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The problem of cold start emissions from vehicles

The progression of passenger vehicles is progressing, and regulations are continually being revised, resulting in
a decrease in car exhaust emissions. The European Commission has revised the RDE test procedure to include
exhaust emissions during a cold start as part of package 3. The article carried out simulations using COPERT
software, which uses tests based on WLTP, assuming ambient temperatures from —10°C to +20°C, at intervals of
5°C. This paper aims to present the results of mathematically modelling the influence of ambient temperature on
the cold start emissions of carbon dioxide (CO,), nitrous oxide (N,O), methane (CH,), nitrogen oxides (NOy),
non-methane volatile organic compounds (NMVOC), hydrocarbons (treated as volatile organic compounds —
VOC), total particulate matter (TSP) and particle number (PN) in passenger cars and light duty vehicles. The
modelling results show that a change in ambient temperature significantly affects carbon dioxide (CO,), nitrous
oxide (N,O), methane (CH,), nitrogen oxides (NOy), non-methane volatile organic compounds (NMVOC),
hydrocarbons (treated as volatile organic compounds — VOC), total particulate matter (TSP) and particle
number (PN) in cold start emissions.
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1. Introduction

Cold start emissions have received much attention due
to their adverse impact on air quality and public health.
Cold start emissions are the emissions a vehicle produces
when it is started again after being left idle for a while [2].
When an engine is first started up, it typically runs ineffi-
ciently, leading to an increase in the emission of pollutants,
including carbon monoxide, nitrogen oxides, and volatile
organic compounds. This is known as the cold start prob-
lem [2]. The phrase "cold start emissions" refers to the
pollution released when a vehicle is first started up after
being inactive for an extended length of time, generally
overnight or after a number of hours of not being used.
Emissions from vehicles that have recently started up tend
to be higher than those coming from cars that have been
running for a while. The main cause of this is the engine
and its parts not having reached the ideal working tempera-
ture yet. The fuel mixture, combustion efficiency, and
emission control systems may not be operating at their best,
causing more pollutants to be released into the atmosphere
[2, 9]. The release of these substances into the air can lead
to a high level of air contamination and can have a damag-
ing impact on both the health of people and the environ-
ment [1]. The release of these substances can create smog
and tiny particles, which can result in illnesses related to the
lungs and heart, in addition to contributing to global warm-
ing [1, 15]. It is essential to take action to solve the issue of
cold start emissions in order to reduce the amount of emis-
sions from vehicles and enhance air quality.

The European Union Commission Regulation
2017/1154 [20] defines cold start as the initial start of the
combustion engine until the engine has been running for
a total of 5 minutes. Once the coolant temperature is deter-
mined, the cold start period will finish when the coolant
reaches 343 K (70°C) for the first time or after the engine

has been running for a total of five minutes from the time
the engine was first started [9].

Research has indicated that the emissions from vehicles
used on roads are a major contributor to air contamination
and can have a detrimental effect on air quality and people's
wellbeing, especially in metropolitan regions. The Europe-
an Union is taking steps to lower air pollution and reach
a state of climate neutrality, resulting in new, more strin-
gent laws and regulations on vehicle exhaust. In order to
comply with these regulations, more advanced exhaust gas
aftertreatment systems are required. Research has been
conducted in recent years about emissions from cold start
operations, illustrating the global significance of this issue
[12-14, 16, 22]. Additionally [7, 10, 11, 14], NO, emis-
sions from vehicles with gasoline engines should be con-
sidered in future updates to EU regulations [7].

In 2016 [8, 9], the European Union implemented the
first two sets of actual driving emissions (RDE) tests —
Regulations 2016/427 and 2016/646 — the world's first type-
approved road tests for light duty vehicles. As of September
2017, the tests have binding emission limitations and use
portable emission measurement systems (PEMS) to meas-
ure contaminants. The European Commission has begun
creating two additional RDE programs, which focus on cold
start emissions, testing for hybrid vehicles, the measure-
ment of particulate emission numbers (PN) on the road, and
the regular adjustment of aftertreatment systems. This is
due to a cold start that has a significant impact on emis-
sions, especially in urban areas with frequent short journeys
and air quality problems [1, 9].

The latest analysis of [1] shows that the average daily
distance travelled by passenger cars is not sufficient for the
vehicle's pollution control system to warm up and become
fully functional. The resulting high levels of NO, emissions
during cold-starts from both petrol and diesel engines may
pose an additional challenge to urban air quality initiatives.
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At normal temperatures, the amount of emissions re-
leased during a cold engine start-up is much greater than
when the engine is already warm. In addition, exhaust after-
treatment devices are not effective in reducing emissions
due to the catalyst failing to reach a temperature necessary
for activation [9].

Diesel engines are commonly employed in the automo-
tive and energy sectors. In order to meet the more demanding
automotive exhaust emission regulations, newer and more
advanced engine technologies have been created. Adhering
to the current standards can be achieved by decreasing the
emissions produced during combustion and/or improving the
efficiency of exhaust aftertreatment systems [9].

The European Commission (EC) [8, 21] is aiming to
lower nitrogen oxide (NO,) emissions from diesel automo-
biles through the incorporation of cold start emissions into
the Real Driving Emissions (RDE) testing process. The
European Commission (EC) implemented particular regula-
tions concerning cold-starts as part of the third Real Driving
Emissions (RDE) legislative package due to the fact that
selective catalytic reduction (SCR) and lean NO, scavenger
aftertreatment systems can cause heightened NO, emissions
during cold-start.

While conducting literature research, the authors paid
attention to the ambient temperature and its impact on cold
start emissions. Authors in articles [13, 22, 23] examined
the effect that various ambient temperatures (-7°C and
23°C) had on the emission results of vehicles that were
equipped with both compression and spark ignition engines.
The purpose of the tests was to investigate whether the
exhaust emissions during WLTC (Worldwide Harmonized
Light Duty Vehicles Test Cycle) tests increase in colder
temperatures in comparison to warmer temperatures [3-7,
13] and to check for compliance with Euro 6 emission
standards.. Research shows that ambient temperature has
a significant impact on cold start emissions.

The literature analysis shows that the problem of cold
start emissions is important, and numerous studies confirm
this. However, more information on cold start emissions in
a wide temperature range is a significant issue. The novelty
of this article lies in the detailed analysis of the impact of
ambient temperature on cold start emissions for various
pollutants emitted by vehicles. The study conducted by the
authors using COPERT software to simulate different tem-
perature scenarios and their effect on emissions is a novel
approach to understanding the dynamics of cold start emis-
sions. By highlighting the significant reduction in emissions
as temperatures increase, the research provides valuable
insights into potential strategies to reduce emissions and
improve air quality in urban areas. This innovative use of
simulation technology and data analysis adds to the
knowledge of cold start emissions and provides a basis for
further research.

2. Methodology

Vehicles that do not reach their optimal operating tempera-
ture tend to produce higher levels of air pollution [2].

For a given pollutant, engine speed, and initial engine
temperature, the vehicle's emissions and development over
time can be broken down into two stages: the first stage
where emissions diminish due to a gradual rise in either the

engine or catalyst temperature, and then a stability phase
when the engine reaches a regular temperature (Fig. 1). The
initial phase is aligned with time t 4 [2].
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Fig. 1. The change in the amount of exhaust emitted by a vehicle as it
travels distances in real-world settings [2]

The amount of pollution produced in excess when trav-
elling a certain distance at a lower temperature than normal
operating conditions is referred to as an excess cold emis-
sion. The same engine speed and average driving speed can
be used to calculate how far a car has gone when driving in
cold temperatures (as seen in Fig. 1) [2]. In a driving cycle
involving various engines and vehicles in urban areas, the
instantaneous emission output becomes much more intri-
cate and irregular. The operating phases and the tempera-
ture rise can both affect the fluctuation in motor rotation
frequency; this is illustrated in Fig. 1, where the fluctuation
is much more rapid when the temperature goes up than it
would be in reality. The difference in emissions from
a vehicle when the engine is cold compared to when it is
running hot is referred to as the total cold emissions of the
vehicle and driving cycle. The amount of emission pro-
duced is dependent on the temperature surrounding it,
which deviates from the standard temperature for operation.
The understanding of this idea is dependent on the speed of
the cycle of accelerations and decelerations being much
quicker than the temperature increase of the vehicle. Once
the driving cycle is continued for a sufficient period of
time, a constant distance must be maintained so that all
excess cold emissions are accounted for as heat emissions
on the vehicle's interior. Excess emissions depend on the
driving cycle and pollutants [2].

The authors used COPERT software for this article, as it
is accepted for creating emissions inventories in European
nations. This program makes use of the "Tier 3" methodol-
ogy, which computes the complete exhaust emissions by
separating between emissions released during the thermal
engine operation ("cold start emissions™) and those emitted
when the engine reaches its regular operating temperature
("hot emissions™). The equation for the 'Tier 3' methodolo-
gy is provided [15].

Etotal = Enot + Ecold 1)

where: Etoa — total emissions [g] of any pollutant for the
spatial and temporal resolution of the application, Epo —
emissions [g] during stabilized (hot) engine operation, Ecog
— emissions [g] during transient thermal engine operation
(cold-start) [15].
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When a vehicle is first turned on, its emissions are high-
er than when the engine is at its normal operating tempera-
ture. This is referred to as cold start emissions and is ex-
pressed as grams of pollutants per vehicle start. These
emissions can be compared to the hot emissions released
when the engine is running normally. The distance travelled
before reaching stabilized emissions is known as Iy, [15].

To measure cold start emissions in a laboratory, a chas-
sis dynamometer must be used together with a driving cycle
that is lengthy enough to reach balance in the engine's oper-
ating conditions. This driving cycle should imitate the ex-
pected conditions of the vehicle's engine when it is being
operated. Evaluating the correlation between the initial
pollution and the chosen parameter (like the speed of the
vehicle) through the driving cycle should maintain the same
driving style during both the cold and hot times. It is com-
monly assumed that the majority of cold start emissions
originate from urban driving, with rural driving as the second
largest contributor. This is due to the fact that highway con-
ditions are not usually the starting point for many trips [15].

ETotal = EUrban + E:Rural + EHighway (2)

where Eypran, Erural, @and Enighway are the total emissions [g]
of any pollutant for the respective driving situations.

The ambient temperature can have a major effect on the
amount of air pollutants released from both spark ignition
and compression ignition engine vehicles. Research has
suggested that there could be a link between the tempera-
ture of the environment and the amount of emissions given
off during a cold-start. At present, the only emissions that
are regulated during a vehicle's initial start-up are carbon
monoxide, hydrocarbons, nitrogen oxides, and total particu-
late matter. For this reason, it is essential to review the
current EU winter vehicle emissions regulations. Total
emissions are calculated by combining the activity data and
the emission factors for each vehicle [15]. The amount of
emissions released can differ depending on the driving and
weather conditions. Emissions produced during a cold start
can be estimated by subtracting the amount of emissions that
would be released if all vehicles ran with hot engines and
active catalysts. This is done using a specific formula [17]:

k=1 Q)

where Ecq1qix — cold start emissions of pollutant i (for the
reference year), produced by vehicles of the technology Kk,
B;x — fraction of the mileage driven with a cold engine (or
the catalyst operated below the light-off temperature) for
pollutant i and vehicles of the technology k, Ny — number of
vehicles [veh] of the technology k in circulation; M, — total
mileage per vehicle [km/veh] in vehicles of the technology
K, enotik — hot emission factor for pollutant i and vehicles
€cold

€hot
for pollutant i and vehicles of the technology k.

The B parameter is affected by the temperature of the
environment, the way the vehicle is used, and the average
distance travelled before emission levels stabilize (lyp). The
methodology followed the guidelines set out by the 2006
IPCC Guidelines for National Greenhouse Gas Inventories

€cold
€hot

Ecotdik = Bik " Nic* My " €potik * (

of the technology k, ix — cold/hot emission quotient

and EMEP/EEA air pollutant emission inventory guidebook
2019 [17] which serve as basic guidelines for inventories of
greenhouse gases and air pollutants [15] indicate that Iy, is
usually increased [15]. In accordance with the above guide-
lines, I, was adopted for passenger cars — 12 km and for
light duty vehicles — 12 km.

The introduction of stricter emissions standards for cata-
lyst petrol vehicles has shortened the amount of time need-
ed for the catalyst to reach light-off temperature. As a re-
sult, the mileage driven under cold start conditions is lower.
The B-parameter is also affected by the degree of emission
control legislation for petrol catalyst vehicles [17].

The quantity of emissions released in cold or hot condi-
tions is known as the e“°-°/e"°T ratio and is impacted by
the surrounding temperature and the type of pollutant being
examined. While the model used in the original version of
this methodology is still applied to the calculation of emis-
sions during cold-starts, more current ratios were included
in the last revision of this chapter for cars with catalytic
converters [17].

Cold start emissions are usually only connected to urban
driving, but a percentage can be ascribed to rural driving
when the mileage driven with an engine that is not at the
optimal temperature (B-parameter) is greater than the mile-
age driven in urban areas (Syrean)- This means that equa-
tion (4) needs to be modified, which produces the following
result [17]:

If Bix > Surean

EcoLp URBAN;i,k = SURBAN; k" Ng - My
€cold _ 1) (4)

€HOT URBAN; ik (eh A RE
o

It is thought that the mileage driven in urban areas is
equivalent to warming up the engine, while any additional
emissions are a result of driving in rural areas. Equation (4)
is an extreme example for a national inventory, and only
happens when a tiny amount is given as lyi,. It is also note-
worthy that the urban hot emission factor is used for both
variations of eq. (4). The overall emissions of N,O and CH,
should not be distinguished based on where they were re-
leased. The determination of these emissions is based on
four types of driving conditions: ‘cold urban', ‘hot urban',
‘rural', and 'highway'. This algorithm outlines the process
for determining the emission of pollutants, particularly
methane (CH,). It is especially important to estimate CH,
emissions because NMVOCs are calculated by taking the
difference between VOCs and CH,. To begin, it is neces-
sary to determine if the portion of the mileage driven under
non-stabilized engine temperature (represented by the
parameter) is greater than the portion of the mileage at-
tributed to urban conditions (Syrsan)- For each vehicle type
(j) and pollutant (i, either CH,4, N,O), this calculation is
expressed in the following way [17]:
if Bik > Sursanik

EcoLp urBan;ik = Bix - Nk * Mk * €xor urBAN;i K (5)

where: Syrean:k — Mileage share attributed to urban condi-
tions for vehicle technology k, SgruraLk — Mmileage share
attributed to rural conditions for vehicle technology k,
Shichway:k — Mileage share attributed to highway conditions
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for vehicle technology K, ecoLp urean:ik — Urban cold start
emission factor for pollutant i, by vehicle technology Kk,
eHoT URBAN:i k — Urban hot emission factor for pollutant i, by
vehicle technology K, epot ruraLik — rural hot emission
factor for pollutant i, by vehicle technology K, enot High-
wav:ik — highway hot emission factor for pollutant i, by
vehicle technology k.

It is important to note that all of the emissions values
found in the COPERT model have been obtained through
laboratory testing that follows the WLTP driving cycle
[15]. In this paper, the authors investigated the impact of
changes in ambient temperature on the cold start emissions
carbon dioxide (CO5), nitrous oxide (N,O), methane (CHy),
nitrogen oxides (NOy), non-methane volatile organic com-
pounds (NMVOC), hydrocarbons (treated as volatile organ-
ic compounds — VOC), total particulate matter (TSP) and
particle number (PN) in passenger cars and light duty vehi-
cles.

The authors analyzed the average monthly temperatures
in Poland in the years 2015-2021. The maximum and min-
imum average temperatures were adopted for the analysis
and are presented in Table 1.

Table 1. Average monthly temperatures in Poland in 2015-2021

| 2015 [ 2016 | 2017 | 2018 | 2019 | 2020 | 2021
Average minimum temperature

Jan. | 13 [ 59 | 76| 2 [ 85 ] 23] 79
Feb. | 24 | 14 | 22 | 64 | 64 | 45 [ 52
Mar. | 13 | 19 [ 36 | 2 | 47 [ 45 | 43
Apr. | 51 [ 67 | 46 | 95 | 15 | 09 | 38
May | 99 | 108 [ 121 [ 134 | 19 | 16 [ 13
Jun. 14 | 154 [ 156 | 146 | 64 [ 78 | 106
. | 169 [ 16 | 127 | 162 | 83 9 | 104

Aug. 18.2 145 16.9 17.3 8.7 113 7.7

Sep. 123 129 10.8 12.3 5.2 7.8 7

Oct. 2.8 48 6.8 8 1.7 2.1 2.1
Nov. 3.7 13 1.2 24 -3 1 -1.3
Dec. 1.8 -2.5 -1.2 -1.8 -5 -3.2 -6
Average maximum temperature

Jan. 29 -0.3 0.1 33 1 4.6 0.7
Feb. 2.1 49 1.9 -1.7 4 5.8 0.2
Mar. 6 52 7.6 19 6.3 5.8 4.8
Apr. 9.4 9.9 8.6 14.3 10.9 10.7 7

May 13.9 16 15 18.3 14.9 12.4 12.9
Jun. 18 19.5 19.3 19.7 22.8 193 | 207
Jul. 213 20.3 19.9 214 209 193 | 223

Aug. 23.2 19 20.3 22 20.9 21.1 18.1

Sep. 15.8 17.7 14.6 16.7 14.6 16.1 15.8

Oct. 9.2 9.1 115 115 11.2 11.7 10.6

Nov. 7.1 4.9 6.2 6.1 6 79 6.9

Dec. 6.7 3.9 3.6 3.9 3.6 33 1.2

Based on the temperature values in Table 1, the authors
decided that simulations are performed assuming ambient
temperatures from —10°C to +20°C with 5°C intervals.

Simulations were carried out by using the COPERT
software, assuming that vehicles from each type of passen-
ger cars travelled 10,000 km in each vehicle’s category:
passenger cars (PC) and light duty vehicles (LDV).

The authors checked how the external temperature af-
fects cold start emissions from PC and LDV, but there was
no division into Euro standards and fuel type. The result of
the simulations is the sum of emissions caused by passenger
cars of all classes (Mini, Small, Medium, Large) and for all
types of fuels (petrol, diesel, LPG and CNG) and Euro
categories (Pre-Euro-Euro 6) and by light duty vehicles also
of all classes (N1-1, N1-I1l and NZ1-111) and for all types of
fuels (petrol, diesel) and Euro categories (Conventional-
Euro 6).

According to the above information, simulations were
carried out for one vehicle that travelled 10,000 km.

In addition, a study was carried out to show the change
in total emissions depending on the ambient temperature in
urban areas where cold start emissions have the greatest
impact.

3. Results

Figures 2-9 show the influence of ambient temperature
on cold start emissions in all driving conditions (urban,
rural, highway). Dependence is present for passenger cars
and light duty vehicles. In Tables 2-9, pollutant emissions
in urban areas in the cold and hot phases are shown.

The methane emission dependence for the cold start
phase presented in Fig. 2 clearly shows that the emission
decreases with increasing temperature. The difference be-
tween —10°C and +20°C is 74% for passenger cars and 64%
for light duty vehicles. For methane, cold start emissions
from passenger cars are approximately 30% higher than for
light duty vehicles.
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- i i i i i i .
0.000
-10 -5 0 5 10 15 20
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® Passenger Cars  ® Light Commercial Vehicles

Fig. 2. The dependence of methane (CH.) emissions from cold start on the
ambient temperature

Table 2 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. It is clearly visi-
ble that in the city emissions in the cold start phase are
much higher than in the hot phase. At temperatures —10°C
and —5°C, the emission from the hot phase is equal to or
close to 0. The differences in CH, emissions for other tem-
peratures between the phases are up to 41 times.

The carbon dioxide emission dependence for the cold
start phase presented in Fig. 3 clearly shows that the emis-
sion decreases with increasing temperature.

The difference between —10°C and +20°C is 226% for
passenger cars and 238% for light duty vehicles. For carbon
dioxide, cold start emissions from passenger cars are ap-
proximately 40% smaller than for light duty vehicles.
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Table 2. Change of methane (CH,) emissions in the cold start and hot
phases depending on the ambient temperature

Temperature | PC CH,4 emission [g/lkm] | LDV CH,4 emission [g/km]
[°C] cold hot cold hot
-10 0.024 0.000 0.017 0.000

-5 0.022 0.001 0.015 0.000
0 0.021 0.001 0.014 0.000
5 0.019 0.002 0.013 0.001
10 0.017 0.002 0.012 0.001
15 0.016 0.003 0.011 0.001
20 0.014 0.004 0.010 0.002
15 0.012 0.004 0.009 0.002
20 0.019 0.002 0.013 0.001

60

-10 -5 0 5 10 15 20

Ambient temperature [°C]

N w IS
o S S
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= Passenger Cars  ® Light Commercial Vehicles

Fig. 3. The dependence of carbon dioxide (CO.) emissions from cold start
on the ambient temperature

Table 3 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. It is unmistakable
that emanations within the cold start are much higher within
the city than within the hot phase. At —10°C and 0°C, the
emanation from the hot stage breaks even with or near light
duty vehicles. The differences in carbon dioxide outflows
for other temperatures between the stages are substantial.

Table 3. Change of carbon dioxide (CO,) emissions in the cold start and
hot phases depending on the ambient temperature

Temperature PC CO; emission [g/km] LDV CO; emission [g/km]
[°C] cold hot cold hot
-10 37.380 0.000 49.625 0.000
-5 32.315 0.001 45.081 0.000

0 27.349 0.001 38.012 0.000
5 22.790 0.002 31.532 0.001
10 18.638 0.002 25.641 0.001
15 14.892 0.003 20.337 0.001
20 11.552 0.004 15.621 0.002
15 8.619 0.004 11.494 0.002
20 22.752 0.002 31.489 0.001

The nitrous oxide emission dependence for the cold start
phase presented in Fig. 5 clearly shows that the emission
decreases with increasing temperature.

The difference between —10°C and +20°C is 64% for
passenger cars and light duty vehicles.

Table 4 shows the impact of temperature on emissions
in urban areas' cold and hot phases. The emissions in the
city are much higher in the cold start phase than in the hot
phase. At —10°C and —5°C, hot phase emissions are at or
near zero. The difference in nitrogen oxide emissions at

other temperatures between phases can be up to 4 times,
especially for passenger cars and 121 times for light duty
vehicles at —5°C.
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Ambient temperature [°C]
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Fig. 4. The dependence of nitrous oxide (N,O) emissions from cold start
on the ambient temperature

Table 4. Change of nitrous oxide (N,O) emissions in the cold start and hot
phases depending on the ambient temperature

Temperature | PC N,O emission [g/lkm] | LDV N,O emission [g/km]
[°C] cold hot cold hot
-10 0.002 0.000 0.004 0.000

-5 0.002 0.001 0.004 0.000
0 0.002 0.001 0.004 0.000
5 0.002 0.002 0.003 0.001
10 0.002 0.002 0.003 0.001
15 0.002 0.003 0.003 0.001
20 0.001 0.004 0.003 0.002
15 0.001 0.004 0.002 0.002
20 0.002 0.002 0.003 0.001

The non-methane volatile organic compounds emission
dependence for the cold start phase presented in Fig. 5
clearly shows that the emission decreases with increasing
temperature.

0.35
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Fig. 5. The dependence of non-methane volatile organic compounds
(NMVOC) emissions from cold start on the ambient temperature

The difference between —10°C and +20°C is 650% for
passenger cars and 596% for light duty vehicles.

Table 5 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. Emissions in the
city are significantly higher during the cold start than dur-
ing the hot phase. The emission from the hot phase is equal
to or nearly equal to zero for temperatures between —10°C

COMBUSTION ENGINES, 2024;199(4)

47



The problem of cold start emissions from vehicles

and 0°C. At —5°C, there are variations in non-methane
volatile organic compound emissions for passenger cars up
to 17 times and light duty vehicles up to 486 times between
the phases.

Table 5. Change of non-methane volatile organic compounds (NMVOC)
emissions in the cold start and hot phases depending on the ambient tem-

perature
PC NMVOC emission LDV NMVOC emission
Temﬁg;ﬁture [g/km] [g/km]

cold hot cold hot
-10 0.312 0.000 0.233 0.000
-5 0.257 0.001 0.202 0.000
0.205 0.001 0.164 0.000
5 0.159 0.002 0.130 0.001
10 0.117 0.002 0.099 0.001
15 0.081 0.003 0.072 0.001
20 0.042 0.004 0.035 0.002
15 0.014 0.004 0.011 0.002
20 0.158 0.002 0.129 0.001

The nitrogen oxides emission dependence for the cold
start phase presented in Fig. 6 clearly shows that the emis-
sion decreases with increasing temperature.

The difference between —10°C and +20°C is 195% for
passenger cars and 319% for light duty vehicles.
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Fig. 6. The dependence of nitrogen oxides (NOy) emissions from cold start
on the ambient temperature

Table 6. Change of nitrogen oxides (NO,) emissions in the cold start and
hot phases depending on the ambient temperature

Temperature | PC NOx emission [g/km] | LDV NOy emission [g/km]
[°C] cold hot cold hot
-10 0.051 0.000 0.120 0.000
-5 0.043 0.001 0.098 0.000

0 0.035 0.001 0.073 0.000
5 0.030 0.002 0.061 0.001
10 0.025 0.002 0.049 0.001
15 0.021 0.003 0.039 0.001
20 0.017 0.004 0.030 0.002
15 0.015 0.004 0.024 0.002
20 0.030 0.002 0.062 0.001

Table 6 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. The contrast be-
tween emissions during cold and warm phases in urban

areas is evident. In temperatures of —10°C and —5°C, emis-
sions during warm starts hover around zero or are negligi-
ble. The disparity in nitrogen oxide emissions between the
two phases varies significantly across different tempera-
tures, reaching up to 42 times for passenger cars and 480
times for light duty vehicles at —5°C.

The particulate matter emission dependence for the cold
start phase presented in Fig. 7 clearly shows that the emis-
sion decreases with increasing temperature.
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Fig. 7. The dependence of total particulate matter (TSP) emissions from
cold start on the ambient temperature

Table 7 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. It is clearly visi-
ble that in the city emissions in the cold start phase are
much higher than in the hot phase. At temperatures —10°C
and —5°C, the emission from the hot phase is equal to or
close to 0. The differences in particulate matter emissions
for other temperatures between the phases are up to 42
times for passengers’ cars and more than 480 times for light
duty vehicles at -5°C.

Table 7. Change of total particulate matter (TSP) emissions in the cold
start and hot phases depending on the ambient temperature

Temperature | PC TSP emission [g/km] | LDV TSP emission [g/km]
[°C] cold hot cold hot
-10 0.010 0.000 0.032 0.000

-5 0.008 0.001 0.027 0.000

0.006 0.001 0.020 0.000
5 0.004 0.002 0.014 0.001
10 0.003 0.002 0.009 0.001
15 0.001 0.003 0.005 0.001
20 0.000 0.004 0.001 0.002
15 0.000 0.004 0.000 0.002
20 0.004 0.002 0.015 0.001

The particle number emission dependence for the cold
start phase presented in Fig. 8 clearly shows that the emis-
sion decreases with increasing temperature.

The difference between —10°C and +20°C is 64% for
passenger cars and light duty vehicles.

Table 8 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. The disparity is
evident in urban environments, where emissions during
cold start significantly surpass those during warm phases.
At a temperature of —10°C, emissions during warm phases
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are either zero or negligible. The contrast in particle num-
ber emissions between the two phases varies across differ-
ent temperatures, with differences of up to 42 times for
passenger cars and 480 times for light duty vehicles at
—5°C.
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Fig. 8. The dependence of particle number (PN) emissions from cold start
on the ambient temperature

Table 8. Change of particle number (PN) emissions in the cold start and
hot phases depending on the ambient temperature

Temperature | PC PN emission [g/km] LDV PN emission [g/km]
[°C] cold hot cold hot
-10 91.736 0.000 82.627 0.000
-5 86.466 0.001 82.088 0.000

0 80.444 0.001 76.368 0.000
5 74.421 0.002 70.649 0.001
10 68.399 0.002 64.930 0.001
15 62.377 0.003 59.211 0.001
20 56.355 0.004 53.493 0.002
15 50.333 0.004 47.776 0.002
20 73.829 0.002 70.087 0.001

The hydrocarbons emission dependence for the cold
start phase presented in Fig. 9 clearly shows that the emis-
sion decreases with increasing temperature.
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Fig. 9. The dependence of hydrocarbons (VOC) emissions from cold start
on the ambient temperature

The difference between —10°C and +20°C is 536% for
passenger cars and 485% for light duty vehicles.

Table 9 shows the impact of temperature on emissions
in the cold and hot phases in urban areas. The difference is
evident within urban settings, where emissions during cold

start notably exceed those during warm phases. At tempera-
tures of —10°C and —5°C, emissions during warm starts are
virtually zero or negligible. Variations in hydrocarbon
emissions between the two phases at other temperatures can
reach up to 42 times for passenger cars and surpass 480
times for light duty vehicles at —5°C.

Table 9. Change of hydrocarbons (VOC) emissions in the cold start and
hot phases depending on the ambient temperature

Temperature | PC VOC emission [g/km] | LDV VOC emission [g/km]
[°C] cold hot cold hot
-10 0.332 0.000 0.250 0.000
-5 0.275 0.001 0.217 0.000

0 0.221 0.001 0.178 0.000
5 0.173 0.002 0.142 0.001
10 0.131 0.002 0.110 0.001
15 0.093 0.003 0.082 0.001
20 0.052 0.004 0.045 0.002
15 0.023 0.004 0.019 0.002
20 0.173 0.002 0.141 0.001

In Fig. 2-9 and are shown a comparison of a cold start
emissions for CO,, N,O, CH,, NO,, NMVOC, VOC, TSP
and SPN23, depending on the ambient temperature. The
modelling showed that cold start emissions of all pollutants
are highly influenced by variations in the ambient tempera-
ture. We can see that the levels of all modelled pollutants
and cold start emissions have gone down. COPERT soft-
ware was utilized to carry out the simulations, and the am-
bient temperatures ranged from —10°C to 20°C with 5°C
intervals.

All of the simulations are conducted using COPERT
software, assuming ambient temperatures from —10°C to
+20°C, with 5°C intervals.

The results presented in Tables 2-9 show that for tem-
peratures from —10°C to -5°C in city traffic, there are only
emissions from the cold start phase for both passenger cars
and light duty vehicles, which indicates that with the model
used lyip parameter, even after driving 12 km, the engine
still does not heat up to the optimal temperature. Only at
a temperature of 0°C do emissions from the heated engine
begin to appear, but they are over 41 (for PCs) and 486 (for
LDVs) times lower than in the cold start phase.

4. Conclusions

Similarly, to the research conducted by [3, 13, 15], it
can be seen that as the temperature increases, cold start
emissions decrease for all pollutants, which was also prov-
en by simulation tests.

As shown in Fig. 2-9, changing the ambient tempera-
ture reduces emissions of CO,, N,O, CH,, NO,, NMVOC,
VOC, TSP and PN during cold start for each vehicle cate-
gory.

The simulations show how important it is to reduce
emissions from the cold start phase. Emissions in this phase
are much higher than in the case of emissions from the
engine heated to the appropriate temperature. This is espe-
cially important in cities, where these emissions have the
greatest impact on human health.

In summary, ambient temperature significantly impacts
cold start emissions under various driving conditions for
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passenger cars and light duty vehicles. Simulation results
using COPERT software show that as temperature increas-
es, emissions of carbon dioxide, nitrogen oxides, methane,
nitrogen oxides, non-methane volatile organic compounds,
hydrocarbons, total particle mass, and particle number de-
crease during cold start for both vehicle categories. The
study highlights the importance of reducing emissions dur-
ing the cold start phase, particularly in urban areas where
these emissions significantly impact human health. Further
testing on vehicles adjusted to appropriate temperatures is
recommended to understand better and reduce cold start
emissions.

It is therefore important to take effective action to re-
duce emissions during the cold start phase, especially in
urban areas where these emissions significantly impact air
quality and public health. It is essential to address cold start
emissions to improve air quality and reduce negative im-
pacts on health and the environment.

Further research and testing on vehicles is also recom-
mended to confirm the simulation results and explore po-
tential solutions to reduce cold start emissions. By address-
ing cold start emissions and implementing effective policies
and regulations, we can work to minimise the impact of
vehicle emissions on air quality and public health. Action is
needed to reduce cold start emissions and improve air quali-
ty to benefit people and the environment. Additionally,
continuous monitoring and regulation of vehicle emissions,
particularly on cold start operations, is essential to achiev-
ing environmental goals and improving air quality in urban
areas.

The authors also see the need to carry out tests on a real
vehicle, which will be conditioned to an appropriate tem-
perature and then tested on a chassis dynamometer and in
real driving conditions.

Nomenclature

CH, methane PN particle number
CO, carbon dioxide RDE real driving emissions
COPERT COmputer Programme to calculate Emissions SCR selective catalytic reduction
from Road Transport TSP total particulate matter
EC European Commission VOC (HC) hydrocarbons (treated as volatile organic
N,O nitrous oxide compounds
NMVOC non-methane volatile organic compounds WLTP Worldwide Harmonised Light Vehicle Test
NOy nitrogen oxides Procedure
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