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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. 
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Resumo 

O Transporte rodoviário é um dos principais responsáveis pelo crescente consumo energético e de 

emissões. O objectivo deste trabalho é a avaliação da viabilidade da substituição de veículos 

convencionais (ICEV) por veículos eléctricos (EV) em operações de distribuição urbana em Lisboa. 

Monitorização em estrada é utilizado para adquirir dados segundo-a-segundo e analisar a utilização 

do ICEV (Renault Kangoo dCi) e EV (Renault Kangoo Z.E.) em 2 casos estudo com diferentes padrões 

de mobilidade. Nos carregamentos do EV, dados minuto-a-minuto são recolhidos e os diferentes perfis 

analisados. A metodologia Vehicle Specific Power (VSP) é aplicada para estudar o consumo de 

combustível e emissões de CO2 e NOx conforme a potência exigida do ICEV, também adaptada para 

analisar o consumo energético do EV. Uma análise do poço às rodas (Well-to-Wheel, WTW) compara 

consumo energético e emissões de CO2 dos veículos. 

Os padrões de mobilidade mantêm-se com a mudança para EV, havendo disponibilidade suficiente de 

autonomia e carregamento. A autonomia do EV é 82 km e 107 km nos 2 cases. No ICEV, emissões de 

CO2 são 330 g/km e de NOx 529 mg/km. A utilização de EV traz descidas no consumo energético (66% 

e 73%) e emissões de CO2 (75% e 80%). Análise de eventos específicos mostram padrões 

semelhantes, tendo o EV velocidades mais baixas, mantendo aceleração e VSP, reduzindo consumo 

energético: via rápida 67.3%; semáforos 62.3%; rotundas 58.6%; subida íngreme 59.8%; e descida 

íngreme 158.3%. Nos parâmetros analisados, o EV demonstra ser uma alternativa superior para 

operações de distribuição urbana. 
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1 Introduction 

1.1 Background 

1.1.1 Energy consumption in the transportation sector 

Transportation has been a fundamental part of human life and the development of civilizations 

throughout the ages. As technology has advanced, humans have been able to travel farther, 

transporting greater amounts of goods at increased speeds. Today however, with the increase in 

population and its ever-increasing needs, the transportation sector faces huge challenges, particularly 

with regards to energy consumption and the emission of pollutants. 

As the world has developed increasingly quickly, transportation needs and the associated energy 

consumption has also increased rapidly. The transportation sector1 has been responsible for around a 

quarter of the world total final consumption (TFC) since 1971 (International Energy Agency, 2016b), 

with the consumption in the transportation sector increasing at a faster rate than the total energy 

consumption, as shown in Figure 1-1. 

 
Figure 1-1 Worldwide TFC and consumption in transport (EJ = 1018J) from 1971 to 2014 (International Energy 

Agency, 2016b).   

In OECD countries, energy consumption in the transportation sector is higher than the worldwide share, 

around 33% of the TFC. In Portugal, Transportation accounted for 33.3% of TFC in 2013 and 33.6% in 

2014 (International Energy Agency, 2016a, 2016b), amongst the highest International Energy Agency 

(IEA) member countries with respect to the share of transport in TFC. The remaining TFC is divided 

between industry (36.7% in 2013), which is the sector with the highest consumption, residential (16.3%) 

                                                      
1 By the IEA definition, the transportation sector includes road, rail, domestic aviation, domestic 
navigation, pipeline transport and other non-specified applications. 
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and commercial (13.7%) sectors. Overall TFC has decreased over 20% from a 2005 peak of 20.5 Mtoe 

to around 16.2 Mtoe in 2013 and 2014, notably contracting since the 2008 economic crisis as shown 

by the yearly TFC trend in Figure 1-2 (International Energy Agency, 2016a). 

 
Figure 1-2 Total Final Energy consumption by sector (Mtoe) in Portugal from 1973 to 2013 (International Energy 

Agency, 2016a). 

Historically, the transportation sector in Portugal has relied on oil as the main fuel source (Figure 1-3), 

the use of alternative fuels has surged over the past decade, with biofuels and waste accounting for 

4.9% of energy consumed by transport in 2013, first introduced in transport in 2006. Oil represented 

94.3% in 2013 while electricity and natural gas together accounted for 0.8% (International Energy 

Agency, 2016a). Currently, in Portugal and around the world, over 90% of energy consumption in the 

transportation sector relies on refined oil products (Figure 1-4). 

 
Figure 1-3 TFC in transportation sector in Portugal (Mtoe) by source 1973-2013 (International Energy Agency, 

2016a) 
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Figure 1-4 Energy consumption in the transportation sector (PJ = 1015J) by source in 2013: Portugal (left) & 

Worldwide (right) (International Energy Agency, 2015b). 

Within the transportation sector, most of the final energy consumption is allocated to road transportation, 

since in 2013 it accounted for around 95% of energy consumption within the sector in Portugal and 75% 

worldwide (International Energy Agency, 2016a, 2016b). Portugal is particularly dependent on road 

transport, being responsible in 2014 for 87.2% of freight transport and 95.9% of passenger transport 

(Eurostat, 2017). As of 2012, road transportation alone accounted for half of total final global oil demand 

(International Energy Agency, 2015a). The reliance on fossil fuels, particularly the dependence on oil, 

has various risks associated such as maintaining a steady supply (lots of oil in politically unstable 

regions) as well as the enormous concerns regarding air pollution and climate change. 

The importance and urgency of tackling climate change has been recognised by the international 

community, with the Paris Agreement (United Nations Framework on Climate Change (UNFCCC), 

2015) adopted by consensus by 195 countries at the 21st Conference of the Parties of the UNFCCC 

(COP21) with the aim of holding the increase in the global average temperature to well below 2°C above 

pre-industrial levels, recognizing that this would help reduce the risks and impacts of climate change.  

To achieve the ambitious aim of the Paris agreement, drastic changes will have to occur in the way 

energy is consumed, moving away from fossil fuels. Without action, global transport energy demand is 

expected to increase nearly 75% over 2012 levels by 2050, remaining relatively stable in OECD 

countries but increasing by more than 150% in non-OECD countries, with the importance of road 

transport increasing and the share of total final global oil demand consumed by transport continuing to 

rise over the next decades. The IEA 2ºC scenario, a projection for keeping the increase in global 

average temperature below 2ºC, requires road transportation energy consumption in 2050 to reduce 

and stabilize around the same levels as the year 2000 (1400 Mtoe), as shown in Figure 1-5 

(International Energy Agency, 2015a). 
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Figure 1-5 Road transportation energy consumption (Mtoe) 2000-2050 6ºC increase vs 2ºC increase in global 

average temperature (International Energy Agency, 2015a). 

In addition to changes in energy consumption, reducing emissions of pollutants and greenhouse gases 

(GHG) is of the utmost importance to improve health and to achieve the goal of keeping global average 

temperature increase below 2°C. 

1.1.2 Air pollution and urban population 

The World Health Organization (WHO) has described air pollution as the largest single environmental 

health risk. Due to the consumption of oil products and other fossil fuels in transportation, pollutant 

emissions are a major concern. Globally, around 3.7 million deaths were attributable to ambient 

(outdoor) air pollution in 2012. Reducing air pollution could save millions of lives (World Health 

Organization, 2014). 

The transportation sector is one of the main sources of GHG emissions, responsible for around 23% of 

current energy-related GHG emissions (Sims et al., 2014), with road traffic representing 74% of the 

total, and growing faster than any other end use sector. GHG emissions are anticipated to rise from 

today’s levels by close to 50% until 2050 with air pollution and associated health problems also 

increasing drastically, unless major action is undertaken (Sims et al., 2014; Lima-Paris Action Agenda 

(LPAA), 2015; International Energy Agency, 2015b, 2015a). 

The IEA 2°C scenario in Figure 1-6 shows that to avoid an increase of 2ºC in global average temperature 

requires a reduction of GHG emissions from 2012 levels by around 60% across all sectors by the year 

2050, down to 14 GtCO2, while aiming to attain net zero emissions in the second half of the century. 

GHG emissions in the EU reduced by 22.1% between 1990 and 2015 (Eurostat, 2017), a very positive 

trend with improvements in efficiency, technological advancements and adopting cleaner alternatives 

to fossil fuels all playing a part in reducing emissions. In the IEA 2ºC scenario, 22% of the contribution 

to reduction comes from transportation (International Energy Agency, 2015a). 
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Figure 1-6 GHG Emissions 1990 – 2050. Current trend: 6ºC increase vs 2ºC increase in global average 

temperature (International Energy Agency, 2015a). 

In addition to concerns related to GHG emissions, the WHO has issued guidelines with regards to 

several key pollutants that pose health risks: particulate matter (PM), nitrogen dioxide (NO2), ozone (O3) 

and sulphur dioxide (SO2) (World Health Organization, 2006). Legal limits have been established by the 

EU on concentrations of sulphur dioxide (SO2), nitrogen dioxide and oxides of nitrogen (NOx), particulate 

matter (both PM2.5 & PM10), lead, benzene and carbon monoxide (CO) in ambient air within a zone 

(European Parliament & Council of the European Union, 2008). Progress has been made in reducing 

pollutant emissions across all sectors, Figure 1-7 shows the emissions in the EU between 2000 and 

2015, with PM2.5 decreasing by 25.9%, NOx by 40.7% and SOx by 72.2%. 

 
Figure 1-7 EU-28 air pollutant emissions (PM2.5, NOx, SOx) from 2000-2015. Index 2000=100 (Eurostat, 2017). 

Road Traffic is the largest contributor to PM emissions (Karagulian et al., 2015) and NOx emissions 

(Eurostat, 2017). Catalytic converters and increasingly stringent European emissions standards for new 

diesel and gasoline powered passenger cars (Table A-1) and light commercial vehicles (Table A-2) have 

had a very positive effect in reducing pollutant emissions. Between 2000 and 2015, EU transport related 

emissions of PM10 decreased by 40.5% and NOx emissions decreased by 45.7% (Eurostat, 2017). 
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However, the New European Driving Cycle (NEDC), used to test new cars in the EU to comply with the 

Euro standards, is recognized as a low load cycle. Many studies show that under real-world driving 

conditions, emissions are much higher than levels measured under the NEDC and also well above the 

established legal limits (Pelkmans & Debal, 2006; Duarte et al., 2014; Franco et al., 2014; Hu et al., 

2012). The Volkswagen diesel emissions scandal, where software was utilized to circumvent the United 

States Environmental Protection Agency (EPA) emissions standards tests for NOx, with real emission 

levels up to 40 times higher than emissions standards (U.S. Environmental Protection Agency, 2016), 

has led to increased scrutiny of car manufacturers and combustion engines in general. High levels of 

pollutant emissions are especially problematic in cities where congestion is higher and population is 

more concentrated. 

Urban population accounted for 54% of the total global population in 2014, up from 34% in 1960, and 

is expected to increase to 66% by 2050 (United Nations, 2014). This increase in urbanisation brings 

many benefits (Meyer, 2013) as well as many challenges. As population keeps increasing, the 

dominance of private transport leads to increased congestion and increasing road traffic leads to an 

increase of emissions and noise while worsening air quality. Cities across Europe have implemented 

urban access regulation schemes to improve air quality and reduce congestion, with particular attention 

paid to historic city centres to keep the areas attractive to residents and tourists (European Commission, 

2015). Schemes used include: urban road tolls or congestion charges which charge access to certain 

spaces, and low emission zones which restrict access to certain spaces for high emission vehicles. 

Air quality across Europe has improved in recent years, but WHO guidelines and EU limits are still being 

exceeded regularly in many urban parts of Europe (see Table 1-1). This has serious health impacts with 

an estimated 403,000 premature deaths originating from long-term exposure to PM2.5 and 72,000 from 

NO2 (Guerreiro et al., 2015). The WHO and OECD attempted to quantify the monetary cost, estimating 

an annual cost of health impacts and mortality from air pollution at US$ 1.575 trillion (WHO Europe & 

OECD, 2015) with road traffic responsible for around 50% of these costs (OECD, 2014). 

Table 1-1 Percentage of the urban population in the EU‑28 exposed to air pollutant concentrations above EU and 
WHO reference concentrations (μg/m3) (2011–2013) (Guerreiro et al., 2015). 

 

As with many other cities across Europe; the Portuguese capital city of Lisbon suffers from air pollution 

above the established legal limits. Due to ongoing issues and concerns with the elevated levels of air 

pollution, two Low Emission Zones (Zonas de Emissões Reduzidas [ZER]) have been introduced in 

Lisbon, as shown in Figure 1-8. (Câmara Municipal de Lisboa, 2015). 
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Figure 1-8 Low-emission zones (Zonas de Emissões Reduzidas [ZER] 1 & 2) and locations of air quality 

monitoring stations in Lisbon, Portugal (Câmara Municipal de Lisboa, 2015). 

The biggest concern with regards to air quality in the city of Lisbon is at Avenida da Liberdade (ZER 1), 

with measurements consistently showing excessive levels of PM10 and NO2 (frequently exceeding both 

annual average limits and the higher established daily and hourly limits). The concentration of NO2 at 

the Entrecampos (ZER 2) monitoring station was on average above the 40 µg/m3 limit up until 2012, 

but has been maintained below the threshold ever since (see Table 1-2). The ZER’s have had a positive 

impact in reducing pollutant concentrations, however not enough to maintain all pollutant levels below 

the legally imposed limits, and still far from WHO Guidelines (PM10 annual mean of 20 µg/m3) (World 

Health Organization, 2006; Ferreira et al., 2012; Agência Portuguesa do Ambiente, 2016).  

Table 1-2 Concentrations of Emissions of PM10 & NO2 as measured at Avenida da Liberdade & Entrecampos 
2009-2014. Values exceeding legal limits in red (Data adapted from (Agência Portuguesa do Ambiente, 2016)). 

 

Various different urban mobility measures have been presented and can be introduced to help improve 

the air quality in Lisbon (Ferreira et al., 2012; Audenhove et al., 2014; European Environmental Bureau, 

2015; Wefering et al., 2014). With the dominance of private transportation, moving away Internal 

Combustion Engine Vehicles (ICEV), towards cleaner alternatives can certainly provide major benefits. 

Monitoring 

Station Pollutant

Limits (Daily/Hourly Limits = 

times exceeding legal limit) 2009 2010 2011 2012 2013 2014

Yearly average (40 µg/m3) 69.4 64.9 61.4 58.1 52.8 53.2

Hourly (200 µg/m3) for 18 hours 69 21 37 13 15 20

Yearly average (40 µg/m3) 39.4 41.4 44.3 38.3 33.8 30.0

Daily (50 µg/m3) for 35 days 92 88 113 76 38 31

Yearly average (40 µg/m3) 51.7 46.1 41.4 41.7 38.8 37.0

Hourly (200 µg/m3) for 18 hours 13 15 0 8 0 2

Avenida da 

Liberdade
PM10 

NO2 

NO2 Entrecampos
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1.1.3 Electric Vehicles 

The use of Electric vehicles (EV) is an alternative to conventional ICEV that can reduce emissions, 

improving air quality in cities. EV have been around since the 19th century. However, the development 

and mass production of inexpensive internal combustion engine (ICE), along with road infrastructure 

that allowed long range travel which EV weren’t suited for, made the ICE the main propulsion method 

for road vehicles for over a century. Today, the increased awareness of the environmental impact of 

GHG and pollutant emissions associated with the current petroleum-based infrastructure, as well as 

concerns over oil price shocks and supply, has led to a renewed interest in cleaner alternatives to ICEV. 

Several forms of electrification of vehicles to obtain low emission and more efficient performances have 

been developed (Trigg et al., 2013): 

• Hybrid Electric Vehicles (HEV). These combine a conventional ICE propulsion system with an 

electric propulsion system to improve in efficiency and fuel economy compared to similar ICEV. 

The first mass produced HEV was the Toyota Prius, although compared to similar ICEV high 

costs were an issue (Lave & MacLean, 2002). The 2016 Toyota Prius Eco ranked as the most 

fuel efficient gasoline-powered car available in the US without plug-in capability, with fuel 

economy of 4.2 l/100km (56 MPG) (U.S. Department of Energy, 2016). 

• Plug-in Hybrid Electric Vehicles (PHEV). These are hybrid electric vehicles with a high-capacity 

rechargeable battery, capable of using electricity as its primary propulsion source. There are 

two basic PHEV configurations: Series and Parallel. Series PHEV only use the electric motor 

to turn the wheels, using the ICE to generate electricity. Parallel PHEV have both the ICE and 

electric motor connected to the wheels, both are used to propel the vehicle in most driving 

conditions. Electric-only range is limited to between 15 and 80 km. An example of a PHEV is 

the Chevrolet Volt; the 2016 model has an 18.4 kWh Lithium-ion battery and an all-electric 

range of around 80 km (50 miles), with fuel economy of 3.05 l/100km (77 MPG: 106 MPGe [31 

kWh/100miles] on electricity, 42 MPG on gasoline) (U.S. Department of Energy, 2016). 

• Battery Electric Vehicles (BEV). These are all-electric vehicles propelled by an electric motor 

(instead of an ICE) powered by energy stored in on-board batteries. These vehicles are more 

efficient and produce zero local pollutant or GHG emissions. Typically, BEV batteries have a 

larger capacity than PHEV: some popular models are the Nissan Leaf and the Tesla Model S. 

The Nissan Leaf has a 24 kWh Lithium-ion battery giving range up to 135 km and the equivalent 

fuel economy of 2.06 l/100km (114 MPGe [30 kWh/100miles]). The high end Tesla Model S 

P100D (100 kWh battery) has a range up to an estimated 507 km (315 miles) on the EPA cycle 

and 613 km on the NEDC cycle, with the equivalent fuel economy of 2.4 l/100km (98 MPGe [35 

kWh/100miles]) (U.S. Department of Energy, 2016; Tesla Motors, 2016).  

• Fuel Cell Electric Vehicles (FCEV). These run on a fuel cell that generates an electrical current 

by converting the chemical energy of a fuel, such as hydrogen (the emission from the process 

being water vapour), into electrical energy to power its on-board electric motor. Currently there 

is very limited hydrogen infrastructure and the technological challenges with hydrogen make it 

unlikely to become competitive in terms of cost with ICEV and EV. 



9 
 

There are several barriers of entry to the car industry that EV must overcome. The main issues when 

compared to conventional ICEV are: the costs of acquisition, performance and range, battery charging 

time and infrastructure for charging. (Egbue & Long, 2012; Trigg et al., 2013; Transportation Research 

Board and National Research Council, 2015). Despite significant barriers to entry, EV sales have grown 

rapidly in recent years, the global electric car stock surpassed 2 million units (61% BEV and 39% PHEV) 

in 2016 with sales with over 750,000 units worldwide (International Energy Agency, 2017), Figure 1-9 

shows monthly sales for the past 3 years, surpassing 100,000 units for the first time in December 2016. 

 
Figure 1-9 Chart of Global Monthly Plug-in Vehicle Sales (PHEV & BEV) between 2014 and 2016 (Source: 

http://www.ev-volumes.com/). 

At this stage of electric car market deployment, policy support is still indispensable for lowering barriers 

to adoption. Cities are taking leadership roles in encouraging EV adoption, a third of global EV sales in 

2015 were in 14 cities. The adoption of EV should keep accelerating as costs continue to decrease and 

the advantages become more apparent with increased investment in infrastructure as well as advances 

in battery technology leading to higher performance and range (International Energy Agency, 2017). 

One of the major advantages of EV is efficiency. Electric motors are much more efficient (usually around 

80%, maximum efficiency above 95%) than ICE (maximum efficiency typically between 30% and 40%), 

Figure 1-10 and Figure 1-11 show efficiency maps for a 65 kW ICE and a 2012 Nissan Leaf EV, 

respectively. The difference in motor efficiency means EV can convert around 60% of electrical energy 

from the grid to power at the wheels compared to conventional vehicles that convert about 20% of the 

energy stored in gasoline to power at the wheels.  

 
Figure 1-10 Torque-speed and efficiency map of a 65 kW ICE (Gupta, 2015). 

http://www.ev-volumes.com/
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Figure 1-11 Efficiency map for 2012 Nissan leaf EV (motor + inverter) (Burress & Campbell, 2013). 

Electric motors are less sensitive to speed (how fast the engine is spinning) and load (how hard the 

engine is working) than ICE, as the efficiency maps above show. A large portion of the Nissan Leaf’s 

operation map yields operational efficiencies above 90%, with efficiency below 70% only for very low 

speeds and low torques (Burress & Campbell, 2013), whereas the decrease in efficiency away from 

optimal conditions is more pronounced in ICE. The two types of motors also have very different torque 

profiles, torque delivery in an ICE has some lag, with maximum torque being delivered at a much higher 

engine speed (4000 rpm in Figure 1-10) than the electric motor which produces maximum torque right 

away at low engine speed. This difference in engine behaviour can lead to a very different driving 

experience. 

Other noteworthy properties are the near silent operation of an electric motor, zero local emissions 

produced and substantially less excess heat due to fewer moving parts and not relying on combustion. 

These factors should be advantageous in terms of maintenance compared to an ICE. The electric motor 

can also be used as a generator under braking; this provides a major benefit compared to ICE as the 

EV batteries can be recharged by way of regenerative braking. 

When a vehicle is in movement and needs to slow down, applying the brakes reduces the excess kinetic 

energy which slows the vehicle down. With a conventional braking system, the friction created by 

braking transforms the kinetic energy into heat which is dissipated and therefore the energy is simply 

wasted. A regenerative brake is different as it attempts to recapture part of the excess kinetic energy 

and store it for future use. In the case of EV, when slowing down the vehicle, the electric motor serves 

as a generator, converting the excess kinetic energy into chemical energy which is stored in the 

vehicle’s battery and can then be used to power and drive the vehicle. The graph in Figure 1-12 shows 

an example of a vehicle slowing down combining friction and regenerative braking (also showing 

regenerated power) to meet the desired demand of deceleration. The high efficiency of electric motors 

and regenerative braking make EV very advantageous compared to ICEV in stop-and-go city driving. 
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Figure 1-12 Example of combined friction and regenerative braking (Source: Autoblog). 

Around 10% to 20% of energy can typically be saved via regenerative braking in an EV, increasing 

efficiency and extending range by giving the batteries extra energy to power the vehicle. Various types 

of batteries are possibly viable for use in EV but the standard has become Lithium-Ion batteries. 

Lithium is the lightest metal element, it has the greatest electrochemical potential and provides the 

largest energy density per weight, making it advantageous for batteries. However, the lithium metal is 

inherently instable and a safer alternative solution, albeit with lower specific energy, was developed 

using lithium ions (Li-ion). Compared to other battery chemistries, Li-ion presents several advantages 

such as superior specific energy or energy density (due to a high cell voltage of 3.60V), low maintenance 

as it does not need a deliberate full discharge to stay in good shape, no toxic materials and relatively 

low self-discharge (less than half that of nickel based batteries). The advantageous properties and cost 

reductions from economies of scale have helped make Li-ion batteries the universally accepted battery 

for a wide range of different applications from consumer electronic to vehicles and heavy industry. 

Figure 1-13 shows a Ragone plot which compares the characteristics of several electrical energy 

storage and conversion devices that have been considered for use in vehicle applications (Park, 2014). 

The abscissa is specific power (which can be thought of as acceleration in a vehicle) and the ordinate 

is specific energy (or range of a vehicle), the ratio of energy to power is the time of discharge of the 

battery which is shown in the graph with the diagonal lines. Current Tesla EV batteries have an energy 

density around 250 Wh/kg, achieving the EV goal shown in the graph, today’s battery technology can’t 

provide the same specific energy and range as an ICE and high battery costs are the main issue with 

the uptake of EV. Research and development, plus mass production prospects are leading to rapid 

battery cost declines, from over US$ 900/kWh in 2009 to current prices under US$ 200/kWh, and 

increases in energy density.  Continuous improvements from technologies currently being researched 

confirm that this trend will continue, narrowing the cost competitiveness gap between EV and ICE, with 

price parity projected to be when battery pack costs fall below US$ 100/kWh. (International Energy 

Agency, 2017; McKinsey & Company, 2017). 



12 
 

 
Figure 1-13 Ragone plot (specific power density in W/kg vs. specific energy density in Wh/kg) of various 

electrochemical energy storage and conversion devices (Park, 2014). 

 

1.2 State of the art 

With the various concerns associated with transportation in terms of energy consumption and emissions 

presented in the framework, a lot of research has been done looking at possible sustainable solutions. 

With the adoption of EV possibly being part of the solution for clean and sustainable mobility, particularly 

in urban areas, many studies have looked at the various effects of the adoption of EV and compared 

the use of EV with ICEV in different applications, using both numerical simulations and real-world cases. 

Researchers at Carnegie Mellon University (CMU) published several studies looking at the adoption 

potential of electric vehicles as well as the benefits and costs associated with their use. They found that 

driving conditions can have a major effect on economic and environmental benefits of EV, with stop-

and-go city driving can lead to a cut in life cycle emissions by 60% and costs up to 20% relative to ICEV 

while offering marginal emissions reductions and higher costs under highway driving (Karabasoglu & 

Michalek, 2013). Public chargers could help make BEV more attractive but a more cost effective way 

to reduce gasoline consumption was adding battery capacity to PHEV (Peterson & Michalek, 2013). 

A study at CMU used aggregate data from Nissan Leaf users, finding annual energy consumption 

increased by 15% on average in both cold regions (upper Midwest USA) and hot regions (Southwest 

USA, where HVAC energy consumption could be around 50% higher) compared to the milder pacific 

coast. Median range in San Francisco (on the pacific coast) was 122 km (76 miles) with a minimum of 

112 km (70 miles), a decrease of 8%. In colder climate cities in Minnesota, the median range was 112 

km (70 miles) with a minimum of 72 km (45 miles), a 36% reduction from the median. In Phoenix, where 

the daily average temperature can be as high as 41ºC, the median range was 111 km (69 miles) with a 

minimum range of 78 km (49 miles), a 29% decrease from the median value (Yuksel & Michalek, 2015). 
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An in-depth study compared life cycle GHG emissions from several light-duty passenger gasoline and 

plug-in electric vehicles (PEV) across US counties by accounting for the combined effects of regional 

differences due to marginal grid mix, ambient temperature, patterns of vehicle miles travelled and 

driving conditions (city versus highway) (Yuksel et al., 2016). The life cycle GHG emissions from 3 PEV: 

a 2013 Nissan Leaf BEV, a 2013 Chevrolet Volt PHEV, and a 2013 Toyota Prius PHEV were analysed 

relative to 2 gasoline vehicles: A Toyota Prius HEV (most efficient gasoline vehicle on the market) and 

a Mazda 3 i-ELOOP (with an energy recovery braking system). Figure 1-14 below shows the results 

across the USA, with the Prius PHEV being lower emitting than the Mazda 3 in all counties and the 

Chevrolet Volt having higher emissions than the Prius HEV in all counties. Other combinations have 

differing results; counties with both cold weather and very carbon-intensive electricity grid will lead to 

much higher emissions for EV (Figure 1-14 dark red areas in the Midwest). 

 
Figure 1-14 Estimated difference in life cycle GHG emissions (gCO2eq mi−1) of selected plug-in electric vehicles 
(2013 Nissan Leaf BEV, 2013 Chevrolet Volt PHEV, and 2013 Prius PHEV) relative to selected gasoline vehicles 
(2010 Prius HEV and 2014 Mazda3). In each case blue indicates that the PEV has lower GHG emissions than the 
gasoline vehicle, red indicates the PEV has higher GHG emissions than the gasoline vehicle. (Yuksel et al., 2016). 
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Figure 1-15 shows the results from a sample of distinct counties in the two regions with lowest (Western 

Electricity Coordinating Council - WECC) and highest (Midwest Reliability Organization - MRO) 

electricity generation CO2 factors. Life cycle CO2 emissions for the different EV were much lower than 

for the Mazda 3 ICEV in the WECC region for city driving and similar in highway driving. In the MRO 

region, the high CO2 factors associated with electricity generation led to higher emissions for all EV, 

particularly affecting the Nissan Leaf EV, with life cycle CO2 emissions increasing by around 50%. In 

city driving life cycle CO2 emissions of all the various types of EV were lower than the ICEV analysed. 

 
Figure 1-15 Life cycle CO2 emissions in gCO2eq mi−1 in selected counties. Vehicles are ordered from lowest to 

highest degree of electrification (Yuksel et al., 2016). 

A team at the Massachusetts Institute of Technology (MIT) recently developed a model (TripEnergy) 

combining datasets from expansive travel surveys and high-resolution GPS second-by-second driving 

data (California, Texas, and Georgia) to estimate the energy requirements of personal vehicle trips 

across the US. Findings showed that, given current driving patterns, 87% of cars on an average day 

could be replaced with a current-generation electric vehicle such as the Ford Focus Electric or the 

Nissan Leaf with only once-daily charging (for example overnight charging at home); showing that range 

anxiety is an overblown concern in the vast majority of cases. The overall cost to vehicle owners 

(including both purchase and operating costs) was no greater than that of conventional internal-

combustion vehicles; The large daily adoption potential was shown to be remarkably similar across both 

dense and more sprawling U.S. cities, ranging from 84 percent to 93 percent. They concluded that if 

90% adoption potential was reached, this could replace about 60% of gasoline consumption and reduce 

emissions about 30% taking into account today’s fossil fuel-based supply mix (Trancik et al., 2016). 
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China has experienced huge economic growth over the last few decades and is the second largest 

economy in the world. With large concerns over air pollution in the major cities, a lot has been invested 

in EV R&D and it is currently the world leader in EV sales. Studies have shown that Chinese consumers 

are more likely to adopt EV compared to those in the USA (Helveston et al., 2015). China is the world’s 

largest electricity consumer and is currently very reliant on coal, which contributes around 76% of the 

total electricity generation. A life cycle assessment of greenhouse gas and air pollutant emissions of EV 

was carried out comparing China and the USA using the GREET (Greenhouse Gases, Regulated 

Emissions, and Energy Use in Transportation) model. The results again showed the emissions depend 

substantially on the carbon intensity and cleanness of the electricity mix, varying significantly across 

different regions with different grids. If EV were charged with 80% renewable electricity, they could 

reduce GHG emissions by more than 85%, reduce SO2 and NOx emissions by more than 75%, and 

reduce PM emissions by more than 40% (Huo et al., 2015). 

In Beijing, a study analysed the energy consumption of EV in the city based on real-world driving 

patterns. GPS loggers were used to collect data from 112 vehicles, a total of 4892 trips and circa 10,000 

km travelled. They compared 4 typical driving cycles associated with Beijing traffic 

(downtown/suburban; peak/nonpeak) with the NEDC and 2 US cycles: Urban Dynamometer Driving 

Schedule (UDDS) and Highway Fuel Economy Driving Schedule (Wang et al., 2015). 

Conventional vehicles (ICEV) were found to be intensively sensitive to the driving conditions: fuel 

consumption for ICEV on the Beijing Downtown Peak Hour cycle (BDPH) was 14.85 l/100 km; 66% & 

60% higher than that of NEDC & UDDS cycles. HEV were found to be much less sensitive to driving 

conditions than ICEV, with fuel consumption on the BDPH cycle 5.84 l/100 km, with the NEDC and 

UDDS cycles 19% and 29.5% higher respectively. BEV are less sensitive to driving conditions, the 

BDPH cycle had energy consumption of 20.12 kWh/100 km, which was 12.7% and 22.4% higher than 

that of NEDC and UDDS cycles, respectively. Real world fuel consumption in Beijing compared to the 

US is shown in Figure 1-16, clearly illustrates the decrease in EV consumption compared to ICEV. EV 

in Beijing yield more fuel reduction benefits than in the USA due to the low speeds, long idle times, 

severe speed changes and short driving ranges. 

 
Figure 1-16 Real-world fuel consumption of ICEV, HEV and BEV in Beijing and USA (Wang et al., 2015). 
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A study in Australia assessed the feasibility of EV for day-to-day driving, using five weeks of driving data 

from 166 vehicles recorded by GPS (second-by-second information on time, latitude, longitude and 

velocity). Findings showed that EV appeared particularly suited for the majority of day-to-day city driving 

where average journey speeds of 34 km/h were near optimal in terms of maximising vehicle range and 

that EV with a range as low as 60 km and a simple home-charge set-up could accommodate well over 

90% of day-to-day driving (Greaves et al., 2014). 

Research in Brazil looked at the environmental impact of increasing BEV (Na-NiCl2 & Li-ion batteries) 

in the lightweight fleet using a life cycle assessment. Brazil has a few particularities, over 80% of 

electricity is generated by hydropower and therefore has very low CO2 emissions compared to the 

energy mix in most countries, also ICEV can be powered by sugarcane ethanol or a mix of gasoline 

(E25) and ethanol. The study looked at a wide range of categories, finding that BEV were better options 

in most categories studied. In the particular case of global warming potential (GWP), the GWP of BEV 

were around 38% (39% for Li-Ion battery) smaller than the ethanol ICEV, 57% smaller than the E25 

gasoline ICEV and 53% smaller than the average ICEV (Choma & Ugaya, 2015). 

Across Europe there have been extensive studies looking at the use of EV. A study of the economic 

and environmental balances for EV vs. ICEV in the EU found that the use of BEV instead of ICEV 

typically avoids the use of up to 900 litres of fuel per year per vehicle with the EU electricity mix having 

a meaningful impact on emissions reduction; however the total cost of ownership for EV was still 

significantly higher than comparable ICEV (Faria et al., 2012). A later paper looking at EV GWP across 

several countries concluded that current electricity generation mix is well suited to accommodate EV 

market penetration in most countries, and the usage of EV will generally imply reductions in the net 

GHG emissions from the transportation sector (Canals Casals et al., 2016). 

A few comparative studies in the UK tested 51 (Howey et al., 2011) and 40 (Lorf et al., 2013) vehicles 

respectively, a mix of EV, HEV and ICEV, along a 57-mile (91.7 km) route from Brighton to London using 

as little energy as possible as part of the Future Car Challenge. Both studies found that the powertrain 

type had the largest impact on energy consumption and emissions. In the 2010 edition, BEV had the 

lowest average energy consumption (0.62 MJ/km), followed by HEV (1.14 MJ/km), and ICEV (1.68 

MJ/km). Well-To-Wheel (WTW) emissions estimates showed that due to high UK grid electricity CO2 

factor, HEV (85 g CO2/km) had lower average emissions than EV (93 g CO2/km), despite EV having 

zero local (Tank-To-Wheel (TTW)) emissions, both lower than the ICEV average emissions (118 g 

CO2/km) (Howey et al., 2011). 

In the 2011 edition of the Future Car Challenge, BEV energy consumption was 0.52 MJ/km, (including 

an average of 0.055 MJ/km recuperated through regenerative braking), PHEV 0.98 MJ/km, HEV 1.4 

MJ/km and ICEV 1.98 MJ/km (almost 4 times as much as BEV). CO2 emissions showed a similar pattern 

with all EV, HEV and PHEV having lower emissions than the ICEV. An analysis of four Nissan Leaf EV 

that took part in the challenge found that the traction ratio, defined as the fraction of time spent on the 

accelerator in relation to the driving time, and the amount of regenerative braking had a much more 

significant effect on the energy consumption of vehicles than the average speeds. (Lorf et al., 2013). 
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A lot of research has been done in Portugal in recent years looking at the impact the adoption of EV’s 

can have in several areas. A 2012 study at IST looked at the impacts of electric vehicle adoption on 

driver behaviour and environmental performance, collecting data from 11 EV drivers for 5 months, 

monitoring a total of 18524 km travelled. Results reveal that after using the EV on a regular basis, 

drivers adapted very well to the vehicle and that whatever concerns they had in the beginning, whether 

related to the vehicle functioning, autonomy or infrastructure, were rapidly overcome and that they then 

tended to travel more often. A life cycle analysis showed the use of EV reveals considerable reductions 

in both energy consumption (1.30 MJ/km vs 1.94 MJ/km diesel and 2.23 MJ/km gasoline) and CO2 

emissions (63 g/km vs 148 g/km diesel and 2.23 g/km gasoline) (Rolim et al., 2012). 

Other case-studies in Portugal looked at the energy and environmental impacts of potential adoption 

and application of EV in different settings. 

The first case looked at the possible benefits of the introduction of EV in a small and isolated energy 

system, the Flores island in the Azores archipelago, in terms of primary energy and CO2 emissions. 

Flores is highly reliant on diesel as it’s the primary fuel used for electricity production and transportation. 

Being a small energy system poses additional challenges as charging EV could mean just shifting the 

use of diesel from vehicles to electricity generation. 4 scenarios were designed considering different 

penetration rates of EV (Low and High) and different time of recharging strategies (Fixed and Flexible). 

Flexible recharging strategies allowed doubling the share of renewables in recharging of the EV when 

compared to fixed recharging, and consequently double the impact on the reduction of primary energy 

consumption and fossil fuels imports. There was a reduction in all scenarios compared to the use of no 

EV, primary energy consumption decreased between 0.2% and 1.1% and CO2 emissions decreased 

between 0.3 and 1.7% proving EV can help improve sustainability (Pina et al., 2014). 

Another case characterized the mobility patterns and compared the potential application of EV in two 

distinct regions and contexts: The capital city Lisbon (urban pattern, 9 drivers [Population A]) and The 

Azorean island of São Miguel (rural pattern, 17 drivers [Population B]). Between the 25 drivers 

approximately 1285 hours and 57000 km of trips were monitored, data was collected with a CarChip 

device (vehicle speed, engine speed, engine load, intake air flow rate (or manifold air pressure) and 

manifold air temperature). São Miguel drivers travelled about 47% less than Lisbon drivers, at lower 

average speeds and more efficiently. They also had a higher charging availability and were therefore 

more suitable for the use of EV. A WTW energy consumption analysis (Figure 1-17) showed that the 

conventional vehicle had a higher energy consumption per km on average 37% higher than in the case 

of PHEV and 59% higher for the EV. Energy consumption for São Miguel drivers was lower than Lisbon 

drivers except for the conventional vehicle. The WTW CO2 emissions analysis (Figure 1-18) found the 

conventional vehicle had on average 41% and 68% higher CO2 emissions than the PHEV and the EV, 

respectively. Contrary to energy consumption, CO2 emissions were lower for Lisbon (8% for PHEV and 

18% for EV) than São Miguel, except for the conventional vehicle (Baptista et al., 2014). 
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Figure 1-17 Primary energy consumption by vehicle (Conventional, PHEV & EV) in WTW methodology for 

Lisbon(Population A) & São Miguel (Population B) (Baptista et al., 2014). 

 
Figure 1-18 CO2 emissions by vehicle (Conventional, PHEV & EV) in the WTW methodology for Lisbon 

(Population A) & São Miguel (Population B) (Baptista et al., 2014). 

A simulation was carried out in the city of Porto, using real world on-road performance comparing the 

use of small sized EV with diesel vans on city logistics; presenting the environmental, operational and 

economic effects of 4 scenarios of market penetration by small sized EV on city logistics by 10, 30, 50 

and 100%. In terms of geographical coverage, the 10% replacement scenario was found to be the most 

favourable: reducing delays by 10%, distance travelled by 16% and speed by 7%. In this scenario, the 

WTW energy consumption and CO2 emissions were reduced by 3 to 4%, costs increased by 170 

euros/year along the street; around 56 euros/year to save 1 MJ of energy, which does not show the use 

of small sized EV on city logistics as particularly cost effective (Melo et al., 2014). 

The final case study (Duarte et al., 2016).compared the use of a light commercial BEV and the 

equivalent ICEV model in a real-world urban logistics application in Lisbon. On-board monitoring was 

used to collect second-by-second data during regular operation for 7 months on the ICEV and 3 months 

on the BEV. Results showed that operational levels were maintained when using the BEV, there were 

no limitations in distance driven per day (60 km), recharging time (6 h), and vehicle dynamics. BEV use 

reduced vehicle usage energy consumption by 76% and by 57% when considering the energy 

production stage while also reducing WTW CO2 emissions by 71%. A cost of ownership analysis found 

a 43% increase in purchase cost for the BEV compared to the equivalent ICEV model, a difference 

around €6,000, which is not recovered over the lifetime of the vehicle, therefore the BEV is not yet cost 

competitive compared to the ICEV without policy incentives. (Duarte et al., 2016). 
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A report from the European Commission Joint Research Centre produced a simulation with TTW results 

for energy consumption and CO2 emissions using various vehicle technologies and projecting future 

advances. Figure 1-19 shows the summary of the simulation results, which is based on the New 

European Driving Cycle. There is a stark contrast between BEV and ICEV, with current BEV having 

energy consumption around 50 MJ/100km, compared to compression ignition (diesel) ICEV energy 

consumption around 160 MJ/100km and emissions around 120 gCO2eq/km and the spark ignition 

(gasoline) ICEV with higher emissions and energy consumption. (JRC et al., 2014). 

 
Figure 1-19 Summary of TTW simulation results for NEDC - 2010 & 2020+ configurations (JRC et al., 2014). 

Research in Italy analysed real world driving data in two provinces, Modena and Firenze; with large 

databases of approximately 28,000 ICEV with data-logging devices which recorded time, GPS position 

coordinates, engine status, instantaneous speed and cumulative distance. Results showed that more 

than 80% of urban trips could be covered by EV and that an urban fleet share between 8% and 28% 

could be replaced by the current generation of EV without any change in driving patterns. The impact 

of this potential BEV fleet share on the electricity grid load was also evaluated, resulting in no more 

than 5% of the total electricity demand in the analysed areas (De Gennaro et al., 2014a, 2014b). 

A simulation in Andorra using a simplified energy consumption model, based on the Vehicle Specific 

Power (VSP) equation, compared 2 conventional diesel vehicles and respective EV models (VW Golf 

and Toyota RAV4) on mountainous roads. A return trip along a real 24.6 km route with a mean slope of 

4.37% and a maximum grade of 12.5% was modelled. Simulations of real scenarios resulted in a TTW 

energy consumption ratio around 3.4 between the ICEV and EV. Road grade has a major impact on 

fuel economy and range, with EV energy consumption less affected by road grades than ICEV as they 

can recover energy during deceleration and downhill. (Travesset-Baro et al., 2015). 
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Several other European studies looked specifically at the environmental impact the adoption of EV’s: 

• Research in Spain looked at the potential impact EV can have on air quality in Barcelona and 

Madrid. Improvements were shown, especially related to NO2 and CO, with high EV introduction 

required to significantly improve air quality. 40% fleet electrification would reduce 11% and 17% 

of NOx emissions in Barcelona and Madrid, respectively (Soret et al., 2014). 

• A six-month test was carried out in Lecce, Italy. Electricity flows in a Smart ForTwo EV were 

measured during 42 tests to quantify CO2 and pollutant emissions, considering the electricity 

generation mix with a plant-to-wheel methodology. Range varied from 70 to 160 km (with an 

average of 108 km), real traffic emission of CO2, CO, NOx and PM emissions were well below 

the European limits for conventional cars while HC emissions were comparable to euro VI levels 

for ICEV. (Donateo et al., 2014). Pollutant emissions of EV in the Italian framework were found 

to all be lower than conventional vehicles on the NEDC. (Donateo et al., 2015). 

• A recent environmental life cycle assessment was used to analyse air quality levels in an urban 

environment in Belgium. Results showed not much progress made from the Euro 4 standard to 

Euro 6 for conventional vehicles and electrical vehicles show across all categories that they are 

the best alternative to diesel and petrol vehicles (Hooftman et al., 2016). 

• A study in Ireland investigated the environmental impacts of EV based on different EV user 

behaviours in an Irish context and compared them to the environmental impacts of ICEV usage. 

Real data was captured from charge events conducted by EV users and real-time CO2 intensity 

of the electrical grid. The results show that the environmental impacts of EV are highly 

influenced by the charging behaviours of users, night-time charging was found to produce the 

largest environmental impact. EV were shown to be a more environmentally friendly choice of 

vehicle than ICEV under a wide majority of scenarios (Weldon et al., 2016). 

• An analysis of four different power-train deployment scenarios until 2021 was carried out for 

the vehicle fleet (2,422,639 passenger vehicles) of the city of Athens, Greece. A computational 

model estimated and projected CO2 and pollutant (CO, NOx, HC, and PM) emissions from the 

penetration of different fuels. The most aggressive (greenest) deployment scenario assumed a 

fleet of 50% gasoline fuelled, 20% diesel fuelled, 10% biodiesel powered, 10% natural gas 

powered and 10% EV or PHEV; CO2 emissions were reduced by 21% and pollutants reduced: 

PM by 49%, NOx by 57%, CO by 72% and HC by 77%. (Nanaki & Koroneos, 2016). 

Freight vehicles typically represent 8-15% of total traffic flow in urban areas (MDS Transmodal Limited, 

2012). EV use for urban freight distribution has been analysed in several European cities: 

A trial in London from November 2009 to July 2010 looked at the implementation of an urban micro-

consolidation centre and the use of 6 electrically-assisted cargo tricycles and 3 electric vans to make 

parcel deliveries in the City of London. The substitution of a diesel van fleet by the consolidation centre 

and the use of EV led to a 20% decrease of total distance travelled and a 55% reduction in CO2 

emissions per parcel. Within the City of London, the system was able to virtually eliminate CO2 

emissions per parcel delivered but the distance travelled per parcel delivered increased due to the load 

limits of the electric vehicles used (Leonardi et al., 2012). 
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An urban freight distribution scheme (FURBOT), using an urban distribution centre and small electrically 

powered vehicles (Figure 1-20) for last mile delivery was applied to a case study in Genoa city centre, 

Italy. The methodology focused on optimizing this system’s performances to minimize the daily system 

cost, via a simulated annealing procedure, also looking at optimal loading and routing of the vehicles. 

The optimization found the number of trips performed by FURBOT vehicles was about half the number 

of trips currently performed by vans each day and the average load factor using the FURBOT vehicles 

was 93%, much higher than 65% for vans currently performing freight distribution. As FURBOT vehicles 

are electrically powered, the related pollution was zero (Cepolina & Farina, 2015). 

 
Figure 1-20 Example of FURBOT vehicle and box (Source: Twitter). 

Rizet et al. (2016) assessed the potential CO2 emissions reduction and the impact on congestion 

transferring urban freight from diesel heavy duty vehicles to electric vehicles (Renault Maxity with 2 

tonne payload and approximate range of 100km) in France. Data from a survey (ECHO) of French 

shipments, with a sample of 3000 shippers and 10000 shipments, was used to estimate CO2 emissions 

for each shipment using a well-to-wheel format. Results showed a decrease in CO2 emissions of around 

60% in large urban areas and estimated that electric vans could cover close to 90% of the trips. A 

significant increase in congestion in urban areas would occur with a 9% increase of vehicle km’s in 

large urban areas, this could be overcome by development of electric vehicles with much higher payload 

than currently available (Rizet et al., 2016). 

The Freight Electric Vehicles in Urban Europe (FREVUE) project demonstrates the use of electric freight 

vehicles in city logistics operations in eight European cities: Amsterdam and Rotterdam (Netherlands), 

Lisbon (Portugal), London (UK), Madrid (Spain), Milan (Italy), Oslo (Norway), and Stockholm (Sweden). 

A total of 127 EV were used across the cities for covering a variety of common urban freight applications. 

The developments, barriers and opportunities for using EV in daily city logistics operations were 

reviewed (Quak et al., 2016). Table 1-3 shows the main strengths, weakness, opportunities and threats 

(SWOT) that determine the uptake of EV for freight applications. The review found that EV fit the 

requirements of urban logistics, especially within small and medium sized cites; the current generation 

of vehicles have good technical and environmental performance. In general, companies using EV for 

freight are satisfied and look at opportunities to deploy more of them. 
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Table 1-3 SWOT of EFV compared to ICEV (Quak et al., 2016). 

 

The profitability of investments in electro mobility was examined. The costs of three diesel versus similar 

commercial EV: IVECO Daily, Renault Kangoo and Mercedes-Benz Vito, were calculated for a typical 

application in city logistics. three investment options were covered: complete purchase, partial purchase 

combined with renting the battery as well as vehicle leasing. The analysis showed that EV costs could 

be favourable in cases of vehicle purchase with battery leasing or vehicle leasing (Gries et al., 2014). 

A lot of research, all over the world, has studied the adoption and use of EV compared to conventional 

vehicles. From the many studies presented above, several general conclusions were found: 

• Most daily trips could be covered by EV and a considerable part of the fleet can be substituted 

without major changes to driving patterns or impact on the electricity grid; 

• Meaningfully lower energy consumption as well as GHG and pollutant emissions, particularly 

locally as overall EV CO2 emissions depend on the electricity generation mix (decarbonizing 

electricity is also essential to reach global emissions targets); 

• EV costs tend to be higher, particularly purchase costs, although alternative financing options 

and policy incentives make them cost competitive with conventional vehicles. 

Several policy incentives for EV adoption have been implemented: subsidized purchase costs, reducing 

vehicle taxes and parking fees as well as installing charging points in urban areas. Some countries have 

also announced plans to ban the sale of gasoline and diesel powered vehicles in the upcoming decades, 

with Norway’s goal to have all new private cars, city buses and light vans in 2025 be zero emission 

vehicles (Roberts, 2017). This makes the analysis of EV adoption and use even more important. 

In the literature, studies with real-world data comparing ICEV and similar EV for urban freight distribution 

are lacking, as well as an analysis of the effect that changing vehicle technology can have when 

approaching specific driving events. This thesis will focus on these issues and attempt to fill these gaps.  
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1.3 Objectives 

Taking into consideration the various issues raised previously in the introduction, the transition from 

conventional ICEV to EV can play an important role in reducing energy consumption, GHG and pollutant 

emissions; as well as contributing to improved air quality and quality of life, especially for urban 

population. The aim of this project is to assess, via a comparative study, the use of electric vehicles for 

urban freight distribution operations, specifically the delivery of mail and packages, in Lisbon, Portugal.  

This includes the following specific objectives: 

1. Evaluate the switch from conventional vehicles to electric mobility for freight distribution 

operations 

Comparing the use of ICEV and EV for day-to-day urban freight distribution operations. Examining the 

viability and effectiveness of EV for these operations, analysing if switching to EV affects mobility 

patterns and operational levels as well as verifying range and charging availability. 

2. Comparison of energy consumption and emissions between conventional and electric 

vehicles 

The overall energy consumption and CO2 emissions associated with each vehicle are analysed and 

compared. ICEV CO2 and NOx emissions are characterized to evaluate the local benefits of the zero 

emission EV use in urban areas. 

3. Analyse the differences between conventional vehicles and electric vehicles in specific 

events 

An in-depth comparison of the use of both vehicles in several different specific driving events is made 

to analyse local differences and the effect changing vehicle propulsion technology has on driver 

behaviour. 
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1.4 Thesis outline 

This thesis is divided into the 4 chapters described below: 

This first chapter includes an introduction to the topic, a review of the state of the art and the objectives 

of the thesis. The background introduces the current issues facing the transportation sector with regards 

to energy consumption and the dependence on fossil fuels, including the associated concerns with 

GHG and pollutant emissions, particularly in urban environments. An introduction to electric vehicles is 

given in terms of historical context and the different types of EV developed, as well as the introduction 

of several concepts specifically associated with EV: the electric motor, regenerative braking and 

Lithium-Ion batteries. 

The second chapter presents the methodology. The case studies and monitored vehicles are presented, 

as well as the various instruments and techniques utilized to acquire on-board monitoring data from the 

vehicles and energy data when recharging the EV. Also presented are different methods used to analyse 

and compare both vehicles: the vehicle specific power (VSP) methodology and its applications to 

characterize energy consumption as well as local ICEV CO2 and NOx emissions, the Well-To-Wheel 

(WTW) analysis for energy consumption and CO2 emissions, and the detailed analysis of specific 

driving events (high speed road, traffic lights, roundabouts, steep uphill and steep downhill roads). 

The third chapter includes the results. An overview of the case studies is shown, comparing the mobility 

profiles of the ICEV and EV, the speed distributions and EV recharging patterns in both cases. The 

results of the VSP methodology are presented, including energy consumption profiles for both vehicles 

and local ICEV CO2 and NOx emissions profiles. Also presented is the WTW analysis of energy 

consumption and CO2 emissions as well as the comparison between EV and ICEV in the specific driving 

events. 

The final chapter presents the conclusions, responding to the objectives outlined on the previous page, 

evaluating the viability of EV for day-to-day urban freight distribution operations, comparing the ICEV 

and EV energy consumption and emissions during monitoring as well as analysing the differences in 

specific driving events. Some further recommendations and ideas for future research are given. 
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2 Methodology 

2.1 Case studies 

The overall aim of this project is to assess the use of electric vehicles and analyse their viability for 

urban freight distribution operations compared to conventional ICEV. The case studies took place in 

Lisbon, Portugal. Two different case studies were carried out in collaboration with a mail distribution 

company. Vehicles were monitored while performing mail distribution activities from 2 different 

distribution centres: a downtown distribution centre (Case 1) and a suburban distribution hub (Case 2). 

There were monitoring periods of 3 working weeks alternating the use of ICEV & EV between the two 

locations. At each distribution centre, the same driver was monitored while driving both vehicles. 

2.1.1 Case 1 – Downtown distribution centre 

Case 1 occurs at a downtown distribution centre. The profile in this part of the city is very demanding 

with many steep and narrow roads. The vehicles at Case 1 were monitored during the following periods: 

1. EV 1 - monitoring from 7/10/2014 to 24/10/2014. 

2. ICEV 1 - monitoring from 27/10/2014 to 14/11/2014. 

Daily trips in case 1 involved two shifts with several relatively short round trips. A typical shift is 

presented in Figure 2-1. 

 
Figure 2-1 Sample from i2D of a typical distribution shift (07/11/2014) in case 1. 
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2.1.2 Case 2 – Suburban distribution hub 

Case 2 is in the Cabo Ruivo area on the outskirts of the city. Monitoring for case 2 occurred during the 

following periods: 

1. ICEV 2 - monitoring from 07/10/2014 to 24/10/2014. 

2. EV 2 - monitoring from 29/10/2014 to 17/11/2014. 

Daily trips in case 2 typically involved one round trip with a long trip towards downtown, several stops 

for distribution and a long return trip later in the day, the location of the distribution centre and a sample 

of trips in a typical day is presented below in Figure 2-2. 

 
Figure 2-2 Sample from i2D of a typical daily distribution trip (24/10/2014) in case 2. 

The trips made from the two distribution centres are quite distinct. Distribution in case 1 usually involved 

several round trips in the downtown area, having a more pronounced stop-and-go city driving profile 

compared to the more mixed profile of the trips in case 2. 
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2.2 Monitored vehicles 

The vehicles monitored for the case studies were both models of the Renault Kangoo van (Figure 2-3), 

a light commercial vehicle, with both the ICEV (diesel-powered dCi 75 model) and EV (Kangoo Z.E. 

model) having the same dimensions (Figure B-1) and identical cargo capacity: 3 m3 of cargo volume 

and 650 kg of payload which is the maximum operating mass (gross) minus the kerb mass (net). 

 
Figure 2-3 Renault Kangoo Z.E. (Renault, 2014). 

The ICEV used was a diesel-powered Renault Kangoo dCi 75 (base price in Portugal: €14,203.25), 

with the following characteristics (Detailed technical specifications in Table B-1): 

• 55 kW of maximum power (75 hp). 

• Engine displacement of 1461 cm3. 

• 180 Nm of maximum torque. 

• Kerb mass of 1280 kg. 

• Fuel consumption (NEDC urban driving cycle) of 5.2 l/100km. 

• CO2 Emissions rated (NEDC) as 119 g/km. 

The battery electric vehicle used and monitored in the studies was a Renault Kangoo Z.E. (Zero-

Emission. Base price: €20,300.81) with the following characteristics (Detailed technical specifications 

in Table B-2, with further details of the Renault Kangoo Z.E energy recovery feature are in Figure B-2): 

• 44 kW of maximum power (60 hp). 

• 226 Nm of maximum torque. 

• Kerb mass of 1426 kg. 

• Range (NEDC combined urban + extra-urban cycle) of 170 km (106 miles). 

• 22 kWh lithium-ion battery with mass of 260kg. 
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The architecture of the EV is similar to the ICEV. The two vehicles used in these case studies are similar 

models from the same manufacturer built for the same commercial purpose and seem identical from 

the outside. Figure 2-4 shows a schematic with the main internal components of the Renault Kangoo 

ZE while connected to a fast charging terminal. The major differences between the vehicles are found 

underneath as an electric vehicle needs to house a large battery pack to power the electric motor, which 

contributes to the increased kerb mass of the EV, instead of a fuel tank supplying an ICE. 

 

Figure 2-4 Renault Kangoo ZE fast charge schematic (Adapted from CSDM 2011 presentation by Jerome Perrin). 

 

2.3 Data acquisition 

In order to compare the usage of the two different types of vehicles for the daily distribution activities, 

relevant data had to be collected. All modern vehicles have On-Board Diagnostics (OBD) systems of 

self-diagnostic and reporting with a standardized OBD digital communications port to provide real-time 

data. Consequently, the on-board monitoring for this project was done using the i2D (intelligence to 

drive http://www.i2d.co) device, which provides a non-intrusive system that monitors all the main 

variables that characterize vehicle usage (location, vehicle dynamics, road grade and engine 

management) with specific dedicated sensors such as GPS, barometric altimeter, tri-axial acceleration 

and access to vehicle sensors via the OBD port. (Baptista et al., 2015). An example of the i2D device 

and its installation, connected to the vehicle’s OBD port, is presented in Figure 2-5. 

http://www.i2d.co/
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Figure 2-5 i2D (intelligence to drive) device and installation. 

The following data was collected on a second by second (1 Hz) basis by the i2D device for both the 

ICEV and EV: 

• Location (coordinates and course heading); 

• Speed (ICEV from engine data, EV via GPS data); 

• Acceleration (longitudinal, lateral and vertical); 

• Road topography (slope); 

• VSP; and 

• Events (hard acceleration and braking, excess speed, high fuel and emissions). 

Additional specific engine operation data was also collected from the ICEV: 

• Engine load and RPM; 

• Idling; 

• Cold running; and 

• Fuel consumption (instant, accumulated and average). 

Data collected by the i2D data logger was used to characterize general mobility patterns associated 

with both vehicles and cases (general statistics regarding days monitored, number of roundtrips, 

distance travelled, etc.), the distribution of trip distances, speed characterization and hourly distributions 

of speed, engine management, as well as for driving power demand and energy consumption. Data 

was aggregated and stored in CSV files (second by second data on each new line) which could be used 

with spreadsheets in addition to a trip simulator with a more detailed visual representation available on 

the online platform showing exactly when and where each different driving event occurred. Figure 2-6 

below shows a sample trip simulation on the i2D site. 
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Figure 2-6 i2D trip simulation with map and graphs of speed/rpm, acceleration, fuel consumption and altimetric 

profile. 

Data related to the energy consumption of the EV was collected during daily recharging events. The 

Voltcraft Energy Logger 4000 (Figure 2-7) was used to collect minute by minute figures for voltage, 

current and power provided by the electricity grid while the EV was recharging. The device is connected 

between the wall socket and the vehicle’s charging cable and collects the data which can be stored via 

SDHC memory cards. For a complete picture of the recharging profile, the energy logger was utilized 

on all recharging events, making sure the EV batteries were fully recharged at the start of each day. 

 
Figure 2-7 Voltcraft Energy Logger 4000 (Source: http://www.conrad.com/). 

http://www.conrad.com/
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2.4 Data analysis 

2.4.1 Vehicle Specific Power (VSP) 

Vehicle Specific Power (VSP) is an estimate of power demand on the engine during driving, it is 

calculated on a second by second basis and has been shown to be highly correlated with emissions 

(Zhai et al., 2008; Yao et al., 2013). The U.S. EPA used the VSP methodology as the primary metric for 

the MOVES (motor vehicle emissions simulator) vehicle emissions model. 

The mathematical expression of Vehicle Specific Power (Jiménez-Palacios, 1999) was first developed 

at the Massachusetts Institute of Technology and is the mathematical representation of engine load 

against aerodynamic drag, acceleration, rolling resistance plus the kinetic and potential energies of the 

vehicle, divided by the mass of the vehicle. Equation ( 1 ) below is the representation of VSP in the case 

of light-duty vehicles: 

 

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). 

The VSP methodology is typically used to evaluate fuel consumption of light duty vehicles by combining 

speed (𝑣), acceleration (𝑎) and road grade (𝜃) to estimate the power demand by vehicles under on-

road conditions and allows the estimation of the total fuel consumption according with the driving profile, 

vehicle technology and typology. (Baptista et al., 2015). The VSP methodology is used in this work to 

define the energy consumption of both the ICEV and the EV, also to calculate local ICEV emissions. 
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2.4.1.1 VSP applied to ICEV 

For the application of the VSP methodology to light duty conventional vehicles, VSP is typically divided 

into 14 modes as shown in Table 2-1, grouping points of similar power per mass demand (W/kg) such 

that each mode has significantly different average emissions and no single mode should account for 

more than around 10% of total emissions. (Baptista et al., 2014; Duarte et al., 2015). 

Table 2-1 VSP binning and ranges of W/kg for each mode. (Baptista et al., 2014). 

 

The 14 mode VSP binning approach shown above has modes 1 and 2 assigned to negative values of 

VSP, the negative power demand is related to deceleration and/or negative road slopes. Mode 3 

represents idling and the remaining modes from 4 to 14 represent positive power demand; with 

increased speeds and acceleration leading to increased power demand and therefore a higher VSP 

mode. 

Using the data obtained via the i2D device, it’s possible to calculate the VSP values for the ICEV on a 

second by second basis and estimate the fuel consumption mass rate (g/s). Figure 2-8 shows the 

generic trend of fuel consumption as a function of VSP mode for conventional vehicles. All VSP amounts 

calculated for the ICEV were within a range of -21 W/kg to 60 W/kg.  

 
Figure 2-8 Generic trend of fuel consumption as function of VSP (Duarte et al., 2015). 
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2.4.1.2 VSP applied to EV 

The same VSP methodology can be applied to EV, in this case both are similar light duty vehicles and 

therefore equation ( 1 ) is valid for both vehicles with the same coefficients, the same 14 mode binning 

method can also be used for a direct comparison. However, due to the regenerative braking of the EV, 

there are substantial differences in the amount of energy recovered/consumed in the negative modes 

compared to conventional vehicles (Figure 2-8), where energy consumption for negative VSP modes 

tend to 0, a higher resolution for negative VSP modes is more adequate, modes of 1 W/kg are used. 

The methodology to estimate the electrical consumption of the EV is based on the battery charging data 

and follows the approach used in previous work (Duarte et al., 2015; Alves et al., 2016), which results 

in a system of 10 equations to estimate the 10 coefficients that define the vehicle’s electrical 

consumption as a function of specific power. Two of the equations include data from 2 different trips 

where on-road dynamics and correspondent grid electricity battery charging were collected, the same 

equation ( 2 ) is applied to the data obtained from 2 different trips: 

 

𝑬𝑩𝒂𝒕𝒕𝒆𝒓𝒚 = 𝒂 ∑ (𝑽𝑺𝑷 × 𝒕(𝑽𝑺𝑷))

𝑽𝑺𝑷𝒎𝒂𝒙

𝑽𝑺𝑷=𝟐.𝟓

+ 𝒃 ∑ 𝒕(𝑽𝑺𝑷) 

𝑽𝑺𝑷𝒎𝒂𝒙

𝑽𝑺𝑷=𝟐.𝟓

 

+ 𝒄 ∑ (𝑽𝑺𝑷𝟐 × 𝒕(𝑽𝑺𝑷))

𝟏.𝟓

𝑽𝑺𝑷=𝟎

+ 𝒅 ∑ (𝑽𝑺𝑷 × 𝒕(𝑽𝑺𝑷))

𝟏.𝟓

𝑽𝑺𝑷=𝟎

+ 𝒆 ∑ 𝒕(𝑽𝑺𝑷) 

𝟏.𝟓

𝑽𝑺𝑷=𝟎

 

+𝒇 ∑ (𝑽𝑺𝑷𝟐 × 𝒕(𝑽𝑺𝑷))

−𝟎.𝟓

𝑽𝑺𝑷=−𝟐.𝟓

+ 𝒈 ∑ (𝑽𝑺𝑷 × 𝒕(𝑽𝑺𝑷))

−𝟎.𝟓

𝑽𝑺𝑷=−𝟐.𝟓

+ 𝒉 ∑ 𝒕(𝑽𝑺𝑷) 

−𝟎.𝟓

𝑽𝑺𝑷=−𝟐.𝟓

 

+𝒌 ∑ (𝑽𝑺𝑷 × 𝒕(𝑽𝑺𝑷))

−𝟑.𝟓

𝑽𝑺𝑷=𝑽𝑺𝑷𝒎𝒊𝒏

+ 𝒍 ∑ 𝒕(𝑽𝑺𝑷) 

−𝟑.𝟓

𝑽𝑺𝑷=𝑽𝑺𝑷𝒎𝒊𝒏

 

( 2 ) 

The inputs for equation ( 2 ) are: 

• 𝑬𝑩𝒂𝒕𝒕𝒆𝒓𝒚 : Energy consumed by the batteries, which is measured between the vehicle charger 

and the power outlet, and corrected for battery efficiency with the following equation: 

 𝑬𝑩𝒂𝒕𝒕𝒆𝒓𝒚 = 𝜼𝑪𝒉𝒂𝒓𝒈𝒆/𝑫𝒊𝒔𝒄𝒉𝒂𝒓𝒈𝒆 × 𝑬𝑪𝒉𝒂𝒓𝒈𝒆 ( 3 ) 

Where 𝐸𝐶ℎ𝑎𝑟𝑔𝑒 is the energy consumed from the electrical grid during charging, measured using 

the Voltcraft Energy Logger and 𝜂𝐶/𝐷 is the battery’s efficiency, which for Li-Ion batteries is 

around 85% and to simplify is assumed to be constant. 

• 𝒕(𝑽𝑺𝑷) : VSP time distribution, with the lower and upper limits being defined by the vehicle, as 

shown below: 
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 𝑽𝑺𝑷𝒎𝒂𝒙 =
𝑷𝒎𝒂𝒙

𝒘𝒆𝒊𝒈𝒉𝒕
=

𝟒𝟒𝟎𝟎𝟎

𝟏𝟓𝟎𝟎
≈ 𝟑𝟎

𝑾

𝒌𝒈
 ( 4 ) 

 𝑽𝑺𝑷𝒎𝒊𝒏 = −
𝑷𝒎𝒂𝒙

𝒘𝒆𝒊𝒈𝒉𝒕
≈ −𝟑𝟎

𝑾

𝒌𝒈
 ( 5 ) 

Where 𝑷𝒎𝒂𝒙 is the maximum power output of the vehicle in Watts, the weight of the vehicle 

(approximately kerb weight + driver weight, cargo is variable) during on-road monitoring is 

measured in kilograms. Equation ( 5 ) shows a simplified version of 𝑽𝑺𝑷𝒎𝒊𝒏 as specific 

information on the regenerative power of the Renault Kangoo Z.E. is not available in the 

literature. 

To solve the system with 10 coefficients, 8 further conditions that follow common consumption patterns 

for electric vehicles were imposed onto the system, as shown below: 

Table 2-2 Conditions imposed on system of equations that define electrical consumption curve. 

Condition Equation 

Continuity (1st and 2nd equations) 𝒂(𝟐. 𝟓) + 𝒃 = 𝒄(𝟐. 𝟓)𝟐 + 𝒅(𝟐. 𝟓) + 𝒆 

Continuity (2nd and 3rd equations) 𝒄(𝟎)𝟐 + 𝒅(𝟎) + 𝒆 = 𝒇(𝟎)𝟐 + 𝒈(𝟎) + 𝒉 

Continuity (3rd and 4th equations) 𝒇(−𝟑. 𝟓)𝟐 + 𝒈(−𝟑. 𝟓) + 𝒉 =  𝒌(−𝟑. 𝟓) + 𝒍 

Continuous derivative (1st and 2nd equations) 𝒂 = 𝟐𝒄(𝟐. 𝟓) + 𝒅 

Continuous derivative (3rd and 4th equations) 𝟐𝒇(−𝟑. 𝟓) + 𝒈 = 𝒌 

Idle consumption (at 𝑽𝑺𝑷 = 𝟎) 𝒆 = 𝑬𝒊𝒅𝒍𝒆 

Maximum consumption (𝑽𝑺𝑷 = 𝑽𝑺𝑷𝒎𝒂𝒙) 𝒂 × 𝑽𝑺𝑷𝒎𝒂𝒙 + 𝒃 = 𝑬𝒎𝒂𝒙 

Constant Regeneration efficiency 𝒍 = 𝟎 

In addition to the data registered during the on-road monitoring, it’s also necessary to consider the 

following characteristics of the vehicle: 

• 𝑬𝒊𝒅𝒍𝒆 : The vehicle’s idle consumption, which is basically the energy consumption while 

supplying the auxiliary systems. For light duty vehicles, 𝑬𝒊𝒅𝒍𝒆 = 𝟓. 𝟓𝟔 × 𝟏𝟎−𝟐𝑾𝒉/𝒔.  

• 𝑬𝒎𝒂𝒙 : The maximum electric power that the battery can provide: 

 𝑬𝒎𝒂𝒙  =
𝑷𝒎𝒂𝒙

𝜼𝒎𝒂𝒙 × 𝟑𝟔𝟎𝟎
=

𝟒𝟒𝟎𝟎𝟎

𝟎. 𝟗𝟓 × 𝟑𝟔𝟎𝟎
≈ 𝟏𝟑

𝑾𝒉

𝒔
 ( 6 ) 

Where 𝜼𝒎𝒂𝒙 is the electric motor efficiency at maximum power. The Renault Kangoo Z.E. has a 

synchronous AC motor, this kind of motor typically has a maximum efficiency of 95%. 
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Once the system of equations previously described was solved using the on-road data measured, all 

the coefficients needed to estimate its electricity consumption curve were obtained. The electrical 

consumption curve is given by the equations in Table 2-3 and a generic trend is presented below in 

Figure 2-9: 

Table 2-3 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 

 

 
Figure 2-9 Generic trend of electricity consumption rate as function of VSP (Alves et al., 2016). 

One final important topic is the selection of trips for the application of this methodology. Ideally, the 

regenerative profile must be as different as possible (this profile is quantified by the amount data 

measured with negative VSP). To reduce the error of the estimates, it is recommended to measure 4 - 

5 trips and to select from this set, the pair that provides the best estimates on the remaining trips that 

were not used for calibration. This can be accounted by estimating the battery electric energy rate 

(Wh/s), the global consumption of the remaining trips and comparing it with the measured global 

consumption (Alves et al., 2016).  

For both cases, the vehicles have daily routes and are fully charged at the end of each day; the 

measurements are made comparing the trips from an entire week. As the case studies include 6 weeks 

of monitoring, the pair of days that minimizes the error across the entire monitoring period will be 

selected to provide the EV consumption curve. 
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2.4.1.3 Emissions 

The VSP methodology can also be used to estimate vehicle emissions. CO2 emissions are directly 

correlated with the fuel and energy consumption and are calculated directly from the consumption 

results obtained via the VSP methodology. A respective CO2 emission value (g/s) is calculated for each 

VSP mode, creating a graph like the fuel consumption map shown in Figure 2-8. 

NOx emissions are estimated using a similar methodology to previous work (Duarte et al., 2014), using 

vehicle characteristics and certification data (engine data from Table B-1, reference NOx emission input 

of 180 mg/km) to define modal emission rates NOx emission according to VSP mode. The 

corresponding VSP time distribution from the cases (Figure D-1) can then be used to estimate NOx 

emissions per km. Figure 2-10 shows a sample schematic of the procedure used. 

 
Figure 2-10 Schematic of algorithm for NOx emission calculations (Duarte et al., 2014). 

 

2.4.2 Well-to-Wheel (WTW) analysis 

A life cycle assessment (LCA) is defined as a technique to assess environmental impacts associated 

with all the stages of a product's life: from raw material extraction through materials processing, 

manufacture, assembly and distribution, use, repair and maintenance, until disposal (Figure 2-11).  

 
Figure 2-11 Sample diagram of a Life Cycle Assessment (Source: SolidWorks). 
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The goal of a LCA is to compare the full range of environmental effects assignable to products and 

services by quantifying all inputs and outputs of material flows and assessing how these material flows 

affect the environment. The information obtained can then be used as a basis for decision making. As 

this project deals with electric mobility and the direct comparison of an electric vehicle with its 

conventional counterpart, it is useful to have an additional layer of results assessing the environmental 

impacts associated with the electricity generation step.  

A specific LCA used for transport fuels and vehicles is referred to as a Well-To-Wheel (WTW) analysis. 

The WTW analysis doesn’t consider the production and end of life disposal of the vehicle and fuel 

production and distribution facilities, it can be broken down into 2 distinct stages (equation ( 7 )): A Well-

To-Tank (WTT) stage and a Tank-To-Wheel (TTW) stage. 

 𝑾𝑻𝑾 = 𝑾𝑻𝑻 + 𝑻𝑻𝑾 ( 7 ) 

The Well-to-Tank (WTT) stage is the fuel production or “upstream” stage which accounts for the energy 

consumption and emissions from primary energy resource extraction through to the delivery of the 

energy to the vehicle fuel tank or on-board energy storage.  

The Tank-to-Wheel (TTW) stage is the utilization or “downstream” stage related to driving the vehicle. 

It accounts for the emissions and energy consumption that result from moving the vehicle through its 

drive cycle, burning fuel or consuming the electric energy stored on-board. Figure 2-12 below shows a 

graphic representation of a WTW analysis for a typical vehicle. 

 
Figure 2-12 Graphic representation of WTW Analysis (Adapted from EU Science Hub). 

For the purposes of this thesis, the WTW analysis in both the WTT and TTW stages will look at the 

energy consumption as well as CO2 emissions. In the upcoming subchapters, there is a more in-depth 

look at how the WTW analysis is carried out with regards to each stage. 
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2.4.2.1 Well-to-Tank (WTT) 

The Well-to-Tank stage, as shown above, involves the various phases from resource extraction all the 

way until reaching the vehicle itself, accounting for the energy expended in the process of having the 

fuel reach the vehicle. The total energy of the WTT pathways account for the expended energy (MJexp) 

required for the diesel or electricity reach the vehicle. The expended energy does not include the energy 

content of the produced fuel. 

Table 2-4 shows energy consumption and emission factors associated with the WTT stage to produce 

diesel and electricity. The electricity factors were calculated using reference factors for each pathway 

and taking into account the 2014 electricity generation mix in Portugal, which included 62% renewable 

energy (31% hydro, 23% wind, 5% biomass, 1% solar, 2% others), 23% coal, 13% natural gas and 2% 

oil ((Baptista et al., 2012; JRC et al., 2014; European Environment Agency, 2016)). These factors are 

applied to the results for the vehicles’ utilization (TTW stage), resulting in an estimate for the WTT 

energy consumption and emissions, with the sum of the parts giving the total WTW values.  

Table 2-4 WTT Energy consumption and CO2 emission factors for Diesel and Electricity. 

Energy Source 
Energy  

(MJexp/MJ) 

CO2  

(gCO2/MJ) 

Diesel 0.20 15 

Electricity 0.80 99.9 

From the table above we can deduce that the WTT energy consumption and CO2 emissions related to 

the production of diesel, per MJ produced, is substantially lower than those associated with the current 

electricity generation mix.  

Internal combustion engine vehicles have been used for over a century and the entire fuel production 

process has been developed over all this time by the petroleum industry. The refining stage is the most 

energy intensive on the WTT pathway, followed by the crude production and finally the distribution/retail 

stages. As the entire process is mature and well-established, this means that currently the margin for 

future reductions in energy consumption and emissions in the WTT stage for diesel is low. 

The WTT electricity generation pathways have a lot more potential for energy and emissions reductions 

than the oil pathways. The electricity mix must become cleaner and reduce emissions to meet targets 

and international agreements on limiting climate change. Shutting down older and dirtier power plants, 

substituting them with cleaner and more efficient power plants (for example switching from coal to 

natural gas combined cycle plants), as well as the continued addition of renewables to the generation 

mix can have a large effect in decreasing the factors.  
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2.4.2.2 Tank-to-Wheel (TTW) 

The Tank-to-Wheel stage involves the actual use of the vehicle. Detailed second-by-second real world 

driving data is used to determine TTW energy consumption and CO2 emissions. The analysis is 

performed using different variables measured while monitoring each of the vehicles. ICEV fuel 

consumption data is obtained via the i2D on-board monitoring while EV energy consumption data is 

captured while recharging via the Voltcraft energy logger. The TTW values for energy consumption and 

CO2 emissions per kilometre were obtained as follows: 

For the ICEV, energy consumption starts with the fuel consumption (x), in l/100km, which is calculated 

from the trips data. The consumption is then converted to MJ/km as shown in equation ( 8 ) below. The 

volumetric energy density for diesel used was 35.95 MJ/l (Global Combustion Systems, 2017) : 

 𝑬𝑪 (
𝑴𝑱

𝒌𝒎
) = 𝒙

𝒍

𝟏𝟎𝟎𝒌𝒎
× 𝟑𝟓. 𝟗𝟓 

𝑴𝑱

𝒍
= 𝟎. 𝟑𝟓𝟗𝟓𝒙 

𝑴𝑱

𝒌𝒎
 ( 8 ) 

The ICEV CO2 emissions are also calculated starting with the fuel consumption (y) in litres per 100km, 

being converted to grams of CO2 per kilometre as shown in equation ( 9 ). The combustion of 1 litre of 

diesel fuel results in emissions of 2680 grams of CO2 (World Resources Institute, 2017) : 

 𝒚
𝒍

𝟏𝟎𝟎𝒌𝒎
× 𝟐𝟔𝟖𝟎 

𝒈𝑪𝑶𝟐

𝒍
= 𝟐𝟔𝟖𝟎 𝒚 

𝒈𝑪𝑶𝟐

𝟏𝟎𝟎𝒌𝒎
=

𝟐𝟔𝟖𝟎

𝟏𝟎𝟎
𝒚 

𝒈𝑪𝑶𝟐

𝒌𝒎
= 𝟐𝟔. 𝟖𝒚 

𝒈𝑪𝑶𝟐

𝒌𝒎
 ( 9 ) 

For the EV, TTW CO2 emissions are 0 gCO2/km. The energy consumed is given in kWh. Each day the 

batteries are fully charged overnight and the total kWh for each charge is logged (w). Also known is the 

number of kilometres travelled on each day (z), simply dividing these amounts gives the energy 

consumed in kWh/km. Equation ( 10 ) shows the quantification of energy consumption in MJ/km: 

 𝑬𝑪 (
𝑴𝑱

𝒌𝒎
) =  

𝒘 𝒌𝑾𝒉

𝒛 𝒌𝒎
= 𝟑. 𝟔

𝒘 

𝒛
 
𝑴𝑱

𝒌𝒎
 ( 10 ) 

Once the TTW results are obtained for both vehicles, the respective WTT factors (Table 2-4) are applied: 

 
𝑾𝑻𝑻𝒊 = 𝒇𝒂𝒄𝒕𝒐𝒓𝒊 × 𝑻𝑻𝑾𝒊 

( 11 ) 

Having calculated the TTW and WTT values, adding both stages as shown in equation ( 7 ) completes 

the WTW analysis. To compare energy consumption of the ICEV and EV, fuel consumption was 

converted to kJ/s, using equation ( 12 ) for energy density of diesel (Global Combustion Systems, 2017): 

 𝑷𝒓𝒐𝒑𝒆𝒓𝒕𝒊𝒆𝒔: 𝟑𝟓. 𝟗𝟓
𝑴𝑱

𝒍
, 𝟎. 𝟖𝟒

𝒌𝒈

𝒍
,      

𝟑𝟓. 𝟗𝟓
𝑴𝑱

𝒍

𝟎. 𝟖𝟒
𝒌𝒈

𝒍

= 𝟒𝟐. 𝟖
𝑴𝑱

𝒌𝒈
= 𝟒𝟐. 𝟖

𝒌𝑱

𝒈
 ( 12 ) 
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2.4.3 Driving events 

One of the advantages of monitoring data on a second by second basis is the ability to compare different 

sections of the trips in greater detail, analysing possible effects the change in vehicle technology can 

have on driver behaviour. For this purpose, several sections from the monitored trips were chosen and 

analysed, comparing the differences between the EV and ICEV when encountering different driving 

events in terms of: speed, acceleration, VSP and energy consumption as well as local CO2 and NOx 

emissions. Speed, acceleration and VSP data was gathered by the i2D device, the VSP methodology 

(chapter 2.4.1) was then used for local calculations of energy consumption, CO2 and NOx emissions. 

The analysis focused on five different types of events found throughout the distribution trips (the location 

of each event is shown in Figure C-1): High-speed road, traffic lights, roundabouts, steep uphill and 

steep downhill roads. Both cases had different mobility profiles and each trip was different, therefore 

the chosen events had different samples. Table 2-5 shows a summary of the different events, including 

the cases where each event occurred, the data binning intervals and samples used in the analysis. 

Table 2-5 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) 

Further details of each specific driving event are presented below: 

2.4.3.1 High speed road 

The starting point for analysis was an open road which the vehicles could travel along at high speeds, 

with minimal interference. The section found to have similar trips at high speeds was Avenida Marechal 

António de Spínola (Figure 2-13), during return trips to the distribution hub in case 2. The different 

colours along the avenue in Figure 2-13 show an example of the different speed bands: green up to 50 

km/h, yellow from 51 km/h to 90 km/h, and the red section with speeds above 90 km/h. Data measured 

along the avenue was divided into sections of 50 m to adequately capture enough points in each 

interval. The sample for this event included 15 EV trips and 13 ICEV trips. 

 
Figure 2-13 Map of Avenida Marechal António de Spínola showing different speed bands: green 0-50 km/h, 

yellow 51-90 km/h, Red 91-120 km/h. 
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Avenida Marechal António de Spínola has a varying slope, starting with an uphill section (slope up to 

around +7%) at the beginning of the avenue and a descent towards the end (-4% for 600 metres), 

Figure 2-14 shows the slope values measured for each vehicle along the avenue.  

 
Figure 2-14 Graph of slope on Avenida Marechal António de Spínola. 

2.4.3.2 Traffic lights 

Traffic lights are very common when driving in an urban environment. The cases monitored included 

many stops and starts, the focus was on stops at traffic lights when travelling along the main avenues 

in Lisbon, which show a greater variation when braking from the initial cruising speeds down to zero 

when stopped at the lights and the acceleration back up to normal cruising speed after the lights.  

9 different traffic light events were selected (Figure C-1). The events selected were organized with the 

origin of the x axis at 0 m being the point where the vehicle stopped. Measurements 250 m before and 

after the stopping point were included. Data binning was applied in intervals of 10 metres (as was the 

case with the remaining examples). The sample across all the traffic light events included 108 EV stops 

and 111 ICEV stops, with events from both cases. 

2.4.3.3 Roundabout 

Roundabouts are also a very common feature which allows traffic to flow continuously around a central 

island. The use of roundabouts is advantageous compared to normal intersections with traffic lights as 

they have been found to lead to reductions in the amount of collisions and are therefore safer for drivers. 

Vehicles also typically spend less time idling compared to traffic lights, leading to emissions reductions. 

The roundabout events analysed were both from case 2, the roundabout connecting Avenida Marechal 

António de Spínola and Avenida Infante Dom Henrique (Figure 2-15) which was used twice daily, from 

different sides, on the outgoing trip from the distribution hub towards central Lisbon and the return trip. 

• Morning trip (M) - Avenida Infante Dom Henrique (Blue line) 

During the first trip each morning, the vehicle travels southbound along Avenida Infante Dom Henrique 

(blue line in Figure 2-15). The origin point (0 m) for the analysis was the entry into the roundabout, with 

data binned in intervals of 10 metres. The event includes the approach to the roundabout (90 m), going 

around the roundabout and accelerating away (150 m). The sample analysed includes 14 EV trips and 

13 ICEV trips, there were stops when entering the roundabout in 2 EV trips and 1 ICEV trip. 
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• Afternoon trip (A) - Avenida Marechal António de Spínola to Avenida Infante Dom 

Henrique (Red line) 

In the afternoon return trip to the hub, the vehicles returned to the same roundabout, approaching from 

the west on Avenida Marechal António de Spínola (high-speed road event 3.4.1) before turning 

northwards onto Avenida Infante Dom Henrique (red line in Figure 2-15). The afternoon sample includes 

15 ICEV trips and 13 EV trips, with 6 EV trips including stops compared to just 3 ICEV trips; more stops 

in both cases than the morning trips. 

 
Figure 2-15 Roundabout between Avenida Marechal António de Spínola and Avenida Infante Dom Henrique. 

2.4.3.4 Steep uphill 

A final interesting aspect to analyse was the comparison between the EV and ICEV when encountering 

steep slopes. The steepest uphill section monitored was Calçada de Salvador Correia de Sá (Figure 

2-16), used during trips leaving the distribution centre in case 1. It’s a narrow, one-way street, around 

175m long, with a difference in elevation of 33m from beginning to end, an average slope close to 19%. 

The entire street is very steep, with a minimum slope of 8% at the beginning and end of the street. 

The data measured was binned in subsections of 10 metres as in previous cases. The sample included 

30 EV trips and 25 ICEV trips, the selected trips only included stops at the beginning or end of the road, 

discarding any outliers with stops along the road to allow a direct comparison along the entire ascent.  

 
Figure 2-16 Map of Calçada de Salvador Correia de Sá. 
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2.4.3.5 Steep downhill 

The regenerative braking ability of electric vehicles make it fundamental to analyse downhill sections to 

verify the energy recovery potential, which is one of the major advantages of switching to an EV. The 

steepest downhill sections found during case 1 were analysed, divided into 10 metre intervals. 

Rua de O Século (Figure 2-17 (a)) is one of the steepest downhill sections monitored, a one-way road 

in an area with many narrow roads where speeds are relatively low. This analysis included only the first 

300 m so that all trips could be considered, the vehicles then turned off the road at different points. The 

average gradient for the first 300 m is -10%, the road also includes an intersection around 120 m down 

which can impact the trips. The sample for this road included 43 EV trips and 46 ICEV trips. 

The other steep descent analysed was Rua das Flores (Figure 2-17 (b)), also a narrow one-way road. 

This road is 300 m long with an average slope around -10%, and steepest slope of -15% around 75 m 

from the end. It also has an intersection around 200 m down the road. The sample includes 31 EV trips 

and 28 ICEV trips. 

To increase the downhill sample, the analysis of both sections was combined and the results presented 

include all trips from both roads, therefore the sample for both the EV and the ICEV was 74 trips each. 

 
 

(a) (b) 
Figure 2-17 Maps with location of (a) Rua de O Século and (b) Rua das Flores. 
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3 Results and Discussion 

The case studies were selected to verify the viability of substituting the conventional vehicle with an 

electric vehicle for the day-to-day delivery activities, also analysing the impacts this would cause on the 

mobility profile of the vehicle. Using the methods outlined in the previous chapter it was possible to 

analyse many different aspects of the trips that were monitored. In this chapter, a detailed presentation 

of results relating to the following aspects is made: 

• Overview of the trips, general statistics and recharging profiles of the EV; 

• Vehicle Specific Power; 

• Well-to-Wheel analysis; and 

• Detailed analysis of specific driving events. 

3.1 Overview of case studies 

3.1.1 General characterisation 

Real-world vehicle monitoring took place over periods of 3 working weeks for each vehicle at both 

distribution centres. An overview of general statistics from the monitored trips is presented in Table 3-1: 

Table 3-1 General trip statistics. 

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 38.2 41.0 29.5 33.0 

From the table, there are notable differences in the typical daily trips for both cases. In case 2, the 

distribution was made in single round trips (an example is shown in Figure 2-2), compared to the much 

larger number of round trips made in case 1. The distance travelled in case 1 was much greater than 

in case 2, averaging around 48 km per day compared to 23 km per day, respectively. 

Differences between the trips in each case are minor, with mobility profiles being maintained between 

ICEV and EV. The main differences between the vehicle technologies during monitoring periods were 

increased idling time for the EV in both cases and the decrease in daily distance travelled (around 7%), 

this difference is due to extra trips made with the ICEV, normal days were very similar for both vehicles. 

The distribution of trip distances is shown in Figure 3-1. Most trips monitored in case 2 were very short 

trips, less than 2 km in distance, which were the different stops for distribution in central Lisbon. The 

remaining trips, mostly between 5 km and 10 km, are the journeys between the distribution hub and the 

city centre, corresponding to the beginning and end of each round trip. The differences in trip distances 

between EV and ICEV are relatively minor. 
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Figure 3-1 Distribution of trip distances. 

Case 1 distribution trips are more varied, there are differences in individual trip distances between ICEV 

and EV, with the EV having a much lower percentage of trips below 2 km (50% vs 72%), which was 

compensated by a higher percentage of trips between 2 km and 5 km (36% for EV, 23% for ICEV). 

Overall, for both technologies and both distribution centres, most trips are relatively short with over 85% 

of all trips being less than 5 km and no trips exceeding 20 km. 

 

3.1.2 Speed 

A crucial aspect of any trip is the speed, particularly in the logistics business, comparing the vehicle’s 

speed helps complete the characterisation of mobility patterns. The trips mostly took place in an urban 

environment; therefore, speeds were generally low. Table 3-2 shows an overview of the speed statistics 

for the monitored trips. The numbers show that average speed was considerably lower for the EV in 

both cases, 12% lower in case 1 and 14% lower in case 2. Average top speed across all trips are very 

close in both cases. Top speeds are different however, with a 15 km/h difference between the vehicles 

in case 1, but very little time (less than 2% above 90km/h as shown below) was spent at high speeds. 

Table 3-2 Speed statistics for trips. 

Speed statistics ICEV 1 EV 1 ICEV 2 EV 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 

A more useful way to compare speeds, rather than just looking at the overall average and maximums, 

is to analyse and compare the amount of time each vehicle spends at different speeds. For this analysis, 

the speeds are separated into different bands, taking into account the different speed limits for driving 

on Portuguese roads: idling, 0-50 km/h, 51-90 km/h, 91-120 km/h and above 120 km/h. Figure 3-2 

shows the comparison of the amount of time spent in each speed band: 
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Figure 3-2 Percentage of time spent in each speed band during trips. 

The figure above shows that most of the time was spent in the 2 lowest speed bands, either idling or 

between 0 and 50 km/h, above 95% of the time for case 1 and at least 80% in case 2. The speed 

profiles are different for the two cases, but the differences between the vehicle technologies were 

minimal, with EV idling slightly more often (confirming Table 3-1). Case 2 had a higher percentage of 

time above 50 km/h, 20% of the time for the ICEV and 17% for the EV compared to just 3% in case 1. 

Figure 3-3 shows the hourly distribution of average speeds, it is useful to compare the distributions over 

time as the trips took place on similar routes each day. The profiles between the ICEV and EV are again 

very similar for each distribution centre, although the graph clearly shows lower average speeds for the 

EV across most hours for both cases. Case 2 trips distribution have the highest speed trips occurring 

at the beginning and end of the day, over 20 km/h on average for both vehicles. These trips with higher 

speeds were the longer trips between the hub and central Lisbon; the remaining trips, all in the 

downtown area, had lower speeds. Case 1 has a flatter speed profile during the day, with the highest 

average speed above 15 km/h in the first hour of the working day. 

 
Figure 3-3 Hourly distribution of average speeds during trips. 
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One final aspect that highlights the differences in driving profiles between the two cases is the amount 

of time the ICEV spends in excess RPM (not applicable to EV). This indicates a more aggressive and 

fuel intensive driving style. For the diesel vehicle, excess RPM is categorized as engine speed above 

2500 RPM with the vehicle travelling at a speed below 120 km/h (which was never exceeded during 

monitoring). Figure 3-4 below shows the hourly distribution for excess RPM, with the case 2 trips very 

rarely in excess RPM, below 0.5% on average, whereas it was much more frequent for case 1 where 

excess RPM occurred over 5% of the time. The hilly profile, narrow roads and traffic leading to a stop-

and-go driving style all contribute to the increased time in excess RPM. 

 
Figure 3-4 Hourly distribution of Excess RPM during ICEV trips. 

 

3.1.3 EV recharging 

Another fundamental aspect in analysing the viability of the EV is energy consumption. By analysing 

the recharging patterns, it was possible to verify any potential limitations in terms of range and charging 

availability for the use of electric mobility in day-to-day operations. 

Table 3-1 presents the average daily distance travelled at both cases: case 1 (46 km) and case 2 (23 

km) were well within the listed range for the EV (170 km NEDC, although in real world driving conditions, 

range was substantially lower), which means that range anxiety was not an issue for day-to-day 

operations in these cases. Table 3-3 has the recharging statistics for the EV at both distribution centres: 

Table 3-3 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 

Energy consumption (MJ/km) 1.05 0.742 

Average SOC before recharging 44% 79% 

Average % of battery total recharged 56% 21% 

Average duration per charge (h) 5.62 2.05 
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The monitored Renault Kangoo Z.E. contains a 22-kWh lithium-ion battery, the vehicle was plugged in 

and the batteries charged at the standard voltage of 240 V (measurements between 215 V and 250 V) 

and a maximum current of 10 A, which together give charging power around 2.4 kW. A lot more energy 

was recharged in case 1 than case 2, 173% more per charge, due to higher vehicle usage (over double 

the distance travelled each day) and a more energy intensive mobility pattern (almost 42% more energy 

consumed per km). 

The average state of charge (SOC) for both cases before recharging events was well above 0%, 

confirming that there weren’t any problems in terms of range for the cases monitored. However, the 

average SOC for case 1 was only 44% with an average daily distance travelled of just over 46 km, 

meaning that the real-world driving range for that mobility pattern was around 82 km, less than half of 

the range listed by the manufacturer obtained when certified using the NEDC. With the case 2 mobility 

pattern, extrapolating from the 21% recharged for 22.5 km travelled on average, the range for a full 

charge was 107 km, 37% less than the NEDC listed range of 170 km. 

Both vehicles were always fully recharged overnight without running into any issues in terms of reliability 

or charging availability during the monitoring periods. Another similar case study with a longer EV 

monitoring period of over 60 days also showed no problems with the overnight recharging for day-to-

day logistics operations (Duarte et al., 2016). The recharging profiles for both cases is shown in Figure 

3-5, detailing the percentage of the total energy charged in each minute. 

 
Figure 3-5 Percentage of energy charged (minute by minute) at both locations. 

In both cases the EV was fully charged at the start of each workday. Case 1 charging started when the 

vehicle was parked at the end of each workday, usually between 5pm and 6pm, with the vehicle always 

fully recharged by 1am, averaging 338 minutes and 13.2 kWh per charge. Charging in case 2 was done 

at a different time, starting around 2am with 21% recharged on average, averaging 140 minutes and 

4.84 kWh per charge, always completely recharged before 6am. Recharging during certain hours could 

take advantage of variable electricity tariffs, with cheaper electricity in non-peak hours where the load 

on the electrical grid is lower. Charging is not 100% efficient and charging speed decreases as the 

battery approaches full capacity, with the voltage staying relatively constant but the current decreasing. 
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Figure 3-6 shows a sample charging event from case 1, with the current on the left vertical axis and 

energy recharged on the right axis. The recharging event started at 17:37 and ended at midnight, having 

recharged 14.83 kWh over 384 minutes, showing a clear decrease in current in the last 10 minutes. 

 
Figure 3-6 Sample case 1 recharging profile, current (A – left) and energy (kWh – right) over time. 

The mobility and recharging profiles show that switching to an electric vehicle in both cases is perfectly 

viable, without any major changes imposed on daily activities or having any limitations with regards to 

the vehicle’s range or charging availability. 

 

3.2 Vehicle Specific Power characterization 

In this section, results associated with the application of the Vehicle Specific Power (VSP) methodology 

(described in subchapter 2.4) are presented. Applying the 14-mode VSP binning technique (Table 2-1) 

to the monitoring data, it was possible to calculate the amount of time spent in each mode (Figure 3-7, 

more detailed results with resolution across the entire VSP range is presented in Figure D-1). 

 
Figure 3-7 Time distribution of VSP modes during trips. 
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Most of the time was spent in low VSP modes, as expected with the urban driving profiles associated 

with these cases. In both cases, both vehicles spent over 90% of the time below VSP mode 6, 

(equivalent to VSP < 7 W/kg). As discussed previously (subchapter 1.1.3) the electric motor is more 

efficient than an ICE, especially in these low power conditions, the greater efficiency combined with the 

regenerative braking aspect of the EV make it more suitable for this kind of profile. 

On the other end of the scale, the vehicles were only in VSP modes 9 and above (VSP ≥ 16 W/kg) less 

than 1% of the time. There are noticeable differences between the vehicles as the ICEV spends more 

time in the negative VSP modes, with both cases peaking around 30% in VSP mode 2 (-2 ≤ VSP < 0), 

whereas the EV peaks in VSP modes 3 (idling) for both cases. Despite the differences, between cases 

the profiles are similar, with case 1 having less time in VSP mode 1 and much more time in VSP mode 

3 compared to case 2. 

 

3.2.1 Energy consumption 

Using the data obtained via on board monitoring, it was possible to estimate the energy consumption 

associated with ICEV usage with the VSP methodology. The data included the number of seconds spent 

under each value of VSP and the corresponding estimated modal fuel consumption. Applying the 14 

mode VSP binning approach and using the averages for each mode, the fuel consumption curve shown 

below in Figure 3-8 was obtained (results measured across the entire range in Figure D-2). 

 
Figure 3-8 Fuel consumption for each VSP mode during ICEV trips. 

Applying the VSP methodology to the monitored EV trips, using the approach outlined in subchapter 

2.4.1.2, it was possible to estimate the electricity consumption of the vehicle. The electrical consumption 

as a function of VSP is given by a system of 4 equations, shown previously in Table 2-3. To obtain the 

coefficients for the system of equations, energy consumption was analysed using MATLAB. As the 

vehicles were fully charged each day, the trips were divided into weekly groups (6 sets of 5) and each 

combination of different pairs of days was analysed to select the pair that provided the best estimate, 

with the lowest error. 
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Tables with details of the energy consumption estimates for each week can be found in Appendix D - 

(Table D-1 to Table D-6). The pair of days that provided the best fit, having the lowest error when 

compared with all monitored days was during case 1, days 3 & 4 in week 3 of EV monitoring. The 

respective coefficients obtained are shown in Table 3-4:  

Table 3-4 Coefficients for electricity consumption equation as function of VSP. 

Case 1: Week 3, Days 3 & 4 

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 

The graphical representation of the above equations is the energy consumption curve shown in Figure 

3-9: 

 
Figure 3-9 Graph of electrical consumption as function of VSP. 

The selection was validated by applying the equations obtained with the selected trips onto all the other 

trips and comparing the estimated consumption from the selected equations with the consumption 

measured during each recharging event. Problems with GPS measurements in week 1, days 1 and 3, 

led to large errors for those days and therefore higher overall errors in case 1 compared to case 2. The 

largest daily differences in other days between the measured and estimated consumption were below 

13%, with only 2 other days exceeding 10%, values well within the expected range. Results from both 

cases, with case 1 in weeks (W) 1 to 3 and case 2 in weeks (W) 4 to 6, are shown in Table 3-5.  
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Table 3-5 Validation of VSP methodology comparing estimated and measured energy consumption (case 1 = W1 - W3, case 2 = W4 - W6). 

 
 

 

Table 3-6 shows the errors and standard deviations after applying the selected equations and consumption curve to every day. The mean absolute error was 

6.2% with a standard deviation of 10.2%, 4.1% and 5.2% respectively when removing days 1 and 3, within the normal range of errors. 

Table 3-6 Errors for VSP methodology applied to EV. 

Errors - all days  

Mean Error (Wh) -428.8 

Mean Error (%) -3.3% 

Mean Absolute Error (Wh) 654.3 

Mean Absolute Error (%) 6.2% 

Standard Deviation (Wh) 1274.9 

Standard Deviation (%) 10.2% 
 

Errors excluding days 1 and 3  

Mean Error (Wh) -116.0 

Mean Error (%) -1.0% 

Mean Absolute Error (Wh) 357.5 

Mean Absolute Error (%) 4.1% 

Standard Deviation 515.2 

Standard Deviation (%) 5.2% 
 

Day W1 Day 1 W1 Day 2 W1 Day 3 W1 Day 4 W1 Day 5 W2 Day 1 W2 Day 2 W2 Day 3 W2 Day 4 W2 Day 5 W3 Day 1 W3 Day 2 W3 Day 3 W3 Day 4 W3 Day 5

Estimated consumption (Wh) 7362.2 14774.9 10512.9 11695.8 14087.8 13227.8 12650.0 14825.1 12565.7 12513.6 12683.9 10820.5 13165.6 12301.0 12552.7

Energy recharged (Wh) 12664.5 14226.0 14828.5 12289.8 14969.3 14996.6 13088.1 15414.2 11612.3 12850.3 12635.6 10559.0 13165.6 12301.0 12076.2

Difference (Wh) -5302.3 548.9 -4315.6 -594.0 -881.5 -1768.8 -438.1 -589.2 953.4 -336.6 48.3 261.5 0.0 0.0 476.5

Error (%) -41.9% 3.9% -29.1% -4.8% -5.9% -11.8% -3.3% -3.8% 8.2% -2.6% 0.4% 2.5% 0.0% 0.0% 3.9%

Mean Error (Wh)

Mean Error (%)

Mean Absolute Error (Wh)

Mean Absolute Error (%)

Standard Deviation (Wh)

Standard Deviation (%)

-795.8

-5.63%

1101.0

8.1%

1765.9

13.3%

Day W4 Day 1 W4 Day 2 W4 Day 3 W4 Day 4 W4 Day 5 W5 Day 1 W5 Day 2 W5 Day 3 W5 Day 4 W5 Day 5 W6 Day 1 W6 Day 2 W6 Day 3 W6 Day 4 W6 Day 5

Estimated consumption (Wh) 4949.7 4783.5 4693.5 4563.1 4874.3 4769.2 4813.2 4638.1 4713.7 5010.7 4608.2 4914.6 4770.0 4749.6 4860.3

Energy recharged (Wh) 4850.0 4827.0 4832.5 4344.6 4748.0 5072.5 4958.0 4860.0 4636.1 5028.1 5054.0 4895.3 4571.7 5454.5 4506.8

Difference (Wh) 99.7 -43.5 -139.0 218.5 126.3 -303.3 -144.9 -221.9 77.6 -17.4 -445.8 19.3 198.3 -704.8 353.4

Error (%) 2.1% -0.9% -2.9% 5.0% 2.7% -6.0% -2.9% -4.6% 1.7% -0.3% -8.8% 0.4% 4.3% -12.9% 7.8%

Mean Error (Wh)

Mean Error (%)

Mean Absolute Error (Wh)

Mean Absolute Error (%)

Standard Deviation (Wh)

Standard Deviation (%)

-61.8

-1.0%

207.6

4.2%

276.0

5.5%
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Table 3-7 shows the estimated energy consumed and recovered for each EV monitored day in case 1 (weeks 1 to 3) and case 2 (weeks 4 to 6). 

Table 3-7 Estimated EV energy consumption and recovery (case 1 = W1 - W3, case 2 = W4 - W6). 

 
 

 

Across both cases, around 26% of the time was spend in negative VSP and energy recovered was also around 26% on average. The EV in case 1 (weeks 1 

to 3) spent less time in negative VSP, 25.4% compared to 27.7% in case 2, but managed to recover a higher percentage of energy (26.6%) than in case 2 

(25.7%), this was due to case 1 having more braking events (stop and go profile) and downhill sections, consistent with energy recovery percentages found in 

the literature (Björnsson & Karlsson, 2016). Energy recovery with the selected equations (Table 3-4) was relatively high compared to other possible selections 

(green columns in Table D-2 to Table D-5) with overall energy recovery for the various selections ranging between 14% and 29%. 

W1 Day 1 W1 Day 2 W1 Day 3 W1 Day 4 W1 Day 5 W2 Day 1 W2 Day 2 W2 Day 3 W2 Day 4 W2 Day 5 W3 Day 1 W3 Day 2 W3 Day 3 W3 Day 4 W3 Day 5

Time VSP >=0 (s) 7627 15473 11516 11723 14345 12500 12538 14340 12279 12456 10735 10161 12530 11528 12838

Time VSP >=0 (%) 75.7% 75.6% 77.0% 75.1% 76.4% 73.1% 74.9% 72.8% 75.8% 74.0% 71.7% 73.3% 74.9% 74.6% 73.9%

Time VSP >=0 (%)

Energy VSP >=0 (Est. Wh): 10209.1 19639.1 14357.3 15957.2 19186.0 17620.0 17252.8 20171.4 16914.9 17298.7 17505.3 14789.8 18327.3 16837.9 16892.8

Time VSP <0 (s) 2448 4986 3441 3880 4432 4591 4199 5365 3928 4376 4234 3694 4199 3926 4537

Time VSP <0 (%) 24.3% 24.4% 23.0% 24.9% 23.6% 26.9% 25.1% 27.2% 24.2% 26.0% 28.3% 26.7% 25.1% 25.4% 26.1%

Time VSP <0 (%)

Energy recovered (Est. Wh) -2846.9 -4864.2 -3844.4 -4261.3 -5098.3 -4392.2 -4602.8 -5346.3 -4349.2 -4785.0 -4821.4 -3969.3 -5161.7 -4536.9 -4340.1

Energy recovered (%) 27.9% 24.8% 26.8% 26.7% 26.6% 24.9% 26.7% 26.5% 25.7% 27.7% 27.5% 26.8% 28.2% 26.9% 25.7%

Energy recovered (%)

74.6%

25.4%

26.6%

W4 Day 1 W4 Day 2 W4 Day 3 W4 Day 4 W4 Day 5 W5 Day 1 W5 Day 2 W5 Day 3 W5 Day 4 W5 Day 5 W6 Day 1 W6 Day 2 W6 Day 3 W6 Day 4 W6 Day 5

Time VSP >=0 (s) 2927 3499 3381 3127 3658 2846 3500 2974 3441 3346 3066 3394 3017 3268 3370

Time VSP >=0 (%) 70.3% 72.8% 73.4% 71.3% 74.2% 71.6% 71.6% 71.7% 72.2% 72.7% 71.9% 72.8% 72.3% 73.3% 71.7%

Time VSP >=0 (%)

Energy VSP >=0 (Est. Wh): 7122.8 6362.5 6327.2 6173.7 6494.8 6560.4 6441.8 6248.3 6277.7 6712.4 6187.3 6542.9 6245.9 6416.9 6413.1

Time VSP <0 (s) 1234 1307 1227 1259 1272 1129 1389 1172 1323 1256 1201 1267 1157 1188 1330

Time VSP <0 (%) 29.7% 27.2% 26.6% 28.7% 25.8% 28.4% 28.4% 28.3% 27.8% 27.3% 28.1% 27.2% 27.7% 26.7% 28.3%

Time VSP <0 (%)

Energy recovered (Est. Wh) -2173.0 -1579.0 -1633.7 -1610.6 -1620.5 -1791.1 -1628.7 -1610.1 -1564.0 -1701.6 -1579.0 -1628.2 -1476.0 -1667.3 -1552.8

Energy recovered (%) 30.5% 24.8% 25.8% 26.1% 25.0% 27.3% 25.3% 25.8% 24.9% 25.4% 25.5% 24.9% 23.6% 26.0% 24.2%

Energy recovered (%)

72.3%

27.7%

25.7%
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After converting both the ICEV and EV energy consumption to kJ/s and applying the 14 VSP mode 

binning to the EV (the maximum 30W/kg only reaches mode 12), the energy consumption curves for 

both vehicles across the 14 VSP modes were calculated and are presented in Figure 3-10: 

 
Figure 3-10 Energy consumption for each VSP mode. 

The results above confirm the clear advantage the EV has in terms of energy consumption (and 

recovery) across all VSP modes, making it a much better option than the ICEV for these urban freight 

distribution operations, particularly considering the increased costs associated with the use of diesel 

compared to electricity. Fuel consumption for case 1 was higher than case 2 (Figure 3-8) in higher VSP 

modes, which also translates to higher energy consumption. 

The typical VSP binning technique for conventional light duty vehicles only has the first 2 modes to 

account for negative VSP, which is fine for the ICEV as the consumption is relatively flat for VSP < 0 

W/kg, but is not ideal when considering the energy recovery capabilities of electric vehicles. A more 

detailed graphical comparison of the energy consumption of both vehicles, with a resolution of 1W/kg, 

is presented in Figure D-3. 

 

3.2.2 Emissions 

The VSP methodology was also used to calculate local ICEV CO2 and NOx emissions as the EV is a 

zero-emission vehicle, with no local CO2 or pollutant emissions. The local ICEV CO2 emission were 

calculated based on the fuel and energy consumption calculations above, with the energy content of 

diesel being 35.95 MJ/l and CO2 emissions of 2.68 kg/l of diesel, the CO2 emissions are approximately 

0.07455 g/kJ. 
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NOx emissions were estimated using vehicle characteristics and certification data, with overall NOx 

emissions per second estimated at 0.00166 g/s and the respective emissions for each VSP mode 

determined. ICEV CO2 and NOx emissions per VSP mode are presented in Figure 3-11, with CO2 

emissions (red) represented on the main (left) vertical axis and NOx emissions (black) on the secondary 

(right) axis (the same format is used in other CO2 and NOx emissions charts). 

 
Figure 3-11 ICEV CO2 and NOx emissions for each VSP mode. 

Considering the VSP distribution (Figure D-1) of the monitored trips, across both case studies CO2 

emissions average around 330 g/km and NOx emissions average around 529 mg/km. Both values are 

well above the NEDC CO2 emissions test results (Kangoo dCi 75 CO2 emissions of 119g/km, Table B-1) 

and NOx limits (EURO 5 NOx emission limit of 180 mg/km, Table A-2). In these two case studies with 

urban driving profiles, the NEDC is found to vastly underestimates both CO2 emissions (277% increase) 

and NOx emissions (292% above EURO 5 limit) in real world driving conditions. 
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3.3 Well-to-Wheel analysis 

In this chapter, the results of the Well-to-Wheel (WTW) analysis, which combines the upstream Well-

to-Tank (WTT) and downstream Tank-to-Wheel (TTW) stages, are presented in terms of energy 

consumption as well as both CO2 and local pollutant emissions. 

 

3.3.1 Energy consumption 

The estimated WTW energy consumption per kilometre, considering the different factors mentioned in 

chapter 2.4.2, is shown in Figure 3-12. The results show lower energy consumption with both vehicles 

in case 2. Overall, there was a meaningful decrease in energy consumption when switching from the 

ICEV to the EV, with a 66% decrease in case 1 and a 73% decrease in case 2. 

 
Figure 3-12 WTW energy consumption from ICEV & EV trips. 

The decrease in overall energy consumption was mainly due to differences in the TTW stage as the EV 

is a lot more efficient than the ICEV, the results are coherent with the results of the VSP analysis seen 

in Figure 3-10. The WTT energy consumption was relatively low and similar for both vehicles, as diesel 

production is relatively efficient with a much lower energy consumption factor (Table 2-4) than the 

electricity generation mix, but as the share of renewables increases (62% for Portugal in 2014) the WTT 

factor for electricity reduces, increasing the advantage of EV use in terms of energy consumption.  

Energy costs also reduce substantially from the ICEV to the EV. Using reference costs of electricity at 

€0.20/kWh and diesel at €1.20/l, the cost in case 1 drops from 0.156 €/km to 0.058 €/km and in case 2 

from 0.139 €/km to 0.041 €/km, reductions of 62% and 70%, respectively. 
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3.3.2 CO2 emissions 

The WTW carbon dioxide (CO2) emissions estimates, grams emitted per kilometre driven, are presented 

in Figure 3-13.  

 
Figure 3-13 WTW CO2 emissions from ICEV & EV trips. 

CO2 emissions, similarly to energy consumption, were slightly higher in case 1 compared to case 2 and 

there was an expressive reduction in CO2 emissions in both cases when moving from the ICEV to EV, 

a 75% reduction in case1 and an 80% reduction in case 2. 

The TTW CO2 emissions account for around 84% of the total ICEV CO2 emissions in both cases. The 

EV has zero local (TTW) CO2 emissions, therefore over 300 g/km of CO2 emissions were displaced 

during vehicle usage in both cases, which was consistent with the ICEV CO2 emissions results obtained 

via the VSP methodology. WTT CO2 emissions associated with the current electricity generation mix is 

higher than diesel production (Table 2-4), but this difference should also decrease and invert with the 

decarbonization of electricity generation via the increased use of renewable energy. 
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3.4 Analysis of driving events 

3.4.1 High-speed road 

Urban driving can have many variables, as most trips measured during these case studies were at low 

speeds with lots of stopping and starting, the best case to use as a starting point for analysis was an 

open road which the vehicles could travel along at high speeds, with minimal interference. Figure 3-14 

shows the average speeds measured in each interval along the avenue for both vehicles, accelerating 

during the initial uphill section, then cruising before braking at the end for the roundabout. 

 
Figure 3-14 EV and ICEV Speeds on Avenida Marechal António de Spínola. 

The profiles for both vehicles are similar, although the ICEV has a consistently higher average speed 

of 66 km/h before the final braking point, compared to 62km/h for the EV, with the largest difference 

clearly shown in the initial uphill section. Another way to analyse driver behaviour along the section is 

to normalize the speed profiles (Figure 3-15), dividing the speed in each interval by the average speed. 

By adimensionalizing the speed, we can see that the profiles for both vehicles are very similar when 

driving along an open road, which could suggest that the impact on driver behaviour when switching to 

the EV was minimal. 

 
Figure 3-15 Adimensional speed on Avenida Marechal António de Spínola. 
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Acceleration is another crucial aspect to analyse when comparing both vehicles, it’s also a fundamental 

part of the calculation of VSP and therefore also for calculating energy consumption. Figure 3-16 below 

shows the accelerations for both vehicles along the road: 

 
Figure 3-16 EV and ICEV Acceleration on Avenida Marechal António de Spínola. 

The acceleration profile was also relatively similar for both vehicles, with a few differences which also 

contributed to the speed differences in some intervals, seen in Figure 3-14. The next step in comparing 

the two vehicles is to calculate VSP, shown below in Figure 3-17: 

 
Figure 3-17 EV and ICEV VSP on Avenida Marechal António de Spínola. 

Results above shows the average VSP amounts measured in each interval, with a clear difference 

between the two vehicles in the uphill section at the beginning of the avenue, as the higher acceleration 

of the ICEV translates to much higher VSP amounts. The overall mobility profiles along the avenue 

were again relatively similar, with differences along most of the road with the confidence interval and 

therefore not statistically significant. The ICEV shows a slightly more aggressive profile compared to 

the EV, both in the initial acceleration and when braking at the end of the road.  

Having calculated the VSP it is possible to calculate the corresponding energy consumption for both 

vehicles (VSP analysis in 3.2.1 and Figure D-3), results for the high-speed road are shown below in 

Figure 3-18: 
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Figure 3-18 EV and ICEV energy consumption on Avenida Marechal António de Spínola. 

The differences in energy consumption between the EV and ICEV are much greater than the other 

categories, as expected with the different energy consumption levels associated with each vehicle 

across the VSP range. The ICEV shows consistently higher energy consumption in this section, with 

the greatest differences during the initial uphill section when accelerating. Engine data obtained via on-

board monitoring from the ICEV showed an average engine load on the uphill section of 53%, with 

engine speed just over 2000 rpm and fuel consumption of 8.9 l/100km. EV energy consumption has a 

higher average between 700 m and 800 m, but the differences are small and within the confidence 

interval. Table 3-8 below shows the energy consumption details for the trips along Avenida Marechal 

António de Spínola, divided into three distinct sections: the initial uphill acceleration phase for 500 m, 

the cruising phase from 500 m to 1700 m and the braking phase from 1700 m until the end of the road. 

Details include the total consumption and the average for each 10 m section when passing each phase. 

Table 3-8 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% 

Across all 3 sections the difference between the vehicles was expressive, being particularly pronounced 

in the braking phase compared to the previous phases due to the EV advantage of regenerative braking. 

During the braking phase along the final 400 m of the road, the EV energy consumption was negative, 

using the descent and braking to recover 50.5 kJ/s of energy while over the same section the ICEV 

consumes 67.3 kJ/s. The average energy consumption on a trip along the entire road was 892.4 kJ/s 

with the ICEV compared to just 299.4 kJ/s with the EV, a reduction of 67.3%. 

Using the results obtained via the VSP methodology (Figure 3-11), it’s possible to estimate the ICEV 

CO2 & NOx emissions for each specific driving event. The average CO2 (red, main vertical axis) and 

NOx (black, secondary vertical axis) emissions along the high-speed road are presented in Figure 3-19: 
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Figure 3-19 ICEV CO2 (left) and NOx (right) emissions on Avenida Marechal António de Spínola. 

The highest average emissions occur at the beginning of the ascent, with CO2 emissions averaging just 

over 6.3 g/s (peaking at 10.1 g/s during 2 of the 46 seconds captured in the section) and NOx emissions 

average 0.03 g/s (peaking at 0.062 g/s) before power demand and emissions decrease along the road. 

 

3.4.2 Traffic lights 

Having analysed an open road example and finding large reductions in energy consumption and local 

emissions with EV use, the next important event to look at was traffic lights. Figure 3-20 shows the 

average speeds for each interval from 250 m before to 250 m after the stopping events. The graph 

shows that there was an initial approach phase with relatively constant speed around 50 km/h before 

the braking phase, which truly begins around 120 m before stopping. The acceleration phase was 

slightly different, with speed increasing more gradually up to the cruising speed around 50 km/h. 

 
Figure 3-20 EV and ICEV speed at traffic light events. 
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Both vehicles have similar trends throughout the event. In most of the intervals further away from the 

stops, the differences between the vehicles are not significant. The more important sections to analyse 

are the braking and accelerating phases around the stopping point, in these areas the EV was shown 

to brake slightly later and accelerate more gradually than the ICEV, leading to the EV having a lower 

average speed than the ICEV, 41.5 km/h and 43.2 km/h respectively. The adimensionalization of the 

speed by dividing by the average speed is shown in Figure 3-21, as the average speeds were similar, 

the profiles do not change greatly in relation to one another, but it shows that the EV and ICEV 

acceleration profiles when normalized are very similar. 

 
Figure 3-21 Adimensional speed at traffic light events. 

The acceleration for both vehicles throughout the entire event is presented in Figure 3-22. We can see 

that during the braking phase the ICEV tends to have lower (more negative) acceleration, leading to a 

greater reduction in speed. During the acceleration phase the profiles are very similar, the ICEV starts 

slightly more aggressively in the 0-10 m section (0.314 m/s2 vs 0.283 m/s2), which combined with the 

higher speed average speed in that section, leads to the difference increasing between both speed 

profiles in the 10-20 m section, and the EV catching up slowly throughout the rest of the process. 

 
Figure 3-22 EV and ICEV acceleration at traffic light events. 
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As an electric motor provides immediate torque and is more efficient, the EV was expected to accelerate 

more quickly than the ICEV. The difference observed in the speed profiles compared to the expected 

outcome could be due to more cautious driving when adapting to the new technology and drivers being 

more aware of the impact aggressive accelerations can have on EV range. The cases monitored include 

very few extreme acceleration events for a direct comparison. Having presented the speed and 

acceleration, the VSP profiles for the traffic light events is presented below in Figure 3-23: 

 
Figure 3-23 EV and ICEV VSP at traffic light events. 

The profiles for both vehicles remain very similar, following the acceleration trends very closely. The 

differences between the vehicles are within the 95% confidence interval for both acceleration and VSP 

across almost all the distances. From the VSP, the energy consumption profiles were calculated and 

are presented below in Figure 3-24: 

 
Figure 3-24 EV and ICEV Energy consumption at traffic light events. 

In this case the advantages for the EV are once again apparent, with its energy consumption being 

consistently much lower than the ICEV along the entire event, with particularly pronounced differences 
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during the initial acceleration. Average consumption for each section is shown in Table 3-9, with similar 

reductions in the cruising and acceleration phases, substantially higher under braking. The use of EV 

instead of ICEV led to an overall reduction in this event of 62.3%.  

Table 3-9 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% 

Finally, local ICEV CO2 and NOx emissions at the traffic light events are presented in Figure 3-25: 

 
Figure 3-25 ICEV CO2 (left) and NOx (right) emissions at traffic light events. 

Average values during acceleration from traffic lights are lower than the initial acceleration on the high-

speed road as power demand and energy consumption was not as high. The highest CO2 average 

emissions of 3.6 g/s and NOx average emissions of 0.0135 g/s in the 50-60 m section. 

 

3.4.3 Roundabouts 

The next event analysed was the roundabouts which allow a more continuous flow than the traffic lights. 

Figure 3-26 shows the average speeds measured during both the morning (M) and afternoon (A) trips 

at the roundabout, confirming the distinct profiles for the different trips. During the morning trips, both 

vehicles have similar and relatively smooth speed profiles with the ICEV having slightly higher average 

speeds, by about 3 km/h, than the EV throughout the entire process, the highest differences in the 

averages are during the approach phase but mostly within the margin of error. 
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Figure 3-26 EV and ICEV speeds at roundabout events (M = Morning, A = Afternoon). 

The afternoon trips have a different profile from the morning trips as the vehicles approached the 

roundabout at much higher speeds and after braking stopping more often, entered the roundabout at 

lower speeds on average. The ICEV once again approached at a higher average speed than the EV 

and braked slightly more aggressively, while also being slightly faster throughout the entire acceleration 

phase. The profile during the roundabout and accelerating away was very similar in all cases. 

By normalizing the speed, dividing by the average speeds across the entire event, as presented in 

Figure 3-27, the morning EV and ICEV profiles line up almost perfectly. The afternoon trips are different 

near the roundabout entry, which can be explained by the EV stopping more often (6 stops vs 3 for the 

ICEV), leading to a lower average speed at the entry, but throughout the initial approach and the 

rounding and acceleration phases the afternoon profiles are very similar. 

 
Figure 3-27 Adimensional speed at roundabout events (M = Morning, A = Afternoon). 

The acceleration profiles for the roundabout events are shown below in Figure 3-28, highlighting the 

differences when approaching the roundabout from different routes. The acceleration profiles for the 

morning trips are relatively flat and have minor differences between the vehicles throughout the event. 

In the afternoon trips the EV and ICEV profiles differ greatly when entering the roundabout, due to the 
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EV having to stop more frequently on its trips (6 stops vs 3) and therefore accelerating more to return 

to cruising speed.  

 
Figure 3-28 EV and ICEV acceleration at roundabout events (M = Morning, A = Afternoon). 

The differences between the morning and afternoon trips are clear, with the afternoon profiles showing 

much greater negative acceleration when approaching the roundabout due to higher speeds initially 

and accelerating away from the roundabout earlier than the morning trips, around the 78-80 m interval 

compared to near the 100-110 m interval in the morning trips. Looking at the map in Figure 2-15 this 

difference makes sense as the morning route around the roundabout from north to south is slightly 

longer than the afternoon route from the west. 

Figure 3-29 shows the VSP measurements in this event, which closely follow the acceleration profiles. 

 
Figure 3-29 EV and ICEV VSP at roundabout events (M = Morning, A = Afternoon). 

The morning trips have a flatter profile due to lower speed and acceleration variations. There are 

differences in the acceleration phase between the two trips, despite very similar speed profiles, the 

afternoon trips VSP peak at around 15 W/kg and 19 W/kg, compared to just 9 W/kg and 11 W/kg in the 
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morning trips, this difference is due to a descent when going south on Avenida Infante Dom Henrique, 

the negative slope reduces VSP compared to the flat road on the northern exit. 

The morning VSP profiles are much closer to each other than the afternoon trips. The normalized 

afternoon VSP profiles, dividing the VSP in each interval by the maximum values, are shown in Figure 

3-30. The normalized profess are similar, like VSP profiles in previous cases, which suggests that driver 

behaviour does not change and the VSP differences above are due to differences in vehicle technology. 

 
Figure 3-30 Adimensional VSP on afternoon (A) roundabout events. 

From the VSP profiles, the respective energy consumption for this event was calculated and the results 

are presented below in Figure 3-31: 

 
Figure 3-31 EV and ICEV energy consumption at roundabout events (M = Morning, A = Afternoon). 

Between the two vehicles there are expressive differences, the expected outcome, as was the case in 

previous events, with the EV having a much lower energy consumption than the ICEV. Table 3-10 and 

Table 3-11 show the details for the morning and afternoon trips respectively, considering three different 

sections: the approach, rounding (where the speed was relatively constant) and accelerating away. 
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Table 3-10 EV and ICEV energy consumption details for morning roundabout trips. 

 EV M: Energy (kJ/s) ICEV M: Energy (kJ/s) EV vs ICEV 

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

Approaching 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% 

Accelerating x > 60 165.6 16.56 243 24.3 -31.9% 

Overall 199.3 7.97 378.4 15.14 -47.3% 

During the morning trips, the EV energy consumption was 199.3 kJ/s, a 47.3% reduction compared to 

the ICEV. The biggest difference in absolute terms was during the acceleration phase where 

consumption was higher for both vehicles, but in relative terms this was the smallest difference, with a 

31.9% reduction, this is lower than the other events analysed and due to the descent after exiting the 

roundabout. During the initial sections, with braking and low speeds, the decrease in consumption from 

the ICEV to the EV was much more pronounced, 100.9% during the approach as the EV regenerative 

braking led to negative energy consumption and a 54.9% reduction when rounding the roundabout. 

Table 3-11 EV and ICEV energy consumption details for afternoon roundabout trips. 

 EV A: Energy (kJ/s) ICEV A: Energy (kJ/s) EV vs ICEV 

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

Approaching 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% 

Accelerating x > 60 191.2 19.12 413.2 41.32 -53.7% 

Overall 173.2 6.93 574 22.96 -69.8% 

Energy consumption with the EV during the afternoon trips show higher reductions than the morning 

trips, with an overall decrease in energy consumption from the ICEV to the EV of 69.8%. The higher 

approach speed led to much lower acceleration and VSP, hence lower energy consumption. With the 

EV’s advantage of regenerative braking, it had negative consumption during the approach, recovering 

more energy than spent during the rounding phase. When rounding, the decrease was lower than the 

morning trips as the EV started from a lower speed and accelerated more to return to the mean speed. 

For the acceleration phase, the decrease from ICEV to EV was more in line with previous events than 

the morning trips. Overall, in all trips, energy consumption was reduced by 58.6%. 

After the VSP and energy consumption values, the ICEV CO2 and NOx emissions are estimated, with 

the respective emissions for both the morning and afternoon trips shown in Figure 3-32. Emissions are 

higher during afternoon trips, like energy consumption, with emissions from both sets of trips peaking 

while accelerating away from the roundabout. In the 90-100 m interval CO2 emissions average 2.33 g/s 

in the morning trip 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. Unlike the morning trips, the more aggressive acceleration in 

the afternoon trips lead to higher average emissions than the traffic light cases. 
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Figure 3-32 ICEV CO2 (left) and NOx (right) emissions at roundabout events (M = Morning, A = Afternoon). 

 

3.4.4 Steep uphill 

As the high-speed road and roundabout events show, road slope can have a meaningful effect on 

energy consumption and emissions, therefore analysing steep slopes is very important. Using engine 

data from the ICEV obtained via on-board monitoring, it was found that on the steep uphill road 

analysed, the average engine load was 48.5%, with an average engine speed over 1900 rpm and the 

average instant consumption measured at 22.5 l/100km, much higher fuel consumption than the high-

speed ascent (8.9 l/100km) that had a lower gradient analysed earlier in chapter 3.4.1. 

As with the previous cases, the first category to be analysed is the vehicle’s speed during the event. 

Figure 3-33 below shows a graph comparing the average speeds of both vehicles during their ascent 

along Calçada de Salvador Correia de Sá. 

 
Figure 3-33 EV and ICEV speed on steep uphill events. 
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In this event, a clear gap is evident between the speeds of the vehicles along most of the road, with the 

ICEV averaging 21 km/h compared to the EV’s average of 16 km/h. The profiles show similar patterns, 

with the highest speeds around the midpoint of the ascent, at relatively slow speeds overall. In previous 

cases the overall speeds were much closer, but during uphill sections the differences in speed between 

the EV and ICEV were more pronounced, which is reflected in this event. Towards the top of the climb 

the road narrows at the left turn, leading to the same speed for the vehicles at 130-140 m. 

An alternative analysis of the speed profiles can be obtained by normalizing the speed of both vehicles, 

dividing the speed by the average speed along the road. Results are shown in Figure 3-34, with both 

vehicles having similar behaviour along the ascent when compared to their respective averages. Actual 

speeds are very different but the driving profile similar, confirming the tendency seen previously. 

 
Figure 3-34 Adimensional speed on steep uphill events. 

Figure 3-35 presents the acceleration for each interval throughout the event, showing much greater 

differences in their profiles compared to previous cases analysed. 

 
Figure 3-35 EV and ICEV acceleration on steep uphill events. 
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In the first interval, the ICEV acceleration was substantially higher, which contributes to the initial 

difference in speed that becomes relatively stable in the next intervals up to 100 m, where most of the 

values are within the respective margins of error. After 100 m the ICEV acceleration was lower than the 

EV, as it reduces speed much more rapidly approaching the turn after Rua dos Cordoeiros and the 

narrowing of the road, with both vehicles arriving at the 130-140 m section with the same average 

speed. After the turn, once again the ICEV accelerates more aggressively on average until reaching the 

end of the road. The more aggressive initial accelerations with the ICEV rather than the EV could be 

due to the driver being more aware of consumption and range anxiety than when using the ICEV. 

The next stage is the respective VSP calculations, which are shown below in Figure 3-36, with the steep 

slope playing a major part in the VSP values as speed and acceleration are relatively low. 

 
Figure 3-36 EV and ICEV VSP on steep uphill events. 

The average VSP measurements above show the clear difference between the vehicles, particularly 

during the initial part of the climb where the speeds between the two vehicles are substantially different. 

Unlike the previous events, VSP shows a much closer correlation with speed rather than acceleration. 

The average VSP for the ICEV on the climb was 8.7 W/kg, with the EV having an average of 7.15 W/kg. 

The ICEV speed and VSP tends to be higher than the EV in all uphill situations analysed, both the steep 

section and the high-speed road seen earlier.  

By normalizing the VSP profiles, dividing the amounts in each interval by the maximum VSP for each 

vehicle, as presented in Figure 3-37, it’s possible to verify that the profiles for both are very similar in 

the first 100 m of the ascent. These similarities in the normalized adimensional profiles suggest that the 

differences in VSP shown above, as with the speed differences, are caused mainly by the different 

vehicle technologies rather than driver behaviour changing. 
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Figure 3-37 Adimensional VSP on steep uphill events. 

The differences in VSP lead to large differences in the results for energy consumption on the climb 

between the two vehicles, shown below in Figure 3-38: 

 
Figure 3-38 EV and ICEV energy consumption on steep uphill events. 

As in previous events, the EV had much lower energy consumption than the ICEV, particularly in the 

first half of the climb, before the more rapid reduction in speed leads to closer amounts near the top of 

the climb. The typical EV energy consumption for the entire climb was 267.1 kJ/s whereas the ICEV 

energy consumption was 664.4 kJ/s; meaning the use of the EV on this road led to a reduction of 59.8%. 

This reduction in energy consumption is in line with the previous events despite not having the benefit 

of regenerative braking, as VSP was positive throughout the entire climb. Energy consumption in this 

road was higher than the initial 500 m uphill section of the high-speed road (Table 3-8), showing that 

road slope has a meaningful impact on energy consumption. 

ICEV CO2 and NOx emissions are presented in Figure 3-39, with both peaking in the 70-80 m interval 

as CO2 emissions averaged 4.4 g/s and NOx emissions 0.0129 g/s. The emissions during the ascent of 

the high-speed road were the highest overall in all the sections analysed due to the extra power demand 
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required at higher speeds. Overall, energy consumption and emissions are relatively low as the ICEV 

driving profiles are quite economical, with very little time spent in the highest VSP modes. 

 
Figure 3-39 ICEV CO2 (left) and NOx (right) emissions on steep uphill events. 

 

3.4.5 Steep downhill 

The final events analysed were steep downhill sections to verify the energy recovery potential of the 

EV regenerative braking. Figure 3-40 shows the average speed measured along both roads. The overall 

profiles for both vehicles are much more erratic than the previous cases due to the narrow nature of the 

roads, the intersections along the route and varying traffic.  

The average speeds are relatively low, as in most sections in the downtown area. The ICEV averages 

19.3 km/h whereas the EV over the same sections averages just 17 km/h, differences like those 

observed in other examples and consistent with the overall speed profile for both vehicles (Table 3-2). 

The effect of the intersections on the speeds are clearly noticeable with speed reductions in the sections 

between 110-130 m and between 210-230 m. 

 
Figure 3-40 EV and ICEV speeds on steep downhill events. 
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Looking at the adimensional speed (Figure 3-41), once again using the same method of dividing each 

amount by the vehicle’s average speed over the entire event, despite the erratic nature of the profiles 

on these descents, some interesting trends appear. 

 
Figure 3-41 Adimensional speed on steep downhill events. 

The speed in the first one hundred metres was slower than the later sections for both vehicles, with the 

initial section mostly below the average speed, then rising after the first intersection with both vehicles 

reaching peak speeds of 1.43x their average speeds in the 140-150 m interval. Ideally, for a comparison 

of speeds, there would need to be a much wider open road with similar gradients where the profiles 

would be more consistent. 

The analysis of the acceleration throughout these steep downhill roads is presented in Figure 3-42. The 

profiles of both vehicles are much closer than the speeds shown previously, with the EV showing a 

slightly more stable profile with more gradual rises and declines than the ICEV. The EV average 

acceleration for these roads was 0 m/s2 and the ICEV average was -0.04 m/s2, with the peak 

acceleration values, both positive and negative, being relatively low throughout the event. 

 
Figure 3-42 EV and ICEV accelerations on steep downhill events. 
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The average VSP measurements are shown below in Figure 3-43. As expected almost all the time was 

spent in negative VSP modes for both vehicles, with the higher peaks corresponding to acceleration 

peaks at the beginning and end of the road, and to other peaks near the intersections. Due to the 

negative slope and the ICEV having a higher average speed, its VSP values tend to be lower (more 

negative) than the EV; with the ICEV averaging -4.62 W/kg for these roads versus a -4.27 W/kg average 

for the EV. The EV VSP profile is smoother than the ICEV. 

 
Figure 3-43 EV and ICEV VSP on steep downhill events. 

Interestingly, the average VSP on Rua das Flores was lower than on Rua de O Século, with the 

respective EV averages -5.22 W/kg and -3.7 W/kg, with the ICEV -5.64 W/kg and -4.35 W/kg. Also 

confirming that the ICEV had the lower VSP on both roads. The differences could be due to the differing 

slopes, even though both roads average a gradient around -10%, Rua de O Século has a more constant 

descent around -11% at its steepest, compared to -15% for Rua das Flores. The normalized VSP for 

both vehicles, with VSP divided by the absolute maximum, is shown in Figure 3-44. The profiles are 

very similar, suggesting that the overall differences are due by differences in the vehicle technology 

while driver behaviour was similar in both vehicles in the driving events analysed. 

 
Figure 3-44 Adimensional VSP on steep downhill events. 
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Having presented the VSP amounts for every interval, the respective energy consumption for each 

vehicle during the descents was calculated, shown in Figure 3-45. 

 
Figure 3-45 EV and ICEV energy consumption on steep downhill events. 

The steep downhill slopes lead to negative VSP modes across almost the entire event, the EV spends 

most of the descents in energy recovery mode, helping extend range. The energy consumption details 

for each of the roads and the combined trips presented in the graph are shown below in Table 3-12: 

Table 3-12 EV and ICEV energy consumption details for steep downhill events. 

 EV ICEV EV vs ICEV 

Road Energy (kJ/s) Difference (%) 

Rua de O Século -91.0 178.6 -151.0% 

Rua das Flores -138.8 188.2 -173.8% 

Combined -106.6 182.7 -158.3% 

With the difference in the VSP amounts for both roads, the energy recovered with the EV also differs, 

with the typical EV descent on Rua das Flores recovering 47.8 kJ/s more energy than on Rua de O 

Século, a 52.5% increase. The steeper slope in some sections has an expressive impact on EV energy 

consumption and recovery. The ICEV energy consumption was very similar on both roads, as the 

consumption curve is flat for low and negative VSP. The reduction from ICEV to EV was 158.3%. 

Even though the driving behaviour was relatively similar in both vehicles as seen in the various events 

analysed, the savings in energy consumption when using the EV instead of the ICEV are very 

expressive in every case analysed, with the energy recovery aspect of the EV playing a major role and 

road slopes being an important factor affecting energy consumption. The ability to maintain the mobility 

profiles while producing zero local emissions and greatly reducing energy consumption makes EV use 

for day-to-day urban freight distribution operations very advantageous. The advantages should keep 

increasing as EV technology continues developing and electricity generation becomes cleaner.  

ICEV CO2 and NOx emissions estimates in the steep downhill sections are presented in Figure 3-46, 

emissions are very low compared to other events as the vehicles spend the descent in negative VSP, 

with CO2 emissions always below 1 g/s and NOx emissions peaking between 50-60m at 0.00055 g/s.  
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Figure 3-46 ICEV CO2 (left) and NOx (right) emissions on steep downhill events. 

Having analysed the various driving events, it’s possible to analyse and compare driver behaviour 

between both vehicles. Overall the driving was efficient, a qualitative comparison of the aggressiveness 

in each phase of the specific events between the vehicles is presented in Table 3-13. 

Table 3-13 Comparison of driver behaviour between EV and ICEV (- = less aggressive, + = more aggressive). 

Event Phase 
Overall Normalized 

EV ICEV EV ICEV 

High-speed 
road 

Accelerating -- ++ = 

Cruising = = 
Braking -- ++ = 

Traffic lights 

Cruising = = 

Braking - + = 
Accelerating - + = 

Roundabout 

Approaching - + = 
Rounding = = 

Accelerating - + = 
Steep Uphill Ascent -- ++ = 

Steep Downhill Descent = = 

When looking at the normalized speed and VSP profiles for each driving event, the profiles of both 

vehicles line up almost perfectly, suggesting that driver behaviour was relatively similar when using both 

vehicles. In absolute terms, the EV had a smoother and less energy intensive driving profile. The ICEV 

had a higher average speed and was generally slightly more aggressive both under acceleration and 

braking, most notably in uphill sections, the differences between the vehicles were highest where power 

demand was more extreme. The differences in absolute values were probably due to a more cautious 

approach when using the EV as the driver adapted to the different technology and had an increased 

awareness of energy consumption due to the more limited range of the EV. The less energy intensive 

driving profile should be encouraged as it is beneficial in reducing energy consumption and increasing 

EV range.  
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4 Conclusions 

The transportation sector is the fastest growing consumer of energy and producer of greenhouse gases 

in the world; as well as being responsible for increasing noise and pollutants exposure, particularly in 

urban environments. Major changes must be made to combat these issues, electric mobility has 

emerged as a promising alternative to conventional fossil fuel powered vehicles. 

4.1 EV use 

Considering the issues raised, the aim of this work is the assessment of electric vehicle use for day-to-

day urban freight distribution operations. This was achieved by using on-road monitoring in two case 

studies over 3-week periods, gathering real world second-by-second data to compare EV and ICEV 

performance during daily activities. Each vehicle was monitored for over 1000 km, evaluating the effects 

the change of vehicle technology had on energy consumption, greenhouse gas and pollutant emissions.  

Responding to the objectives set, the real-world case-studies show that battery electric vehicles are 

viable alternatives to conventional vehicles for typical day-to-day urban freight distribution operations 

with distances up to 50 km. The EV is to be up to the task in both cases analysed, with mobility patterns 

being maintained, while having enough range and charging availability to not affect performance and 

operational levels. Projected EV range was much lower than the vehicle certification (NEDC) range of 

170 km. End of day state of charge in case 1 was around 44% and 81% in case 2, leading to a projected 

range around 82 km with the case 1 mobility pattern and 107 km for case 2. 

The comparison between the ICEV and EV shows a meaningful reduction in energy consumption in all 

events analysed, with substantial WTW reductions in energy consumption and CO2 emissions. Locally, 

the EV can displace an estimated 330 mg/km of CO2 emissions and 529 mg/km of NOx from the ICEV. 

Real-world ICEV CO2 and NOx emissions are almost 3 times higher than NEDC test results, making the 

transition to cleaner mobility options even more important and urgent. 

This study had several limitations, with low daily distances, relatively light cargo and power demand, as 

well as limited samples. A larger sample size with more diverse usage patterns can help in clarifying 

other possible applications where EV use can be a viable alternative to conventional vehicles. 

Considering other real-world studies showing emissions much higher than those found in the NEDC 

test, it is increasingly important to move away from conventional fossil fuel powered vehicles towards 

cleaner alternatives. The increased use of diesel powered vehicles has brought marginal improvements 

in GHG emissions (although much greater improvements are needed to comply with the Paris 

agreement) while also having a very negative impact in terms of pollutant emissions, with PM10 and 

NO2 levels above the legal limits in several European cities, an issue that must be addressed due to 

the seriously harmful effects on the health of the population. Improving air quality is increasingly 

important in our ever more congested urban areas. In terms of policy, some positive steps could include: 
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• Adding new clean electricity production capacity (most of the emissions reduction must come 

from cleaner power generation; EV is not as beneficial if electricity from the grid is not clean). 

• Increasing charging infrastructure across Europe, looking to become as ubiquitous as filling 

stations for gasoline and diesel. 

• Investing in improving battery technology, for both EV and electricity storage to help dampen 

the effects of the intermittency of renewable energy sources (storing solar and wind generated 

power to use when the grid needs it at peak hours and levelling out load peaks). 

• The development and introduction of autonomous vehicles can revolutionize urban mobility. 

The main disadvantage with EV use is the capital costs of vehicle acquisition, EV aren’t currently cost 

competitive in terms of total cost of ownership even with lower energy and maintenance costs. As 

electric mobility technology keeps evolving, with battery technology progressing and the energy density 

of cells increasing leading to improvements in EV range and performance, as well as economies of 

scale bringing down prices, EV adoption should continue to increase ever more rapidly. There’s a long 

way to go towards achieving sustainable urban mobility. Moving away from the internal combustion 

engine towards electric vehicles is a positive step that will help road transportation become much 

cleaner, more efficient and safer; vastly improving the quality of life for urban population. 

4.2 Future work 

Electric mobility research continues as technology keeps developing and improvements allow EV use 

to become viable in more applications. Some additional topics of interest for future work, building on 

the analysis presented in this work, could include a similar study including different, more demanding 

applications, with greater daily distances to test the EV range and charging limits as well as looking at 

more examples of driving events. Other types of future studies could include: 

• An analysis of EV use in day-to-day activities in cities with different climates to analyse the 

effects of extreme temperatures on EV range and battery life. 

• Study EV use in different activities such as car sharing or rental services and analyse the 

behaviour and variable effects different drivers have on the vehicles. 

• A more in-depth analysis of how to further reduce energy consumption and ways to maximize 

energy recovery when using EV regenerative braking. 

• A long-term study of EV battery degradation and analysis of the environmental effects of Li-ion 

battery substitution and disposal. 

• As different battery technologies are developed to improve on Li-Ion, use the VSP methodology 

to compare their use and energy consumption in vehicles of different sizes. 

• As batteries improve and larger electric lorries and buses become available, perform a similar 

viability analysis and compare the use of much larger EV for day-to-day freight distribution or 

passenger transport operations compared to the conventional vehicles currently used.  
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Appendix A - EU emission standards 

Table A-1 EU Emission Standards for Passenger Cars (Category M1*) (DieselNet, 2016). 
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Table A-2 EU Emission Standards for Light Commercial Vehicles (DieselNet, 2016). 
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Appendix B - Renault Kangoo technical specifications 

Table B-1 Technical Specifications of Renault Kangoo model dCi75 (ICEV) (Renault, 2014). 
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Table B-2 Technical Specifications of Renault Kangoo Z.E. models (BEV) (Renault, 2014). 

 

 



V 
 

 
Figure B-1 Dimensions of Renault Kangoo Van (Renault, 2014). 
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Figure B-2 Renault Kangoo Charge Meter information (Renault, 2016). 
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Appendix C - Lisbon map 

 
Figure C-1 Map of Lisbon showing location of specific driving events analysed. 
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Appendix D - VSP & energy consumption data 

 
Figure D-1 VSP time distribution. 

 
Figure D-2 ICEV fuel consumption per VSP.  



IX 
 

Table D-1 Case 1 EV consumption estimates for week 1 (06/10/2014 to 10/10/2014). 

 
Note: Values in RED for the k coefficient indicate positive consumption (which should be negative) in negative VSP modes due to underestimating consumption. 

Case 1: 06/10 - 10/10 Days 1 & 2 Days 1 & 3 Days 1 & 4 Days 1 & 5 Days 2 & 3 Days 2 & 4 Days 2 & 5 Days 3 & 4 Days 3 & 5 Days 4 & 5

Coefficients

a 0.702949 0.672437 0.653186 0.654248 0.467666 0.454127 0.461781 0.434151 0.453353 1.09044

b -7.93056 -7.01523 -6.43769 -6.46956 -0.872082 -0.46591 -0.695542 0.133371 -0.442688 -19.5552

c 1.27778 1.13133 1.03892 1.04402 0.148422 0.0834346 0.120176 -0.0124505 0.0797189 3.13772

d -5.68595 -4.98419 -4.54141 -4.56584 -0.274444 0.0369541 -0.139096 0.496403 0.0547583 -14.5982

e 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

f 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889

g -2.10468 -1.74221 -1.5135 -1.52611 -0.270693 -0.165158 -0.224823 -0.0298491 -0.167837 -4.47524

h 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

k -2.14913 -1.78665 -1.55794 -1.57056 -0.315137 -0.209602 -0.269267 -0.0742936 -0.212281 -4.51968

l 0 0 0 0 0 0 0 0 0 0

Estimated Consumption (Wh)           

Day 1 12664.5 12664.5 12664.5 12664.5 26382 27171.4 26725.1 28627.2 27340.8 -19201.2

Day 2 14226 11891.5 10418.6 10499.9 14226 14226 14226 14608 14389.1 2055.41

Day 3 17414.2 14828.5 13197 13287 14828.5 14679.7 14763.8 14828.5 14828.5 9940.12

Day 4 16453.6 13900.6 12289.8 12378.7 12516.4 12289.8 12417.9 12289.8 12419.6 12289.8

Day 5 19857.1 16794.9 14862.7 14969.3 15088.6 14814.2 14969.3 14809.3 14969.3 14969.3

Consumption Difference (%)

Day 1 0 0 0 0 108.3 114.5 111 126 115.9 -251.6

Day 2 0 -16.41 -26.76 -26.19 0 0 0 2.686 1.147 -85.55

Day 3 17.44 0 -11 -10.4 0 -1.003 -0.4361 0 0 -32.97

Day 4 33.88 13.11 0 0.7231 1.843 0 1.042 0 1.056 0

Day 5 32.65 12.2 -0.7121 0 0.7967 -1.036 0 -1.069 0 0

Deviations (med,abs,pad)

Mean 27.99 2.964 -12.83 -11.95 36.99 37.5 37.21 42.55 39.36 -123.4

Absolute 27.99 13.9 12.83 12.44 36.99 38.86 37.5 43.27 39.36 123.4

Standard deviation 7.478 13.7 10.71 11.04 50.44 54.48 52.2 59.06 54.11 93.18

Eq1: E =a*VSP + b

Eq2: E=c*VSP^2+d*VSP+e

Eq2: E=f*VSP^2+g*VSP+h

Eq4: E =k*VSP + l
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Table D-2 Case 1 EV consumption estimates for week 2 (13/10/2014 to 17/10/2014). 

 
Note: The green columns indicate the pairs of days that give the closest approximations for the electrical consumption. 

Case 1: 13/10 - 17/10 Days 1 & 2 Days 1 & 3 Days 1 & 4 Days 1 & 5 Days 2 & 3 Days 2 & 4 Days 2 & 5 Days 3 & 4 Days 3 & 5 Days 4 & 5

Coefficients

a 0.290263 0.28922 0.0643082 0.330005 0.307089 0.658257 0.379816 0.721852 0.374861 0.469714

b 4.45002 4.48129 11.2286 3.25774 3.94522 -6.58983 1.76342 -8.49766 1.91206 -0.933519

c -0.703114 -0.708117 -1.78769 -0.512349 -0.622347 1.06326 -0.273258 1.36851 -0.29704 0.158252

d 3.80583 3.8298 9.00278 2.89175 3.41882 -4.65805 1.74611 -6.12072 1.86006 -0.321546

e 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

f 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889

g 0.976028 0.984129 2.73223 0.667134 0.85872 -1.58949 0.351696 -2.05222 0.383072 -0.217603

h 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

k 0.931584 0.939685 2.68778 0.622689 0.814276 -1.63394 0.307251 -2.09667 0.338628 -0.262048

l 0 0 0 0 0 0 0 0 0 0

Estimated Consumption (Wh)

Day 1 14996.6 14996.6 14996.6 14996.6 14768.7 10011.7 13783.5 9477.94 13904.2 11594.1

Day 2 13088.1 13073.3 9885.74 13651.3 13088.1 13088.1 13088.1 13430.9 13144.1 12071.5

Day 3 15430.4 15414.2 11923 16047.3 15414.2 15076.6 15344.3 15414.2 15414.2 14075.5

Day 4 13487.7 13479 11612.3 13817.5 13401.9 11612.3 13031.3 11612.3 13109.5 11612.3

Day 5 11797.1 11769.5 5809.45 12850.3 11995 16124.8 12850.3 17229.2 12850.3 12850.3

Consumption Difference (%)

Day 1 0 0 0 0 -1.52 -33.24 -8.089 -36.8 -7.285 -22.69

Day 2 0 -0.1129 -24.47 4.304 0 0 0 2.62 0.4281 -7.767

Day 3 0.105 0 -22.65 4.107 0 -2.191 -0.4537 0 0 -8.685

Day 4 16.15 16.07 0 18.99 15.41 0 12.22 0 12.89 0

Day 5 -8.196 -8.411 -54.79 0 -6.656 25.48 0 34.08 0 0

Deviations (med,abs,pad)

Mean 2.686 2.517 -33.97 9.134 2.412 -3.316 1.226 -0.03429 2.012 -13.05

Absolute 8.15 8.199 33.97 9.134 7.862 20.3 6.921 24.5 6.869 13.05

Standard deviation 10.11 10.17 14.74 6.97 9.428 23.99 8.376 29 8.313 6.828

Eq1: E =a*VSP + b

Eq2: E=c*VSP^2+d*VSP+e

Eq2: E=f*VSP^2+g*VSP+h

Eq4: E =k*VSP + l
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Table D-3 Case 1 EV consumption estimates for week 3 (20/10/2014 to 24/10/2014). 

 

Case 1: 20/10 - 24/10 Days 1 & 2 Days 1 & 3 Days 1 & 4 Days 1 & 5 Days 2 & 3 Days 2 & 4 Days 2 & 5 Days 3 & 4 Days 3 & 5 Days 4 & 5

Coefficients

a 0.43108 0.399466 0.384509 0.412327 0.417277 0.256301 0.40409 0.38993 0.409867 0.432145

b 0.225497 1.17391 1.62263 0.788085 0.639597 5.46887 1.03518 1.45999 0.861884 0.193544

c -0.027191 -0.178937 -0.250732 -0.117205 -0.093447 -0.86613 -0.15674 -0.22471 -0.129013 -0.022078

d 0.567033 1.29415 1.63817 0.998351 0.88451 4.58695 1.18779 1.51348 1.05493 0.542536

e 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

f 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889

g 0.048693 0.248324 0.342775 0.167112 0.140727 1.21404 0.228647 0.305934 0.18549 0.019052

h 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

k 0.0042486 0.20388 0.298331 0.122667 0.096283 1.1696 0.184202 0.261489 0.141046 -0.025393

l 0 0 0 0 0 0 0 0 0 0

Estimated Consumption (Wh)           

Day 1 12635.6 12635.6 12635.6 12635.6 12545.3 11492.5 12459.1 12683.9 12582.9 13060.3

Day 2 10559 10729.3 10809.9 10660 10559 10559 10559 10820.5 10629.8 10903.1

Day 3 13337.1 13165.6 13084.5 13235.4 13165.6 11165.5 13001.8 13165.6 13165.6 13797.5

Day 4 11910.2 12175.5 12301 12067.6 11941.1 12301 11970.6 12301 12038.6 12301

Day 5 11713.7 12324.8 12613.9 12076.2 11899.1 14061.2 12076.2 12552.7 12076.2 12076.2

Consumption Difference (%)           

Day 1 0 0 0 0 -0.7145 -9.047 -1.397 0.3825 -0.4172 3.361

Day 2 0 1.613 2.376 0.9568 0 0 0 2.477 0.671 3.259

Day 3 1.303 0 -0.6163 0.5299 0 -15.19 -1.244 0 0 4.799

Day 4 -3.177 -1.02 0 -1.898 -2.926 0 -2.686 0 -2.133 0

Day 5 -3.002 2.059 4.453 0 -1.467 16.44 0 3.946 0 0

Deviations (med,abs,pad)           

Mean -1.625 0.8838 2.071 -0.137 -1.702 -2.6 -1.776 2.268 -0.6265 3.807

Absolute 2.494 1.564 2.482 1.128 1.702 13.56 1.776 2.268 1.074 3.807

Standard deviation 2.072 1.359 2.081 1.257 0.9181 13.69 0.6468 1.462 1.154 0.7032

Eq1: E =a*VSP + b

Eq2: E=c*VSP^2+d*VSP+e

Eq2: E=f*VSP^2+g*VSP+h

Eq4: E =k*VSP + l
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Table D-4 Case 2 EV consumption estimates for week 1 (28/10/2014 to 31/10/2014 & 17/11/2014). 

 

 

Case 2: 17/11 & 28/10 - 31/10 Days 1 & 2 Days 1 & 3 Days 1 & 4 Days 1 & 5 Days 2 & 3 Days 2 & 4 Days 2 & 5 Days 3 & 4 Days 3 & 5 Days 4 & 5

Coefficients

a 0.38328 0.375746 0.400099 0.392264 0.42145 0.317072 0.259199 -0.138871 0.534009 0.346002

b 1.65951 1.88553 1.15491 1.38998 0.514396 3.64575 5.38194 17.324 -2.86238 2.77782

c -0.256632 -0.292795 -0.175897 -0.213507 -0.0734145 -0.57443 -0.852221 -2.76295 0.46687 -0.435563

d 1.66644 1.83972 1.27958 1.4598 0.788522 3.18922 4.52031 13.6759 -1.80034 2.52382

e 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

f 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889

g 0.342957 0.371332 0.27961 0.30912 0.0892569 0.78301 1.16767 3.5474 -0.605429 0.607602

h 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

k 0.298513 0.326887 0.235166 0.264676 0.0448124 0.738566 1.12322 3.50296 -0.649873 0.563158

l 0 0 0 0 0 0 0 0 0 0

Estimated Consumption (Wh)

Day 1 4850 4850 4850 4850 5765.71 3261.66 1873.28 -5460.61 8020.9 3815.11

Day 2 4827.04 4958.65 4533.21 4670.09 4827.04 4827.04 4827.04 6440.57 4502.91 4724.66

Day 3 4718.78 4832.51 4464.89 4583.17 4832.51 4521.52 4349.1 4832.51 4832.51 4501.79

Day 4 4583.49 4690.5 4344.59 4455.88 4721.22 4344.59 4135.76 4344.59 4796.88 4344.59

Day 5 4898.16 5024.11 4616.99 4747.98 4944.36 4818.02 4747.98 5921.99 4747.98 4747.98

Consumption Difference (%)

Day 1 0 0 0 0 18.88 -32.75 -61.38 -212.6 65.38 -21.34

Day 2 0 2.727 -6.087 -3.251 0 0 0 33.43 -6.715 -2.121

Day 3 -2.353 0 -7.607 -5.16 0 -6.435 -10 0 0 -6.844

Day 4 5.499 7.962 0 2.562 8.669 0 -4.807 0 10.41 0

Day 5 3.163 5.816 -2.759 0 4.136 1.475 0 24.73 0 0

Deviations (med,abs,pad)

Mean 2.103 5.501 -5.484 -1.95 10.56 -12.57 -25.4 -51.48 23.02 -10.1

Absolute 3.672 5.501 5.484 3.658 10.56 13.55 25.4 90.25 27.5 10.1

Standard deviation 3.292 2.149 2.025 3.284 6.166 14.63 25.53 114 30.75 8.176

Eq1: E =a*VSP + b

Eq2: E=c*VSP^2+d*VSP+e

Eq2: E=f*VSP^2+g*VSP+h

Eq4: E =k*VSP + l
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Table D-5 Case 2 EV consumption estimates results for week 2 (03/11/2014 to 07/11/2014). 

 

Case 2: 03/11 - 07/11 Days 1 & 2 Days 1 & 3 Days 1 & 4 Days 1 & 5 Days 2 & 3 Days 2 & 4 Days 2 & 5 Days 3 & 4 Days 3 & 5 Days 4 & 5

Coefficients

a 0.405922 0.402527 0.441249 0.427569 0.409301 0.2115 0.293031 0.496838 0.464271 2.05089

b 0.98023 1.08208 -0.079579 0.330839 0.878875 6.8129 4.36696 -1.74723 -0.770226 -48.3687

c -0.14795 -0.16424 0.02162 -0.04405 -0.13173 -1.08117 -0.68983 0.28845 0.13213 7.74789

d 1.14566 1.22374 0.333141 0.647795 1.06796 5.61737 3.74215 -0.945393 -0.196355 -36.6885

e 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

f 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889

g 0.178198 0.195943 -0.00645 0.0650561 0.156101 1.44983 0.916571 -0.358802 -0.16724 -10.2093

h 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

k 0.133754 0.151498 -0.050895 0.0206116 0.111656 1.40539 0.872127 -0.403246 -0.211684 -10.2537

l 0 0 0 0 0 0 0 0 0 0

Estimated Consumption (Wh)

Day 1 5072.5 5072.5 5072.5 5072.5 5102.99 3317.76 4053.61 5497.06 5350.46 17366.3

Day 2 4958.02 4985.94 4667.44 4779.97 4958.02 4958.02 4958.02 4597.14 4731.4 2631.64

Day 3 4846.23 4859.98 4703.15 4758.56 4859.98 4054.94 4386.77 4859.98 4859.98 9244.51

Day 4 4872.17 4894.86 4636.09 4727.52 4876.27 4636.09 4735.09 4636.09 4725.45 4636.09

Day 5 5183.95 5208.39 4929.57 5028.08 5188.61 4915.51 5028.08 4932.97 5028.08 5028.08

Consumption Difference (%)           

Day 1 0 0 0 0 0.6011 -34.59 -20.09 8.37 5.48 242.4

Day 2 0 0.5632 -5.861 -3.591 0 0 0 -7.279 -4.571 -46.92

Day 3 -0.2829 0 -3.227 -2.087 0 -16.56 -9.737 0 0 90.22

Day 4 5.092 5.582 0 1.972 5.181 0 2.135 0 1.927 0

Day 5 3.1 3.586 -1.959 0 3.193 -2.239 0 -1.892 0 0

Deviations (med,abs,pad)           

Mean 2.636 3.244 -3.682 -1.235 2.992 -17.8 -9.229 -0.2668 0.9454 95.22

Absolute 2.825 3.244 3.682 2.55 2.992 17.8 10.65 5.847 3.993 126.5

Standard deviation 2.219 2.063 1.625 2.35 1.875 13.24 9.079 6.491 4.161 118.2

Eq1: E =a*VSP + b

Eq2: E=c*VSP^2+d*VSP+e

Eq2: E=f*VSP^2+g*VSP+h

Eq4: E =k*VSP + l
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Table D-6 Case 2 EV consumption estimates results for week 3 (10/11/2014 to 14/11/2014). 

 

Case 2: 03/11 - 07/11 Days 1 & 2 Days 1 & 3 Days 1 & 4 Days 1 & 5 Days 2 & 3 Days 2 & 4 Days 2 & 5 Days 3 & 4 Days 3 & 5 Days 4 & 5

Coefficients

a 0.553632 0.487689 -0.069200 0.516668 0.439608 0.681576 0.486812 0.530805 0.00166424 0.564955

b -3.45106 -1.47277 15.2339 -2.34215 -0.0303573 -7.28939 -1.44647 -2.76626 13.108 -3.79077

c 0.56106 0.24453 -2.42854 0.38363 0.01375 1.17519 0.24032 0.45149 -2.08839 0.61541

d -2.25166 -0.734973 12.0735 -1.40149 0.370878 -5.19438 -0.714805 -1.72665 10.4436 -2.5121

e 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

f 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889 0.008889

g -0.764606 -0.362981 3.02875 -0.539479 -0.0167885 -1.60373 -0.326372 -0.673431 3.13653 -0.884147

h 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556 0.055556

k -0.809051 -0.407426 2.98431 -0.583923 -0.0612329 -1.64817 -0.370816 -0.717875 3.09209 -0.928591

l 0 0 0 0 0 0 0 0 0 0

Estimated Consumption (Wh)           

Day 1 5054.04 5054.04 5054.04 5054.04 4730.47 5417.11 4864.42 5344.2 1783.23 5360.71

Day 2 4895.31 5088.33 6718.41 5003.5 4895.31 4895.31 4895.31 5261.42 3137.15 5178.49

Day 3 4156.81 4571.68 8075.26 4389.36 4571.68 3691.29 4399.93 4571.68 4571.68 4372.26

Day 4 5136.58 5170.24 5454.47 5155.45 4853.28 5454.47 4970.56 5454.47 1966.26 5454.47

Day 5 4275.78 4687.95 8168.78 4506.82 4670.04 3833.39 4506.82 4704.02 4506.82 4506.82

Consumption Difference (%)           

Day 1 0 0 0 0 -6.402 7.184 -3.752 5.741 -64.72 6.068

Day 2 0 3.943 37.24 2.21 0 0 0 7.479 -35.92 5.785

Day 3 -9.075 0 76.64 -3.988 0 -19.26 -3.757 0 0 -4.362

Day 4 -5.828 -5.211 0 -5.482 -11.02 0 -8.872 0 -63.95 0

Day 5 -5.126 4.019 81.25 0 3.622 -14.94 0 4.376 0 0

Deviations (med,abs,pad)           

Mean -6.676 0.917 65.04 -2.42 -4.601 -9.005 -5.46 5.865 -54.86 2.497

Absolute 6.676 4.391 65.04 3.893 7.015 13.79 5.46 5.865 54.86 5.405

Standard deviation 1.72 4.333 19.75 3.33 6.112 11.58 2.412 1.27 13.4 4.851

Eq1: E =a*VSP + b

Eq2: E=c*VSP^2+d*VSP+e

Eq2: E=f*VSP^2+g*VSP+h

Eq4: E =k*VSP + l



XV 
 

 
Figure D-3 EV vs ICEV energy consumption profile. 


