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Abstract: In the context of a global shift towards renewable energies and climate change mitigation,
the market for electric vehicles has experienced a remarkable upswing, with battery electric vehicles
(BEVs) leading this transformative wave. The appeal of BEVs lies in their ability to significantly curtail
CO2 emissions by supplanting the traditional internal combustion engine (ICE) with an electric motor.
This pivotal change in vehicular technology extends its influence to various subsystems, including
automotive lighting. Headlights are particularly sensitive to the thermal environment they operate in,
which can profoundly affect their functionality and durability. The removal of an ICE in BEVs typically
results in a reduction in heat exposure to headlight components, prompting a potential reevaluation
of their design. This article presents a comprehensive analysis of temperature distributions within
headlight units, comparing BEVs and ICE vehicles. The study encompasses a robust dataset of nearly
30,000 vehicles from around the globe, taking into account the impact of ambient temperature on
headlight operation. The investigation delineates the distinct thermal behaviors of the two vehicle
categories and offers strategic recommendations for conceptual modifications of headlights in BEVs.
These adjustments are aimed at enhancing headlight efficacy, prolonging lifespan, and furthering the
sustainability objectives of electric mobility.

Keywords: road environments; headlight; temperature behavior; battery electric vehicles; internal
combustion engine vehicles

1. Introduction

The rising popularity of battery electric vehicles (BEVs) represents a significant shift in
the automotive industry, with an increasing share of the overall vehicle market [1–3]. This
trend is driven not only by heightened environmental awareness but also by technological
advancements that make BEVs more appealing [3]. Thermal management is a crucial factor
affecting the performance and efficiency of BEVs, which differs significantly from that of
vehicles with internal combustion engines (ICEs) [4,5].

In ICE vehicles, the combustion process generates high temperatures, typically ranging
from 1500 ◦C to 2000 ◦C inside the combustion chamber. These temperatures necessitate an
effective cooling system to prevent engine overheating, particularly in conditions such as
traffic jams, direct sunlight, or uphill travel [6]. These high temperatures affect components
located in the engine compartment, such as the headlights. In contrast, the electric drive
in BEVs is more efficient and generates significantly less heat, which presents distinct
challenges. Precise control of battery temperatures is crucial, as both excessively high and
low temperatures can adversely affect battery performance and service life [5]. Optimal
operating temperatures for batteries typically range from 20 to 60 ◦C but can reach up to
90 ◦C under extreme conditions, particularly during fast charging or high load [5,7].
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This is especially true for battery electric vehicles (BEVs), which require more complex
thermal management due to varying thermal conditions. Situational cooling and heating
of the battery is necessary to maintain optimal performance [5,7]. Effective thermal man-
agement is crucial for battery performance and other vehicle components connected to
the engine compartment, such as headlights [8–10]. It is important to note that managing
waste heat from the engine can also affect the headlights in internal combustion engine
(ICE) vehicles. Temperature requirements vary depending on the lighting function [9–11].
For instance, daytime running lights are used during the day when ambient temperatures
are higher, while dipped and main beam headlights are used more often at dusk or at
night and therefore in colder environments [10]. However, it is essential to ensure that
the light functions meet their legal values in all possible driving situations stated in the
SAE—“Society of Automotive Engineers”—and the ECE—“Economic Commission for
Europe” [12,13].

In a related study focusing on the effects of ambient temperature on automotive LED
headlamps, researchers developed an effective test method to evaluate the impact of am-
bient temperature on the optical properties and power consumption of commercial LED
lamps. The findings indicated that while the correlated color temperature, chromaticity
coordinates, and angular light distribution remained relatively unaffected by changes in
ambient temperature (Ta), both illuminance and power consumption were significantly
impacted. Specifically, an increase in Ta from 30 ◦C to 60 ◦C resulted in a decrease in
illuminance by 16.6% for low beams and 21.7% for high beams. Similarly, power consump-
tion dropped by 21.4% and 22.2% for low and high beams, respectively. This reduction in
luminous flux could potentially disqualify LED headlamps that were initially compliant
with standards. The study attributed these declines to the increased resistance of peripheral
electronic devices within the LED lamp at higher temperatures. To mitigate this effect, the
study emphasizes the importance of heat dissipation in the design of automotive LED head-
lamps and suggests the potential use of current-stabilization devices to maintain consistent
luminous output. This testing method allows for the assessment of LED lamp performance
in higher ambient temperatures and helps identify areas for improvement in heat dissipa-
tion, enabling designers to make informed decisions about balancing performance and cost
when selecting cooling solutions for LED headlamps [14].

The longevity and efficiency of vehicle components, particularly LEDs, are signifi-
cantly impacted by thermal conditions, as noted by Arrhenius [15,16]. Standards such as
AEC-Q101 and LV-124 dictate the thermal requirements and lifetime testing procedures for
headlamps, which, in turn, influence the design of heat-dissipation solutions [9,17–19]. The
AEC-Q101 standard, specifically tailored for automotive electronic components, outlines
various stress tests to ensure the reliability of semiconductor devices under harsh automo-
tive conditions. These tests include temperature cycling, high-temperature storage, and
power cycling, all of which are designed to simulate the thermal stresses that components
will experience over their lifetime. The AEC-Q101 standard ensures that LEDs used in
headlamps can withstand these conditions without significant degradation in performance
or longevity [18]. The LV-124 standard includes tests like the high-temperature endurance
test and the temperature cycling endurance test), which verify the maximum temperatures
that components can endure throughout a vehicle’s life, as simulated by various driving
cycles. These standards ensure that headlamp components, including LEDs, can withstand
the thermal stresses encountered during normal vehicle operation [20,21]. However, the
thermal conditions experienced by headlamp components can differ significantly between
battery electric vehicles (BEVs) and internal combustion engine (ICE) vehicles, presenting
potential opportunities for optimized component design and testing procedures [17].

The research article by M. Manderscheid, M. Hamm, and M. Klaussner from Audi AG
investigates the thermal load differences in the headlamp environment between battery
electric vehicles (BEVs) and internal combustion engine vehicles (ICEVs). The study reveals
that BEVs exhibit a lower thermal load on headlamps, especially at lower speeds typical of
urban traffic. This is attributed to the absence of heat-generating engines in BEVs, which
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reduces the temperature stress on the headlamp systems. The findings suggest that BEVs
may have an advantage over ICEVs in terms of thermal management for headlamps, and
the data collected provide a basis for updating the thermal requirements for headlamp
design in electric vehicles [22].

The aim of this paper is to gain a comprehensive understanding of the thermal manage-
ment requirements in battery electric vehicles (BEVs) and compare them with those in internal
combustion engine (ICE) vehicles to provide new opportunities for requirements and the
design impact. The impact of these differences on headlamps was investigated. This analysis
aims to improve the efficiency and performance of battery electric vehicles (BEVs) while
promoting a sustainable and environmentally friendly future for the automotive industry.

This paper investigates the effects of ambient vehicle temperature and engine type
on the temporal proportion within specific temperature classes and the overall temporal
distribution (time share) across the entire temperature histogram of an LED headlight. This
study is driven by the following research questions:

1. Is there an influence on the temporal proportion (TP) within different temperature
classes (TCs) between the different engine types of battery electric vehicles (BEVs)
and internal combustion engine (ICE) vehicles?

2. Is there an influence on the overall temporal proportion (TP) of different temper-
ature classes (TCs) when considering the different engine types of BEVs and ICE
vehicles separately?

3. Is there an influence on the temporal proportion (TP) within different temperature
classes (TCs) across varying ambient vehicle temperatures (ATs)?

These issues are explored in more detail in the following Section 3.

2. Materials and Methods

This paper presents a detailed analysis of the thermal conditions in battery electric
vehicles (BEVs) and internal combustion engine (ICE) vehicles and their impact on the
temperatures inside the headlamp. To achieve this, a comprehensive amount of field data
from various vehicle models was examined. Data from a total of 7086 BEVs and 19,708 ICEs
was analyzed, selecting only those derivatives that are available as both BEVs and ICEs.
This allowed for a direct comparison of the thermal conditions under otherwise similar
circumstances regarding the headlight concept. All vehicles consisted of LED headlights.

2.1. Data Collection

The data collection involved using temperature sensors (NTCs) that are standardly
installed in the headlights of vehicles. The sensors were located on the circuit board of each
light function, close to the LED. It is therefore important to note that the temperature results
are not the air temperatures inside the headlamp. These sensors continuously recorded
the temperature while the vehicle was in operation, providing a comprehensive picture
of the thermal load under different operating conditions. The temperature conditions of
the headlights were recorded and transmitted as a temperature histogram with a total of
six temperature classes, which shows the duration in s of the activity of the temperature
sensor in each of the six temperature ranges (see Table 1).

Table 1. Classification of the temperature class ranges for the evaluation of the sensors in the
headlamps of the vehicles analyzed.

Temperature Class (Headlight) Temperature Range in ◦C

1 >0
2 0–40
3 40–70
4 70–90
5 90–110
6 >110
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As precise information on the exact ambient driving temperatures for each individual
vehicle was not available, the countries were categorized into specific ambient temperature
ranges. This categorization was based on the average annual temperature of the country
using the library Meteostat [23]. The corresponding categorization of average annual
temperatures is as follows.

The data analysis enabled the calculation of the time proportion that each temperature
sensor in the vehicle headlights spent in a specific temperature range. These temperature
classes were expressed as a percentage and used to create temperature histograms. The his-
tograms provide a visual representation of the temperature data distribution and symmetry,
enabling the identification and quantification of the highest and maximum proportion of
time in a particular temperature range.

A one-year period was selected to gather vehicle data. To ensure a focused and relevant
dataset, this study employed a rigorous selection criterion by limiting the vehicle mileage
to the 25th and 75th quantiles. This approach allowed for a more accurate representation
of typical vehicle usage and the associated thermal conditions of the headlights. The BEV
vehicles travelled an average of 6123 km and the ICE vehicles 8927 km during this time, as
shown in Figure 1. The period included both summer and winter conditions, providing a
comprehensive view of the thermal load throughout the year.
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Figure 1. Histogram of the mileage in km for all vehicles for the BEV and ICE engine types.

The data were divided into ambient temperature ranges, with a total of 8053 vehicles
analyzed at temperatures under 15 ◦C, 8716 at 15–20 ◦C, 6020 at 20–25 ◦C, 1806 at 20–25 ◦C,
and 1799 vehicles at ambient temperatures above 30 ◦C (see Figure 2).
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2.2. Methods

This study was designed to dissect the impact of vehicle engine types and ambient
temperature variances on the operational time distribution through a methodical statistical
approach. At the core of the analysis lies the application of Analysis of Variance (ANOVA),
specifically a mixed ANOVA, which is an advanced statistical method used to examine the
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effects and interactions between factors of different natures—between-subject and within-
subject. The between-subject factor in this investigation was the engine type, with two levels:
battery electric vehicles (BEVs) and internal combustion engine (ICE) vehicles. The within-
subject factor, temperature class (TC), was delineated into six levels (1–6), representing the
operational thermal states encountered. Furthermore, ambient temperature class (AT), with
five levels (1–5), was incorporated as another between-subject factor, capturing the range
of environmental temperatures to which the vehicles were exposed. The analysis involved
158,304 measurements from 29,516 vehicles, providing a substantial dataset for significant
statistical inference [24]. The implementation of a mixed ANOVA framework permitted
a detailed examination of the main effects of each factor, as well as the interaction effects
between engine type, temperature class, and ambient temperature class on the time share.

Supplementing the mixed ANOVA, a mixed linear model (MLM) was utilized to delve
into the nuances of the dataset. The MLM is particularly suitable for handling complex
data structures and accommodating repeated measures. The MLM analysis was focused
on assessing the influence of two fixed factors—the vehicle engine type (BEV and ICE)
and ambient temperature class (AT)—and their interactions on the proportion of time
(time share) spent within each temperature class (TC). Incorporating the MLM into the
methodological framework facilitated control over random effects and the correlation
between repeated measures, thus enhancing the precision and reliability of the conclusions
regarding time share across the varying temperature classes [24].

3. Results

In order to obtain a meaningful and comparable overview of the temperature his-
togram distribution of the BEV and ICE vehicles, the time in seconds within a temperature
class for all vehicles was converted into a percentage time share, and this was averaged
for all vehicles in each temperature class. This was conducted so that the sum of the time
shares of the six temperature classes resulted in a share of 100%.

In the first analysis, the overall temperature histograms for all vehicles are described
numerically and then analyzed statistically.

The general analysis of the temperature histograms, averaged over all vehicles and
ambient temperatures, revealed a difference in the distribution of the time shares when
comparing BEVs with ICEs (see Figure 3). When examining the distribution for BEVs, it is
evident that the largest proportion of time, with 58.59%, was in TC2, which corresponds to
temperatures below 40 ◦C. The second highest proportion of time was in TC3, with 36.2%.
Temperatures above 110 ◦C were not observed at all. Overall, the results demonstrate that
temperatures between 0 ◦C and 90 ◦C occurred 99.72% of the time. A further analysis of the
distribution of ICE vehicles revealed that the majority of the time was spent in TC3, with
a proportion of 52.17%. TC2 accounted for 38.83% of the time for the ICE vehicles. The
proportion of time spent below 90 ◦C was 99%. A comparison of BEVs and ICEs revealed
that ICE vehicles spent a greater proportion of their time in higher-TC conditions.
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3.1. Descriptive Results

To gain a more precise understanding of the development of the temperatures in
the headlamps in the different vehicle ambient temperatures, Figures 4–8 present the
temperature histograms for five different ambient temperature classes, which have already
been described in Section 2 (see Table 2). It is evident that no temperatures above 110 ◦C
(TC6) occurred in any of the ambient temperature histograms.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 
Figure 4. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 1 of <15 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT2 (see Figure 5) includes all vehicles purchased in 
an order country with an average annual temperature between 15–20 °C. A visual inspec-
tion of the histogram reveals that BEVs are represented in TC2 (0–40 °C) more than 50% 
of the time. For ICE vehicles, the highest proportion of time is in TC3 (40–70 °C), at 53.43%. 
This indicates a shift in the percentage of time spent in classes 2 and 3 for BEVs and ICEs. 
TC4 contains more than 5% of the time for BEVs and ICEs and is therefore also at the same 
level as ambient TC1. The proportion of time spent in classes 1 and 5 is less than 1%. Still, 
the temperatures for BEVs are lower than for ICEs, but a shift towards higher tempera-
tures is indicated for both engine types compared to AT1. 

 
Figure 5. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 2 of 15–20 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT3 (see Figure 6) includes all vehicles purchased in 
an order country with an average annual temperature between 20–25 °C. Upon examina-
tion of the histogram, it becomes evident that for BEVs, more than 50% (58.22%) of the 
time is represented in TC2 (0–40 °C). In contrast, for ICE vehicles, the highest proportion 
of time is located in TC3 (40–70 °C), representing 52.44% of the total time. This indicates a 
shift in the percentage of time spent in TC2 and TC3 for BEVs and ICEs, similar to that 
observed in AT2. TC4 contains more than 5% of the total time for BEVs and ICEs and 

Figure 4. Distribution of the headlamp temperature histogram across all vehicles and all lighting
functions for ambient temperature class 1 of <15 ◦C annual mean ambient temperature for BEVs
(light blue) and ICEs (dark blue).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 
Figure 4. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 1 of <15 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT2 (see Figure 5) includes all vehicles purchased in 
an order country with an average annual temperature between 15–20 °C. A visual inspec-
tion of the histogram reveals that BEVs are represented in TC2 (0–40 °C) more than 50% 
of the time. For ICE vehicles, the highest proportion of time is in TC3 (40–70 °C), at 53.43%. 
This indicates a shift in the percentage of time spent in classes 2 and 3 for BEVs and ICEs. 
TC4 contains more than 5% of the time for BEVs and ICEs and is therefore also at the same 
level as ambient TC1. The proportion of time spent in classes 1 and 5 is less than 1%. Still, 
the temperatures for BEVs are lower than for ICEs, but a shift towards higher tempera-
tures is indicated for both engine types compared to AT1. 

 
Figure 5. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 2 of 15–20 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT3 (see Figure 6) includes all vehicles purchased in 
an order country with an average annual temperature between 20–25 °C. Upon examina-
tion of the histogram, it becomes evident that for BEVs, more than 50% (58.22%) of the 
time is represented in TC2 (0–40 °C). In contrast, for ICE vehicles, the highest proportion 
of time is located in TC3 (40–70 °C), representing 52.44% of the total time. This indicates a 
shift in the percentage of time spent in TC2 and TC3 for BEVs and ICEs, similar to that 
observed in AT2. TC4 contains more than 5% of the total time for BEVs and ICEs and 

Figure 5. Distribution of the headlamp temperature histogram across all vehicles and all lighting
functions for ambient temperature class 2 of 15–20 ◦C annual mean ambient temperature for BEVs
(light blue) and ICEs (dark blue).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 15 
 

therefore also aligns with the level observed in AT1. Both AT1 and AT2 include less than 
1% of the time. For the first time, the percentage of ICE vehicles above 1% is in TC5. 

 
Figure 6. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 3 of 20–25 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT4 (see Figure 7) includes all vehicles purchased in 
an order country with an average annual temperature between 25 °C and 30 °C. Upon 
examination of the histogram, it becomes evident that the highest proportions of BEV and 
ICE vehicles, at 65% and 68.9%, respectively, are situated TC3 (40–70 °C). For ICE vehicles, 
the second highest proportion of time is in TC2 (0–40 °C), with 17.73%. For BEV vehicles, 
this figure is 29.34%. TC4 includes more than 5% of the time for BEVs and more than 10% 
for ICEs. TC1 contains less than 1% of the time. TC5 (90–110 °C) accounts for 1.48% of the 
time for ICE vehicles. 

 
Figure 7. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 4 of 25–30 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT5 (Figure 8) includes all vehicles purchased in an 
order country with an average annual temperature above 30 °C. Upon examination of the 
histogram, it becomes evident that the highest proportion of BEV and ICE vehicles, at 
62.63% and 61.98%, respectively, are situated within TC3 (40–70 °C), as in AT4. For ICE 

Figure 6. Distribution of the headlamp temperature histogram across all vehicles and all lighting
functions for ambient temperature class 3 of 20–25 ◦C annual mean ambient temperature for BEVs
(light blue) and ICEs (dark blue).



Appl. Sci. 2024, 14, 6654 7 of 14

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 15 
 

therefore also aligns with the level observed in AT1. Both AT1 and AT2 include less than 
1% of the time. For the first time, the percentage of ICE vehicles above 1% is in TC5. 

 
Figure 6. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 3 of 20–25 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT4 (see Figure 7) includes all vehicles purchased in 
an order country with an average annual temperature between 25 °C and 30 °C. Upon 
examination of the histogram, it becomes evident that the highest proportions of BEV and 
ICE vehicles, at 65% and 68.9%, respectively, are situated TC3 (40–70 °C). For ICE vehicles, 
the second highest proportion of time is in TC2 (0–40 °C), with 17.73%. For BEV vehicles, 
this figure is 29.34%. TC4 includes more than 5% of the time for BEVs and more than 10% 
for ICEs. TC1 contains less than 1% of the time. TC5 (90–110 °C) accounts for 1.48% of the 
time for ICE vehicles. 

 
Figure 7. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 4 of 25–30 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

The temperature histogram for AT5 (Figure 8) includes all vehicles purchased in an 
order country with an average annual temperature above 30 °C. Upon examination of the 
histogram, it becomes evident that the highest proportion of BEV and ICE vehicles, at 
62.63% and 61.98%, respectively, are situated within TC3 (40–70 °C), as in AT4. For ICE 

Figure 7. Distribution of the headlamp temperature histogram across all vehicles and all lighting
functions for ambient temperature class 4 of 25–30 ◦C annual mean ambient temperature for BEVs
(light blue) and ICEs (dark blue).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 15 
 

vehicles, the second highest proportion of time is located in TC4 (70–90 °C), with 21.83%. 
For BEV vehicles, the second highest proportion of time is in TC2, with 23.9%. Class 4 
includes more than 10% of the time for BEV vehicles and more than 20% for ICE vehicles. 
TC1 includes less than 1% of the time. TC5 (90–110 °C) accounts for 3.68% of the time for 
ICE vehicles. Still, the temperatures for BEVs are located in a lower overall TC than for 
ICEs. 

 
Figure 8. Distribution of the headlamp temperature histogram across all vehicles and all lighting 
functions for ambient temperature class 5 of >30 °C annual mean ambient temperature for BEVs 
(light blue) and ICEs (dark blue). 

In general, a shift in the time shares towards higher temperature classes with higher 
ambient temperature classes can be recognized, both for BEVs and ICEs. In the first three 
ambient temperature classes, a clear difference can be recognized in the individual tem-
perature classes between BEVs and ICEs. With higher ambient temperature classes, a lev-
elling of the temporal proportions can be seen. This indicates that saturation occurred. A 
statistical analysis was carried out to analyze the differences between the various engine 
types, the temperature classes in the headlamps, and the ambient temperature classes. 

3.2. Statistical Results 
In order to ascertain the effects of engine type (between-subject factor, two levels: 

BEVs/ICEs), temperature class (within-subject factor, six levels: 1–6), ambient temperature 
class (between-subject factor, five levels: 1–5), and their interactions on the time share, a 
statistical analysis was conducted. The analysis was conducted using a mixed ANOVA, as 
mentioned in the Section 2.2 (see Table 3) [23]. The results demonstrated that the main 
effect of temperature class on the time share was statistically highly significant (F(5, 
158,304) = 126.613, p < 0.001). This indicates that the temperature class exerted a significant 
influence on the time share. The effect size, as measured by the sum of squares, was the 
largest of all the factors analyzed, at over 73 million. The main effect of engine type and 
ambient temperature class and their interactions with other factors were not statistically 
significant, as the p-values were 1.0, which is well above the usual significance level of 
0.05. The F-values of these effects were almost zero, indicating that there was negligible 
variance between the groups. 

The interaction between engine type and temperature class was also statistically sig-
nificant (F(5, 158,304) = 4017.635, p < 0.001), indicating that the effect of temperature class 
on the proportion of the specific vehicles varied by engine type. The interaction between 
temperature class and ambient temperature class was also statistically significant (F(20, 
158,304) = 1412.962, p < 0.001), indicating that the effect of temperature class on the time 

Figure 8. Distribution of the headlamp temperature histogram across all vehicles and all lighting
functions for ambient temperature class 5 of >30 ◦C annual mean ambient temperature for BEVs
(light blue) and ICEs (dark blue).

Table 2. Classification of average annual ambient temperature ranges in the countries based on order
country of the vehicles.

Ambient Temperature Class Temperature Range in ◦C

1 <15
2 15–20
3 20–25
4 25–30
5 >30

The temperature histogram of AT 1 (see Figure 4) contains all the temperature his-
tograms of the vehicles purchased in an order country with an average annual temperature
below 15 ◦C. Upon examination of the histogram, it becomes evident that both BEVs and
ICEs are represented in TC2 (0–40 ◦C) with a frequency greater than 50% of the time. TC3
represents the second most common distribution, with 29% (BEVs) and 43% (ICEs). Class 4
is represented approximately 3% of the time for both BEVs and ICEs. Both class 1 and class
5 are represented less than 1% of the time. It is obvious that the temperature distribution of
BEV vehicles is lower than that of ICE vehicles.

The temperature histogram for AT2 (see Figure 5) includes all vehicles purchased in an
order country with an average annual temperature between 15–20 ◦C. A visual inspection
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of the histogram reveals that BEVs are represented in TC2 (0–40 ◦C) more than 50% of the
time. For ICE vehicles, the highest proportion of time is in TC3 (40–70 ◦C), at 53.43%. This
indicates a shift in the percentage of time spent in classes 2 and 3 for BEVs and ICEs. TC4
contains more than 5% of the time for BEVs and ICEs and is therefore also at the same level
as ambient TC1. The proportion of time spent in classes 1 and 5 is less than 1%. Still, the
temperatures for BEVs are lower than for ICEs, but a shift towards higher temperatures is
indicated for both engine types compared to AT1.

The temperature histogram for AT3 (see Figure 6) includes all vehicles purchased in an
order country with an average annual temperature between 20–25 ◦C. Upon examination
of the histogram, it becomes evident that for BEVs, more than 50% (58.22%) of the time is
represented in TC2 (0–40 ◦C). In contrast, for ICE vehicles, the highest proportion of time is
located in TC3 (40–70 ◦C), representing 52.44% of the total time. This indicates a shift in the
percentage of time spent in TC2 and TC3 for BEVs and ICEs, similar to that observed in
AT2. TC4 contains more than 5% of the total time for BEVs and ICEs and therefore also
aligns with the level observed in AT1. Both AT1 and AT2 include less than 1% of the time.
For the first time, the percentage of ICE vehicles above 1% is in TC5.

The temperature histogram for AT4 (see Figure 7) includes all vehicles purchased in
an order country with an average annual temperature between 25 ◦C and 30 ◦C. Upon
examination of the histogram, it becomes evident that the highest proportions of BEV and
ICE vehicles, at 65% and 68.9%, respectively, are situated TC3 (40–70 ◦C). For ICE vehicles,
the second highest proportion of time is in TC2 (0–40 ◦C), with 17.73%. For BEV vehicles,
this figure is 29.34%. TC4 includes more than 5% of the time for BEVs and more than 10%
for ICEs. TC1 contains less than 1% of the time. TC5 (90–110 ◦C) accounts for 1.48% of the
time for ICE vehicles.

The temperature histogram for AT5 (Figure 8) includes all vehicles purchased in an
order country with an average annual temperature above 30 ◦C. Upon examination of
the histogram, it becomes evident that the highest proportion of BEV and ICE vehicles, at
62.63% and 61.98%, respectively, are situated within TC3 (40–70 ◦C), as in AT4. For ICE
vehicles, the second highest proportion of time is located in TC4 (70–90 ◦C), with 21.83%.
For BEV vehicles, the second highest proportion of time is in TC2, with 23.9%. Class 4
includes more than 10% of the time for BEV vehicles and more than 20% for ICE vehicles.
TC1 includes less than 1% of the time. TC5 (90–110 ◦C) accounts for 3.68% of the time
for ICE vehicles. Still, the temperatures for BEVs are located in a lower overall TC than
for ICEs.

In general, a shift in the time shares towards higher temperature classes with higher
ambient temperature classes can be recognized, both for BEVs and ICEs. In the first
three ambient temperature classes, a clear difference can be recognized in the individual
temperature classes between BEVs and ICEs. With higher ambient temperature classes, a
levelling of the temporal proportions can be seen. This indicates that saturation occurred.
A statistical analysis was carried out to analyze the differences between the various engine
types, the temperature classes in the headlamps, and the ambient temperature classes.

3.2. Statistical Results

In order to ascertain the effects of engine type (between-subject factor, two levels:
BEVs/ICEs), temperature class (within-subject factor, six levels: 1–6), ambient temperature
class (between-subject factor, five levels: 1–5), and their interactions on the time share, a
statistical analysis was conducted. The analysis was conducted using a mixed ANOVA,
as mentioned in the Section 2.2 (see Table 3) [23]. The results demonstrated that the
main effect of temperature class on the time share was statistically highly significant
(F(5, 158,304) = 126.613, p < 0.001). This indicates that the temperature class exerted a
significant influence on the time share. The effect size, as measured by the sum of squares,
was the largest of all the factors analyzed, at over 73 million. The main effect of engine
type and ambient temperature class and their interactions with other factors were not
statistically significant, as the p-values were 1.0, which is well above the usual significance
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level of 0.05. The F-values of these effects were almost zero, indicating that there was
negligible variance between the groups.

Table 3. ANOVA results for the effects of engine type, temperature class, and ambient temperature
class on the proportion of number of vehicles and their interaction (*).

Source of Variation Sum of Squares Degrees of Freedom (df) F-Value p-Value

Engine type (C(Engine type)) 5.293 × 10−22 1 4.575 × 10−24 1
Temperature class (C(TC)) 7.323 × 107 5 1.266 × 105 <0.001

Ambient temperature class (C(Ambient_Temp_Klasse)) 3.136 × 10−22 4 6.778 × 10−25 1
Interaction: Engine type * Temperature class 2.321 × 106 5 4.017 × 103 <0.001

Interaction: Engine type * Ambient temperature class 1.936 × 10−22 4 4.182 × 10−25 1
Interaction: Temperature class * Ambient temperature class 3.269 × 106 20 1.412 × 103 <0.001

Three-way interaction: Engine type * Temperature class * Ambient
temperature class 2.881 × 105 20 1.245 × 102 <0.001

The interaction between engine type and temperature class was also statistically
significant (F(5, 158,304) = 4017.635, p < 0.001), indicating that the effect of temperature
class on the proportion of the specific vehicles varied by engine type. The interaction
between temperature class and ambient temperature class was also statistically significant
(F(20, 158,304) = 1412.962, p < 0.001), indicating that the effect of temperature class on the
time fraction varied by ambient temperature class. The three-way interaction between
engine type, temperature class. and ambient temperature class was also statistically signifi-
cant (F(20, 158,304) = 124.518, p < 0.001), indicating a complex interaction between these
three factors.

To summarize, temperature class has a strong influence on the time fraction, and this
effect is modulated by engine type and ambient temperature class.

As part of the statistical analysis, a mixed linear model (MLM) was used to analyze the
influence of two fixed factors—vehicle engine type (BEV and ICE) and ambient temperature
class (AT)—and their interactions on the proportion of time (time share) spent in a particular
temperature class (TC) [23].

The results of the model showed that the main effects of temperature class (TC) on the
proportion of time were statistically highly significant. The coefficients for TC2 to 6 ranged
from 66.809 to −0.209, with TC2 having the strongest effect with a coefficient of 66.809 and
a z-value of 257.494 (p < 0.001). This indicates that TC2 had the greatest influence on the
time share compared to the reference category (TC1).

The interaction between engine type and TC also showed significant effects. In
particular, for ICE vehicles in TC2, the time share was significantly lower (coefficient
−13.379, z = −39.041, p < 0.001), whereas in TC3, the time share was significantly higher for
ICE vehicles (coefficient 13.092, z = 38.202, p < 0.001). These significant interaction effects
show that the influence of TC on the time share varied according to engine type.

The three-way interaction between engine type, TC, and AT also showed significant
effects. For example, the interaction between ICE vehicles, TC2, and AT2 was significantly
negative (coefficient −4.128, z = −7.527, p < 0.001), indicating that the time share was lower
for ICE vehicles in this particular combination of temperature conditions. In contrast, the
interaction between ICE vehicles, TC3, and AT5 was significantly positive (coefficient 9.060,
z = 10.090, p < 0.001), indicating a higher time share in this configuration.

The variance component for the groups (vehicles) was estimated to be 0.198, indicating
some variability in the proportion of time spent in temperature classes between vehicles.
However, it should be noted that the model did not converge, which may affect the
interpretation of the results. The lack of convergence could be due to a number of reasons,
such as poor model specification or complex data structures, and this indicates that further
investigation is required to improve the model fit and stability of the estimates.

The mixed linear model results confirm the previously reported significant interac-
tion effects and provide additional insight into the dynamics of these interactions. The
statistical significance of the three-way interaction shows that the effect of a particular
temperature class on the time share depends not only on the engine type but also on the
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ambient temperature class, indicating a complex dependence on multiple environmental
and operational conditions. Overall, the application of the mixed linear model emphasizes
the need to consider the interactions between different factors when optimizing the time
fraction and generalizing the results to real-world application scenarios.

3.3. Regression Results

This section describes a method for analyzing the relationship between time and
temperature within headlamp systems of vehicles. Due to the data being a time share value
over a range of temperatures, a direct linear relationship cannot be determined. However,
by assigning a mean temperature value to each temperature class, an assumed progression
can be established. This allows for the calculation of a centroid, or center of gravity, for the
time progression over temperature for each ambient temperature class. Assuming a normal
distribution, the data points can be interpolated to create a continuous distribution curve.
From this, the temperature centroid for each class can be compared, revealing that the
centroid temperatures for ICE vehicles were consistently higher than those for BEVs, with
a difference of about 5 ◦C, or 80% to 85%. The analysis also indicates that higher ambient
temperatures resulted in higher headlamp temperatures, suggesting a linear relationship.
This was confirmed by applying a linear fit to the data points, which produced a high level
of fit with R2 values of 0.96 for BEVs and 0.99 for ICEs, indicating a strong correlation
(see Figure 9).
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4. Discussion

The core of this study was to explore the influence of different engine types on the
thermal behavior of vehicle headlamps. Specifically, the research questions aimed to
determine the following:

1. Whether the temporal proportion (TP) within different temperature classes (TCs) is
affected by the type of engine, comparing battery electric vehicles (BEVs) with internal
combustion engine (ICE) vehicles.

2. Whether the temporal proportion (TP) across different temperature classes (TCs) is
influenced when BEVs and ICE vehicles are considered separately.

3. Whether ambient vehicle temperatures (ATs) affect the temporal proportion (TP)
within different temperature classes (TCs).
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Answering research questions 1 and 2, the analysis of the temperature distribution
in the headlights of BEVs and ICE vehicles shows clear differences between the two types
of vehicles. The results suggest that BEV vehicles tend to have lower temperatures in
their headlights than ICE vehicles. This could be due to the different heat sources and
cooling mechanisms of the two vehicle types. While BEVs do not have combustion engines
and therefore produce less waste heat, ICE vehicles can reach higher temperatures in the
engine compartment and near the lighting units due to the combustion engine and its waste
heat. These variations were particularly evident during driving when the temperature data
were collected.

Regarding research question 3, the statistical analysis using a mixed linear model
(MLM) confirmed the significant differences between the temperature classes and showed
that the interaction between engine type and ambient temperature class has a significant
influence on the temperature distribution. The results of the three-way interaction indicate
that the ambient temperature class modulates the effect of engine type on headlamp
temperature. This may indicate that the thermal management strategies of the vehicles vary
at different ambient temperatures and thus influence the temperature inside the headlamp.

However, the lack of convergence of the MLM indicates that the model may not have
captured all the relevant variables or interactions. This could be due to the complexity
of the data structure or insufficient model specification. Future studies should therefore
improve the modelling and possibly consider additional factors that could influence the
temperature in the headlamps.

The regression analysis shows that as the ambient temperature increases, so does
the temperature inside the headlamp. This is consistent with the expectation that higher
ambient temperatures lead to higher operating temperatures in the vehicle. The high R2

values for BEVs and ICEs indicate that the headlamp temperature is linearly related to the
ambient temperature. This could be important for the development of cooling systems
and thermal management strategies, as it indicates a predictable relationship between the
ambient temperature and headlamp temperature. A comparison of the delta of the centroid
temperature between the BEVs and the ICEs showed a temperature difference of around
5 ◦C.

Compared to other studies in this research field, the results of the current analysis
align with the findings presented by Manderscheid, Hamm, and Klaussner from Audi AG,
reinforcing the claim that battery electric vehicles (BEVs) tend to have a lower thermal load
on headlamps when compared to internal combustion engine vehicles (ICEVs).

Overall, the results emphasize the importance of thermal management in vehicles, par-
ticularly with regard to the reliability and longevity of headlamp systems. The differences
in the temperature distribution between BEVs and ICEs could also have an impact on head-
lamp design requirements. As BEVs tend to operate at lower temperatures, the materials
and components used in BEV headlamps could potentially be specified differently to those
used in ICE vehicles. Requirements such as the temperature-life tests (high-temperature
endurance test, temperature cycling test, etc.) specified in LV124 [17] could be adapted to
the conditions prevailing in BEV vehicles. The lower temperatures can affect components
in such a way that, for example, cooling systems (such as heat sinks) can be made smaller.
This leads to lower weight, which in turn has a positive effect on the range of a BEV.
The cost aspect should also not be forgotten, which can also be reduced by lowering the
requirements for BEV vehicles.

It is important that vehicle manufacturers and suppliers take these findings into
account to optimize the efficiency and safety of vehicle lighting systems. Adapting the
design and materials to the specific thermal conditions of BEVs and ICEs can help improve
the performance and reliability of headlamp systems while increasing energy efficiency
and overall vehicle safety.

As the results also show that there are significant differences in the prevailing temper-
ature distribution in headlamps within different ambient temperatures, the question arises
as to whether region-specific requirements should be developed. However, the additional
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development effort and diversity must be considered, and the cost–benefit ratio must also
be considered.

It is important to note that the available data are a general temperature histogram,
and no precise conclusions can be drawn about the prevailing conditions of the individual
vehicle in relation to speed (when exactly did the respective temperatures occur). This
would have to be taken into account in subsequent analyses to draw conclusions about the
requirements of individual lighting functions such as daytime running lights, low beams,
and high beams.

It is important to remember that this study included different vehicles with different
headlamp designs. It is therefore important to note that different designs create different
thermal conditions in the headlamp and may therefore influence the results.

5. Conclusions

This study of the temperature distribution in the headlights of battery electric vehicles
(BEVs) and internal combustion engine (ICE) vehicles stands as a pivotal research area
with tangible impacts on the automotive industry’s strategies for headlamp design and
thermal management systems. The scientific justification for undertaking this research is
multifaceted; it is driven by the imperative to comprehend the distinct thermal behaviors
of various vehicle types and thereby to improve the efficiency, safety, and reliability of
headlamp systems. Importantly, this understanding facilitates the informed adjustment
of headlight design concepts for BEVs, which are becoming increasingly prevalent in the
automotive market. It was found that BEVs generally have lower headlight temperatures
than ICEs due to the different thermal profiles and cooling requirements of the two vehicle
types. These findings could help to adjust headlamp material and component specifi-
cations for BEVs compared to ICEs to optimize both the efficiency and safety of vehicle
lighting systems.

The statistical analysis using a mixed linear model revealed significant differences
between the temperature classes and the importance of the interaction between engine type
and ambient temperature class. The three-way interaction suggests that ambient temper-
atures have a modulating effect on the relationship between engine type and headlamp
temperature. However, the lack of convergence of the model indicates that further research
is needed to gain a full understanding of the underlying dynamics. The regression analysis
shows a linear relationship between ambient temperature and headlamp temperature,
which is important for the development of cooling systems and thermal management
strategies. The lower temperatures in BEVs could lead to a reduction in the thermal load
requirements of headlamp components, which could have a positive impact on weight,
range, and cost.

It is recommended that car manufacturers and suppliers use these findings to optimize
the design requirements for headlamp systems in BEVs. This could lead to a reduction
in costs and an improvement in energy efficiency and vehicle safety. In addition, the
development of region-specific requirements could be considered, although the additional
burden would need to be weighed against the benefits.

Finally, it should be noted that the available data provide a general picture of the
temperature distribution and do not allow for specific conclusions to be drawn about
individual vehicle conditions. Future studies should therefore consider specific vehicle
operating conditions, such as speed and lighting functions, in order to define more precise
requirements for headlamp systems and further improve overall vehicle performance.
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