (5) are given in Table 2. The lowest value of 

the coefficient of determination, equal to 0.8674, was ob-

tained for the CO pollutant when fitting the dependence of 

the quantile of the order of 0.05 on the temperature differ-

ences, while for the remaining pollutants, the value of the 

coefficient of determination exceeds 0.90. 

 

Fig. 6. Fitting models of 0.05 and 0.95 quantiles of CO₂ concentration with 
respect to the initial temperature difference 
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The increase in the initial temperature difference results 

in a moderate increase in CO₂ concentrations within both 

analysed quantiles. The model shows a perfect fit, especial-

ly for the 0.95 quantile (R² = 0.9915), which indicates the 

stability of this component's characteristic concerning the 

start-up's thermal conditions. 

In the case of CO, there is a clear dependence of the up-

per quantile value on the temperature difference, which 

indicates an increased probability of high concentrations 

occurring when the system is strongly cooled. However, the 

data scatter is larger than in the case of CO₂, which trans-

lates into a lower quality of the model fit for the quantile of 

the order of 0.05. 

 

Fig. 7. Fitting models of 0.05 and 0.95 quantiles of CO concentration with 

respect to the initial temperature difference 

 

Fig. 8. Fitting models of 0.05 and 0.95 quantiles of HC concentration with 

respect to the initial temperature difference 

 

HC concentration shows an apparent sensitivity to tem-

perature differences in the cold start phase. At a lower ini-

tial engine temperature, significantly higher values of un-

burned hydrocarbon concentration are observed, which 

results from worse ignition conditions, fuel condensation on 

the cold walls of the combustion chamber, and delayed 

activation of exhaust gas after-treatment systems. With 

decreasing starting temperature difference, HC concentra-

tion values stabilise quickly – the curves of the courses get 

closer to each other, confirming this component's strong 

dependence on the thermal conditions of start-up. A high 

level of fit of regression models for both quantiles (R² = 

0.9485 and R² = 0.9695 for 0.05 and 0.95) indicates high 

predictability of this dependence, despite significant dy-

namics of concentration changes. 

4. Discussion of the results 
The results of the conducted studies confirm that lower-

ing the initial coolant temperature significantly affects the 

combustion process and the concentration of pollutant 

components in the cold start phase. The increases in HC, 

CO, and CO₂ concentrations observed in the WLTC tests at 

a lower starting temperature (6°C vs. 28°C) are consistent 

with the phenomenon of reduced combustion quality and 

delayed achievement of catalyst activation conditions de-

scribed in the literature [2, 9, 12]. The formation of a liquid 

fuel film on the cold surfaces of the combustion chamber, 

as well as enrichment of the mixture to improve ignition, 

results in increased emissions of hydrocarbons and carbon 

monoxide in the initial minutes of engine operation [6, 12]. 

The time dependencies in Fig. 3–5 show apparent dif-

ferences in CO₂, CO, and HC concentrations between tests 

with different initial temperatures. Especially for HC,  

a several-fold increase in concentration was observed in the 

first minutes of the test at low temperature conditions, con-

sistent with the results of Andrych-Zalewska et al. [1] and 

Yusuf and Inambao [35]. At the same time, the CO concen-

tration remained at a higher level throughout the test under 

cold start conditions, indicating insufficient catalyst activity 

in the transient phase [34]. 

The quantitative indicators presented in Table 1 are also 

of diagnostic value, including the relative share of emis-

sions related to cold start and the sensitivity of emissions to 

changes in initial temperature. The most significant relative 

increase in concentration was for HC (over 40%), while for 

CO it reached almost 40% and for CO₂ slightly above 13%. 

The high sensitivity index for CO₂ indicates that, despite 

the relatively stable nature of this component, the combus-

tion process at low temperature may be less efficient, which 

translates into its increased emission, which is also con-

firmed by Hossain et al. [10].  

The ηT0
c :T0

n  [ppm/°C or g/km/°C] indicator describes the 

sensitivity of pollutant concentrations or emissions generat-

ed during engine operation to changes in thermal start-up 

conditions. It determines the average increase in these val-

ues for each 1°C drop in initial temperature. The lower the 

indicator's value, the smaller the increase in pollutants asso-

ciated with a decrease in initial temperature, which means 

greater emission resistance of the system to cold start con-

ditions. Depending on the available measurement data, this 

indicator can analyse concentrations (e.g. ppm) and emis-

sions (e.g. g/km). In the future, it may be a universal com-

parative tool for assessing the emission sensitivity of differ-

ent drive units, control strategies, or exhaust gas treatment 

technologies to variations in initial temperature. 

Quantile regression allowed for better capturing the var-

iability of extreme pollutant concentrations concerning the 

initial temperature difference in line with advanced statisti-

cal learning approaches [8]. The models (Fig. 6–8) showed 

a perfect fit for CO₂ (R² ≈ 0.99) and HC (R² ≈ 0.97), slight-

ly lower for CO, which is probably due to the greater scat-

ter and temporary increase in emissions in response to the 

engine operation dynamics. The range of prediction values 

in the upper quantiles (0.95) was significant, which in-

creased nonlinearly with the initial temperature difference. 
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This phenomenon indicates an increased risk of extreme 

concentration levels in severe cooling conditions [21]. 

Figures 1 and 2, illustrating the WLTC cycle and the 

change in coolant temperature, confirm that differences in 

starting conditions did not significantly affect the vehicle 

speed profile, while the time needed for the cooling system 

to reach the operating temperature was significantly ex-

tended in the case of a lower starting temperature (10:56 

min vs. 9:31 min). The extension of the warm-up time is 

associated with a delayed achievement of the catalyst's 

light-off temperature, which, according to literature data 

[23, 28], may result in an even several-fold increase in the 

total HC and CO emissions in this phase. Similar conclu-

sions were drawn by Slavin et al. [30], who showed that 

electrically heated catalysts can effectively reduce cold start 

emissions in LPG-fueled vehicles, highlighting the im-

portance of thermal emission management.  

From the perspective of designing emission reduction 

strategies, the presented results emphasise the validity of 

using technical solutions such as heated catalysts [4], ad-

vanced injection strategies [32], or thermal management 

systems with heat recovery from exhaust gases [28]. Quan-

tile regression models can also help predict extreme emis-

sions, which is reflected in the growing interest in using 

machine learning techniques for this purpose [21]. 

5. Conclusions 
The analyses showed that the coolant's initial tempera-

ture significantly affects the dynamics of changes in the 

concentrations of pollutants emitted by the spark-ignition 

engine during cold start. Lowering the starting temperature 

to 6°C resulted in a significant increase in CO, HC, and 

CO₂ concentrations in the first minutes of the WLTC cycle, 

which can be associated with delayed activation of exhaust 

gas treatment systems, lower charge temperature, and en-

richment of the fuel-air mixture. 

CO and HC showed the greatest sensitivity to start con-

ditions among the compounds tested. In the case of HC, the 

share of concentration assigned to the cold start phase ex-

ceeded 40%, which confirms its high susceptibility to the 

effect of cooling the combustion chamber. Similar HC 

emission patterns during cold start were reported in previ-

ous studies [18, 20]. Conversely, CO showed the greatest 

scatter of values in the empirical data, which is confirmed 

by high standard deviations and discrepancies between 

quantiles, especially at significant differences in initial 

temperatures. 

In order to quantitatively assess the effect of thermal 

conditions on emissions, a set of indicators was used, such 

as the total cumulative concentration, the share of emissions 

attributed to cold start κT0
c :T0

n  and the sensitivity indicator 

ηT0
c :T0

n. These indicators allowed to capture the relation-

ship's nonlinear nature and distinguish the response of indi-

vidual exhaust components to engine cooling. The highest 

thermal sensitivity was demonstrated for CO₂, although its 

total increase was moderate, which may indicate variable 

combustion efficiency depending on the initial temperature. 

Quantile models allowed the analysis of both average 

and extreme drive system behaviour. High coefficients of 

determination (R² > 0.90) obtained for CO₂, CO, and HC 

confirm the validity of the approach. The models showed 

that the upper quantile values (0.95) of HC and CO concen-

trations increase nonlinearly with the starting temperature 

difference, indicating an increased risk of extreme emis-

sions in winter conditions. 

In addition, it was found that the time to reach the oper-

ating coolant temperature at a lower initial temperature is 

longer by more than 1 minute (10:56 min vs. 9:31 min), 

directly affecting the length of the period of increased emis-

sions. The extended warm-up phase is associated with lim-

ited efficiency of the afterburning systems, which can sig-

nificantly increase the total environmental load of the vehi-

cle in urban and suburban cycles. 

The obtained results have practical applications both in 

designing start strategies in variable climatic conditions and 

in the calibration of emission prediction tools used in ho-

mologation procedures and systems for assessing the im-

pact of transport on air quality. This approach can also 

support broader life-cycle and environmental impact as-

sessments [31]. The proposed analytical approach can also 

be a starting point for further research on optimising injec-

tion, ignition, and thermal management systems in modern 

drive systems. 

Furthermore, these indicators may support the develop-

ment of advanced cold start control strategies, enable dy-

namic thermal management and improving catalyst activa-

tion during homologation cycles and real-world driving. 
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