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Abstract

Urban air mobility (UAM) is a new concept of mobility that could significantly change the

way urban mobility is understood in general and drastically influence the current manner

of travelling. Taking into account the environmental concerns and the problems of heavily

polluted air in the cities, new transportation solutions must be environmentally evaluated

prior to their launch. Therefore, this work estimates the effects of UAM operation in

Munich on current levels of traffic-related CO2 and NOx emissions. Using an open-source

framework MATSim, the study compares two scenarios with and without UAM and for

each of which five additional scenarios considering the technology improvement were

calculated. Results showed that the UAM introduction in Munich did not effect on average

trip distance and the total distance travelled. In total 4,480 UAM trips were simulated,

which corresponds to 24.26 tonnes of CO2 and 0.06 tonnes of NOx emissions released

by power plants. These amounts of exhaust did not have a significant effect on overall

emission levels, increasing the overall levels of traffic-related CO2 gases by 0.20 % and NOx

pollutants by 0.26 %. Based on the number of investigated scenarios, it was found that

UAM operation is the most environmentally beneficial and can reduce daily CO2 emission

levels by 0.06 % when electricity consumed by eVTOL vehicles is fully generated from

renewable sources. In contrast to that, the UAM operation is the least environmentally

beneficial when it is used instead of ground-based electric light duty vehicle.
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1. INTRODUCTION

1 Introduction

1.1 Urban Air Mobility

The transportation sector has been continuously growing especially since the industrial

revolution. The demand for transportation is predicted to keep growing as more people

are moving to urban areas from rural areas. The number of such moves is higher in

the low to middle income countries. Simultaneously with the number of commuters, the

number of private, public and freight vehicles is constantly growing.Insufficiency in the

existing networks leads to induced congestion and thus money loss. In order to satisfy the

transportation demand, road and rail networks are being developed. The city planners are

taking into account the current and predicted future demands for transportation. The

improved transport infrastructure triggers a new demand, consequently leading back to

congestion and money loss. The Earth surface, as well as the city spaces are limited and the

possible physical barriers of further network development have been already encountered

in mega-cities (United Nations 2014, Beimborn, Kennedy, and Schaefer 1996).

As seen, the demand for transportation will continue to grow, consequently new transporta-

tion solutions must be found. Due to limited space for further ground city infrastructure

development, the development of urban air transportation could be a promising oppor-

tunity. The urban use of air vehicles is not a futuristic idea anymore, but rather a

well-known practice. Flying vehicles such as planes, helicopters and drones are already a

part of transportation options. Cities are currently using helicopters for searching missions,

ambulance and police emergencies, etc. On the other hand, the aim of urban air mobility

is to make aerial transportation mode available for the use of citizens. Additionally, since

this transportation mode does not require major investments in infrastructure, it would

be also financially beneficial.

Currently, major mega-cities are investigating citizens acceptance and possibilities of urban

air mobility (UAM) implementation into the transportation demand models. Cities such

as Geneva, Hamburg, Ingolstadt have joined the UAM Initiative. This initiative is a part

of the European Innovation Partnership in Smart Cities and Communities (EIP–SCC)

and it aims to participate in the creation of the market for UAM (European.Commission

2018, European Commission 2018). Aside from European countries, Dubai is aiming to

become a tech pioneer at implementing the electrically powered fleet of air-taxis, and

cities in the USA are conducting studies on new air mobility solutions (Courtin et al.

2018,R. K. Antcliff, M. Moore, and K. R. Antcliff 2015, Mark D Moore et al. 2013,

Kohlman and Michael D Patterson 2018, Vascik and Hansman 2017b, Noah Browning
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1. INTRODUCTION

2017). Consequently, it would be fair to say that the UAM trend is taking hold worldwide,

with the main ventures in North America and Europe.

The physical infrastructure for UAM consists of veltiports. The roofs of existing buildings

in the cities can be transformed for this purpose. Aside from the investments in vehicles

themselves and veltiports, the major investments will be allocated processing big amounts

of data regarding UAM operation. The air vehicle can be personally owned or it can be

used on-demand (shared basis). Either way, in order to maintain a high level of safety and

avoid collisions, big amounts of data needs to be processed.

A great benefit of the new air transportation mode is its electrification. In addition to the

congestion issues, urban transport in mega-cities alone contributes around 25 % of the

global amount of CO2 gases (European Environmental Agency 2013). At this point it is

important to investigate new possibilities for transportation and invest in the ones that

support sustainable development. According to the European decarbonization program

which aims to reduce the CO2 levels by 60 % from the levels of 1990, the transportation

sector is far away from meeting its targets. Moreover it continues to produce more CO2

than it did before. Even though automotive manufacturers are adapting to new policies

and improving vehicle performance, its energy efficiency and fuel economy, the continuously

growing demand for transportation limits the ability to reach the targets (TRIP 2012).

To sum up, it is not a coincidence that electric air vehicles are now becoming more popular

and gaining the investors’ interest. The benefits for users are clear: people will spend

less commuting times. Additionally, air transportation may have a positive affect on

congestion. Finally, the electric propulsion of these vehicles offers zero local emissions and

low noise pollution. Furthermore, an increase in demand for this transportation mode

would lead to an increase in electricity consumption, which nay create possibilities for

green-energy producers.

1.2 Advent of electric mobility and current state

of the technology

The noise pollution problems, heavily polluted air and extensive amounts of greenhouse

gases in the atmosphere have led to the emergence of transportation alternatives. Nowadays

the term “electric vehicle” (EV) raises associations with something new, something modern

and something which is currently under development. Nevertheless, the history of EV

began in the 19th century. At that time, they were commonly in use and as well-known

2



1. INTRODUCTION

as steam and oil powered vehicles. Moreover, EVs were especially in favor in those days

because they did not leave a cloud of smog and high noise as in oil-powered ones, and

were much cheaper than steam-powered vehicles. Electricity was available in the cities

and thus future success of electric vehicles was expected. Simultaneously, the propulsion

system in oil-powered vehicles was significantly improved, luring more people to use it.

The oil was known as a cheap fuel, which could be easily purchased at the stations. While

electricity was not easily accessible in rural regions, making the combustion engine vehicles

especially popular in such areas. At that point, the development and use of EVs slowed

down significantly.

The following rise of EVs and the accompanying technology happened almost 100 years later,

in the beginning of the 20th century, when electric, steam and gasoline powered vehicles

competed on almost equal terms. The electric propulsion vehicles were in use in Europe in

form of delivery trucks and vans, electric buses and industrialized trucks. The outbreak of

electrified vehicle technology and increase in production were especially noticeable in the

US, where up to 30,000 electrified vehicles were owned by citizens, whereas the number

of gasoline cars was 900,000 (Struben and Sterman 2008). Nevertheless, privately owned

electric vehicles, in most of cases, were seen as a hobby. Starting from 1905, the gasoline

powered vehicles have doubled their range extension to about 100 km, where for EV the

range was about 50 km. After being in a niche for over a century, it was difficult for EV

to beat the range extension of conventional oil-powered ones. Moreover, the invention of

serial production of gasoline vehicles and the discovery of new oil resources led to high

reductions in the cost of oil and gasoline- and diesel-powered vehicles. As a result, the

higher investment and operational costs of EVs compared to gasoline vehicles, have lowered

their share on the roads (Mom 2004, Westbrook 2008, Udaeta et al. 2015).

World Wars I and II put on hold any new experiments with alternative fuels and the

resurgence of EVs until 1970. The rapid industrialization, environmental problems and

the oil crisis were the circumstances that resulted in bringing EVs back into focus of

governments and investors as an alternative. The electric vehicles’ technology was improved,

extending the range to 100 km. However, long battery recharging times and the lack of

required infrastructure affected the mass production and introduction of these vehicles on

a large scale (Udaeta et al. 2015).

Years later, due to rising environmental concerns and air pollution in big cities, the interest

in EVs began to increase once again. Automotive manufactures such as General Motors,

Ford and Toyota introduced new models of electrically powered vehicles. Their technology

was significantly better, making EVs more efficient than conventional vehicles, specially

due to the introduction of lithium-ion batteries with higher storage capacity. Moreover,
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1. INTRODUCTION

several studies were conducted regarding the battery cost, aiming to estimate the possible

commercial future of EVs. However, this occurred at a time when oil prices were the lowest

in history and, therefore, the resurgence of interest was not reflected in sales volumes

(Schiffer, Butts, and Grimm 1994, Faia 2006, Udaeta et al. 2015).

The next comeback of EVs happened in 1997, with Toyota launching a hybrid four-door

sedan, Prius, followed by Honda hybrid release in 1998. A hybrid electric vehicle (HEV) has

a battery which is charged with electric energy. This energy is converted from kinematic

energy from regenerative brakes. Additionally, in some models of HEVs the battery is

charged by internal combustion engine (ICE). Depending on battery capacity and DC

voltage, there are three types of HEV: a micro hybrid, a mild hybrid and a full hybrid.

The micro hybrid vehicle uses a battery only for stopping and starting functions. The

mild hybrid uses it for the same purpose and further, it has a bigger capacity which allows

travelling distances up to 3 km and also assists the ICE and regenerative braking. The

full hybrid is capable of driving distances up to 60 km using electrical energy only. The

architecture of HEV can be divided into several groups:

• Parallel Hybrid, where both electric motor (EM) and ICE provide energy for propul-

sion (simultaneously or separately). This allows reduction of the ICE size, thus the

vehicle consumes less fuel and emits less. This architecture is considered to be the

simplest and and the least capital-intensive.

• Series Hybrid, where the wheels are driven directly by EM, providing energy for

propulsion, and ICE extends the battery’s range. This hybrid architecture reduces

the propulsion complexity and minimizes the maintenance. Depending on the battery

size, it may reach the highest emissions reduction levels and fuel economy among all

existing hybrid’s architectures.

• Series/Parallel Hybrid, which combines the benefits of series and parallel architectures,

where ICE is used for high power efficiency and EM used for efficient operating

conditions. This configuration has an additional planetary gear unit which allows

operational dynamic of motors and generators to assure the flexibility and control of

the power delivery.

• Complex architecture, known as ”two-mode hybrid” or ”dual hybrid”, a relatively

new system which is characterized by bi-directional power flow of EM. It has an

additional gear set, to assure greater flexibility between the mechanical and electrical

power delivered.

(NPTEL 2014, Serra 2011, IEC 2011)
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1. INTRODUCTION

A further development of the HEV is a plug-in-hybrid vehicle (PHEV), which is able to

charge its battery by connecting to an external electricity source. The battery in PHEV

can be recharged by ICE and regenerative braking as well. The larger batteries in these

vehicles achieve a 100 km range of independent driving using the battery only. At the

point when the battery is empty, ICE is used. PHEVs are considered to be cleaner than

HEVs in terms of fuel consumption and amount of exhaust. Generally, because HEVs do

not plugged into electric source, they are not considered as EVs (Graham-Rowea et al.

2012, IEC 2011).

Meanwhile, the most environmentally friendly among the various electric vehicle types is

EV with driving range of 250 km. These vehicles have only battery and EM, and can be

plugged into outlet. The main components of an EV are the battery, power converter, EM

and transmission (Hannig et al. 2009). The performance of an EV depends on its battery.

This is the one of the most important components in electric vehicle, characterizing the

power capacity, range, weight and vehicle cost (Marra et al. 2012).

Batteries can be classified by energy storage capacity and power supplied per unit of

weight, and lifetime (Udaeta et al. 2015). The batteries used in HEVs usually are lighter

than the batteries in PHEVs and EVs. With the driving range extension, the amount of

energy requirement is increasing, leading to the need for a battery with higher capacity.

Therefore, the batteries with the highest power, energy and mass are used in EVs. As

mentioned earlier, introduction of lithium-ion batteries provided a boost for EV’s revival

in 90s. Lithium batteries are considered to be the most promising technology nowadays.

Among electrochemical approaches, the technology of the lithium-ion batteries holds the

highest optimization potential for energy and power density. There are several types

and configurations of lithium-ion battery chemistries, with different life time, energy and

power. From the environmental perspective, the lithium-ion batteries present a better

environmental performance than NiMH (nickel metal hydride) batteries, for example, but

the supply of lithium is an area of concern and has to be monitored. The metal extraction

and production process are the main contributors to the environmental burden of the

battery production (IEA 2011, Majeau-Bettez, Hawkins, and StrØmman 2011, Notter

et al. 2010).

Another important component of EV is a power converter, which converts the electricity

taken from a battery to mechanical energy, regulates the power flow between the EM and

the battery, and specifically converts fixed DC voltage into a variable voltage. Moreover,

during regenerative braking, the kinetic energy is converted to electricity by a power

converter, boosting energy efficiency of an EV by at most 25 % (Kumar, Gupta, and Jain

2013, Roscher, Roland, and Wolfgang 2013, Iqbal 2003).
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1. INTRODUCTION

EM in EVs consists of a stator and a rotor, both of them converting electric current into

kinetic energy. There are many types of EMs and they can be divided into two main

groups as brushed and brush-less, each of which can be classified further into subgroups

(Chau, Chan, and C. Liu 2008). Rotational motion generated in the EM though the

transmission drive shaft transmits the motion to the wheels. Because the EM has a high

rotation speed, transmission is required to reduce the rotation speed and to multiply

the associated torque. A power converter, an EM and transmission drive-shaft are the

components of a drive-train of an EV, which is a linkage between the battery (energy

source) and the wheels (Iqbal 2003).

The low number of components in EV leads to a high range of flexibility in design. Usually

low drag air dynamic shapes are used for the EV design because low area resistance improves

the vehicle efficiency. Specially, the location of the battery on a vehicle’s underfloor is an

advantage for aerodynamic design flexibility.

1.3 The impact of transportation on environment

According to the IPCC, climate change refers to any changes in climate over time caused

by either natural or anthropogenic activity. The main contributors to the greenhouse gas

(GHG) concentration are fossil fuel extractions and deforestation. Additionally, extensive

amounts of exhaust gases have an impact on the environment and contribute to the global

levels of GHGs. Since the advent of industrialization the global GHG levels have increased

as a result of extensive human activities (IPCC 2018).

The GHG effect, which traps the heat in the atmosphere, is vital, because in its absence,

the Earth’s temperature would be below freezing. In the pre-industrial times there was

a balance between incoming solar energy and energy emitted back to space. However,

due to extensive anthropogenic activity, the current GHG effect is becoming stronger

and contributes significantly to the amount of GHGs in the atmosphere, warming up our

planet. The trapped gases within the atmosphere cause the global climate change, which

influences the natural conditions of all living species on Earth, including the mankind.

The GHG CO2 is the best-known gas and it has a concentrations in the atmosphere of

405.5 ppm, which is the highest among all gases. Moreover, the current CO2 concentration

is higher than it was for the last 2.1 million years, when atmospheric CO2 levels fluctuated

between 213 and 283 ppm (Hönisch et al. 2009).

Nowadays, there is the debate about the best approach towards dealing with the climate
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1. INTRODUCTION

change, in which some countries aim to mitigate the climate change, while others are

trying to learn adapting to it. If the climate change is an inevitable process, all countries

will be affected by it and the poorest countries will be the first to witness its consequences

and to suffer the most (IPCC 2007).

In order to mitigate climate change, current levels of GHG production must be reduced

by 40 % from 1990 levels. The first international agreement and the world’s only legally

binding pact to mitigate GHG emission was signed in Kyoto, Japan in 2008. To reach

the Kyoto protocol goals, each economic sector was assigned a specific reduction target,

which varies among the participating countries. The Kyoto protocol aimed to reduce

the following GHGs: Carbon dioxide (CO2), Methane (CH4), Nitrous oxide (N2O),

Hydro-fluorocarbons (HFCS), Perfluorocarbons (PFCS) and Sulphur hexafluoride (SF6)

(UNFCCC 2008). While many sectors were able to keep assigned amounts of GHG at

current levels or to reduce them, the transportation sector, including land, marine and air

transportation was not. As the biggest contributor to GHG emissions, it is responsible for

the 26 % increase of GHG above 1990 levels in 2016. Road transport alone is responsible

for 30 % of nitrogen oxides (NOx) and 14 % of carbon dioxide released into the atmosphere

globally and for more than 72 % of the total amount of greenhouse gases related to the

transportation sector. Out of this share, 44 % of GHGs were produced by passenger cars,

which also pose the highest demands on global oil production (World Bank Group n.d.,

International Energy Agency 2017, Sokhi 2011).

The Paris agreement on climate change is currently in force since 4 November 2016. The

agreement aims to keep the temperature rise well below 2 °C above the pre-industrial

temperature levels (UNFCCC 2015). As of December 1st 2018 the number of ratified

countries that signed the agreement was 184, including the largest contributors to the

world’s GHG levels such as China, the U.S (intents on leaving) and India (UNFCCC 2018).

Over the last decade, vehicle technology and fuel technology have been improved in

order to achieve the targets. Nevertheless, the demand for transportation is continuously

increasing, wiping out any advance in technology to reduce the negative effect. In addition

to the growing number of trips, commuting distances are increasing as well. Improved

transportation infrastructure and public transportation services have made it economically

beneficial for people to settle further away and therefore commute longer distances.

Consequently, amounts of exhaust emissions are increasing.

Besides the negative impact of transportation on air quality and GHG levels, it contributes

to land, water and air contamination and is a source of noise pollution. Additionally, the

impact of transportation due to vehicle production and further disposal should not be
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1. INTRODUCTION

neglected in the environmental impact estimation. Vehicle production consumes natural

resources and energy, while its disposal contributes to land contamination. Transport

infrastructure itself has a negative effect on the living conditions of species, disturbing

their well-being, separating them and endangering their lives. Ground transportation

infrastructure requires removal or lessening of natural surface, resulting in the loss of fertile

and productive soils. Additionally, the usage of toxic materials, such as tar, contaminates

soil and causes health hazards. Moreover, fuel and oil spills on roads are washed by the rain

to soil, causing its erosion and contamination. The infrastructure itself requires extensive

amounts of building materials, leading to deforestation and land draining, reducing wetland

areas and driving out water plant species (Tahzib and Zvijáková 2012). To sum up, there

is a wide range of traffic related causes which have negative impacts on the environment

and the ecosystem.

1.4 Research questions

Taking into account the environmental concerns and governmental policies, and to maintain

a path towards sustainable development, one must estimate the effects of new transportation

modes on the level of traffic related emissions.

In which way will the introduction of UAM affect the total daily amounts of traffic related

emissions?

To determine the answer to the stated question, the following questions shall be studied:

1. What is the amount of electricity consumed by UAM and what are the related

emissions levels?

2. How much cleaner is urban air vehicle compared to conventional ground transporta-

tion modes in terms of exhaust gases?

8



2. LITERATURE REVIEW

2 Literature Review

This chapter provides an overview of the existing vehicle emission modelling tools and gives

a summary of the studies investigating possible environmental benefits of electrification in

the transportation sector.

2.1 Emission modelling tools, emission factor

An environmental evaluation must be performed in order to estimate the impact of

transportation on the environment. To estimate the effects of the new or already existing

transportation modes on environment, the amount of exhaust emissions has to be calculated.

Depending on the task, the final result shows either the total weight of a produced pollutant

or its concentration in the atmosphere (milligrams per cubic meter) over a specified period

of time.

The most important variable for the emission calculation is the emission factor. It can

be expressed as a weight of an exhaust pollutant or gas per distance or per amount of

fuel. There are a number of different parameters affecting the emission factor which has

to be taken into account, such as vehicle type, operational and weather conditions, road

gradient, driving behavior.

To improve the emission factor estimation process and to make it more efficient and

accurate, different emission modelling tools were created, containing various aspects which

affect the emission factor (O ’mahony et al. 2002). Depending on the desired result,

emission estimation tools provide the emission factor as a value or they provide result

of total amount of a produced gas or pollutant. Additionally, depending on the scope of

research, some models like GREET (The Greenhouse gases, Regulated Emissions, and

Energy use in Transportation Model) provide a result in CO2eq, whereas models like

HBEFA (Handbook Emission Factors for Road Transport), PHEM (Passenger Car and

Heavy Duty Emission Model), MOVES (MOtor Vehicle Emission Simulator) and COPERT

(A European Road Transport Emission Inventory Model) provide separate results for each

selected pollutant or gas (EMISIA 2016, Vallamsundar and J. Lin 2011, Hausberger et al.

n.d., Leonidas Ntziachristos et al. 2009).

Following international and national GHG and air pollutant regulations and agreements,

countries have been developing different emission modelling tools in order to estimate

current amounts of exhaust gases and the effect of implemented policies on GHG levels.

9



2. LITERATURE REVIEW

The HBEFA handbook, as an example, was developed on behalf of the Environmental

Protection Agencies of Germany, Switzerland and Austria and later gained support from

Sweden, France and Norway. It enables the calculation of regulated and non-regulated

pollutants and gases, estimates fuel consumption and contains the vehicle fleet composition

of each country included. The different emission model, COPERT, contains the data for 28

EU members, including the information about 241 vehicle types, and estimates greenhouse

gases, air pollutants and toxic species, as well as energy consumption. The model currently

is in use by 22 European countries and Australia. The COPERT’s methodology is a part

of the EEA air pollutant emission inventory guidebook, since it was developed for road

transport sector emission inventory preparation in EEA member countries (EMISIA 2016,

Smit and L. Ntziachristos 2013, Keller et al. 2017).

The emission factor toolkit EFT developed by the UK is applicable only within the

countries in UK. Similar to EFT, the GREET model developed in the United States

contains the information regarding the U.S. fleet and country electricity generation mix.

At the same time, the GREET model enables the entire well-to-wheel (WTW) emission

calculation, e.g. fuel production and distribution, whereas the majority of existing models

focus on tank-to-wheel (TTW) calculation, e.g. the operational phase of a vehicle (DEFRA

2017, Burnham 2009).

The emission modelling tool EMT can be used within the MATSim agent-based simulation

by linking simulation output data to the HBEFA database. The handbook provides

emission factors and fuel consumption for different vehicle categories taking into account

hot and cold start, traffic states, ambient temperature and road gradient. When linked

to the MATSim, HBEFA takes into account vehicle driving speed, stop duration, travel

distance, parking time and vehicle characteristics. The ambient temperature is not

measured, assumed to be HBEFA average, and road gradient is assumed to be 0 %. The

output provides the information about traffic demand, amounts of produced pollutants or

gases and their concentration in the air per road link (Hülsmann et al. 2011).

Similar to the possibility to link MATSim to the HBEFA database, the microscopic traffic

flow simulator VISSIM can be linked to the PHEM or to the emission modelling tool

MOVES. The large scale scenarios within this approach are not possible, whereas MATSim

emission modelling tool is able to model those scenarios in less detail. Depending on the

scope of the research, either of the approaches can be considered (Hülsmann et al. 2011,

Kickhöfer 2016, Hülsmann 2014).

According to the scope of this thesis, the calculation of road and air traffic emissions

were performed. At this point, it is important to have a look at the existing emission
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calculation tools for aviation, such as AEM, ALAQS and IMPACT. These tools are used

by the International Civil Aviation Organization (ICAO) Council technical Committee

on Aviation Environmental Protection (CAEP) in Europe. The Advanced Emission

Model (AEM) is a stand-alone application which estimates the mass of burned fuel and

calculates masses of gases and pollutants produced during the fuel burning phase. A

broader spectrum of emission sources than in AEM is included in ALAQS (Airport Local

Air Quality Studies) which, in addition to actual aircraft operation, takes into account

other operational emission sources related to the airport, such as roads within the airport

area, car traffic to/from the airport. One of the negative effects current aviation is

struggling to overcome is the noise emissions. The IMPACT web-application enables

robust assessment of noise and estimates amounts of operational gases while in operation,

like AEM does, but additionally includes the trade-off analyses between fuel-burn/gaseous

emissions (EUROCONTROL 2018).

One of the first air quality assessment tool EDMS (Emissions and Dispersion Modeling

System) was specially engineered for the USA aviation community in mid-1980s. This

emission estimation tool was initially designed to estimate the impacts of different airport

projects on the current air quality. It includes estimation of both stationary and mobile

sources. Since May 2015 the EDMS has been replaced by a software system called

Aviation Environmental Design Tool (AEDT). This comprehensive tool estimates the fuel

consumption, emissions, noise and following consequences for air quality, including the

ground access vehicles and support equipment emission estimation like its predecessor.

The scope varies from a complete gate-to-gate analysis of a single flight to a complete

airport scenario at regional, national, and global levels (FAA 2015, U.S. Department of

Transnportation 2013).

Because the task of this thesis is to estimate the total amount of CO2 and NOx gases

produced by different public transport modes, private cars and on-demand air vehicles,

none of mentioned emission tools can be applied.

2.2 Environmental evaluation of conventional transportation

The transportation sector contributes extensive amounts of greenhouse gases and air

pollutants to global levels. As mentioned earlier, there are international agreements

and policies aiming to reduce negative environmental impacts of transportation on the

environment.

In order to regulate the amounts of traffic related emissions, the first European exhaust
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emissions standard for light duty vehicles (LDVs) was introduced in 1970. This was a part

of legal requirements to govern air pollutants released into the atmosphere. The limits

for permissible amounts of specific air pollutants from new vehicles sold in EU and EEA

member states were defined. The standard was the instrument designed to achieve air

quality standards and to protect human health (The Council of the European Communities

1970).

Later in 1991, the first vehicle emissions standard Euro 0 was introduced in the European

Union for passenger cars only (The Council of the European Communities 1991). The

following year a new emission standard was released for passenger and duty trucks, requiring

an installment of catalytic converters to petrol cars to reduce carbon monoxide emissions.

The emission standards are defined in a series of European Union directives, progressively

introducing of increasingly stringent standards, where each new version sets up a new

threshold to limit the amount of emissions (The Council of the European Communities

1993).

The ”Euro classes” are separated between light and heavy duty vehicles, where Euro 0-6

pertains to light duty vehicles and Euro I-VI to heavy duty vehicles. Additionally, different

limits are applied depending on the fuel type – gasoline or diesel. The latest emission

standard existing today for LDV is EURO 6, which was introduced in 2014 and applies

to all new cars registered from 1 September 2015 in EU countries (The Council of the

European Communities 2014, The Council of the European Communities 2007).

To ensure that newly produced vehicles meet the stated limits of exhaust emissions, the

vehicle manufactures use the New European Driving Cycle (NEDC) which is the legally

mandatory method to test the exhaust emissions of passenger cars and light duty trucks

(European Parliament 2016). Tests are laid out in standardized emission test cycles and

used to measure emissions performance against the regulatory thresholds applicable to

the tested vehicle. The driving test cycle should ensure the vehicle will not produce more

pollutants and gases than allowed. Nevertheless, some studies claim that this driving cycle

does not adequately capture real-world driving patterns (L. Yang et al. 2015, Williams

and Carslaw 2011, Degraeuwe and Weiss 2017, Weiss et al. 2012).
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2.3 Effect of electrification in transportation on the environ-

ment

The life-cycle assessment of conventional vehicle shows that the operational phase con-

tributes 85 – 90 % to the total amount of greenhouse gas emissions and air pollution

released (Faria, Marques, et al. 2013). In order to mitigate negative effects of transportation

on the environment, different fuel alternatives have been investigated, tested and applied.

Existing policies and tax reductions aim to increase the share of electric vehicles in the

cities and consequently to reduce the negative environmental impact of transportation.

Vehicles with electrically powered propulsion systems are considered to be clean in terms of

local emissions and much quieter than conventional vehicles using ICE. While estimating

possible environmental benefits from the shift from conventional vehicles to electric ones,

different aspects can be included depending on the purpose of study. Even though, electric

vehicles are generally considered to be emission-free, their production and disposal have a

negative impact on the environment.

2.3.1 Conventional and electric cars

Generally, electrification of the existing car fleet is known as a way towards sustainable

development which would reduce oil dependency and mitigates negative impacts of trans-

portation on environment and local air quality. Electric vehicles are considered to be

emission and noise free. Nevertheless, there is a need for a broader estimation of EVs total

performance and their ability to contribute to a ”fossil free future”.

Following the vehicle electrification trend, China has a higher share at 25 % of EVs than

EU countries, USA or Japan (Jungmeier et al. 2017). There are several studies conducted

in China which consider a complete EV life-cycle assessment to estimate the amount of

possible emission reduction (Huo, Q. Zhang, Wang, et al. 2010, Huo, Q. Zhang, F. Liu,

et al. 2013). The study of Huo, Q. Zhang, F. Liu, et al. 2013 found that EVs produce

higher amount of air pollutants than the conventional vehicles with ICEs. This is mainly

because coal-based power plants provide the high share of the electricity in the country.

As a result, 99 % of the fuel-cycle CO2 emission of EVs are coming from power plant (Huo,

Q. Zhang, Wang, et al. 2010). Interestingly, using the same emission estimation model

GREET, the studies came to different conclusions regarding the greenhouse gas emissions.

Huo, Q. Zhang, Wang, et al. 2010 states that the amount of CO2 emissions from EVs

is predicted to be 7.3 % more than from vehicles with ICEs, whereas the results of the

study of Huo, Q. Zhang, F. Liu, et al. 2013, which was done 3 years later, showed that the
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amounts of greenhouse gases (including CO2, CH4 and N2O) from EVs would be 20 %

lower. At the same time, both studies claim the results may vary significantly regarding

the geographical location (F. Yang, B. Li, and Yuan 2013).

A similar study was done by Nichols, Kockelman, and Reiter 2015 study in Texas, USA. The

study compared PHEVs with gasoline powered CVs, as well as highlighted the importance

of power plant locations. Additionally, more detailed approach was used for energy demand

estimation, taking into account peak and off peak demands. Using the GREET model for

the life-cycle assessment, the study enabled a fair comparison of EV and CV production,

regarding the energy inputs for LDVs materials production. The results showed that 30 %

higher CO2eq emissions are released during EV production than CV production phase.

This could be explained by higher energy demand for battery assembly, specifically global

warming potential of the battery production contributes 35 – 41 % to EV production phase

(Hawkins, Singh, et al. 2013). Electricity production in Texas, USA is highly dependent on

coal-fired power plants. The consumed amounts of electricity were converted to electrified

miles, and the results showed that EVs produced twice as much CO2 as gasoline powered

CVs and 125 % more than diesel powered CVs (Nichols, Kockelman, and Reiter 2015).

Different results were attained by Faria, Moura, et al. 2012 study, which considered EU

electricity mix of 360 gCO2/kWh. It was found that vehicles with electric motor emit

lower CO2 than conventional gasoline and diesel powered ones. Nevertheless, EVs produce

higher amounts of GHGs, such as N2O and CH4, compared to the CVs. On the other

hand, the amounts of NOx and PM10 air pollutants from EVs are lower, thus the local

air quality can be improved. These results contradict Huo, Q. Zhang, F. Liu, et al.

2013 findings, which showed that EV could reduce the amounts of released GHGs but

significantly contribute to the air pollutants levels.

In Europe, the comparison study was done in Germany with ICE vehicles using gas and

diesel and two EVs with different battery capacities (Jöhrens and Helms 2014). Regardless

of the battery capacity the production phase of EVs releases twice as much CO2eq gases

as CV production, which is higher than the findings of Nichols, Kockelman, and Reiter

2015. Nevertheless, the production phases of both vehicle types release the same amounts

of CO2eq if the battery production is not considered (Jöhrens and Helms 2014).

Another European study was done in Portugal, considering the LDVs fleet. The study

compared the projected expectations of gasoline, diesel and electricity powered vehicles

until 2050. As expected, at the TTW stage there are no local emissions and pollutants

from EV, and the energy consumption of EV is almost 5 times lower than from gasoline

and diesel vehicles. Nevertheless, despite the high share of renewables in the Portuguese
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electricity mix (51 %), the related CO2 emissions of EVs are projected to be 7 and 9 times

higher than gasoline and diesel vehicles emissions respectively (Ribau and Ferreira 2014).

Above all, EVs are primarily considered for urban driving due to the availability of the

charging infrastructure within cities and the driving range of the batteries. Moreover, when

HEVs and PHEVs drive on highways in rural areas, the amount of released CO2eq gases

per kilometer (CO2eq/km) increases. The opposite occurs when CVs are considered. At

the higher speeds allowed on highways, CVs tend to produce lower amounts of CO2eq/km

than in urban areas. Nevertheless, a WTW analysis showed, that amounts of released

exhaust from vehicles containing EM are lower than those from vehicles equipped with

ICE only. However, this analysis considered only the Ontario electricity mix, which is

mainly nuclear (Raykin, MacLean, and Roorda 2012).

Investigating the exhaust emission dependency on different speeds of EVs, Matsuhashi

et al. 2000 compared electric and gasoline vehicles operational phases, specifically the

energy consumption at different speeds in urban areas. He found that at lower speeds

vehicles tend to consume more energy and as speed increases, the energy consumption per

km decreases. The results at the speed of 4.62 km/h for CVs are similar to the results

by Ribau and Ferreira 2014 for EVs, where the latter consumes 5 times less energy than

gasoline vehicle. As speed increases to 44.34 km/h the difference in the energy consumption

of both vehicle types becomes smaller. At this point, EVs consume half as much energy

as gasoline vehicle. The difference of related CO2 emissions changes according to energy

consumption changes (Matsuhashi et al. 2000).

A different approach is the comparison of different EVs: HEVs, PHEVs and BEVs.

Regardless of the energy mix, BEVs show the lowest amount of CO2 gases produced

(Faria, Moura, et al. 2012, Szczechowicz, Dederichs, and Schnettler 2012). Nevertheless,

the assessment of the two battery types used in EVs showed that during the operational

phase a vehicle with bigger battery capacity releases higher amounts of CO2eq per km

than smaller capacity battery (Jöhrens and Helms 2014). Besides the battery size, its

type affects the amounts of energy consumed and, consequently, the amounts of related

emissions (Matsuhashi et al. 2000).

As seen, there are numerous factors that have to be taken into account while estimating

the performance of electrified vehicles. Vehicle speed, type of battery and its size, degree

of vehicle electrification and electricity mix have to be considered. Based on the scope and

degree of details of the research, the results may vary significantly showing clear benefits

of adoption of EVs as well as negative impacts. A higher share of EVs in vehicle fleets

shifts emissions from the transportation sector to the electricity sector, which is positive
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overall (Helland 2009). The emissions related to electricity generation power plants are

easier to regulate than scattered emissions from conventional vehicles with ICEs, which

are maintained individually (Iqbal 2003).

2.3.2 Electric Buses

The continuously growing demand for transportation in recent decades has expanded the

urban public bus fleets. This has resulted in another significant increase in traffic-related

emissions. Heavily polluted air puts the overall climate state and public health at risk.

Various solutions have been suggested and applied in several countries in order to overcome

this problem. Replacing gasoline- and diesel-powered public bus fleets with electric bus

fleets could be an effective strategy to reduce the amount of local pollutants. The amounts

of carbon emissions from electric vehicles are estimated to be significantly lower than

those from conventional vehicles with a strong dependency on carbon intensity (CI) of

electricity grid (Moro and Lonza 2018, Doucette and McCulloch 2011, Tzeng, C.-W. Lin,

and Opricovic 2005).

The results of S. Zhang and Zhao 2018 study show that usage of electric buses in Shenzhen,

China, could reduce petroleum use by 85 – 87 % compared to conventional bus. This would

lead to 19 – 24 % reduction in CO2 related emissions. The amounts of CO2 reduction

levels strongly depend on the electricity grid, which is mostly based on coal-fired power

plants in the selected study area.

The Doucette and McCulloch 2011 study provides a detailed estimation of possible CO2

emissions reduction from public bus operations. This study considered the Ford Focus

bus 2010, since this model produces the lowest amounts of CO2 gases per km compared

to the other models of the same manufacturer. Using the vehicle modeling tool, the ICE

in the conventional bus was replaced by batteries. The performances of battery electric

bus and plug-in hybrid electric bus were simulated in order to define the desired battery

pack and to estimate the amounts of released CO2 gases. Results showed that plug-in

hybrid electric buses produced lower amounts of CO2 gases per km than battery electric

and conventional buses. Plug-in hybrid electric bus weighs less than battery electric bus

as it requires fewer batteries, which leads to lower amounts of CO2 gases produced per

kilometer. Furthermore, ICEs in plug-in hybrid electric buses are found to be operated

more efficiently than in conventional buses.

A similar analysis was conducted in South Korea, calculating the actual difference between

the amounts of released CO2eq from electric buses and buses running on natural gas.
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Taking into account the carbon intensity of the power grid and local carbon emissions,

electric buses release half as much CO2eq as conventional buses (Choi, H.-K. Jeong, and

S.-K. Jeong 2012). Additionally, a study requested by New York City Transit in 2016, as

well pointed out the enormous difference in CO2eq emissions between a diesel bus fleet

and an entirely electrified public bus fleet. Electrified bus fleets enables yearly savings of

almost 500,000 metric tons of CO2eq emissions. The study claims that the results could

be even greater if the power generator was located further away from the city (Aber 2016).

To sum up, the electrification of public bus fleets is beneficial in majority of the cases in

terms of carbon reduction. Besides the importance of energy generation sources and their

carbon intensity, the city structure, road topology, climate and geographical conditions

are significant factors affecting the amount of locally produced CO2 gases.

2.3.3 Electric bikes and scooters

Over the last decade, the electrification trend has been spreading around the world and new

electric propulsion systems solutions are emerging. In most cases, transport electrification

is intended to replace ICE usage and to reduce the amounts of released GHGs and air

pollutants. A bike electrification is different from other cases since an electric bike emits

more than its conventional predecessor (C. Cherry 2007). At the same time, electric bike

is the most energy efficient mode of currently existing motorizes transportation modes.

Considering the same distance travelled electric bike consumes one tenth of the electricity

compared to electric vehicle (Zuev, Tyfield, and Urry 2018). As a result, the amounts of

related pollutants and gases from electric bike are significantly lower than from electric

car (Huo, Q. Zhang, F. Liu, et al. 2013).

Among all countries in the world, China has the highest number of electric bike ownership

(Xie, Qi and Wagner, Armin 2010). Electric bike sales in China showed the highest raise

on the buying market and the largest adoption of alternative fuel vehicle in the history

(C. R. Cherry, Weinert, and Xinmiao 2009, Ji et al. 2012). At the same time, China is the

largest manufacturer of electric bikes. It is the largest importer of electric bikes to EU

countries and is also able to satisfy the high local demand (Muetze and Tan 2007, Zuev,

Tyfield, and Urry 2018).

Electric bikes and scooters are advantageous for citizens due to the heavily congested

traffic flow in cities, emerged due to the large increase in urban population. Currently,

the number of bike owners is twice higher than the number of car owners (C. R. Cherry,

Weinert, and Xinmiao 2009, Ji et al. 2012, Xie, Qi and Wagner, Armin 2010). At the
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same time, the increased number of electric bikes in the cities have led to higher number

of fatalities, which is twice higher than the fatality rates of conventional bikes and is a

quarter of the cars rate. This eventually have led to the fact that currently electrified

bikes are banned in major Chinese cities (Xie, Qi and Wagner, Armin 2010, Zuev, Tyfield,

and Urry 2018).

The survey results from electric bikes users in China showed that in most cases this mode

is used instead of walking, conventional biking and using bus. In this instance, electric

bike is a reasonable solution allowing to maintain urban mobility at a sufficient level.

However, this does not eliminate the need to use carbon-centered, motorized modes of

transportation (X. Lin, Wells, and Sovacool 2017).

Despite the fact that China’s electricity sector heavily relies on coal, from the environmental

perspective electric bike is still a reasonable solution for reduction of GHGs and air

pollutants levels (Xie, Qi and Wagner, Armin 2010). Following this, the environmental

evaluation is necessary in order to estimate the impact of extensive use of electric bikes.

The majority of the studies evaluating the environmental impact of electric bikes and

scooters are conducted in China. The comparison of emissions between electric bike and

public bus, and private car showed that e-bikes emit much less than conventional cars and

have comparable emission rates with public buses (C. R. Cherry, Weinert, and Xinmiao

2009, C. Cherry 2007). Additionally, depending on the emission standard used for ICE

vehicle assessment, the results of Ji et al. 2012 showed, that Euro IV vehicles produce

comparable emission rates of HC and NOx to electric bicycles. Whereas electric scooters

emit slightly more than e-bike (C. Cherry 2007, C. R. Cherry, Weinert, and Xinmiao

2009).

Electric bikes related emissions are significantly lower than emissions from any other type

of electrified transportation mode and conventional private mode (Xie, Qi and Wagner,

Armin 2010). Nevertheless, a complete LCA is important because of the use of lead

acid batteries and related lead pollution. The LCA of electric bike must include battery

recycling and manufacturing practices (C. Cherry 2007, Xie, Qi and Wagner, Armin 2010,

C. R. Cherry, Weinert, and Xinmiao 2009). and Similarly, the production of lithium-ion

batteries has the largest environmental impact than any other life cycle stage of electric

bike (Elliot, McLaren, and Sims 2018). Still there is number of additional factors, such

as route slope grade, wind, speed and weight of the bicyclist, which affect the energy

consumption and therefore the emission rates of e-bikes (Muetze and Tan 2007, Elliot,

McLaren, and Sims 2018).

18



2. LITERATURE REVIEW

2.4 Air vehicle types and characteristics

The enormous number of trips between neighborhoods, cities, countries and continents

can be classified by their distance. Urban Air Mobility focuses specifically on intra-city

trips providing a mode sufficient to substitute, to some extent, for ground transportation

trips. As it was mentioned earlier, helicopters that are operating within the cities, can

be considered as intra-city transportation modes which do not require a runway. This

has a great benefit, especially for urban areas due to the lack of suitable and available

free space. Nevertheless, helicopters can not be used by citizens on a daily-basis and

are not available on-demand. Additionally, due to helicopter’s concept design, the cruise

speed and efficiency are compromised. Helicopters were initially designed to hover at the

same location and now the hover efficiency is being optimized for mission tasks (UBER

2016). At this point, a conventional airplane has a better cruise speed performance, but it

requires a runway since it is not designed for vertical take off. Limitations like the price of

a single trip, noise and emission concerns would as well affect the intra-city use of both

helicopter and airplane (Leishman 2006).

Due to these limitations, the need arose for a new technology which would combine the

benefits of helicopter and conventional intercity plane. In this case, the solution should be

able to perform vertical take off and landing with a high-speed forward flight (Hirschberg

2017). Hirschberg 2017 report presents 43 different types of aircrafts which combine

these two concepts. All of the 43 designs have been build and tested. The ”V/STOL

Wheel” concept presents all the used methods were tested to accomplish vertical take off

and landing, and high-speed forward flight on a fixed wing. Additionally, the different

propulsion systems were tested with new air vehicle designs. Out of the 43, only 3 aircraft

types were considered successful and developed for operational service. Yet, over the period

from the 1960s till early 1990s, these aircraft types required a high mechanical complexity

and were fuel inefficient. In the 20 years since then, technology has been improved and

the number of engines and shafts on board were minimized. Though, there still remained

a risk of system failure for powered-lift (Hirschberg 2017).

At the same time, the technology for electrically powered modes, especially electric engines

and batteries, has been developing and has created a potential for new VTOL configurations

which could solve many of the problems of conventional VTOL concepts (Hirschberg 2017,

Alex M. Stoll et al. 2014). The relatively scale-free nature of electric motors allows the

use of small electric motors. They are placed in strategic locations of the aircraft without

increasing its complexity and weight, unlike the installation of a number of ICEs, gearboxes

and drive-shafts (Alex M. Stoll et al. 2014). Moreover, the elimination of those components
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lowers the chance of mechanical failure and increases the safety of the aircraft. eVTOL

aircraft is considered to be safer due to the potential of the highly-redundant propulsion

system. Furthermore, the low maintenance requirement reduces the operational costs.

Considering current battery technology, this type of aircraft cannot be used now for

long-range trips. At the same time, it is practical for medium-range trips. It has high

forward speed and it is more efficient than conventional helicopters (Alex M. Stoll et al.

2014, UBER 2016, Michael Shamiyeh, Rothfeld, and Mirko Hornung 2018).

Distributed electric propulsion (DEP) and its scale-free nature gives a degree of freedom

in aircraft design. Currently, there is a relatively large number of different eVTOL vehicles

developments with predetermined launch dates (Lineberger et al. 2018). At such an

early stage, there are no boundary conditions for vehicle design, nor performance targets.

According to lift production during cruise and the VTOL mechanism used, the eVTOL

aircraft design can be divided into two groups, ”Rotary-Wing Cruise” and ”Fixed-Wing

Cruise” (Michael Shamiyeh, Rothfeld, and Mirko Hornung 2018).

Figure 1: Rotary wing (left) and fixed-wing (right) octocopters with coaxial rotors (Finger

et al. 2017)

The rotary-wing technology was developed after the end of the Cold War. Its development

focused on long-distance flight efficiency and fuel consumption in cruise and hover phases

(Kopp 2010). These technology models show better hover performance but are limited in

forward speed and distance compared to fixed-wing aircraft (Thipphavong et al. 2018).

The number of rotors in multi-rotor aircraft’s design may vary from 2 to 18 (Aurora Flight

Sciences 2019, Alex M. Stoll et al. 2014, A3 by Airbus 2019, GmbH 2017, Silva et al. 2018,

WORKHORSE Company 2019, Finger et al. 2017, Datta 2018). A copter with two rotors

is called a Side-by-Side helicopter and can operate either with two turbo-shaft engines or

batteries powered by two electric motors. The interconnected shaft joins both rotors, and
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it is used for synchronization and power transfer. The failure of one rotor is mitigated

sending the power from the operative motor though the shaft to the other side of the

vehicle (Silva et al. 2018). The tricopters have three rotors and three motors, and due to

the uneven numbers, their torque can not be canceled out completely: one (sometimes

two) rotor is activated to pivot and generate a torque to control yaw. The simplest control

arrangement is offered by quadrocopters. The design may be a ”plus” (+) or an X-layout.

At the same time, its simplicity and low number of moving parts prohibit full redundancy

in case of motor failure. The failure rates of tricopters and quadrocopters are similar. It

is also worth mentioning the pentacopters, whose 5 pairs of rotors and motors follow a

principle for yaw control similar to the tricopters. Hexacopters have 6 pairs of motors and

rotors. Their design may be divided into two groups: conventional design with one rotor

at one axis (six-arm layout), and coaxial propeller design (Y-layout) exhibiting superior

efficiency over a single propeller. The coaxial propellers can also be used for a octocopters,

which pair 8 rotors with 8 motors (Finger et al. 2017). The multicopter with 18 rotors

aligned in two concentric circles has subsequently the highest redundancy. The large

disk area provides an excellent hover efficiency, while the low rotor tip speed makes this

multicopter’s noise at minimum (M. Shamiyeh, Bijewitz, and M. Hornung 2017).

The ”Fixed-Wing Cruise” group has a variety of aircraft designs, distinguished with

different numbers of rotors, tilt-rotors, tilt-wings and rotors used as wing extenders (Sinha

et al. 2015, Alex M Stoll, Stilson, et al. 2013). Usually the rotors are used for vertical

take off and landing, where propellers and wings provide a sufficient forward cruise speed.

Adding engines to the air-frame of any aircraft is the simplest way to enable VTOL

capability (L + C). Another way to enable VTOL is by using the same propulsion system

for lift and cruise (L = C). The third way is when cruise engines are used for lift and

cruise, but during the lift there is an additional number of supplementing engines, which

are disabled during the cruise phase of flight (L + L/C) (Finger et al. 2017). The number

of rotors in this design may vary from 1 to 18 and, depending on the design, they may

have different functions at each flight stage. The aircraft maybe assembled with multi-

and tilt wing, as well as the multi- and tilt rotors (Seeley 2017, A3 by Airbus 2019, GmbH

2017, WORKHORSE Company 2019, Alex M. Stoll et al. 2014).

Each configuration has benefits and drawbacks according to the purpose of its use. Some

are able to provide long hovering time, but have a low forward speed and limited range

(e.g. multi-rotors). Others have limited hover ability but extended range and higher

forward speed, which can be achieved with tilt-wings aircraft, for example. The transition

phases from vertical to horizontal flight and back are more seamlessly performed with an

aircraft with separate lift and cruise concepts than those with tilt-wings and tilt-rotors
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(Thipphavong et al. 2018, Alex M. Stoll et al. 2014, Alex M Stoll, Bevirt, et al. 2014).

A number of ”flying car” manufacturers are working on VTOL electric vehicles prototypes,

their testing and further production:

• Aurora flight sciences started its eVTOL development in 1989 (Lineberger et al.

2018). Currently it consists of 8 rotors, 1.8 meters long wings, and 1 propeller for

cruise flight, and can reach a speed of 180 km/h. Aurora has a 2-seat capacity.

(Aurora Flight Sciences 2019, The Vertical Flight Society 2019).

• Airbus began its development of Vahana in 2016 (Lineberger et al. 2018). It is

an autonomous eVTOL aircraft with a 1-seat capacity and range of 200 km. The

multicopter has a length of 5.7 meters and width of 6.2 meters. It is equipped with 8

rotors, which enable cruise flight at a maximum speed of 175 km/h (Lovering 2018,

Vahana 2018).

• The rotary-wing eVTOL Volocopter’s development begun in 2012 (Lineberger et al.

2018). Nowadays it has a 2-seat capacity and can either operate autonomously or

be piloted. Nine independent Li-ion batteries supply the power to 18 rotors of the

vehicle. This number of rotors allows climbing the height of 1,650 - 2,000 meters,

at a climb rate of 3 m/s. The range of the vehicle is 27 km at a cruise speed of

70 km/h. In 2016, the Volocopter gained a ”permit-to-fly” from German aviation

authorities (GmbH 2017).

• A personal helicopter concept was developed by SureFly. The developed eVTOL

vehicle has an X - layout with 8 coaxial propellers, which allows lift a height of

5,000 ft (1.524 meters). The vehicle’s maximum speed is 70 knots (129 km/h),

and the maximum travel time is 2,5 hours. The vehicle is equipped with gasoline

engine and also battery which is used to extend the flight time by 10 minutes

(WORKHORSE Company 2019).

• Joby Aviation (the USA) began the development of S2 in 2009 The vehicle has a

2-seat capacity. The eVTOL aircraft uses 12 tilt-rotors for VTOL, however only 4 of

them are used for cruise. The cruise speed of the vehicle is 200 mph (321 km/h) and

the range is 200 nm.

The LEAPTech (Leading Edge Asynchronous Propeller Technology) concept by Joby

Aviation is a possible application of DEP architecture, with 20 rotors located along

the 31 ft (9.45 meters) long wing and can be powered by single small motors. The

LEAPTech aircraft has a 4-seat capacity. The vehicle’s forward speed is 200 mph

(321 km/h) and a cruise attitude of 12,000 ft (3,657.6 m) (Alex M Stoll 2015, Alex M
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Stoll, Bevirt, et al. 2014). This L + L/C technology has a high thrust-to-weight

ratio, but the VTOL propulsion components do not contribute to the cruise segment

of the flight (Y. Liu et al. 2017).

There are many more varieties of eVTOL designs and concepts. The eVTOL models are

constantly being improved, as well are the batteries, in order to achieve longer range

and higher speed (Datta 2018). Current speed and range of eVTOL vehicles are lower

than conventional airplane range and speed, leading to skepticism about the future of

electrified air transportation (Mark D Moore 2014). There are number of studies in which

performance of manufactured conventional aircraft is compared to performance of the same

aircraft after its electrification (Silva et al. 2018, Mark D Moore et al. 2013, Michael D.

Patterson, German, and Mark D. Moore 2012, Hepperle 2017). In such comparisons, the

aircraft design was not changed (Mark D Moore et al. 2013). The results of Michael D.

Patterson, German, and Mark D. Moore 2012 comparison study showed that the electrified

aircraft did not achieve a practical range capability equal to the conventional aircraft. This

predicts that electric aircraft will not have a practical range capability in the nearest term.

At the same time, it highlights the importance of an aircraft design dedicated specifically

to the use of electricity as an energy source. The concept of distributed electric propulsion

is very different from the existing propulsion solutions; therefore a direct comparison of

both technologies is not reasonable for comparable results. The DEP offers compelling

differences hence this technology is fundamentally changing the way propulsion integration

is currently approached (Mark D Moore 2014).

The comparison of typical conversion chains of conventional turboprop systems, con-

ventional turbofan systems, battery and fuel-cell powered systems, showed that battery

powered systems reach almost twice the efficiency of the others. This is mainly due to

the avoidance of fuel conversion to electricity. At the same time, the battery has the

lowest ratio as mass and equivalent energy density among various electric power generation

systems (Hepperle 2017). As the battery energy density sufficiently limits the range of air

vehicles, the use of a range extender is an additional feasibility factor for longer routes

(Mark D Moore et al. 2013, Alex M Stoll and Veble Mikic 2016).

The topic of UAM is relatively new, but a number of various research studies have been

carried out and results published. However, to the best of author’s knowledge, little work

is available so far regarding environmental aspects of this mode. One of the most severe

notional constraints is the aircraft noise, which is becoming stronger as the number of flights

increases (Vascik and Hansman 2017a). eVTOL vehicles are thought to produce zero local

emission and to be relatively quiet during the operational phase. The eVTOL vehicles

are considered to be significantly quieter than conventional helicopters and airplanes
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because electric motors remove the source of mechanical, combustion and exhaust noises

from aircraft (Vascik and Hansman 2017a). The operating propeller tip speed of eVTOL

vehicle is 50 % lower than helicopter propeller tip speed, thus it reduces the noise, while

maintaining the efficiency levels. The high number of rotors and smaller disk area in

multicopters lead to great hover efficiency of eVTOL vehicles, despite low rotor tip speeds

(Michael Shamiyeh, Rothfeld, and Mirko Hornung 2018). Moreover, some propellers may

be de-powered during the cruise flight, thus further reducing the number of noise sources.

eVTOL aircraft can be considered as a zero emission vehicle as long as the electricity

used is generated from renewable sources. One life cycle assessment, including both the

vehicle and the electricity production related emissions, was conducted for electric and

hydrocarbon-based small air vehicles (Mark D Moore et al. 2013). One of the most efficient

engine in aviation today is the hydrocarbon-based, which was installed in a small SR - 22

aircraft and has 28 % fuel efficiency at ideal cruise conditions, whereas the EM efficiency

is 97 %. This means a gain of 3.4 times in power generating efficiency for EM. Regarding

the released emissions, the SR - 22 produces 857 gCO2/kW of shaft power, while the

EM produces 350 gCO2/kW (with the California electricity mix - 329 gCO2/kW ) and

733 gCO2/kW (with U.S. average electricity mix - 689 gCO2/kW ). Taking into account

the 3.4 times difference in engine efficiencies, the total electric vehicle system efficiency is

5.9 times greater than hydrocarbon based aircraft system efficiency (Mark D Moore et al.

2013).

A different comparison using the GREET emission model was performed with electric

aircraft Pipistrel G 4 and hydrocarbon aircraft SR - 22. The 30,000 hour air-frame lifetime

results showed that vehicle and battery production are not essential comparing the 20 years

operational time for both vehicle types. Nevertheless, the amounts of CO2 gases released

from G 4 are 5 times lower than SR - 22 emissions when using the U.S. average electricity

mix, and 10 times lower when using the California electricity mix (Mark D Moore et al.

2013).

The Kohlman and Michael D Patterson 2018 study compared hybrid-electric power-train

architecture fuelled by liquefied natural gas (LNG) and pure electric aircraft architecture,

as well as amounts of CO2 gases produced on daily basis by each in context of Uber-like

network. By 2025 Uber is planning to operate a network of at least 5 vertiports with

300 - 500 vehicles of 4 - seat passenger capacities per vertiport, expecting to serve 60,000

passenger trips per vertiport per day. The results showed that amounts of produced

CO2 gases from ICE with LNG is 20.3 % lower than emissions related to pure electric

vehicles. The Texas electricity mix of 539 gCO2/MW , the California electricity mix of

282 gCO2/MW and the country average electricity mix of 497 gCO2/MW were used for
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calculations. The AvGas 100LL aircraft, which uses either ultra-low sulfur diesel or JP-A

(jet fuel) fuels, were estimated to generate slightly lower amounts of CO2 emissions than

electrical aircraft power by either of the electricity mixes.

A similar aircraft comparison, which neglects the emissions released during vehicle and

battery production, was done for 100LL AvGas conventional propulsion aircraft and

electric air vehicles. The results of CO2 emissions related to the operation of electric

propulsion vehicles were highly dependent on electricity mix. Within the mission range

of 100 miles (160 km), an electrically powered aircraft produces lower amounts of CO2

gases than conventional propulsion aircraft, regardless of electricity composition. For

longer missions up to 150 miles (241 km), the filthiest electricity mix has a significant

impact on CO2 related emissions. At this point, an electric aircraft produces 27 % higher

amounts of CO2 gases than a conventional 100LL AvGas aircraft. Considering the U.S.

average electricity composition and the cleanest energy generation mixes, electric aircraft

related CO2 emissions are respectively 12.5 % and 70 % lower than CO2 emissions from

conventional 100LL AvGas aircraft (Vascik and Hansman 2017b).

The possible environmental benefits of pure electric air vehicles over conventional aircrafts

are questionable. Moreover, considering current eVTOL vehicle range, electrically powered

aircraft it is not a competitive mode for the conventional aviation. On the other hand,

this range is practical within city areas, where air vehicles are planned to substitute for

ground-based travel modes and possibly to have a positive effect on congestion. Assuming

that 10 % of travellers across the U.S. will be using air vehicles to substitute for ground

trips with a range of 24 – 160 km, the potential CO2 reductions by 2025 would be from

50 million metric tonnes to 75 million metric tonnes annually, depending on amount of

fuel wasted in ground congestion. The amounts of emissions related to electric air vehicle

operation was calculated based on the assumption that electricity is fully generated by

renewable sources (Seeley 2015). Considering the distance of 100 km, the direct point-to-

point comparison of eVTOL aircraft with BEV and conventional vehicle with ICE showed

that eVTOL related GHG emission are 35 % lower than emissions from conventional

vehicle and 28 % higher than BEV emissions. Nevertheless, if the distance considered is

shorter than 35 km, eVTOL vehicle is less efficient in amounts of released CO2eq gases

among considered modes (Kasliwal et al. 2019).

Even though the described studies asses environmental performance of purely electric

aircrafts, comparing it with conventional aircrafts and ground vehicles, there is still lack

of studies on the intra-city level which would estimate changes in traffic-related CO2 and

NOx emissions if a defined share of ground trips is replaced by UAM. The aim of this

thesis is to estimate the amounts of emissions produced over the simulated day with and
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without UAM.

2.5 Source and composition of electricity

The operational phase of a conventional vehicle is a major contributor to GHG emissions

and air pollutants causing 85 – 90 % of life cycle emissions. Electricity composition is an

important element for environmental evaluation of electrified vehicles, as electricity mix

highly affects EV emissions performance. For an electricity mix in which fossil sources

dominate, the operational phase of a vehicle will be the major contributor of GHG and air

pollutants (Faria, Marques, et al. 2013). Therefore, as was explained in earlier chapters,

the replacement of conventional vehicles by electric ones does not always mean reduction

of emissions. Higher share of renewables in the electricity mix could reduce the amounts

of EV related emissions, thus, traffic emission levels can be reduced.

The emerging interest and investments in electric vehicles are creating a market for

renewable energy power plants, and the share of renewables has been growing in the

EU since 2005 (European Environmental Agency 2018b). In 2016, for the second year

in a row, low-carbon energy sources continued to dominate in the EU electricity mix

and to generate more power than fossil fuel sources did. Another electricity source with

low-carbon intensity is nuclear power, and countries like France, Lithuania and Belgium

have reduced their carbon intensity by generating the greatest share of electricity via

nuclear power plants.

Figure 2: Electricity generation by fuel in EU, 2016

(own image based on European Environmental Agency 2018b)

26



2. LITERATURE REVIEW

In the wake the Fukushima accident in 2011, countries like Germany, Switzerland, Spain

and Belgium began to plan the decommission their nuclear power plants. On the other

hand, other countries are considering the increase of electricity produced by nuclear power

plants (Bulgaria, the Czech Republic, Hungary, Poland, Romania and the United Kingdom).

Moreover France, Finland and Slovakia are constructing new nuclear power plants and

Sweden is extending the life-time of existing nuclear reactors. Nevertheless, the mentioned

Fukushima accident has had an impact on the cost of nuclear power, increasing it by

20 % in France, due to the additional investments in maintenance and safety (European

Environmental Agency 2018b).

Following the Kyoto protocol targets, participating countries were assigned emission

reduction target based on the values of the year of 1990 (UNFCCC 2008). Over the period

from 1990 till 2016 the EU reduced the CO2 intensity of electricity generation from 523.5

to 295.0 gCO2/kWh (by 44 %), whereas Germany achieved a reduction of 33 %, from 665.0

to 440.8 gCO2/kWh. Nevertheless, Germany is planning to close all its nuclear plants

by 2022, which means the loss of 13 % of its total gross electricity production (European

Environmental Agency 2018b). Nuclear power plant closing means that others have to

contribute a higher share of investments in new power plants, possibly renewable power

plants, not only to keep the current CO2 emission intensity levels but also consequently to

reduce them. According to the German Energiewende (‘energy transformation’) which

was announced by the conservative government in 2011, the country plans to reduce the

amount of fossil fuels contributing to the energy supply to 20 % by 2050 (Renn and

Marshall 2016).

Figure 3: German electricity generation by source (Evans and Pearce 2016)
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A more ambitious target was set by the Bavarian capital Munich, which is planning to

produce enough green electricity to power the entire city by 2025. The achievement of this

goal would make Munich the first city in the world with more than one million residents,

that uses ”green electricity” only (SWM 2018). The city is developing and operating hydro

power plants, solar technology plants, and geothermal energy plants. Together with the

Sustainable NOW project, the city is reducing CO2 amounts by 9,000 tonnes per year, by

the means of the construction of hydro power plants on the Isar River. The reduction of

18,000 tones per year has been achieved by a large solar plant project with Gehrlicher Solar

AG and the City of Munich (Lowe 2011). The city and its power providers (i.e. SWM)

are investing in offshore power plants, as the regional potential is limited (SWM 2018).

Munich and its partners have acquired 9 wind farms in Havelland and this contributes

280,000 tonnes of CO2 reduction per year (Lowe 2011). The electricity sector in Bavaria

is operated by various energy providers which own power plants in the region and in EU

countries. Munich power provides own offshore wind parks in the North Sea, Poland,

Croatia, France and photovoltaic plants in Germany and other lands. The power generated

by a power plant is fed into the grid where power consumers draw it from. Therefore,

each kilowatt hour produced by renewables and fed into the grid reduces the total carbon

intensity of the electricity used (SWM 2018).

Currently there is no possibility to obtain the data necessary to estimate the carbon

intensity of the electricity consumed in Munich. The amount of energy consumed and

produced varies according to the time of the day as well as the carbon intensity, amounts

of produced pollutants and gases. For this study, the electricity mix was estimated based

on the capacities of power plants located within the Bavaria region (list of power plants

located in the Bavarian region can be found in Appendix A). In total, there are 9 electricity

providers which are running nuclear, gas, oil, hydro, coal, waste, biomass and pumped

storage power plants in the Bavaria region. The sum of maximum power capacity produced

is 6,049.6 MW of electricity, where the share of renewables is 12.03 % and the share of

nuclear energy is 44.60 %. Depending on the type of power plant, the amounts of produced

emissions and pollutants differ (own calculations from Fraunhofer ISE 2019). The following

table contains the information about power plants’ capacities, depending on type, and

related amount of produced kgCO2 and kgNOx per kWh (Table 1).
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Energy source NOx, kg/kWh CO2, kg/kWh Capacity, MW

Uranium 0.0001 0.0080 2,698.0

Gas 0.0007 0.4000 1,432.0

Oil 0.00275 0.9000 386.0

Hydro 0.000002 0.0050 653.6

Coal 0.0022 1.0700 805.0

Pumped storage 0.000002 0.0050 22.0

Waste 0.00245 0.3790 47.0

Biomass N/A N/A 6.0

Total 6,049.6

Table 1: Energy sources and related emissions of Bavarian power plants

(Kessler 2012, own calculations from Fraunhofer ISE 2019)

The data for the amounts of CO2 and NOx released by electricity generated by pumped

storage was assumed to be the same as the values for electricity production at hydraulic

power plants. The data regarding the emissions produced by biomass burning strongly

varies by the region and the biomass composition, i.e. forest, agricultural/domestic residues,

dried animals waste (Hastings, Levy, and Carmichael 2000). During their life-cycle, plants

store CO2 though photosynthesis. During the heating process at the power plant, the

stored CO2 is released back to the atmosphere. Therefore, biomass burning is not carbon

neutral (Deutscher Bundestag 2007). Unfortunately, there is no data available regarding

the emissions from biomass burning power plants in Munich.
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3 Methodology

This chapter provides the overview of UAM integration in MATSim and details of emission

calculation of all travel modes used in MATSim.

3.1 MATSim and UAM Extension

The purpose of this study is to estimate the daily amounts of CO2 and NOx emitted

by different transportation modes in Munich. The investigated scenarios can be divided

into two groups: with and without UAM. The base scenario without UAM includes the

following transportation modes: private cars, buses, trams, underground trains, suburban

and regional trains. The second scenario contains the same modes and integrated UAM as

well.

The simulation is conducted using an open-source framework for implementing large-

scale agent-based transport simulations, MATSim (Multi-Agent Transport Simulation),

programmed in Java (Horni, K. Nagel, and K.W. Axhausen 2016). The 5 major stages

of MATSim simulation are: initial demand, execution, scoring, replanning and analysis.

The iterative parts of MATSim execution loop (MATSim cycle) are Execution (mobility

simulation, Mobsim), Scoring and Replanning (Figure 4). Over the iteration process

agents score points, aiming to achieve higher score by evolving and optimizing their plans.

Eventually, co-evolutionary algorithm leads to a stochastic user equilibrium and at that

point agents can not further improve their plans.

Figure 4: MATSim execution loop (Horni, K. Nagel, and K.W. Axhausen 2016)
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MATSim is designed to trace the daily schedules of synthetic travelers’ decisions (Horni,

K. Nagel, and K.W. Axhausen 2016). These schedules contain information about activity

types, start and end times, locations, etc (Ziemke, Kai Nagel, and Moeckel 2016). The

scheduled trips are realized via available transportation modes, road network or public

transport.

The UAM is designed to operate on demand, and the DVRP extension (Dynamic Vehicle

Routing Problem) is a basis for UAM extension for MATSim. Nevertheless, UAM extension

differs from DVRP extension for ground vehicles operating on demand since it requires

specific VTOL infrastructure, urban space and aerial network management, and an air

vehicle fleet with specification of capacity, speed, range, etc. The UAM extension consists

of three main blocks: the UAM infrastructure, vehicles, and airspace usage (Rothfeld,

Balac, Kay O. Ploetner, et al. 2018).

UAM infrastructure consists of a number of vertiports (UAM stations), each of which

has a unique identifier, specific location, and capacity for simultaneous VTOL placement.

Each UAM station consists of one ground- and one flight-access node; these nodes are

connected by a station link. The ground access node connects the UAM station with a

conventional ground network, whereas the flight-access node connects the UAM station

to one or more flight level nodes positioned above the flight access node. The flight

level nodes are transition points between vertical and horizontal flight and connect the

UAM station to UAM network. Similarly, each UAM vehicle has a unique identifier,

initial location, UAM station where vehicle is parked overnight, seat capacity, cruising

and VTOL speeds, operating range and operating time. The UAM network consists of

nodes and links, where nodes are characterized by a unique identifier, location and height

(i.e. x, y, and z coordinates). Links of the UAM network are each assigned a unique

identifier, including specified origin and destination nodes, length, throughput capacity

and maximum allowed/possible speed during cruise flight. The UAM network modelled

being fixed with one lane in which only UAM modes are allowed (Rothfeld, Balac, Kay O.

Ploetner, et al. 2018).

3.2 Munich City Scenario

The study area of this thesis is Munich, the administrative center of Bavaria. The year 2011

is taken as the base year, with the population of 1.3483 million at that time (Population

City 2015). The modelled day-to-day travel behaviour is based on the household travel

survey ”Mobilität in Deutschland” (MID) from 2008 (Follmer et al. 2010). This survey
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has been carried out approximately every 5 years since 1970. The survey contains socio-

demographic and mobility information of individuals within different population groups

and regions. It provides information like gender, income, living area, information regarding

travel choices, etc. The households participating in the survey are selected carefully, still

this selection is random in order to ensure the reliability of the information gained and its

accuracy to represent the country’s demographic. (Follmer et al. 2010).

The survey data was adapted to represent the travel behavior of the entire Munich

population using MITO, Microscopic Transportation Orchestrator (Moeckel et al. 2019).

The output data contains information regarding all the trips performed during the day.

Each trip includes the information of its origin and destination, its purpose, travel mode

used. Each trip has an ID and one person can have multiple trips during the day. The

travel modes are differentiated between walking, biking, public transport use, and car trips,

with differentiation between driver and passenger (the data provided by the professorship

of Modeling Spatial Mobility).

It was estimated that in an average day there are around 15 million trips took place.

To simulate this amount of trips, high computational power as well as long run times

are required. Since this thesis focuses on total daily amounts of gases produced, and

not on agents’ travel behaviour, running 5 % of randomly sub-sampled trips is sufficient.

At this point, it is important to downsize the Munich road network capacity to achieve

equivalent with selected 5 % trips (forthcoming Llorca and Moeckel 2019). The storage

and flow capacity factors are estimated to be 0.106 and 0.050 respectively. According to

the forthcoming Llorca and Moeckel 2019 a high number of iterations coupled with the use

of a relatively small 5 % scale factor, would not significantly affect final results. Therefore,

the number of iterations was set to 20. The MATSim model for this thesis is provided by

BauHaus Luftfahrt e.V..

In addition to the scenarios with and without UAM, the scenarios including technology

improvements were calculated. In the initial scenario no changes were considered. For

Scenario 1 and Scenario 2 it was assumed that 50 and 100 % respectively of all car trips

were driven by EVs. The Scenarios 3 and 4 were calculated assuming changes in electricity

production, anticipating that 50 and 100 % of electricity respectively were generated from

renewable sources. Because the current Bavarian electricity mix used in this thesis consists

of almost 11 % electricity generated by hydro-power stations, for Scenarios 3 and 4 the

increased shares of renewables were assumed to be generated by hydro-power stations as

well. Scenario 5 was calculated based on improvements in the public bus fleet, assuming

that the amount of released emissions was reduced by 50 %.
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3.2.1 Status quo (baseline)

The baseline scenario has no air transportation option within the city. The travel demand

data was generated using MITO and the results were used as an input data for MATSim.

For this study, agents ability to select between different transportation modes was disabled.

Moreover, the abilities to reschedule or to cancel trips were excluded as well. Nevertheless,

agents were able to select between different routes.

The simulation output results contain information regarding all trips made during the

day. Specifically, the output data contains information regarding each trip origin and

destination, as well as trip distance, travel time, and many others. This output data is

used for the following emission calculations.

3.2.2 UAM integration

As mentioned earlier, there are currently no specific guidance regarding UAM operations

within cities. For this thesis it was assumed that UAM was operating between vertiports,

the selected points of interest in Munich. One of the ways to determine the suitable

locations for UAM stations can be found in Rothfeld, Balac, Kay O Ploetner, et al. 2018.

For this study, the locations of 8 selected UAM Stations in Munich are shown on Figure

5. As seen, the UAM network has a direct point-to-point structure, where each station

can be reach from any other station in the network.
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Figure 5: The locations of UAM stations in Munich

For this study the UAM was integrated to operate without any constrains. The VTOL

fleet was not limited to specific number of vehicles. It means that there is always an air

vehicle available at the requested station, thus agents did not wait for an available vehicle

to arrive to the requested UAM station.

Since the ability to initially select between different transportation modes was disabled,

prior to the simulation, UAM mode was assigned to selected trips that meet the previously

established criteria. Trips considered to be suitable to use UAM were defined based on

their distances to/from UAM station and trip length. The general assumption has been

made that the sum of the distances to and from UAM stations should not be longer than

one third of the total trip length (Figure 6). This selection enabled a reasonable assignment

of UAM trips. Following this selection, it was assumed that agent spent at least two thirds

of its complete trip distance in UAM vehicle and air vehicle was the main travel mode in

this case. In this work the UAM was integrated to substitute for ground car and public

transport trips. It was assumed that UAM was not a competitor for walking and biking
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travel modes. That is why the trips commuted by these modes were not considered as

potential the UAM trips and were excluded from UAM trip selection.

Figure 6: Trip requirement for UAM consideration

Even though, the mode choice was excluded, in order to reach UAM station agents could

choose between walking, public transport and car modes. Based on this, it was assigned

that if the distance from agent’s origin or destination location to the UAM station was

shorter than 500 meters, only walking mode was available. For distances longer that

500 meters agents could choose between public transportation and car modes (Schuessler

and Kay Axhausen 2008, Burian et al. 2018).

3.3 Emission Calculation

Transportation sector is responsible for high amounts of released gases and pollutants

into the atmosphere. One of the most known GHG is CO2. It is known to contribute

extensively to global GHG levels due to the high share of anthropogenic processes that

produce enormous amounts of CO2 gases. It is not a surprise that many articles, estimating

impacts of new transportation solutions, are reporting on CO2 emissions (Hawkins, Gausen,

and Strømman 2012, Requia et al. 2018). Including aviation and shipping, transportation

sector is responsible for 23 % of CO2 emissions globally (IEA 2016, IEA 2017). Regarding

the air pollutants, NOx (NOx = NO + NO2) is the most reported among them (Hawkins,

Gausen, and Strømman 2012, Requia et al. 2018). It does not contribute to GHG levels

but affects the air quality. Specifically, NOx reacts in the atmosphere with sun light and

NMVOC (non- methane volatile organic compounds) to form ozone (O3). Tropospheric

ozone is an air pollutant, whereas stratospheric ozone protects from ultraviolet radiation.
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The amounts of released NOx emissions by aviation sector were investigated in various

studies since 1970s, even though it contributes only 1 – 2 % to the total amounts of NOx

emissions from both natural and androgenic sources (Hidalgo and Crutzen 1977, D. S. Lee

et al. 2010, Myhre et al. 2011, Gauss et al. 2006, Frömming et al. 2012, Skowron, D. Lee,

and León 2013). Despite the relatively small share, aircraft NOx emissions are released in

the upper troposphere level and lower stratospheric regions, where it has longer life-time,

allowing for NOx and O3 accumulation (Gauss et al. 2006).

Although the high number of different exhaust gases released from the transportation

sector, this study focuses on the amounts of produced CO2 and NOx emissions from

transportation in Munich. Other GHGs and air pollutants, as well as noise emissions are

important for environmental evaluation. Nevertheless, they are excluded from calculations,

due to the limited amount of time and data availability.

As explained in the sub-chapter 3.1, the MATSim was used to model agents transportation

behavior in Munich. The output data contains the information about each trip that took

place, regarding modes used and distances covered. This gives an ability to calculate

amounts of released pollutants from each trip. Different transportation modes that were in

use during the simulation are included in the calculations, and each of them has a specific

emission factor. Multiplication of trip distance and selected mode emission factor provided

result of amounts of produced CO2 and NOx for each specific mode. Due to the variety of

modes, different approaches were used in order to estimate an emission factor for each of

them.

In this work, an approach estimating the amounts of produced pollutants based on

passenger kilometers travelled and it is preferred above vehicle kilometers driven. Initially,

emission estimation based on the vehicle kilometers driven was not feasible to conduct due

to the insufficient amount of data required. Specifically, there was lack of data regarding

different public transportation modes. For vehicle kilometer driven estimation, emission

factor should reflect different aspects such as detailed information regarding vehicle type

used and number of wagons on specific route regarding on/off peak hours, vehicle speed,

passenger occupancy, etc. The passenger kilometers travelled approach is beneficial for

this study. With the strong focus on passenger mode choice, it was important to know

the chain of modes used by each agent. By assigning UAM modes to the selected trips,

the distance driven earlier by conventional mode was excluded from calculations. This

approach would not be feasible working with mode kilometers travelled. In that case,

when agent changed current public transportation mode to UAM, this would not change

the amount of public transportation related emissions. This approach would only add

additional emissions related to UAM operation to the total traffic related emissions. As
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this study focuses on different scenarios regarding the introduction of a new mode, it was

crucial to see the impact of shift of each selected agent from the current mode to UAM

mode.

As mentioned, the emission factor is a crucial variable for the emission estimation. For

this study, car, bus, tram, underground train, sub-urban train and regional trains were

modelled and each of these modes has a specific emission factor. The MATSim output

data contains the information regarding all trips taking place during the simulated day

and for car trips, it differentiates between driver and passenger. For BaU scenarios car

passengers kilometers driven were excluded from emission calculation, taking into account

only car driver related emissions. Nevertheless, after UAM implementation, in case of shift

of car passenger to UAM vehicles, this shift contributed to UAM related emissions and

it was included in the emission calculation. The detailed explanation of emission factor

estimation for each mentioned mode is presented in the following sub-chapters. Walking

and biking modes were available for agents to use and assumed to produce zero CO2 and

NOx emissions.

3.3.1 Electricity Mix

As mentioned earlier, the Bavarian electricity mix was used for the estimation of CO2

and NOx released in order to generate the required amount of electricity for electrically

powered modes. It was assumed that each power plant within the Bavarian region works

on its full capacity. Regarding the share, each power plant contributes to the total energy

production, the amounts of produced emission were calculated proportionally. As an

example, power plant that generates electricity using uranium contributes 44 % to the

sum of total power plant capacities and the emission factor for power plant that uses

uranium is 8.00 gCO2/kWh (Table 1). Following this, its contribution to the total emission

factor from all power plants considered to be 3.52 gCO2/kWh. Following this procedure,

contribution shares were calculated for each power plant considered in this work for CO2

and NOx emissions. Afterwards, the estimated shares of each power plant contributing

regarding the selected pollutant or gas were summed up to calculate the total amount of

emissions produced when all power plants are working on their full capacities. (Electricity

Emission Factor - EFEl, kg/kWh).

The additional scenarios were calculated as well, assuming the electricity mix consisting

of 50 % and 100 % of electricity generated by renewable resource. To estimate the new

emission factors for the electricity mix consisting of 50 % of electricity generated from

renewable sources, the overall capacity of selected power plants was divided by two. The
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result is new power plant capacities for each group of power plants, using renewable and

non-renewable sources. Afterward, using the new capacity of power plants, a factor was

derived that shows how much the capacity of power plants using non-renewable sources

should be reduced. And for power plants using renewable sources, the factor shows how

many times its capacity must be increased, in order to keep the current total power

capacity level (Table 2). Proportional to the new capacities, new emission factors for CO2

and NOx were calculated. The emission calculation process was explained earlier in the

beginning of this sub-chapter. The amount of 6 kWh of electricity generated by biomass

burning was excluded from the total power plant capacity calculation, due to the lack of

data regarding the biomass mix.

Total power plant capacity - 6,043.6 kWh

Power plants working with

non-renewable sources

Power plants working with

renewable sources

Current capacity - 5,321.0 kWh Current capacity - 722.6 kWh

New capacity - 3,021.8 kWh New capacity - 3,021.8 kWh

Factor - 0.6 Factor - 4.2

Table 2: New power plants capacities where 50 % of the electricity produced comes from

the renewable sources

Similarly, the factor for power plants was calculated for the scenario where electricity is

generated by renewable sources only. The factor was estimated to be 8.4 and the capacities

of all power plants running on renewable electricity were multiplied with this factor. The

following table contains emission factors for each of the scenarios (Table 3).

Current electricity mix
50 % of renewables

in electricity mix

100 % of renewables

in electricity mix

CO2,

kg/kWh

NOx,

kg/kWh

CO2,

kg/kWh

NOx,

kg/kWh

CO2,

kg/kWh

NOx,

kg/kWh

0.30186 0.00070 0.18410 0.00047 0.02933 0.00016

Table 3: Bavarian electricity mix

(own calculations from Fraunhofer ISE 2019, Kessler 2012 and O’Brien 2006)
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These CO2 and NOx emission factors were used in further calculations of emissions related

to the operation of modes that use electricity as source of energy.

3.3.2 Air Vehicle

In this study purely electric vehicles were considered to operate UAM in Munich. The

longest distance between two UAM stations is 39 km and based on this distance the

Multicopter Heavy was selected as the air mode to perform the flights. This vehicle flight

profile is rectangular, and vehicle reaches a cruise altitude of 300 meters. The multicopter’s

design has 18 rotors with the dimension of 9.15 meters by 9.15 meters. The high number

of rotors and their large disk area enables excellent hover efficiency and low rotor noise.

Figure 7: Multicopter Heavy (Michael Shamiyeh, Rothfeld, and Mirko Hornung 2018)

These vehicles are charged with electricity and the Bavarian average electricity mix was

used in calculations. The electricity emission factors for CO2 and NOx are 301.86 g/kWh

and 0.70 g/kWh respectively. For the scenarios with 50 % and 100 % of electricity

generated from renewable sources emission factors change accordingly to the data in

Table 3. The vehicle energy consumption per km varies regarding the distance traveled.

Table 4 contains the information of MC Heavy energy consumption when one passenger is

on board. In order to avoid bias in the calculations an interval was assigned to each trip

distance.

The output results from MATSim simulation contain information regarding each flight

origin and destination stations, trip length. Based on the distance travelled by air vehicle

and following corresponding intervals, energy consumption was assigned to each flight

(Table 4). Important to mention that air vehicle energy consumption depends on the
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number of passengers it carries. Despite the fact that MC Light can carry up to four

passengers, the number of passengers that can be simultaneously on board was assigned

as one.

Distance, km Energy consumption, kWh Assigned interval, km

0 7.51 0 - 2.5

5.0 10.86 2.5 - 7.5

10.0 14.25 7.5 - 12.5

15.0 17.67 12.5 - 17.5

20.0 21.12 17.5 - 22.5

25.0 24,60 22.5 - 27.5

30.0 28.10 27.5 - 32.5

35.0 31.61 32.5 - 37.5

40.0 35.11 37.5 - 42.5

Table 4: Energy consumption of Multicopter Heavy (data provided by BauHaus Luftfahrt

e.V., based on methodology by Michael Shamiyeh, Rothfeld, and Mirko Hornung 2018)

The Energy Consumption of each flight was summed up to estimate the total amount

of energy UAM operation consumed during the simulated day. Knowing the amount

of energy consumed, it is possible to calculate the amounts of CO2 and NOx emissions

released by power plants in order to generate required amount of electricity (Eq. 1).

EmissionsUAM = EnergyConsumptionUAM ∗ EFEl, (1)

where

EmissionsUAM - amounts of produced pollutant or gas by power plants due to UAM

operation, [kg];

EnergyConsumptionUAM - amount of energy consumed by UAM operation, [kWh];

EFEl - electricity emission factor, amount of gas/pollutant released by producing 1 kWatt

of electricity, [kg/kWh].
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3.3.3 Conventional and electric cars

Ground transportation modes available in MATSim for Munich scenario can be divided

into two groups as public and private modes. The private modes were walking and biking

(both were considered to produce zero emissions), and car mode. There are many different

types of cars in Munich. Regarding the scope of this research heavy duty vehicles, such as

delivery trucks were not included in the MATSim simulation, and agents perform daily

activities using LDVs. Unfortunately, there was a lack of information regarding types of

LDVs used in Munich. Based on the statistical data from Kraftfahrt-Bundesamt from

24.01.2011, the number of LDVs registered in Germany was 42.3 million. Out of this,

the shares of gasoline and diesel powered vehicles were 72.1 % and 27.9 % respectively.

These shares were used to proportionally separate the number of car trips from simulation

results into groups of gasoline- and diesel-powered vehicles. The number of hybrid and

electric vehicles according to Kraftfahrt-Bundesamt was estimated to be 40,000 units,

which corresponds to 0.095 % from the total number of LVDs (Kraftfahrt-Bundesamt

2018). The relatively small share of battery vehicles was neglected in the initial emission

scenarios calculations.

Diesel and gasoline powered vehicles release different amounts of CO2 and NOx per km.

The data regarding emission factors for gasoline- and diesel-powered vehicles was taken

from HBEFA for the year 2010 (Table 5):

Gasoline-powered vehicle Diesel-powered vehicle

CO2, g/km NOx, g/km CO2, g/km NOx, g/km

185.295 0.166 160.035 0.749

Table 5: Emission factors of light-duty vehicle operation (Umweltbundesamt n.d.)

This data includes only emissions released per kilometer travelled and does not include

vehicle start emissions. These emission factors were averaged for different road categories,

road gradients and traffic states (stop&go, free flow, saturated and dense). These emission

factors were used for the calculation of amounts of released CO2 and NOx emissions from

all car trips (Eq. 2).

EmissionsCV = EFCV ∗DCV , (2)

where

EmissionsCV - total amount of released gases from conventional vehicle, [kg];
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EFCV - CV emission factor regarding fuel used, [kg/km];

DCV - sum of distances driven by conventional vehicle, [km].

For the future scenarios higher shares of EV were calculated. For Scenario 1 it was assumed

that 50 % of all car trips were driven by EVs. Following this, the total distances travelled

by car were divided into 3 groups as gasoline, diesel and electric vehicles with the respected

shares of 36.05 %, 13.95 % and 50 %. For Scenario 2, all of the car trips are assumed to

be performed with EVs.

As mentioned earlier, EV consumes less energy while driving within urban areas compared

to its energy consumption in rural areas. For this study, it was assumed that all car trips

took place in urban areas and EV consumed 0.168 kWh/km (Wu et al. 2015). Considering

the current Bavarian electricity mix, following the specified EV energy consumption the

EV’s emission factors are 0.05058 kgCO2/km and 0.00012 kgNOx/km. The total amounts

of released CO2 and NOx emissions due to EV operation were calculated by the following

formula (Eq. 3):

EmissionsEV = EFEV ∗DEV , (3)

where

EmissionsEV - sum of emissions related to EV operation, [kg];

EFEV - EV emission factor regarding the energy consumption of EV, [kg/kWh];

DEV - sum of distances driven by EVs, [km].

Important to mention, the MATSim results do not contain the information regarding the

distances travelled by car to and from UAM stations. The beeline distances were calculated

based on coordinates of origin, destination of activities, and UAM stations’ origins and

destinations. Afterwards, the estimated distance was multiplied with the detour index

1.417 (Boscoe, Kevin, and Zdeb 2012).

3.3.4 Bus

One of the public transport modes used in MATSim Munich scenario was the bus mode.

Public bus fleet in Munich is operated by Münchner Verkehrsgesellschaft, MVG (MVG

2019). The fleet consists of 310 vehicles among them are 22 trailer buses, 225 articulated

buses and 63 conventional buses. Additionally, 199 buses are being operated by private

partners on behalf of MVG. The information regarding subcontractors’ bus types and

models was not available. Following this, only the bus fleet belonging to MVG, was

considered in this study (MVG 2014).
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According to European Environmental Agency 2002 the German bus occupancy rate was

18 passengers per vehicle. The emission factor for public bus was taken from HBEFA

database for the year 2010. Considering only the operational phase of vehicle, emission

factors are presented in Table 6.

Local bus Regional bus

CO2, g/km NOx, g/km CO2, g/km NOx, g/km

1,139.005 8.341 762.74 6.698

Table 6: Emission factors of local and regional diesel-powered buses (Umweltbundesamt

n.d.)

Unfortunately, it was not known which bus types operate on regional routes and which bus

types operate on local routes. Hence, the emission factors of both bus types were averaged

to 950.8725 gCO2/km and 7.5645 gNOx/km. Having an average of 18 passengers on board,

the emission factors per passenger kilometer were 52.826 gCO2/pkm and 0.420 gNOx/pkm.

These emission factors were taking into account for bus related emission calculations. They

were assumed to be reasonable compared to the data available for bus emission factor

in Sweden which is 70 gCO2/pkm, the U.S. bus emission factor of 181 gCO2/pkm and

with 107.3 gCO2/pkm bus emission factor in the U.K. (Network for Transport Measures

2018, Hodges 2010, AEA 2008). Regarding the NOx emission factor of 0.420 gNOx/pkm,

it is as well assumed to be reasonable compared to the study by (Yu, T. Li, and H. Li

2015) where, depending on the passenger load, gNOx emission factor varies from 0.42 to

1.1 gNOx/pkm.

The calculation of bus related emissions were done using the following equation (Eq. 4):

EmissionsBus = EFBus ∗DBus, (4)

where

EmissionsBus - sum of emissions related to bus operation, [kg];

EFBus - bus emission factor emission factor for CO2 and NOx, [kg/pkm];

DBus - sum of distances traveled by bus, [km].

Scenario 5 estimates public bus fleet improvement, considering the future possibilities

when bus related amounts of emissions could be twice lower than current levels. For this

scenario, the amount of released CO2 and NOx emissions from the public bus operation

were halved.
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3.3.5 Tram

Tram operation began in Munich in 1876 with a horse drawn tram on rails. As well

as the bus operation, tram operation in the city is provided by MVG. Among bus and

underground train trips, trams carry the lowest number of passenger per year (119 million

passengers in 2015). The tram rail network has a length of 79 km and covers 166 tram

stations (MVG 2019). Munich tram fleet consists of 113 vehicles and their passenger

capacity characteristics are summarized in Table 7.

Tram type Discription

T1 69 seats and 147 stand places

TZ

two parts assemble – 29 seats and 72 stand places

three parts assemble – 47 seats and 109 stand places

four parts assemble – of 65 seats and 150 stand places

S1 75 seats and 146 stand places

R3 67 seats and 151 stand places

R2 58 seats and 99 stand places

P
40 seats (+ 42 seats in sidecar; 82 seats in total)

70 stand places (+ 75 stand places in sidecar; 145 stand places in total)

Table 7: Trams operating in Munich (MVG 2014)

According to the Forschungs Informations System, in Germany tram requires 12,5 kWh per

100 passenger-kilometers on average (Forschungs-Informations-System 2011). Considering

the BaU scenario, Scenario 3 and Scenario 4, Table 8 contains the emission factors used

for tram emission calculations for each of mentioned scenarios.
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BaU

Current electricity mix

Scenario 3

50 % of renewables

in electricity mix

Scenario 4

100 % of renewables

in electricity mix

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

0.03773 0.00009 0.02301 0.00006 0.00367 0.00002

Table 8: Emission factors of tram operation

The total amounts of CO2 and NOx released by tram operation were calculated by the

following equation (Eq. 5):

EmissionsTram = EFTram ∗DTram, (5)

where

EmissionsTram - total amount of released gases related to tram operation, [kg];

EFTram - tram emission factor for CO2 and NOx, [kg/pkm];

DTram - sum of distances traveled by tram, [km].

3.3.6 U-Bahn (Underground Train)

Underground train operation in Munich is provided by MVG as well. This public trans-

portation mode carries the highest amount of passengers per year (398 passengers in 2015).

Its fleet consists of 562 underground carriages, and its network length is 95 km, servicing

100 stations (MVG 2014). The underground train fleet consists of the carriage types

presented in Table 9.

Subway type Discription

Train C2 220 seat and 720 stand places; in use since 2016

Train C 252 seat and 660 stand places; in use since 2002

Double railcar B 98 seat and 192 stand places; in use since 1987 - 1995 (prototype 1981)

Double railcar A 98 seat and 192 stand places; in use since 1970 - 1984 (prototype 1967)

Table 9: Subways operating in Munich (MVG 2018)
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The underground train fleet contains electric motor ,hence, it requires electricity for its

operation. An average German underground train requires 11.6 kWh per 100 passenger-

kilometers (Forschungs-Informations-System 2011). Taking into account the current

electricity generation emissions for base scenario and higher share of renewables in future

scenarios, CO2 and NOx emission factors for each of scenarios are summed up in Table 10.

BaU

Current electricity mix

Scenario 3

50 % of renewables

in electricity mix

Scenario 4

100 % of renewables

in electricity mix

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

0.03502 0.00008 0.02136 0.00005 0.00340 0.00002

Table 10: Emission factors of underground train operation

These emission factors were used for the tram emission calculations. The data regarding

underground train ride distances was summarized and amounts of related gases were

calculated by the following equation (Eq. 6):

EmissionsUT = EFUT ∗DUT , (6)

where

EmissionsUT - total amount of released gases related to underground train operation,

[kg];

EFUT - underground train emission factor for CO2 and NOx, [kg/pkm];

DUT - sum distances travelled by underground train, [km].

3.3.7 Sub-Urban and Regional Trains

Besides buses, trams and underground trains operating within the city, longer distances in

sub-urban areas are covered by sub-urban train – S-Bahn (”Stadtschnellbahn”, German).

The sub-urban train network consists of 8 lines servicing 150 stations. The total length of

S-Bahn network is 530 km. Sub-urban train train fleet consists of 238 vehicles Series ET

423 and 15 vehicles series ET 420 with a maximum speed of 140 km/h (Deutsche Bahn

2019b). The current sub-urban train is operated by electric motor and was estimated to

require 22 Wh/pkm (Bahn 2018). Regarding the current electricity mix and the proposed
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scenarios with higher share of energy derived form renewable sources, Table 11 contains

the emission factors related to sub-urban train operation for each of the scenarios.

BaU

Current electricity mix

Scenario 3

50 % of renewables

in electricity mix

Scenario 4

100 % of renewables

in electricity mix

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

0.00664 0.00001 0.00405 0.00001 0.00065 0.000003

Table 11: Emission factors of sub-urban train operation

These emission factors were used to calculate the amounts emissions released in order to

generate the required amounts of electricity for sub-urban train operation (Eq. 7):

EmissionsST = EFST ∗DST , (7)

where

EmissionsST - total amount of released gases related to sub-urban train operation, [kg];

EFST - sub-urban train emission factor for CO2 and NOx, [kg/pkm];

DST - sum of distances travelled by sub-urban train, [km].

The further areas were serviced by regional trains. The regional train operation is

provided by Deutsche Bahn, and it requires 34 Wh/pkm at the speed over 200 km/h and

21 Wh/pkm at the speed below 200 km/h (Deutsche Bahn 2019a, Bahn 2018). For the

purpose of this study the average energy consumption was used, which was estimated to

be 27.5 Wh/pkm. Based on this energy consumption the amounts of released CO2 and

NOx were estimated. Table 12 contains the information about regional train emission

factors for the BaU scenario, and Scenarios 3 and 4, which consider electricity composition

changes.
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BaU

Current electricity mix

Scenario 3

50 % of renewables

in electricity mix

Scenario 4

100 % of renewables

in electricity mix

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

CO2,

kg/pkm

NOx,

kg/pkm

0.00830 0.00002 0.00506 0.00001 0.00081 0.0000004

Table 12: Emission factors of regional train operation

According to the Equation 8 the amounts of gases produced due to regional train operation

were calculated.

EmissionsRT = EFRT ∗DRT , (8)

where

EmissionsRT - total amount of released gases related to regional train operation, [kg];

EFRT - regional train emission factor for CO2 and NOx, [kg/pkm];

DRT - sum of distances travelled by regional train, [km].
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4 Results

This chapter contains the results based on the output data from MATSim simulations.

The base year is 2011. The amounts of emissions were calculated considering possible

improvements in technology: electrification of LDVs and generation of higher shares of

electricity by renewable sources, the public bus fleet improvement. Prior to the scenarios

with UAM estimation, the chapter provides the analysis of the urban air vehicle Multicopter

Heavy selected for this study. Afterwards, the results of UAM scenarios and the differences

in amounts emissions are presented. The results presented in this page were scaled up

from 5 % to 100 % of simulation size.

4.1 Baseline Scenario

The BaU scenario is the MATSim simulation of one day travel behaviour of a synthetic

population. The population’s plans were modelled in MITO. This scenario represents

currently existing transportation modes. Each agent was assigned to use a specific transport

mode and over the iteration processes agents were able to select the best route in terms of

distance and time travelled. Any changes such as mode change, departure time change

and others were disabled. Based on the output the following figure presents the shares of

distances travelled by each of the assigned modes (Figure 8). The share of distances were

estimated from the total number of person-kilometers travelled by each of the available

modes. As seen from the graph, great majority of distances were travelled by car.

Figure 8: Shares of kilometers travelled by different modes
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Based on the results, car trips are responsible for 11,570.46 tonnes of CO2 and 21.33 tonnes

of NOx emissions released, whereas the public transport in total released 266.05 tonnes

of CO2 and 1.71 ton of NOx emissions. Considering the total amount of CO2 and NOx

emissions released during the simulated day, the amount of CO2 emissions in the base

year of 2011 was 3.132 tonnes per capita and the amount of NOx was 6.24 kg per capita.

According to the World Bank data the amount of CO2 emissions per capita in Germany in

2011 was 9.125 tonnes (Bank 2019). Pursuant to European Environmental Agency 2018a,

one third of CO2 emissions per capita were released by burning of fossil fuels. Based on

this, it was assumed that calculated amount of CO2 emissions were adequate. As for NOx

emissions, according to European Environmental Agency 2016 NOx emissions in 1990

were estimated to be 39 kg per capita and approximately 50 % of it was emitted by road

transport. Seeing the improvements in vehicle technology during the period 1990 – 2011,

the calculated results were assumed to be reasonable.

Considering possible future changes in private vehicle types, namely an increased share of

EVs on roads, the significant reduction in amounts of CO2 and NOx can be achieved. In

case, if 50 % of all car trips modelled were driven by EVs the total amount of CO2 emissions

from LDVs could be reduced to 7,427.09 tonnes, and the amount of NOx emissions to

14.47 tonnes. Even higher emission reduction rates were achieved in case when all car trips

were conducted by EVs (detailed calculation results can be found in Appendix B). Table 13

contains the detailed information regarding the amounts of exhaust gases released from

the conventional and electric vehicles in selected scenarios. Important to note, emission

calculation procedure included only emissions due to the operational phases of vehicles.

Current fleet

composition

50 % of EV in

fleet composition

100 % of EV in

fleet composition

Vehicle

type
CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

CV 11,570.46 21.33 5,785.23 10.67 - -

EV - - 1,641.87 3.80 3,283.73 7.60

Table 13: Conventional and electric vehicles emissions (BaU scenario)

Considering the fact that majority of the distances were travelled by cars, the amounts of

released CO2 and NOx from car operation were the main contributors to total amounts of

gases released during the simulated day. The share of CO2 and NOx emissions related to
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public transport operation from total daily amounts were 2.25 and 7.41 % respectively,

even though, the share of distances travelled by public transport was 11 %. Scenario 3

considered 50 % of electricity to be generated from renewable sources and the shares of

emissions related to public transport operation were reduced to 2.01 % of CO2 and 7.09 %

of NOx pollutants from total amounts of emissions released. Considering the scenario

where 100 % of electricity used by public transport was generated from renewable sources,

the shares of related pollutants have shrunken further, accounting for 1.79 and 6.89 %

CO2 and NOx of total daily levels. Finally, the scenario where public bus fleet emission

levels were reduced by 50 %, the reduced share of CO2 gases dropped to 1.44 % and NOx

pollutants to 4.20 % (detailed calculation results can be found in Appendix B).

4.2 Urban Air Vehicle

Urban air vehicle Multicopter Heavy was selected to operate UAM flights in this study.

The information regarding the vehicle’s characteristics was presented earlier in Chapter 3.

Based on MC Heavy and EV energy consumption, the amounts of related emissions per

kilometer were calculated considering the current Bavarian electricity mix. Moreover, the

following Figure 9 and Figure 10 present the amounts of released CO2 and NOx emissions

from MC Heavy, EV, and from conventional diesel and petrol powered LDVs (the exact

values can be found in Appendix C).

Figure 9: Amounts of CO2 gases released per kilometer travelled from different transporta-

tion modes depending on the trip distance
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Figure 10: Amounts of NOx pollutants released per kilometer travelled from different

transportation modes depending on the trip distance

As seen from Figure 9, when MC Heavy reaches its maximum flying distance of 47.25 km,

the amounts of CO2 gases per kilometer are comparable to the amounts of CO2 gases per

kilometer travelled by conventional diesel- and gasoline-powered vehicles. From Figure 10

it is clear that the amounts of NOx emissions from MC Heavy are lower than the amounts

of released NOx emissions from diesel powered vehicle when the considered distance is

20 kilometers or longer.

As estimated earlier in Scenarios 1 and 2, the higher share of EVs in car trips reduces

the amounts of emissions released. Scenarios 3 and 4 showed that the higher share of

electricity produced by renewable sources reduces the amounts of total emissions as well.

The following Figure 11 and Figure 12 present the difference in the amounts of released

pollutants and gases considering different electricity mixes (the exact values can be found

in Appendix C).
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Figure 11: Amounts of released CO2 gases per kilometer travelled considering different

electricity mixes

Figure 12: Amounts of released NOx pollutants per kilometer travelled considering different

electricity mixes

As seen from Figure 9 and Figure 10, emission levels related to MC Heavy operation are

above emission levels of EV. The following Figure 13 and Figure 14 present the difference
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in the amounts of emissions released from MC Heavy operation and considered ground

modes depending on trip length.

Figure 13: Ratio of the amounts of CO2 emissions between MC Heavy and gasoline-,

diesel- and electrically-powered LDVs

Figure 14: Ratio of the amount of NOx emissions between MC Heavy and gasoline-, diesel-

and electrically-powered LDVs
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4.3 UAM Scenario

The UAM Scenario includes all transportation modes as BaU Scenario and an additional

air transportation mode. In order to integrate the new transportation mode into the

simulation, the input data was changed. The number of trips was selected based on the

UAM trip selection requirement, which can be stated as that the ground transportation

part of the trip should not be longer than one third of the complete trip length. The

distribution of number of trips regarding their origins, destinations and trip lengths is

shown in Figure 15.

Figure 15: Trip distribution regarding the selected requirements (5 % sample)

As it is not known at this point of time, when UAM launches its operation in Munich

and what will be its market share. Following this, the UAM Scenario was modelled with

10 % of the trips that follow the selection conditions and previously used transportation

mode in the BaU scenario was changed to the UAM mode. This was done because agents’

ability to select between different transportation modes was disabled.

For the UAM scenario, possible improvements in the technology were calculated as well

as for the BaU scenario. The calculated changes in the amounts of released CO2 and
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NOx emissions from car trips were similar to the BaU scenario results (Table 13). The

results considering changes in the electricity mix are presented in Table 14. In total, over

the simulated day, 4,480 UAM trips were conducted and 80,383 kWh of electricity was

consumed. As seen, changes in electricity mix composition have significant impact on

amounts of released emissions (detailed calculation results can be found in Appendix D).

Current

electricity mix

50 % of electricity from

renewable sources

100 % of of electricity from

renewable sources

Mode CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

MC Heavy 24.26 0.06 14.80 0.04 2.36 0.01

Public

Transport 265.83 1.71 237.66 1.63 200.64 1.58

Table 14: Effect of electricity mix on the amounts of emissions from MC Heavy and public

transport operation (UAM scenario)

The distribution of kilometers travelled by each of modes was not affected by the introduc-

tion of a new mode, and it remained unchanged (Figure 8). The sum of distances travelled

by air transportation in the UAM scenario had 0.18 % share of the total sum of distances

travelled during the simulated day.

4.4 Comparison of BaU and UAM Scenarios

In order to estimate the effect of UAM introduction on the daily amounts of produced

CO2 and NOx emissions, scenarios with and without UAM were compared. As described

earlier, for both of the scenarios, additional scenarios were also calculated. The aim of the

additional scenarios was to estimate the effect of technological changes on the amounts

of emissions. Table 15 contains the information regarding the changes in the amount of

CO2 and NOx released during the simulated day in BaU and UAM scenarios (for detailed

information please see Appendices B and D).
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BaU Scenario UAM Scenario Difference, %

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

Current Technology

11,836.51 23.04 11,861.21 23.10 +0.20 +0.26

Scenario 1 - 50 % of EV

7,693.14 16.17 7,717.61 16.23 +0.32 +0.37

Scenario 2 - 100 % of EV

3,549.77 9.31 3,574.01 9.36 +0.68 +0.54

Scenario 3 - 50 % of electricity from renewable sources

11,808.30 22.96 11,823.57 23.00 +0.13 +0.17

Scenario 4 - 100 % of electricity from renewable sources

11,771.21 22.91 11,774.11 22.93 -0.06 +0.09

Scenario 5 - public bus fleet improvement by 50 %

11,739.65 22.27 11,764.42 22.33 +0.21 +0.27

Table 15: Comparison of BaU and UAM scenarios results

Taking into account the focus of this work, it is important to look specifically at the travel

behavior of agents that use air transportation, and to compare the amounts of emissions

released by modes used in the BaU scenario with the modes used in the UAM scenario.

Following this, the number of agents that used air transportation in UAM scenario were

selected from BaU scenario. Table 16 presents the summed up amounts of CO2 and NOx

emissions related to agents’ travel modes before and after UAM was introduced. The

detailed calculation results can be found in Appendix E.
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BaU Scenario UAM Scenario Difference, %

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

Current Technology

12.92 0.02 28.97 0.07 +224.23 +350.00

Scenario 1 - 50 % of EV

8.37 0.02 27.34 0.06 +326.64 +300.00

Scenario 2 - 100 % of EV

3.82 0.01 25.72 0.06 +673.30 +600.00

Scenario 3 - 50 % of electricity from renewable sources

12.88 0.02 19.49 0.05 +151.32 +250.00

Scenario 4 - 100 % of electricity from renewable sources

8.27 0.02 5.41 0.02 -34.59 0.00

Scenario 5 - public bus fleet improvement by 50 %

12.87 0.02 28.90 0.07 +225.10 +350.00

Table 16: Comparison of BaU and UAM trips of agents who used air transportation

It was presented earlier that MC Heavy energy consumption varies depending on the

distance. As the distance increases, the amount of emissions per kilometer travelled

decreases (Figure 9 and Figure 10). In order to find whether the presented pattern repeats

itself in the MATSim simulation, the number of UAM flights conducted in the UAM

scenario was divided into groups depending on the distance flown. The UAM scenario

results show that in total 4,480 air trips were performed and they were separated into the

following groups:

1. trips < 10 km (300 trips);

2. 10 km < trips < 20 km (3600 trips);

3. 20 km < trips < 30 km (440 trips);

4. 30 km < trips < 40 km (140 trips).
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For the selected trips, the amounts of CO2 and NOx emissions released in the BaU and

UAM scenarios were calculated. As noted above, the trips selected for UAM usage had to

satisfy the requirements under the assumption that people may consider driving longer

distances to UAM stations for longer flights (Figure 6). Figure 16 provides the comparison

of CO2 and NOx released per trip. The UAM scenario results include the total amounts

of released emissions, which means that access and egress modes were included whether it

was LDV, public transport modes or walking. Yet, the BaU scenario emission calculation

does not include car passenger emissions. Nevertheless, in case car passenger from the

BaU scenario used air vehicle in the UAM scenario, these emissions calculations were

included. The detailed information can be found in Appendix F.

Figure 16: Amounts of released CO2 and NOx emissions per trip in BaU and UAM

scenarios

Figure 17 presents the difference in the amount of gases released per trip in the UAM

and BaU scenarios depending on the trip length. As seen in Figure 17, as trips distance

increases, the difference between air and ground trips becomes larger. This result differs

from the pattern presented earlier in Figure 13 and Figure 14, where as trip distance

increases, the difference becomes smaller for both CO2 and NOx emissions.
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Figure 17: Ratio of the amounts of CO2 and NOx emissions per trip between BaU and

UAM scenarios

Currently, the effect of the UAM introduction on remained ground modes is not known.

The total sum of kilometers traveled by car in the UAM scenario was 0.076 % higher

than the BaU scenario, considering only the agents who did not used air transportation.

In order to verify this result, 4 additional simulation runs for the UAM scenario were

performed. Table 17 presents the outputs of the additional runs. As seen, the deviation is

within the 98 % confidence interval and following this, the slight increase in the amount

of kilometers travelled by car in the initial UAM scenario can be addressed to statistical

noise. The average car trip distance in both the BaU and the UAM scenarios is 10.91 km.
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Scenario
Average trip

distance, km
Deviation, %

Sum of distances

travelled,

thousand km

Deviation, %

BaU Scenario 10.91 65,159.12

UAM Scenario 10.91 -0.14 65,199.66 -0.52

Reruns

UAM Scenario,

rerun 1
10.90 -0.03 64,890.54 -0.04

UAM Scenario,

rerun 2
10.91 -0.17 64,950.22 -0.13

UAM Scenario,

rerun 3
10.88 +0.15 64,529.98 +0.51

UAM Scenario,

rerun 4
10.88 +0.19 64,746.26 +0.18

UAM Scenario,

average
10.90 64,863.33

Table 17: Deviation in the results from additional UAM scenario runs
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5 Discussion of the Main Findings

This section highlights the important findings and discusses the possible reasons for the

achieved results.

This work investigated the effect of urban air mobility operation in Munich on the current

CO2 and NOx emission levels. Initially, the study presented the comparison of amounts

exhaust gases released by the eVTOL MC Heavy and LDVs. The comparison between

MC Heavy and conventionally diesel- or gasoline-powered LDVs showed that, as travelled

distance increases, the difference in the amounts of CO2 gases released per kilometer

decreases. Compared to diesel-powered LDVs, MC Heavy emissions are 2 to 4 times greater,

and compared to gasoline-powered LDVs, MC Heavy emissions are 1 to 4 times greater.

Starting at 15 km, the difference in the amounts of released NOx pollutants between MC

Heavy and diesel-powered LDVs becomes negligible. Moreover, considering a distance

of 25 km and higher, MC Heavy NOx related emissions become lower than conventional

diesel-powered vehicle emissions. Considering a 5 km distance, NOx pollutants related

to MC Heavy operation are 9 times greater than those of gasoline-powered vehicles. At

longest distance 47.25 km, the difference becomes smaller and MC Heavy related emissions

are 4 times greater than gasoline-powered LDVs emissions (Figure 13 and Figure 14).

Considering electrically powered vehicles only, it was found that despite the electricity

mix EV always performs better than eVTOL vehicle, selected in this work. Prior to the

emission calculation, it was seen that the energy consumption per kilometer of both vehicles

is drastically different. Considering the lowest possible MC Heavy energy consumption per

kilometer, EV consumes 5 times less (Figure 13 and Figure 14). As known, the amounts of

released pollutants and gases are depending on the energy consumption and consequently,

MC Heavy emits 5 times more than EV does. Considering the electricity mixed where 50 %

and 100 % electricity generated by renewable sources, the actual amount of related gases

decreases, nevertheless, MC Heavy still emits more than EV (Figure 11 and Figure 12).

The comparison of both the BaU and the UAM scenarios did not indicate a worthwhile

difference in the amounts of daily produced CO2 and NOx emissions. Even though

the emission rates of MC Heavy are significantly higher than any other ground modes

emissions, on a large scale, its operation did not significantly affect the daily emission

rates. Nevertheless, the best results were achieved in Scenario 4 where 100 % electricity

was generated by renewable sources and the UAM introduction reduced the total daily

amount of CO2 gases by 0.06 %. On the other hand, under this scenario conditions, the

amount of NOx pollution increased by 0.09 %, which is still the lowest increase from all
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scenarios considered. The worst effect on the total amounts of daily produced gases was

found in Scenario 2 where EVs were assumed to substitute for conventional LDVs trips.

In this scenario the UAM introduction increased the total amounts of daily CO2 and NOx

pollutants by 0.68 and 0.54 % respectively (Table 15). The investigated scenario where

the public bus fleet was considered to emit 50 % less than it does in initial scenario, did

not have a significant effect on total amounts of gases released due to its 5 % share in

total kilometers travelled (Figure 8).

Due to the relatively small UAM market share of 0.03 %, UAM operation had no effect

on ground modes travel distances. At this point, it was important to compare the actual

changes in emissions, focusing only on agents who used air transportation. Estimating the

modes agents used prior to UAM introduction, it was found that with the current state of

technology, switching from ground mode to air mode would increase the amounts of CO2

gases by 224 % and amounts of NOx pollutants by 350 %. This difference became twice

larger when EVs are considered as initial ground modes used prior to UAM introduction.

In the scenario where electricity was generated fully from renewable sources, the UAM

operation did not have an effect on NOx pollution levels, however, it reduced the amounts

of CO2 gases by 34,59 % (Table 16).

It was estimated earlier that energy consumption of eVTOL per kilometer decreases as the

trip distance increases. Nevertheless, considering the actual sum of distances flown, the

amount of emissions increases as distance becomes longer, and longer UAM trips produced

higher amounts of emissions compared to shorter UAM trips (Figure 16). The comparison

of the amounts of emission from the trips where UAM was used with previously used

ground modes in the BaU scenario showed that as the trip distance increases, the difference

in the amounts of emissions produced becomes larger. These findings differ from the

findings discussed earlier (Figure 13 and Figure 14). The sum of emissions released per

trip in UAM scenario included UAM mode and modes used to reach and to leave the UAM

stations. Moreover, in some cases the UAM stations were located in opposite direction

from the agent’s destination. Subsequently, agents tend to drive further away from the

destination point. Similar situations were observed at destination stations when agent

needed to drive in the opposite direction of its flight in order to reach the destination point.

As a result, point-to-point number of kilometers travelled in the UAM scenario was longer

than number of kilometers travelled by ground mode in the BaU scenario. Additionally,

the cases were observed when agents did not use the closest UAM stations to their origins

and destinations. In these cases, distances travelled by UAM modes were shorter than

distances travelled by ground mode. And as it was already mentioned, short UAM trips

produce more emissions per kilometer than longer UAM trips. These factors could affect
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the results.

The observations discussed above have led to the necessity of implementation of factors and

parameters in the model that would affect agents choice whether to use UAM. Moreover,

UAM stations locations, cost of the UAM trip and UAM search radius should be carefully

estimated in order to avoid long travel distances and subsequently higher amount of

released harmful gases and pollutants.
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6 Conclusions and Future Work

This section summarizes the main findings and draws conclusions from the results achieved.

Afterwards, it highlights the main limitations of the study as well as the possible further

research areas.

6.1 Conclusions

This work focuses on estimating the possible additional burden imposed on the environment

by UAM operation in Munich. Using the open-source framework MATSim, 4,480 UAM

trips were modelled. In total, the modelled UAM operation consumed 80,383 kWh of

electricity, which corresponds to 24.26 tonnes of CO2 and 0.06 tonnes of NOx emissions.

For both groups of scenarios, with and without UAM, 5 additional scenarios were calculated.

By comparing the results of investigated scenarios, it was found that UAM may have an

almost neutral effect on the current emissions levels if the electricity consumed is fully

generated by hydro-power plants. The direct comparison of distances traveled showed

that, as distance increases, the difference between eVTOL and conventional gasoline- and

diesel-powered LDVs, in terms of released gases, becomes smaller. Moreover, eVTOLs can

be more environmentally beneficial than conventional diesel-powered LDVs in terms of

NOx pollutant amounts as eVTOLs produce slightly lower amounts of such pollutants

when distance flown is longer than 20 km. Additionally, it was found that eVTOL vehicles

are not competitors to EVs due to the significant difference in energy consumption and

because, under the technological assumptions used in this work, eVTOL vehicles would

never reach results similar to EVs in emissions per kilometer, regardless of the distance

traveled.

Based on the output of MATSim, it was found that agents do not always choose the closest

UAM station. As a result, the longer the distance travelled with ground modes, the shorter

the distance travelled with air modes. Consequently, the amounts of eVTOL vehicles

emissions per kilometer increase since the flown distances become shorter. Unfortunately,

this finding eliminates the possibility of drawing any conclusions regarding the dependency

of emissions per kilometer on the trip length. Additionally, it was found that in order to

reach the target UAM station, some agents tend to drive in the opposite direction from

their destinations. In this case, point-to-point distance travelled in the UAM scenario

becomes longer than the distance travelled in the BaU scenario, and the amount of

emissions increases accordingly.
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In the use-case Munich, introduction of UAM might not be environmentally beneficial.

Each individual city itself, its infrastructure and station locations will provide different

results. The topography of other cities with mountainous terrain, terrain with a large

number of reservoirs, or areas which are divided by rivers into two parts, could gain higher

benefits by utilizing air transportation. The Munich study area is mostly flat without any

topographic hindrances, so air transportation in this case does not significantly reduce

the distances travelled. Finally, it is important to add that, within this work, UAM

introduction did not have an effect on the distances travelled by remaining ground modes.

6.2 Limitations

There are several aspects that this study does not cover. The UAM area is relatively

new, and, given the amount of available time and necessary data, some aspects had to be

simplified or ignored.

First of all, the study does not take into account the time aspects. Waiting times, boarding

times, charging times, flight times and others were left out. Nevertheless, these aspects

are important because time-wise UAM could be faster than any ground mode. Secondly,

the actual potential of existing power plants to supply the amount of electricity required

for UAM was not considered.

Regarding the operational constraints, the eVTOL vehicle fleet for this study was unlimited,

which means there was always a vehicle available at the station. This, in its turn, reduces

the amounts of released emissions since the eVTOL vehicle does not need to travel to

the requested UAM station. If this aspect was included, it would increase total distances

travelled, amount of electricity consumed, thus, amount of emissions released. In addition

to this, the number of passengers on board of any selected MC Heavy was set to one,

whereas the vehicle has a 4-seat capacity; therefore, the vehicle was not fully utilized.

Neither time length of vehicle operation nor maximum distances flown on one charge were

considered.

Regarding the MATSim simulation, the mode choice was excluded due to the lack of

required parameters. Thus, based on author’s assumption that it was rational to use an air

vehicle only if the distance it travelled was twice as long as the sum of distances travelled

by the ground mode in order to reach and leave the target UAM station. Based on this,

certain trips were selected as potential UAM trips.

The study was limited to the estimation of CO2 and NOx emissions only and did not
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consider the noise pollution of air vehicles or additional harmful gases and pollutants.

Moreover, the areas that are flown over were not investigated. Besides, the direct compari-

son of point-to-point distance travelled in the BaU and UAM scenarios did not take into

account the amount of fuel wasted in congestion. This could have an effect on amounts of

emissions released by ground modes and reduce the difference in amounts of gases released

in the BaU and UAM scenarios.

6.3 Recommendations and Future Work

This study is the starting point for investigating the environmental performance of electrified

urban air transportation. A number of different aspects were not included in this work

and should be studied in further work. First of all, the estimation of the environmental

performance of a new air transportation mode could investigate a broader field of pollutants

or gases. Moreover, vehicle noise pollution during operation could be included. Noise

pollution is becoming critical, so if the acceptable levels of noise are exceeded, UAM

operation may not be launched on a large scale.

Considering the whole ecosystem, it is important to estimate a possible effect of UAM

operation on birds. The eVTOL vehicle MC Heavy investigated in this study reaches the

height of 300 meters before the cruise part of the flight starts. City birds do not fly as high

as eVTOL vehicles, but VTOL phases of flights could be hindered by birds and they in

turn could be injured by eVTOL vehicles. It would be important to estimate the possible

collisions with birds and potential solutions to protect both birds and vehicles.

From a positive perspective, UAM operation may have a favourable effect on local air

quality, first of all because emissions from ground vehicles are shifted to power plants. In

the majority of cases, these are located outside cities. Second, the rotation movement of

propellers may disperse clouds of smog over the city. These effects could be explored in

further works. Also, within the scope of environmental research and climate, it is important

to investigate of UAM operation under various weather conditions. Temperature changes,

humidity, strong wind squalls and heavy rains may affect eVTOL performance.

UAM operation can be argued to be more environmentally friendly as no new infrastructure

is required. Ground network construction, on the other hand, exploits natural resources

and contaminates ground, air and water. UAM network construction requires a fairly less

resources, since it is assumed to operate from tops of high constructions. Nevertheless, it is

important to estimate which resources are needed in order to establish properly operating

UAM stations.
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A comparison of eVTOL vehicles and conventional LDVs or EVs can be more precise if

complete life-cycle assessments are performed. As known, the ground vehicle production

phase is responsible for 85 – 90 % of the total emissions released during the vehicle life-cycle.

A life-cycle assessment of eVTOL vehicles could shed light on other previously unexplored

aspects. Additionally, vehicle disposal and/or possible further use of specific vehicle parts

for other constructions can be investigated as well.

The number of vehicles in a fleet as well as their initial positions at the beginning of a

day are important. The correct vehicle allocation can reduce waiting times during peak

hours, and also total number of trips, therefore distances travelled. Moreover, the charging

options should be considered, whether battery swapping or direct charging from an outlet,

because the selected option will have an effect on waiting times. Following this, prior

to launching UAM operation on a large scale, the necessary amount of electricity must

be determined, and charging options depending on peak and off-peak hours in electricity

demand must be explored.
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Appendices

A Appendix: Power plants within the Bavarian re-

gion

Provider Unit name
Source of

electricity

Capacity,

MWh

RWE Generation Gundremmingen C uranium 1,288.0

Uniper Franken I Block 2 + GT gas 440.0

Uniper Irsching 4 gas 561.0

Uniper Ingolstadt 4 oil 386.0

E.ON Energy Projects GmbH Kraftwerk-Plattling-DT gas 40.0

PreussenElektra GmbH Isar 2 uranium 1,410.0

SWM Services GmbH SWM HKW Süd GuD2 GT62 gas 136.0

SWM Services GmbH SWM HKW Freimann GT12 gas 50.0

VERBUND AG Jochenstein-DE run-of-the-river 66.0

VERBUND AG Passau-Ingling-DE run-of-the-river 43.2

VERBUND AG Schaerding-Neuhaus-DE run-of-the-river 48.0

VERBUND AG Egglfing-DE run-of-the-river 42.0

VERBUND AG Ering-DE run-of-the-river 36.3

VERBUND AG Braunau-Simbach-DE run-of-the-river 50.0

VERBUND AG Stammham run-of-the-river 23.2

VERBUND AG Perach run-of-the-river 19.4

VERBUND AG Neuötting run-of-the-river 26.1

VERBUND AG Töging run-of-the-river 85.3
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A. APPENDIX: POWER PLANTS WITHIN THE BAVARIAN REGION

Provider Unit name
Source of

electricity

Capacity,

MWh

Wacker Chemie AG GuD-Block gas 130.0

VERBUND AG Oberaudorf-Ebbs-DE run-of-the-river 30.0

VERBUND AG Nussdorf-DE run-of-the-river 36.7

VERBUND AG Rosenheim run-of-the-river 35.1

VERBUND AG Feldkirchen run-of-the-river 38.2

VERBUND AG Wassserburg run-of-the-river 24.1

VERBUND AG Teufelsbruck run-of-the-river 25.0

VERBUND AG Gars run-of-the-river 25.0

ENGIE Deutschland AG DEZOLLI 1 coal 472.0

SWM Services GmbH SWM HKW Nord Block 2 coal 333.0

N-ERGIE Aktiengesellschaft HKW Sandreuth Block 2 gas 75.0

SWM Services GmbH PSW Leitzach M22 pumped storage 22.0

N-ERGIE Aktiengesellschaft HKW Sandreuth Block 3 waste 25.0

SWM Services GmbH HKW Nord Block 3 T30 waste 22.0

Total 6,043.6

Fraunhofer ISE 2019
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B. APPENDIX: BAU SCENARIO RESULTS

B Appendix: BaU Scenario Results

Current Technology

Public Transport LDV Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

266.05 1.71 11,570.46 21.33 11,836.51 23.04

Scenario 1 - 50 % of EV

Public Transport LDV Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

266.05 1.71 7,427.10 14.47 7,693.14 16.17

Scenario 2 - 100 % of EV

Public Transport LDV Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

266.05 1.71 3,283.73 7.60 3,549.77 9.31

Scenario 3 - 50 % of electricity from renewable sources

Public Transport LDV Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

237.83 1.63 11,570.46 21.33 11,808.30 22.96

Scenario 4 - 100 % of electricity from renewable sources

Public Transport LDV Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

200.75 1.58 11,570.46 21.33 11,771.21 22.91

Scenario 5 - public bus fleet improvement by 50 %

Public Transport LDV Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

169.19 0.94 11,570.46 21.33 11,739.65 22.27
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C. APPENDIX: VEHICLE EMISSIONS

C Appendix: Vehicle emissions

CO2 and NOx released per kilometer travelled from different transportation modes depending on the distance

MC Heavy EV CV (diesel) CV (gasoline)

Distance, km CO2, g/km NOx, g/km CO2, g/km NOx, g/km CO2, g/km NOx, g/km CO2, g/km NOx, g/km

5 655.76 1.52 50.59 0.12 160.04 0.75 185.30 0.17

10 430.09 1.00 50.59 0.12 160.04 0.75 185.30 0.17

15 355.57 0.82 50.59 0.12 160.04 0.75 185.30 0.17

20 318.78 0.74 50.59 0.12 160.04 0.75 185.30 0.17

25 297.04 0.69 50.59 0.12 160.04 0.75 185.30 0.17

30 282.78 0.65 50.59 0.12 160.04 0.75 185.30 0.17

35 272.60 0.63 50.59 0.12 160.04 0.75 185.30 0.17

40 264.97 0.61 50.59 0.12 160.04 0.75 185.30 0.17

45 259.03 0.60 50.59 0.12 160.04 0.75 185.30 0.17

47.5 255.06 0.59 50.59 0.12 160.04 0.75 185.30 0.17

CO2 and NOx released per kilometer considering different electricity mixes

50 % of electricity from renewable sources 100 % of electricity from renewable sources

MC Heavy EV MC Heavy EV

Distance, km CO2, g/km NOx, g/km CO2, g/km NOx, g/km CO2, g/km NOx, g/km CO2, g/km NOx, g/km

5 399.94 1.01 30.85 0.08 63.71 0.35 4.91 0.03

10 262.30 0.66 30.85 0.08 41.78 0.23 4.91 0.03

15 216.86 0.55 30.85 0.08 34.54 0.19 4.91 0.03

20 194.42 0.49 30.85 0.08 30.97 0.17 4.91 0.03

25 181.16 0.46 30.85 0.08 28.86 0.16 4.91 0.03

30 172.46 0.44 30.85 0.08 27.47 0.15 4.91 0.03

35 166.25 0.42 30.85 0.08 26.48 0.15 4.91 0.03

40 161.60 0.41 30.85 0.08 25.74 0.14 4.91 0.03

45 157.97 0.40 30.85 0.08 25.16 0.14 4.91 0.03

47.5 155.55 0.39 30.85 0.08 24.78 0.14 4.91 0.03
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D. APPENDIX: UAM SCENARIO RESULTS

D Appendix: UAM Scenario Results

Current Technology

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

265.83 1.71 11,571.13 21.34 24.26 0.06 11,861.23 23.10

Scenario 1 - 50 % of EV

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

265.83 1.71 7,427.53 14.47 24.26 0.06 7,717.62 16.23

Scenario 2 - 100 % of EV

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

265.83 1.71 3,283.92 7.60 24.26 0.06 3,574.01 9.36

Scenario 3 - 50 % of electricity from renewable sources

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

237.66 1.63 11,571.13 21.34 14.80 0.04 11,823.59 23.00

Scenario 4 - 100 % of electricity from renewable sources

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

200.64 1.58 11,571.13 21.34 2.35 0.01 11,774.13 22.93

Scenario 5 - public bus fleet improvement by 50 %

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

169.02 0.94 11,571.13 21.34 24.26 0.06 11,764.42 22.33
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E. APPENDIX: BAU AND UAM SCENARIOS RESULTS. ONLY AGENTS USING
UAM

E Appendix: BaU and UAM scenarios results. Only

agents using UAM

Current Technology

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.22 0.001 12.71 0.018 - - 12.92 0.019

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.17 0.001 4.53 0.008 24.26 0.06 28.97 0.066

50 % of EV

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.22 0.001 8.16 0.016 - - 8.37 0.017

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.17 0.001 2.91 0.006 24.26 0.06 27.34 0.063

100 % of EV

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.22 0.001 3.61 0.008 - - 3.82 0.009

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.17 0.001 1.29 0.003 24.26 0.06 25.72 0.060
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E. APPENDIX: BAU AND UAM SCENARIOS RESULTS. ONLY AGENTS USING
UAM

50 % of electricity from renewable sources

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.17 0.001 12.71 0.018 - - 12.89 0.019

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.15 0.001 4.54 0.008 14.80 0.038 19.49 0.046

100 % of electricity from renewable sources

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.11 0.0009 8.16 0.018 - - 8.27 0.019

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.14 0.001 2.91 0.006 2.35 0.013 5.41 0.021

Public bus fleet improvement by 50 %

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.16 0.0006 12.71 0.018 - - 12.87 0.019

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.10 0.0006 4.54 0.008 24.26 0.056 28.90 0.065
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F. APPENDIX: BAU AND UAM SCENARIOS RESULTS FOR DIFFERENT TRIP
DISTANCES

F Appendix: BaU and UAM scenarios results for

different trip distances

UAM trip distance < 10 km

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.010 0.00003 0.703 0.00101 - - 0.713 0.00103

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.026 0.00016 0.253 0.00047 1.229 0.00284 1.509 0.00347

10 km < UAM trip distance < 20 km

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.169 0.00097 9.535 0.01365 - - 9.704 0.01462

UAM Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.069 0.00043 3.376 0.00622 18.136 0.04196 21.580 0.4861
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F. APPENDIX: BAU AND UAM SCENARIOS RESULTS FOR DIFFERENT TRIP
DISTANCES

20 km < UAM trip distance < 30 km

BaU Scenario

Public Transport LDV UAM Sum

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.036 0.00008 1.785 0.00256 - - 1.821 0.00264

UAM Scenario

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.050 0.00039 0.621 0.00114 3.542 0.00820 4.214 0.00973

30 km < UAM trip distance < 40 km

BaU Scenario

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

- - 0.682 0.00098 - - 0.682 0.00098

UAM Scenario

CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn CO2, tonn NOx, tonn

0.021 0.00017 0.288 0.00053 1.357 0.00314 1.666 0.00384
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