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Abstract

:

Currently, studies regarding the factors influencing the real-world electricity consumption of electric motorcycles are lacking. The objective of this study was to examine the factors influencing the real-world electricity consumption of electric motorcycles when driving along an uncongested road network. This study developed an onboard measurement device to collect on-road data, including instant speed data and electricity consumption, from the test electric motorcycle while it was driving on a real-world road. Overall, 105 participants (n = 105) drove the test motorcycle along the uncongested urban road network. Multiple linear regression analysis was applied to explore the effect of influencing variables on the electricity consumption of electric motorcycles. The analysis results revealed that the rider’s weight and average running speed positively influenced electricity consumption, whereas decelerating time negatively influenced electricity consumption. Noticeably, the rider’s weight affected electricity consumption more than other factors. The lightweighting of electric motorcycles was mainly recommended to lower electricity consumption. Subsequently, CO2 emissions from electricity generation could be reduced.
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1. Introduction


Presently, greenhouse gas emissions are rising, particularly because of the burning of fossil fuels for energy. Global climate change is the effect of this, which must be immediately addressed. To limit temperature rise to no more than 2 °C, GHG emission rates must be reduced by 50% by 2050 [1,2]. The primary source of CO2 emissions is the transportation sector. Since most of its energy comes from fossil fuels, they contribute about 22% of global CO2 emissions. An interesting measure for lowering CO2 emissions from the transportation sector is the electric vehicle (EV). Previous studies have shown that equivalent CO2 emissions from electric motorcycles can be lower than those from gasoline motorcycles. For example, a study in Thailand showed a 56% reduction [3], and a study in Uganda revealed a 36% reduction [4]. Even though CO2 is not released when driving an electric vehicle, it is released when producing electricity from dirty energy sources like lignite, coal, and oil.



Currently, global electricity is generated from coal (36.7%), natural gas (23.6%), hydropower (15.7%), waste-to-energy (10.8%), nuclear (10.7%), and oil (2.8%). The majority of the electricity is thus produced using carbon energy, which cannot be recycled and produces CO2 emissions [5].



According to the Electricity Generating Authority of Thailand, 53% of the country’s electricity in 2022 was from natural gas, 17% was from imports, 10% was from renewable energy, 8% was from lignite, 7% was from coal, 3% was from water energy, and 1% was from oil. CO2 emissions from electricity generation were 0.435 kgCO2/kWh. However, the generation of electricity from clean energy sources, such as solar energy and wind energy, has tended to increase continuously. As a result, Thailand’s electricity generation has a tendency to reduce CO2 emissions over time [6].



The global demand for electric vehicles increased between 2016 and 2021, particularly in developing nations in Asia. Despite the COVID-19 pandemic, which may have delayed shipments and resulted in shortages of electric components, growth doubled between 2020 and 2021 [7]. However, the demand for electric cars continues to grow more rapidly than that for electric motorcycles, which is still a small market. To encourage motorcycle riders to use more electric motorcycles, studies on the development and usage of electric motorcycles from all perspectives are important.



Several studies have explored the influencing factors and consumer’s willingness and intentions for the adoption of electric vehicles [8,9,10]. Electric vehicles with lower weights consume less electricity [11]. Rather than changing the technology of the vehicle engine from the combustion engine to the electric motor, a change in driving behavior can also reduce energy consumption and CO2 emissions. An eco-driving cycle is a fuel-efficient driving behavior that saves fuel and lowers CO2 emissions. Eco-driving drivers consumed 39.3% less fuel and produced 17.4% less CO2 emissions [12]. A previous study [3] examined the real-world driving cycle, energy consumption, and CO2 emissions of electric and gasoline motorcycles while driving on a congested road network where motorcyclists’ driving behaviors were constrained. However, only one driver drove the test motorcycles. Therefore, the impact of driving behaviors on energy consumption and CO2 emissions from motorcycles may not be have been explored.



Therefore, this study aimed to examine the factors influencing the real-world electric consumption of electric motorcycles. The scope of this study focused on the effect of rider characteristics and driving behavior on electricity consumption while driving along an uncongested urban network. The literature review is presented in Section 2. Section 3 presents the research methodology. Section 4 describes the results and discussions, and Section 5 presents the conclusions and recommendations.




2. Literature Review


According to our literature review, numerous factors can influence the energy consumption of electric vehicles. We could classify the influencing factors into three main types, including driving behavior, vehicle characteristics, and driving conditions. The factors influencing electricity consumption are summarized in Table 1.



The driving behaviors influencing electricity consumption included speed and acceleration. Four-wheel electric vehicles consumed more electricity while their acceleration increased [13,14,15] and their speed increased [14,16].



The vehicle characteristics influencing electricity consumption included the weight of vehicles, state of charge of the battery, motor’s operating efficiency, as well as the air conditioner and ancillary components (like the radio and lights). Electricity consumption increased with increasing vehicle weight [11,17]. Electrical consumption decreased with greater motor operating efficiency. However, this decrease was highly sensitive to vehicle size. Increasing motor efficiency had a significant impact on the electricity consumption of larger vehicles but had little impact on smaller vehicles, like scooters [11]. Turning on the air conditioner and ancillary components in electric vehicles significantly increased electricity consumption [11]. A low state of charge of battery could dramatically increase electricity consumption [18].



The driving conditions influencing electricity consumption included traffic and road conditions. The road type or traffic condition had an effect on the electricity consumption. Driving on an arterial road consumed more electricity than driving on other types of roads, such as expressways, collector roads, and local roads in China [19]. On the contrary, city driving consumed less electricity than highway driving in India [11]. Road curvature had a significant effect on electrical consumption, while motorcycles traveling on a curved road consumed less electricity than on a straight road [20].



Many previous studies have researched energy consumption and CO2 emissions on four-wheel vehicles [11,13,14,15,16,18,19,21,22], but some of them have researched two-wheel vehicles [3,4,11,20]. A number of studies have applied models or simulations by software or in a laboratory to estimate electricity consumption [4,11,15,17,18,20,22,23,24]. A few of them [14,16,21] have collected real-world electricity consumptions of four-wheel vehicles, which achieved higher accuracy results. There was a limited study on the electricity consumption of two-wheel vehicles. A previous study [3] compared the energy consumption and CO2 emissions of electric and gasoline motorcycles on the real-world road. However, this study used only used one rider to test the test motorcycles; thus, the variance of driving behavior on electricity consumption had not been explored.



Therefore, this study aimed to determine the factors affecting the electricity consumption of electric motorcycles in real-world road conditions using a group of riders. The research hypothesis of this study was that the characteristics of the rider and driving behavior might influence the electricity consumption of electric motorcycles.





 





Table 1. Factors influencing the electricity consumption of electric vehicles.
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	Authors
	Types of Vehicles and Roads
	Estimations/Collections
	Influencing Factors





	Sweeting et al. (2011) [13]
	
	-

	
Four-wheel electric vehicle






	
	-

	
Powertrain simulation






	
	-

	
Driving behavior (higher acceleration, more electricity consumption)









	Yao et al. (2013) [19]
	
	-

	
Four-wheel light-duty electric vehicles






	
	-

	
Chassis dynamometer test






	
	-

	
Road type









	Saxena et al. (2014) [11]
	
	-

	
Two- and four-wheel light-duty electric vehicles






	
	-

	
Powertrain modeling methodology






	
	-

	
Road type




	-

	
Total vehicle mass




	-

	
Motor operating efficiency




	-

	
Air conditioner and ancillary components









	Wu et al. (2015) [14]
	
	-

	
Four-wheel electric vehicle




	-

	
City network and Freeway






	
	-

	
Real-world data collection






	
	-

	
Driving behavior (higher speed, higher acceleration, higher-grade roadway, more electricity consumption)









	Li et al. (2016) [21]
	
	-

	
Four-wheel electric vehicle




	-

	
Congested and uncongested urban network






	
	-

	
Real-world data collection






	
	-

	
Road topography




	-

	
Consumption (Heating, Ventilation, and Air Conditioning, HVAC)









	Wager et al. (2016) [16]
	
	-

	
Four-wheel electric vehicle




	-

	
Highway






	
	-

	
Real-world data collection






	
	-

	
Driving behavior (higher speed, more electricity consumption)









	Galvin (2017) [15]
	
	-

	
Four-wheel electric vehicle






	
	-

	
Chassis dynamometer test






	
	-

	
Driving behavior (higher acceleration, more electricity consumption)









	Farzaneh et al. (2018) [20]
	
	-

	
Two-wheel electric vehicle






	
	-

	
Electric Motorcycle (EMC) dynamic Model






	
	-

	
Road curvature









	Liao et al. (2021) [18]
	
	-

	
Four-wheel electric vehicle






	
	-

	
Powertrain simulation






	
	-

	
Battery state of charge (SOC)









	Mavlonov et al. (2023) [22]
	
	-

	
Four-wheel electric vehicle






	
	-

	
Powertrain simulation






	
	-

	
Efficiency map and the electric motor size















3. Research Methodology


3.1. Development of On-Board Measurement Device


This study developed an on-board measurement device following our previous studies [3,12,25]. The device was installed on the test motorcycle to collect on-road data when it was driving on the real-world road. The developed device could collect and record speed data and electricity consumption per second while the motorcycle was driving on the road network.



The 3000 W electric motorcycle, brand: STROM and model: PANTHER PNT-300L, with 5.8 kWh of lithium-ion battery power, manufactured by Strom (Thailand) Co. Ltd., Bangkok, Thailand, was selected for this study. Its maximum speed was 95 km/h. Its weight was 90 kg. This model had high performance among other models of electric motorcycles in Thailand.



The developed onboard measurement device consisted of several units. A distance measuring sensor, i.e., a hall-effect sensor, was applied to measure distance once every second and to calculate the instant speed. It was installed at the front wheel of the test electric motorcycle. An electrical current sensor was used to measure the electrical current (Amperes). A voltage sensor was applied to measure electrical difference (Volts). Data from both sensors were used to calculate the current rate of power flow (Watts). A GPS module was used to measure the existing location of the test electric motorcycle and installed at the back of the test electric motorcycle. The data logger was installed to record the data measured by all sensors. Figure 1 shows locations where the devices were installed on the test electric motorcycle.




3.2. Real-World Data Collection


The developed onboard measurement device was installed on the test electric motorcycle to collect on-road data. This study selected the road network in Khon Kaen University, Thailand, as the representative of an uncongested urban network for driving the test motorcycle to collect on-road data, as shown in Figure 2. This road network consisted of many long road sections where the riders could accelerate their speeds to the desired maximum speeds. The road topography did not have a high grade. The speed limit was 50 km/h, i.e., the urban speed limit.



Overall, 105 participants, 64.5% of whom were men and 35.5% of whom were women, rode the test electric motorcycle. The on-road driving data were collected during off-peak hours when traffic was not congested, allowing the riders to drive the motorcycle at their preferred speed. This road condition allowed the riders to perform their driving behavior freely. Although an electric motorcycle emits zero emissions, it was driving along the roadway, the electricity generation in Thailand that mainly provides electricity for EVs, which emits CO2 emissions (CO2 Emissions = 0.435 kgCO2/kWh) [6]. Therefore, we calculated the CO2-equivalent emissions (gCO2/km) from the measured electricity consumption of an electric motorcycle (kWh/km).




3.3. Data Analysis


This study explored the relationship between electricity consumption and influencing variables. Multiple linear regression analysis was applied as it has been widely used to analyze driving behaviors in many studies [21,26,27,28]. The dependent variable was electricity consumption. The independent variables were the variables of the characteristics of rider and motorcycle, including the rider’s gender and the rider’s weight, as well as variables of driving behavior, including the average overall speed, the average running speed, the average acceleration, the average deceleration, the accelerating time, the decelerating time, the cruising time, the idling time, and the PKE. The definitions of analysis variables are presented in Table 2.



The stepwise estimation was applied to include the variable in the multiple linear regression model. This process aimed to maximize the incremental explained variance at each stage of model construction. In the first step, the highest bivariate correlation was chosen. The variables that no longer met the significance level were checked and removed, and then the variable with the highest statistically significant partial correlation was added. The significance of partial correlations for variables not included in the equation was evaluated using the t value. They were calculated as a ratio of the additional sum of squares explained by adding a particular variable and the sum of squares left after including that same variable. If this t value did not exceed a significance level of 0.05, the variable would not be accepted to enter the equation [29].



The collinearity diagnostics, including tolerance and VIF, were applied to evaluate the impact of collinearity on the independent variables in the regression equation. The tolerance value indicated the amount of an independent variable’s predictive capability that could not be predicted by the other independent variables in the regression equation. Therefore, it represented the unique variance remaining for each variable. The VIF was the inverse of the tolerance value [29].





4. Results and Discussions


4.1. Validation Results of Developed On-Board Measurement Device


This study validated the distance measurement of a developed on-board measurement device by comparing the 1 km reference distance. The validation result of the developed on-board measurement device is presented in Table 3. It was found that the percentage of average error in measured distances was 0.006%. Consequently, the developed on-board measurement device could measure the distance with high accuracy.




4.2. Results of Real-World Data Collection


The descriptive statistics of real-world data are summarized in Table 4. The average electricity consumption was 57.83 Wh/km, higher than those of 1000 W electric motorcycle (28 Wh/km) [3] and the 1500 W electric scooter (33 Wh/km) [11], since this study used the test electric motorcycle with a higher motor power, i.e., 3000 W, therefore consuming more electricity. The average rider’s weight was 72.2 kg, which was 80% of the test motorcycle’s weight (90 kg). The average overall speed was 27.76 km/h. The running speed was 31.77 km/h, lower than that of the gasoline motorcycle driving on the same route (32.11 km/h) [12]. The average acceleration and the average deceleration were 0.77 m/s2 and −0.78 m/s2, respectively, lower than those of the gasoline motorcycles driving on the same route (0.85 m/s2 and −0.88 m/s2) [12]. The accelerating time, the decelerating time, the cruising time, and the idling time were 28.27%, 27.13%, 31.77%, and 12.64%, respectively. The average PKE was 0.99 m/s2, higher than that of the gasoline motorcycle driving on the same route (0.55 m/s2) [12]. In addition, the calculated CO2 equivalent emissions were 25.74 g·CO2/km, higher than that of the 1000 W electric motorcycle driving in a congested urban road network (14.17 g·CO2/km) [3]. The higher motor power, i.e., 3000 W, of this test electric motorcycle consumed more electricity and therefore emitted more CO2 equivalent emissions.



We may draw conclusions from the real-world data collection when riders were driving the electric motorcycle in an uncongested urban network, i.e., driving behavior was less constrained by traffic conditions. Although their average running speed, average acceleration, and average deceleration were lower than those of a gasoline motorcycle, their PKE was higher [12]. Due to differences in engine technology, the electric motorcycle with a 3000 W motor could produce less power than the gasoline motorcycle with a 113 cc internal combustion engine.




4.3. Results of Multiple Linear Regression Analysis


The result of the overall model fit assessment is displayed in Table 5. The adjusted R2 was 0.344, indicating the percentage of total variation in electricity consumption explained by the regression model consisting of the rider’s weight, average running speed, and decelerating time. The ANOVA analysis showed an F ratio of 19.182 and a significance level of 0.000, indicating that the total sum of squares (6880.605 + 12,076.157 = 18,956.762) was the squared error that would occur if only the mean of electricity consumption was used to predict electricity consumption. Using the values of the rider’s weight, average running speed, and decelerating time reduced this error significantly by 36.3 percent (6880.605 ÷ 18,956.762 × 100) [29].



The results of stepwise estimation are illustrated in Table 6. The final model included the rider’s weight, average running speed, and decelerating time. The t values of rider weight, average running speed, and decelerating time were 7.348, 2643, and −2.662, respectively, which were statistically significant at the 0.05 level. The rider’s weight had a partial correlation (1.848) and a Beta coefficient (0.595), indicating that when the rider’s weight increased, the electricity consumption also increased. The average running speed had a partial correlation (1.529) and a Beta coefficient (0.226), indicating that when the average running speed increased, the electricity consumption also increased. The decelerating time had a partial correlation (−0.954) and a Beta coefficient (−0.226), indicating that when the decelerating time increased, the electricity consumption decreased. The rider’s weight had a Beta coefficient higher than those of the average running speed and the decelerating time, indicating that the effect of the rider’s weight was greater than them. Regarding the results of collinearity diagnostics, the VIF of all variables was below 3, showing that the developed regression model had a complete lack of multicollinearity [29].



Based on the research hypothesis, it can be concluded that the rider’s characteristics and driving behavior influenced the electricity consumption of the electric motorcycles. The higher weight of the rider considerably resulted in higher electricity consumption. This finding is consistent with previous studies that have applied powertrain simulation and found that the loading weight of electric motorcycles influenced their electricity consumption [11,17]. Higher average running speeds caused more electricity consumption since electric motors consumed more electricity while running speeds increased. This finding is consistent with previous studies of two-wheel electric vehicles [3] and four-wheel electric vehicles [14,16]. In addition, the motors of electric motorcycles did not consume electricity while they were decelerating. In contrast, the internal combustion engine of gasoline motorcycles still consumed gasoline while they were decelerating and idling [3,12,30]. Nonetheless, the acceleration did not significantly influence the electricity consumption. This may be attributed to the fact that motorcycle riders did not significantly accelerate the test motorcycle due to their caution and lack of familiarity with the test electric motorcycle.



The findings from this study will lead to lower electricity consumption for electric motorcycles. Although the weight of motorcycle riders cannot be controlled, the lightweighting of electric motorcycle components, e.g., chassis, motor, and battery, should be emphasized. The lightweighting of electric motorcycles has become more popular as a result of significant investments in green energy by both the public and commercial sectors [31]. For example, Brammo manufactured the model Empulse (2012) using plastic to produce the chassis and carbon fiber to produce headlight shroud, fenders, top panel, and rear light housing [32]. The Zero Motorcycles used aircraft-grade aluminium for building the entire frame of the model MX (2013) to achieve mass reduction, which weighs between 101 and 120 kg [33]. Honda plans to manufacture the model EM1 e: (2024)using a plastic composite and aluminum to produce the rear wheel and front wheel, respectively [34]. However, the reduction in vehicle weight is achieved at the cost of more expensive materials and more complex manufacturing processes. This trade-off has raised the relevance of cost-effective vehicle lightweighting in electric motorcycle design.



The eco-driving behavior of motorcycle riders could reduce electricity consumption. For example, the real-world eco-driving cycle should be applied through the eco-driving training course or the eco-mode in an assistant device for motorcycle riders. This real-world eco-driving cycle has an average running speed of 12.7% lower than that of the non-eco-driving cycle, thus reducing the fuel consumption rate and CO2 emission rate by 39.3% and 17.4%, respectively [12]. The smart energy management system can communicate to the rider by receiving the importance of trip time reduction and presenting each optimal speed at straight and curve road alignment to optimize consumed electricity [35]. Alternatively, to streamline the use of energy, an application of speed limiter on vehicles was proposed. The auto-limit riding speed system based on battery level could increase the efficiency of electricity consumption on electric motorcycles by up to 57.3% [36]. Finally, CO2 equivalent emissions from electricity generation could be reduced.





5. Conclusions and Recommendations


This study aims to examine factors influencing the real-world electricity consumption of electric motorcycles when driving along an uncongested urban road network. An onboard measurement device was developed to collect on-road data, including speed data and electricity consumption by second, while the test electric motorcycle was driving on a real-world road. In total, 105 participants drove the test motorcycle along the road network at Khon Kaen University, Thailand. Multiple linear regression analysis was performed to explore the effects of the influencing variables on electricity consumption.



The analysis results revealed that the rider’s weight and average running speed positively influenced electricity consumption, but decelerating time negatively influenced electricity consumption while driving along the uncongested urban road network. However, the rider’s weight affected electricity consumption more than the average running speed, i.e., driving behavior, and decelerating time, i.e., engine technology. Although we could not limit the weight of the riders, the lightweighting of electric motorcycles has been recommended to lower electricity consumption. The eco-driving behavior of motorcycle riders could reduce electricity consumption. Subsequently, CO2 emissions from electricity generation could be reduced.



Future studies should expand on the experimental condition. To increase the likelihood that motorcycle riders will be more familiar with the test electric motorcycle, the pre-driving test should be extended more before data collection. The test electric motorcycle should include more diverse types, i.e., various motor powers. Various power consumption components, such as, drive unit, power going into the screen, DC-to-DC converter, and low-voltage systems, should be installed on the test electric motorcycle to measure their electricity consumption. The real-world driving data should be extended to collect data on more various road conditions, e.g., congested and mixed traffic road networks, as well as high-grade topography. The previous study found that dense signalized intersection networks affected the fuel consumption of gasoline motorcycles more than the driving behavior of motorcycle riders [30].
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Figure 1. Installation locations of the devices on the test electric motorcycle. 
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Figure 2. Route for real-world driving data collection at Khon Kaen University. 
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Table 2. Variables for analysis.
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Variables

	
Definitions






	
Independent variables

	




	
  Electricity consumption (kWh/km)

	
Electricity consumption of electric motorcycle




	
Variables of characteristics of rider




	
  Gender

	
Gender of motorcycle rider (0 = female, 1 = male)




	
  Rider Weight

	
Weight of electric motorcycle rider




	
Variables of driving behavior




	
  Average acceleration (m/s2)

	
Rate of change of speed above 0.27 m/s2




	
  Average deceleration (m/s2)

	
Rate of change of speed below −0.27 m/s2




	
  Average overall speed (km/h)

	
Average speed in a cycle, including every period.




	
  Average running speed (km/h)

	
Average speed in a cycle, excluding idle period.




	
  Idling time (%)

	
The proportion of time at speed is zero




	
  Cruising time (%)

	
The proportion of time obtaining an absolute change of speed ≥ 0.27 m/s2




	
  Accelerating time (%)

	
The proportion of time accelerating for ≥0.27 m/s2




	
  Decelerating time (%)

	
The proportion of time decelerating for ≤−0.27 m/s2




	
  Positive Kinetic Energy, PKE (m/s2)

	
Positive acceleration kinetic energy,

  PKE =   1   L    ∑  (   v   i   2   −   v   i − 1   2     )      and     v   i   2   >   v   i − 1   2     where vi = final speed at time i, vi−1 = initial speed at time i − 1, and L = distance











 





Table 3. Validation result of the distance measurement of the developed on-board device.
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	No.
	Reference Distance (m.)
	Measured Distance (m.)
	Error (%)





	1
	1000
	1000.69
	0.069



	2
	1000
	1000.44
	0.044



	3
	1000
	999.72
	−0.028



	4
	1000
	999.25
	−0.075



	5
	1000
	1000.18
	0.018



	Average
	1000
	999.97
	0.006










 





Table 4. Descriptive statistics of the collected real-world data.
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	Variables
	Max.
	Min.
	Mean
	S.D.





	Electricity consumption (Wh/km)
	89.94
	32.81
	57.83
