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Abstract 

Road transportation is a major contributor to the world’s increasing energy consumption and emissions. 
The objective of this work is to assess the viability of substituting internal combustion engine vehicles 
(ICEV) with electric vehicles (EV) for urban freight distribution operations in Lisbon, Portugal. On-board 
monitoring is used to gather second-by-second data to analyse real-world use of EV (Renault Kangoo 
Z.E.) and ICEV (Renault Kangoo dCi) in two urban freight distribution cases with distinct mobility 
patterns. During EV recharging, minute-by-minute data is obtained and charging profiles analysed. The 
Vehicle Specific Power (VSP) methodology is applied to study ICEV fuel consumption, CO2 and NOx 
emissions according to the power demand, also adapted to analyse EV energy consumption. A Well-
To-Wheel (WTW) analysis compares overall energy consumption and CO2 emissions of both vehicles.  

Mobility patterns are maintained when switching to EV, having sufficient range and charging availability. 
Actual EV range is 82 km and 107 km in each case. Estimated ICEV CO2 emissions average 330 g/km 
and NOx emissions average 529 mg/km. WTW analysis show EV use substantially decreases energy 
consumption (66% and 73%) and CO2 emissions (75% and 80%). Analysis of specific events confirm 
similar patterns for both vehicles, the EV has lower average speeds and maintains similar acceleration 
and VSP profiles, reducing energy consumption across all events studied: high-speed road 67.3%; 
traffic lights 62.3%; roundabouts 58.6%; steep uphill 59.8%; and steep downhill 158.3%. For the 
analysed parameters, EV is shown to be a superior alternative for urban freight distribution operations. 

Keywords: Electric Vehicles (EV); On-Road vehicle monitoring; Vehicle Specific Power (VSP); Well-

to-Wheel (WTW) analysis; CO2 emissions; NOx emissions.

1. Introduction 
The transportation sector is the fastest growing consumer of energy and producer of greenhouse gases 
in the world, responsible for over a quarter of the world’s total final energy consumption and CO2 
emissions, the vast majority of which come from road transportation, which continues to be a rapidly 
growing sector. The Paris agreement (United Nations Framework on Climate Change (UNFCCC), 2015) 
was adopted in December 2015 aiming to keep the increase in the global average temperature to well 
below 2 °C above pre-industrial levels. To achieve this ambitious goal requires major changes to current 
trends across various sectors including transportation. 

Over 50% of the world’s population currently lives in urban environments and the number is expected 
to rise to around 66% by 2050 (United Nations, 2014). Road transportation in urban environments is a 
major contributor to pollution, noise and air quality issues in cities. Indeed, the WHO classifies air 
pollution as the world’s single biggest environmental health risk, with 3.7 million deaths attributable to 
ambient (outdoor) air pollution in 2012 (World Health Organization, 2014). A move away from fossil fuel 
powered vehicles is needed to meet both energy and environmental goals, increasingly important as 
many diesel vehicles don’t meet emissions standards (Duarte, Gonçalves & Farias, 2014; Franco et al., 
2014) under real-world conditions. 

The introduction of zero emission electric vehicles (EV) to the fleet, substituting conventional internal 
combustion engine vehicles (ICEV) can reduce energy consumption, emissions of greenhouse gases 
and pollutants, improving the health and quality of life of the population. EV characteristics are suited 
to urban stop-and-go driving with regenerative braking and due to electric motors being much more 
efficient than internal combustion engines. Freight vehicles typically represent 8-15% of total traffic flow 
in urban areas, switching from ICEV to EV for urban freight distribution operations can play a significant 
role in improving air quality in cities. 

Consequently, the aim of this work is to assess the use of EV for day-to-day urban freight distribution 
operations in Lisbon, Portugal. Two case studies are carried out in collaboration with a mail distribution 
company, from a downtown distribution centre (Case 1) and from a suburban distribution hub (Case 2). 
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The study involved real-world monitoring of a conventional and an electric light commercial vehicle over 
3-week periods, focusing on 3 objectives: 

• Evaluation of the shift from conventional to electric vehicles for freight distribution operations. 

• Comparison of energy consumption and emissions between conventional and electric vehicles. 

• Analysing the differences between conventional and electric vehicles in specific driving events. 

2. Data and Methods 
The vehicles used for the case studies at both distribution centres are models of the Renault Kangoo 
van with identical capacity in terms of cargo: 3 m3 of load volume and 650 kg of payload: 

• ICEV: dCi 75 (diesel) model with 55 kW maximum power (75 hp), 180 Nm maximum torque, 
1280 kg kerb mass. Fuel consumption and CO2 emissions rated as 5.2 l/100km and 119 g/km. 

• EV: Z.E. (Zero Emissions) model with 44 kW of maximum power (60 hp), 226 Nm maximum 
torque, 1426 kg kerb mass including a 260 kg, 22 kWh Li-ion battery. 170km rated range. 

On-board monitoring is done with an i2D (intelligence to drive) device (Figure 1 (a)). The i2D device 
connects to the vehicle OBD port and collects, measures and automatically transmits micro-scale (1Hz 
frequency) driving data, including driving dynamics (speed, acceleration) and road topography from 
both vehicles. Additional engine data (mass or air flow, engine rpm and load, throttle position, etc.) is 
collected from the ICEV. The data logger also includes a barometric altimeter to collect road grade and 
a GPS for positioning and speed. (Baptista et al., 2015; Duarte, Rolim & Baptista, 2016). 

EV recharging data is collected using the Voltcraft Energy Logger 4000 (Figure 1 (b)). It collects minute 
by minute figures for voltage, current and power provided by the electricity grid while the vehicle is 
charged. The energy logger is used during all recharging events, making sure that at the start of each 
day the vehicle’s batteries are fully recharged.  

 
 

(a) (b) 

Figure 1 - (a) i2D (intelligence to drive) device and installation. (b) Voltcraft Energy Logger 4000. 

For data analysis, the Vehicle Specific Power (VSP) methodology is used to provide an estimate of the 
dynamic power due to vehicle speed, acceleration and road grade; all data collected via the i2D device. 
Since its introduction (Jiménez-Palacios, 1999), VSP has typically been used to evaluate fuel 
consumption of light duty vehicles and has been shown to be highly correlated with emissions. It’s a 
mathematical representation of engine load against aerodynamic drag, acceleration, rolling resistance, 
plus the kinetic and potential energies of the vehicle, all divided by the mass of the vehicle, as shown 
in equation ( 1 ): 

 
𝑽𝑺𝑷 =

𝑷𝒐𝒘𝒆𝒓

𝒎𝒂𝒔𝒔
=

𝒅
𝒅𝒕

(𝑬𝑲𝒊𝒏𝒆𝒕𝒊𝒄 + 𝑬𝑷𝒐𝒕𝒆𝒏𝒕𝒊𝒂𝒍) + 𝑭𝑹𝒐𝒍𝒍𝒊𝒏𝒈. 𝒗 + 𝑭𝑨𝒆𝒓𝒐𝒅𝒚𝒏𝒂𝒎𝒊𝒄. 𝒗

𝒎
=

= 𝒗 ∙ [𝒂 ∙ (𝟏 + 𝜺𝒊) + 𝒈 ∙ 𝐬𝐢𝐧 𝜽 + 𝑪𝒓𝒐𝒍𝒍] + 𝑪𝑨𝒆𝒓𝒐 ∙ 𝒗𝟑 =
= 𝒗 ∙ (𝟏. 𝟏 ∙ 𝒂 + 𝟗. 𝟖𝟏 ∙ 𝐬𝐢𝐧 𝜽 + 𝟎. 𝟏𝟑𝟐) + 𝟑. 𝟎𝟐 ∙ 𝟏𝟎−𝟒 ∙ 𝒗𝟑 

( 1 ) 

Where: 

• 𝑽𝑺𝑷 : Vehicle Specific Power (W/kg or m2/s3); 

• 𝒗 : Vehicle speed (m/s); 

• 𝒂 : Vehicle acceleration (m/s2); 

• 𝜺𝒊 = 𝟎. 𝟏 : mass factor, accounting for the translational mass of powertrain rotating components; 

• 𝒈 = 𝟗. 𝟖𝟏 : gravitational acceleration (m/s2); 

• 𝜽 : Road slope (rad); 

• 𝑪𝒓𝒐𝒍𝒍 = 𝟎. 𝟏𝟑𝟐 : rolling resistance coefficient for light duty vehicles (m/s2); 

• 𝑪𝑨𝒆𝒓𝒐 = 𝟎. 𝟎𝟎𝟎𝟑𝟎𝟐  : aerodynamic drag coefficient for light duty vehicles (m-1). 
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VSP is typically divided into 14 modes for application to light duty conventional vehicles, as shown in 
Table 1, grouping points of similar power per mass demand (W/kg). Modes 1 and 2 are assigned to 
negative power demand, related to deceleration and/or negative road slopes; mode 3 represents idling 
and modes 4 to 14 with positive power demand associated with increased speeds and acceleration. 
Using second-by-second data obtained via the i2D device, VSP values for the ICEV are determined 
and the fuel consumption rate could be calculated. From the consumption calculations, the emissions 
of CO2 and NOx (Duarte, Gonçalves & Farias, 2014) per VSP mode could be estimated. 

Table 1 - VSP binning and ranges of W/kg for each mode. (Baptista, Tavares & Gonçalves, 2014). 

 

The application of the VSP methodology to EV, used to estimate energy consumption based on battery 
charging data builds on previous approaches (Alves et al., 2016), with the electricity consumption curve 
as a function of VSP given by the system of 4 equations described in Table 2. Validation is done by 
selecting the 2 days that provide the best estimates from weekly sets, with the lowest errors and 
standard deviations, and comparing the estimate of the remaining trips with the consumption measured. 

Table 2 - System of equations for electricity consumption as function of VSP. 

 Equation Domain (W/kg) 

1st equation (linear) 𝑬 = 𝒂𝑽𝑺𝑷 + 𝒃 2.5 ≤ 𝑉𝑆𝑃 < 𝑉𝑆𝑃𝑚𝑎𝑥 
2nd equation (quadratic) 𝑬 = 𝒄𝑽𝑺𝑷𝟐 + 𝒅𝑽𝑺𝑷 + 𝒆 0 ≤ 𝑉𝑆𝑃 < 2.5 
3rd equation (quadratic) 𝑬 = 𝒇𝑽𝑺𝑷𝟐 + 𝒈𝑽𝑺𝑷 + 𝒉 −2.5 ≤ 𝑉𝑆𝑃 < 0 
4th equation (linear) 𝑬 = 𝒌𝑽𝑺𝑷 + 𝒍 𝑉𝑆𝑃𝑚𝑖𝑛 ≤ 𝑉𝑆𝑃 < −2.5 

A Well-To-Wheel (WTW) analysis is used to compare the environmental impact associated with both 
vehicles’ use. Well-to-Wheel combines both the upstream Well-to-Tank (WTT) stage, which includes 
everything from primary energy resource extraction through to the delivery of the energy to the vehicle, 
and the downstream Tank-to-Wheel (TTW) stage related to driving the vehicle. Energy consumption 
and CO2 emissions associated with each stage calculated (Baptista et al., 2012; JRC, Concawe & 
EUCAR, 2014). 

Differences between the vehicles in specific driving events are analysed using the monitored second-
by-second data. Table 3 shows a summary of events with the respective data binning intervals used 
and number of trips analysed for each event (sample): 

Table 3 - Cases, intervals and samples for each specific driving event analysed. 

Event Case Interval 
Sample 

EV ICEV 

High-speed road 2 50 m 15 13 

Traffic lights 1 and 2 10 m 108 111 

Roundabouts 2 10 m 27 (14 M + 13 A) 28 (13 M + 15 A) 

Steep uphill 1 10 m 43 46 

Steep downhill 1 10 m 74 (43 + 31) 74 (46 + 28) 

• A high-speed 2 km long open road where both vehicles travel unimpeded is analysed as a 
baseline. The initial section included an ascent with slope up to +7% in the first 500 m and there 
was a slight descent towards the end of the road (-4% for 700 metres). 

• Traffic lights are very common when driving in urban environments. Stopping events at different 
traffic lights on large avenues are analysed, considering the 250 m before and after the stop.  

• A Roundabout with morning and afternoon trips in different directions is analysed. The morning 
(M) sample analysed includes stops when entering the roundabout in 2 EV trips and 1 ICEV 
trip. From the afternoon (A) sample there are 6 EV trips and 3 ICEV trips with stops. 

• A Steep uphill road is analysed to verify the effect of the slope on both vehicles. The steepest 
road is around 175 m long with a difference in elevation of 33 m from beginning to end, an 
average slope close to 19%, with a minimum slope of 8% at the start and end of the road. 

• Steep downhill roads are analysed to verify the energy recovery potential of the EV. 2 different 
300 m sections, both narrow roads with intersections and average slopes around -10%. Section 
1 has a relatively constant descent whereas the section 2 descent is more variable, reaching a 
maximum slope of -15%. 
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3. Results 

Mobility Characterization 

The trips at the distribution centres have different mobility profiles, case 1 is based in downtown Lisbon 
and trips have more of a stop-and-go urban driving profile compared to the mixed profile at case 2. 
General statistics of the monitored trips are presented in Table 4: 

Table 4 - General statistics associated with trips. 

General statistics ICEV 1 EV 1 ICEV 2 EV 2 

Number of days monitored  15 15 14 15 

Average distance per day (km) 49.2 46.1 24.0 22.5 

Total distance travelled (km) 738 692 337 337 

Number of roundtrips 75 64 14 15 

Average number of roundtrips per day 5 4 1 1 

Average roundtrip time (driving hours) 0.9 1.1 1.2 1.2 

Average distance per roundtrip (km) 9.8 10.6 24.0 22.5 

% time idling per roundtrip 34.3 40.4 28.5 33.2 

Average speed (km/h) 13.1 11.5 16.0 13.7 

Average top speed (km/h) 43.0 43.9 40.4 41.2 

Maximum top speed (km/h) 108 93 97 93 

Vehicle usage is much higher in case 1 as there were several daily roundtrips averaging around 48 km 
whereas case 2 trips only involve one distribution roundtrip averaging 23 km. Overall mobility profiles 
and operational levels are maintained. The main differences between vehicle technologies during the 
monitoring periods are the noticeable decrease in daily distance travelled (around 7%) and slightly lower 
average speeds for the EV in conjunction with increased idling time in both cases. Most trips are very 
short, over 85% of all trips are less than 5 km and no trips exceed 20 km. 

EV Recharging Profiles 

The EV is always fully charged overnight, recharging statistics and profiles are presented below in Table 
5 & Figure 2, respectively. Case 1 has much more distance travelled, therefore more recharging. 

Table 5 - Recharging Statistics.  

Recharging profile 
Case 

1 
Case 

2 

Recharging events 16 15 

Total energy 
recharged (kWh) 

197.7 67.8 

Average energy 
(kWh) per charge 

12.35 4.52 

Energy consumption 
(kWh/km) 

0.292 0.206 

Average SOC before 
recharging 

44% 79% 

Average % of battery 
total recharged 

56% 21% 

Average duration per 
charge (h) 

5.62 2.05 
 

 
 Figure 2 – Energy Recharged (% minute-by-minute). 

There is sufficient charging availability for daily activities in both cases, taking less than 6 hours to fully 
recharge in case 1 and just over 2 hours in case 2. Range is not an issue for these operations, travelling 
on average less than 50 km each day, making the EV perfectly viable for these day-to-day operations. 
However, extrapolating from the recharging data, the real-world EV range is 82 km for case 1 and 107 
km for case 2, much lower than the 170 km NEDC rated range. 

Vehicle Specific Power Analysis 

The VSP distribution (Figure 3) shows most of the time is spent in low VSP modes as both vehicles 
spent over 90% of the time spent in modes 1 to 5 (VSP < 7 W/kg) with the ICEV spending more time in 
negative VSP (49% of the time in case 1 & 53.7% in case 2 vs 26.7% & 30.9%, respectively, for the EV) 
and the EV spending more time idling. Only 1% of the time is spent in modes 9-14 (VSP ≥ 16 W/kg), a 
very low figure which is expected in urban driving.  
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Case 1 has higher fuel consumption, peaking at 4.38 g/s in mode 14 compared to 3.45 g/s in case 2, 
due to the more aggressive urban driving profile. In VSP modes 1 to 5 (where 90% of time was spent) 
ICEV fuel consumption and the respective energy consumption in both cases is almost identical. 

 
Figure 3 - Time distribution of VSP modes during trips. 

EV energy consumption curves are determined using the VSP methodology, with the coefficients that 
minimized the error across all trips applied to the consumption equations (Table 2) shown in Table 6. 
The error between measured and estimated consumption is 6.2% with a standard deviation of 10.2%. 
Average EV energy recovery is 26.1% across both cases, 26.6% in case 1 and 25.7% in case 2. 

Table 6 - Selected coefficients for electricity consumption as function of VSP. 

𝒂 = 𝟎. 𝟑𝟖𝟗𝟗𝟑   𝒃 = 𝟏. 𝟒𝟓𝟗𝟗𝟗 

𝒄 = −𝟎. 𝟐𝟐𝟒𝟕𝟏   𝒅 = 𝟏. 𝟓𝟏𝟑𝟒𝟖   𝒆 = 𝟎. 𝟎𝟓𝟓𝟓𝟓𝟔 

𝒇 = 𝟎. 𝟎𝟎𝟖𝟖𝟖𝟗   𝒈 = 𝟎. 𝟑𝟎𝟓𝟗𝟑𝟒   𝒉 = 𝟎. 𝟎𝟓𝟓𝟓𝟓𝟔 

𝒌 = 𝟎. 𝟐𝟔𝟏𝟒𝟖𝟗   𝒍 = 𝟎 

A direct comparison of EV and ICEV energy consumption is presented in Figure 4. The results confirm 
the clear advantage of the EV in terms of energy consumption across all 14 VSP modes, plus the benefit 
of energy recovery in modes 1 and 2, making it preferable to the ICEV for the cases analysed. 

 
Figure 4 - EV and ICEV energy consumption in each VSP mode for all trips. 

Based on the fuel consumption calculations via the VSP methodology, ICEV CO2 and NOx emissions 
are estimated, with Figure 5 showing the respective emissions curves across the 14 VSP modes: 

 
Figure 5 - ICEV CO2 (left) and NOx (right) emissions for each VSP mode. 

Considering the VSP distribution of the monitored trips across both cases, average CO2 emissions are 
330 g/km and NOx emissions 0.529 g/km. NEDC CO2 emissions results are 119 g/km and the EURO 5 
NOx limit is 0.18 g/km, therefore the real-world emissions are 277% and 292% higher, respectively. 
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Well-to-Wheel analysis 

The WTW analysis shows reductions in both energy consumption and CO2 emissions with EV use. 
Energy consumption per km (Figure 6 (a)) decreases 66% in case 1 and 73% in case 2. CO2 emissions 
per km (Figure 6 (b)) has a reduction of 75% for case 1 case and 80% for case 2. 

  
(a) (b) 

Figure 6 - WTW energy consumption (a) and CO2 emissions (b) from ICEV & EV trips. 

Analysis of Specific Driving Events 

Several different driving events are analysed using the second-by-second monitoring data to verify the 
effect of changing vehicle technology and any differences in driver behaviour. In this section, several 
results are presented for every analysed event: the normalized adimensional speed (a), VSP (b), energy 
consumption (c) of both vehicles are presented as well as ICEV emissions (d) of CO2 and NOx. 

High-speed road 

Figure 7 shows the results from the high-speed road. The ICEV maintains a higher average speed (66 
km/h vs 62 km/h) until braking. The adimensional speed profiles (dividing the speed in each interval by 
average speed) are relatively similar, the VSP profiles has a few differences as the ICEV had a more 
aggressive acceleration in the initial uphill section and more aggressive braking at the end of the road. 

  
(a) (b) 

  
(c) (d) 

Figure 7 - EV and ICEV adimensional speed (a), VSP (b), Energy consumption (c), CO2 and NOx emissions (d) 
for high speed road events. 

Energy consumption details for both vehicles during an average traffic light event are shown in Table 7. 
Overall there is a 67.3% energy consumption reduction when using the EV instead of the ICEV, with 
the EV having negative energy consumption in the final phase due to the regenerative braking.  

Table 7 - EV and ICEV energy consumption details for high speed road events.  
EV Energy (kJ/s) ICEV Energy (kJ/s) EV vs ICEV 

Phase Distance (m) Total Average Total Average Difference (%) 

Accelerating x < 500 210.6 21.06 475.8 47.58 -55.7% 

Cruising 500 < x < 1700 132.0 5.50 349.4 14.56 -62.2% 

Braking x > 1700 -50.5 -5.61 67.3 7.47 -175.0% 

Overall 292.1 6.79 892.4 20.75 -67.3% 

ICEV CO2 and NOx emissions are highest in the initial uphill section of the high-speed road, averaging 
6.3 g/s (peaking at 10.1 g/s) and 0.03 g/s (peaking at 0.062 g/s), respectively, in the first 50 m, before 
power demand reduces along the road. These are the highest emissions in the monitored events. 
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Traffic lights 

Presented in Figure 8 are the results for the traffic light events, showing very similar adimensional speed 
(a) and VSP (b) profiles. Cruising speeds for both vehicles are around 50 km/h, with the EV braking and 
accelerating slightly more gradually than the ICEV.  

  
(a) (b) 

  
(c) (d) 

Figure 8 - EV and ICEV adimensional speed (a), VSP (b), Energy consumption (c), CO2 and NOx emissions (d) 
traffic light events. 

Energy consumption details for both vehicles during an average traffic light event are shown in Table 8. 
In the cruising and accelerating phases, the EV has similar relative energy consumption reductions over 
50%, increasing greatly in the braking phase due to energy recovery from EV regenerative braking. 
Overall, there is a 62.3% energy consumption reduction when using the EV instead of the ICEV. 

Table 8 - EV and ICEV energy consumption details for traffic light events.  
EV Energy (kJ/s) ICEV Energy (kJ/s) EV vs ICEV 

Phase Distance (m) Total Average Total Average Difference (%) 

Cruising x < -100 129.1 8.07 277.2 17.33 -53.4% 

Braking -100 < x < 0 -51.5 -5.15 50.9 5.09 -201.0% 

Accelerating x > 0 354.4 13.63 818.9 31.49 -56.7% 

Overall 432.1 8.31 1147 22.06 -62.3% 

ICEV CO2 and NOx emissions were highest during the acceleration phase after the stops, with CO2 
average emissions of 3.6 g/s and NOx average emissions of 0.0135 g/s in the 50-60 m section. Lower 
power demand than the high-speed road (13 W/kg vs 25 W/kg) meant lower emissions in this event. 

Roundabout 

Figure 9 shows the results for the roundabout events, the roundabout is approached from different 
directions during morning (M) and afternoon (A) trips, results from both sets of trips are presented.  

  
(a) (b) 

  
(c) (d) 

Figure 9 - EV and ICEV adimensional speed (a), VSP (b), Energy consumption (c), CO2 and NOx emissions (d) 
for roundabout events (M = Morning, A = Afternoon). 
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Both sets of trips round (25-30 km/h) and leave the roundabout (cruising speed 50 km/h) with similar 
speeds. The significant differences in adimensional speed between the trips are due to much higher 
approach speeds for the afternoon trips (average 48 km/h vs 28 km/h), which lead to lower relative 
speeds after the roundabout as well as lower initial power demand. Energy consumption details for both 
vehicles during both morning and afternoon trips are presented, respectively, in Table 9 and Table 10: 

Table 9 - EV and ICEV energy consumption details for morning (M) roundabout trips.  
EV M: Energy (kJ/s) ICEV M: Energy (kJ/s) EV vs ICEV 

Phase Distance (m) Total Average Total Average Difference (%) 

Approach x < 0 -0.5 -0.06 59.3 6.59 -100.9% 

Rounding 0 < x < 60 34.3 5.72 76.1 12.69 -54.9% 

Acceleration x > 60 165.6 16.56 243 24.3 -31.9% 

Overall 199.3 7.97 378.4 15.14 -47.3% 
 

Table 10 - EV and ICEV energy consumption details for afternoon (A) roundabout trips.  
EV A: Energy (kJ/s) ICEV A: Energy (kJ/s) EV vs ICEV 

Phase Distance (m) Total Average Total Average Difference (%) 

Approach x < 0 -77.8 -8.65 43.7 4.86 -278.1% 

Rounding 0 < x < 60 59.9 9.99 117.1 19.52 -48.8% 

Acceleration x > 60 191.2 19.12 413.2 41.32 -53.7% 

Overall 173.2 6.93 574 22.96 -69.8% 

Energy consumption during afternoon trips show much higher energy savings with the vehicle change 
compared to the morning trips. The lower VSP in the approach phase of the afternoon trips lead to 
much greater energy recovery. The differences are similar when rounding but upon exiting the 
roundabout the slope influences energy consumption, morning trips exit on a descent and the afternoon 
trips on a flat road, which contribute to increased energy consumption and emissions during the 
acceleration phase. Overall, energy consumption is reduced by 58.6% in the roundabout events. 

ICEV emissions, like energy consumption, are higher during afternoon trips. Both sets peak in the 90-
100m interval: CO2 emissions average 2.33 g/s in the morning trips and 4.82 g/s in the afternoon trips, 
with NOx emissions averaging 0.0078 g/s in the morning and 0.0208 g/s in the afternoon. 

Steep uphill 

Figure 10 shows the results for the steep uphill road. The ICEV ascends at higher speeds, averaging 
21 km/h vs 16 km/h for the EV, however, the adimensional speed profile when dividing by the average 
speed is almost identical. ICEV acceleration is higher initially, leading to the difference in VSP. The 
average VSP for the ICEV on the climb is 8.7 W/kg, with the EV having an average of 7.15 W/kg. 

  
(a) (b) 

  
(c) (d) 

Figure 10 - EV and ICEV adimensional speed (a), VSP (b), Energy consumption (c), CO2 and NOx emissions (d) 
for steep uphill events. 

The typical EV energy consumption for the entire climb is 267.1 kJ/s compared to 664.4 kJ/s for the 
ICEV, therefore EV use leads to a reduction in energy consumption of 59.8%. The reduction is similar 
to other events despite not having the benefit of regenerative braking as VSP was positive throughout 
the entire climb. ICEV CO2 and NOx emissions both peak in the 70-80 m interval where CO2 emissions 
average 4.4 g/s and NOx emissions 0.0129 g/s. 
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Steep downhill 

Figure 11 shows the results associated with the steep downhill roads analysed. Average speeds are 
low, 19.3 km/h for the ICEV compared to 17 km/h for the EV. The different intersections and variable 
traffic along the roads don’t allow for a smooth speed profile like previous events, however, speeds for 
both vehicles peak in the 140-150 m interval at 1.43x average speed. 

  
(a) (b) 

  
(c) (d) 

Figure 11 - EV and ICEV adimensional speed (a), VSP (b), Energy consumption (c), CO2 and NOx emissions (d) 
for steep downhill events. 

The ICEV has a lower average VSP (-6.17 W/kg vs -5.9 W/kg) but the EV has the huge advantage of 
energy recovery while descending. Table 11 shows energy consumption results for both descents. The 
overall energy consumption differences between the vehicles is in line with the other braking events. 
ICEV energy consumption is relatively similar for both sections, and the lengths and average slopes 
along both sections are about the same. However, the EV recovers 47.8 kJ/s more energy in section 2 
than in section 1, a 52.5% increase, while the ICEV energy consumption increases slightly. The more 
variable slope in section 2, with steeper parts (reaching -15%) appears to contribute to increased energy 
recovery compared to the descent along section 1. 

Table 11 - EV and ICEV energy consumption details for steep downhill events. 

 EV ICEV EV vs ICEV 

Road Energy (kJ/s) Difference (%) 

Section 1 -91.0 178.6 -151.0% 

Section 2 -138.8 188.2 -173.8% 

Combined -106.6 182.7 -158.3% 

ICEV CO2 and NOx emissions are minimal for these steep downhill sections as the vehicles spends the 
descent in negative VSP. CO2 emissions stays below 1 g/s and NOx emissions peak between 50-60 m 
at 0.00055 g/s, both much lower amounts than found in other events. 

4. Conclusions 
On-road monitoring is used in two case studies over 3-week periods, gathering real-world second-by-
second data to compare EV and ICEV performance during day-to-day urban freight distribution 
operations. Each vehicle travels over 1000 km during monitoring, evaluating the effects of the change 
in vehicle technology on energy consumption, greenhouse gas and pollutant emissions. 

Responding to the objectives set, the real-world case studies show that battery electric vehicles are 
perfectly viable for these types of day-to-day urban freight distribution operations, being ideally suited 
to stop-and-go city driving, maintaining operational levels without major changes to the mobility profile. 
The EV show no issues in terms of reliability or range as the average distance travelled during day-to-
day activities didn’t exceed 50 km and there is sufficient overnight charging availability to fully recharge 
the EV every night, with no recharging events exceeding 7 hours. The EV has a rated range of 170 km, 
however the projected real-world range is just 82 km for case 1 and 107 km for case 2, which could 
lead to range anxiety with longer operations, similar applications that allow EV to be fully charged 
overnight and contain relatively short trips are appropriate for EV use. 

The VSP methodology is applied to define the energy consumption of both the EV and the ICEV and 
calculate local ICEV emissions. EV energy consumption is estimated based on the battery charging 
data, with estimated consumption having a mean absolute error of 6.2% and standard deviation of 
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10.2% in relation to measured consumption across all trips, an error well within the expected range for 
the methodology. Energy consumption is lower with the EV across the entire VSP range, especially in 
high VSP modes and in negative VSP due to regenerative braking. The estimated EV energy recovery 
is around 26% for the monitored trips. ICEV emissions are estimated using the VSP methodology, with 
CO2 emissions averaging 330 g/km and NOx emissions averaging 529 mg/km. Real-world estimates of 
both CO2 and NOx emissions are almost 3 times higher than test results. 

WTW analysis show that switching from ICEV to EV leads to a reduction in energy consumption of 66% 
in case 1 and 73% in case 2, and reductions in CO2 emissions of 75% in case 1 and 80% in case 2. 
WTT results were relatively similar between both vehicles, the major difference in energy consumption 
is found in the TTW stage with an 80% reduction in energy consumption across both cases when using 
the EV and the elimination of local emissions. 

Analysis of specific driving events show the EV has slightly lower speeds than the ICEV, maintaining 
similar acceleration and VSP profiles overall, while substantially reducing energy consumption in all 
events: 67.3% on the high-speed road, 62.3% for traffic lights, 58.6% on roundabouts (50.6% on 
morning trips and 67.2% on afternoon trips), 59.8% on a steep uphill and 158.3% on steep downhills 
(151% in the first descent and 173.8% on the second descent with steeper sections). 

For the analysed parameters, the EV is shown to be a superior alternative, greatly reducing energy 
consumption and emissions, which can bring substantial benefits to the quality of life of the population. 

Future work could include analysing how to further reduce energy consumption and maximize recovery, 
a long-term look at battery degradation and looking at EV use in operations with much larger vehicles. 
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