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1 

1 INTRODUCTION 

We are at the verge of a mobility revolution. Transport in general and urban transport in 

particular are facing major challenges. Emission reduction is the only way forward, especially 

when considering the strict climate goals that have to be met to reach the 2°C goal stated in 

the Paris Climate Agreement. Additionally congestion and noise have to be reduced to 

minimise the negative impact on the population. Policy makers and authorities aim to reach 

all that, while mobility demand further increases and technological developments especially 

in the area of information and communication technologies enable more diverse mobility 

solutions than ever before. Amongst recent developments that have the potential to disrupt 

the mobility system are autonomous driving, but also micro-mobility and sharing concepts. 

A strongly technology driven novelty are drones for cargo or passenger transport. 

Advancements in distributed electric propulsion, batteries and autonomous systems open up 

new possibilities for air transport with vertical take-off and landing (VTOL) vehicles over 

shorter distances. Promising safer, cheaper and less noisy operation compared to conventional 

helicopters, several companies across the globe have gained interest in this new service. In 

the area of passenger drones, which is often referred to as urban air mobility (UAM) or 

advanced air mobility (AAM) more than 200 companies are working on the development of 

VTOL vehicles (Straubinger et al., 2021a). Yet, so far still little is known about the exact 

service design,1 the adoption and acceptance,2 the introduction into cities,3 possible future 

scenarios for market development,4 the eco-system along the entire value chain,5 or the long-

term impact on users and non-users.6 Often also criticism is voiced, especially with regard to 

energy usage, public acceptance, equal access to the service, UAM’s visual impact, safety 

concerns and its impact on third parties (Straubinger et al., 2020b). 

This thesis aims to provide a thorough discussion on the long-run impact of drones in 

transportation on users and non-users and the city as whole. In different studies, strongly 

building on urban spatial equilibrium models, this thesis touches upon different possible 

development pathways and allows to derive policy recommendations for a welfare enhancing 

use of this novel transport solution. This work is divided into seven chapters. Chapter 2 gives 

detailed insight into the topic of UAM by providing an overview over current research and 

developments as well as describing the current main hurdles. The following Chapter 3 

                                                           
1 This topic is discussed in detail by the author in: Michelmann et al. (2020); Straubinger et al. (2021b); 

Straubinger and Rothfeld (2018). 
2 This topic is discussed in detail by the author in: Al Haddad et al. (2020a); Fu et al. (2019); Rothfeld et al. 
(2019b). 
3 This topic is discussed in detail by the author in: Fu et al. (2020); Ploetner et al. (2020); Al Haddad et al. 

(2020b). 
4 This topic is discussed in detail by the author in: Straubinger et al. (2021a); Michelmann et al. (2020). 
5 This topic is discussed in detail by the author in: Straubinger et al. (2020b). 
6 This topic is discussed in detail by the author in: Straubinger et al. (2021c); ITF (2021); Straubinger et al. 

(2022).  
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introduces the reader to urban spatial computable general equilibrium (USCGE) models, 

using the application case of parking. The following three chapters assess different aspects 

around the long-run effects of transport drones using USCGE models. Chapter 4 discusses 

the welfare impacts of UAM introduction in cities with different initial spatial distributions 

of low- and high-skilled households. Building upon these findings the following Chapter 5 

discusses the environmental impact of UAM introduction both in a city with gasoline cars 

and electric cars. Turning away from passenger transporting drones, Chapter 6 assesses the 

impact of cargo drones in the more general context of e-commerce. Chapter 7 concludes by 

summarising the results and providing policy recommendations. Table 1-1 provides an 

overview over the different topics tackled in each of the main chapters within the thesis. 

Table 1-1: Topics of the different chapters 

Topic Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 

Drones ✓  ✓ ✓ ✓ 

Urban spatial equilibrium model  ✓ ✓ ✓ ✓ 

Urban air mobility (passengers) ✓  ✓ ✓  

Cargo drones     ✓ 

Parking   ✓    

Electric cars    ✓ ✓ 

High- and low-skilled labour   ✓ ✓  

Impact on emissions    ✓ ✓ 

 

The thesis starts by giving an introduction to UAM in Chapter 2 aiming to set the scene for 

the work in the following chapters in helping the reader familiarise herself with the topic of 

UAM and the current state-of-the-art research. It gives an overview over different research 

streams in the area of UAM and discusses their recent findings. It hereby takes an 

interdisciplinary and holistic view and touches on large parts of the dominant research areas, 

such as operational concepts, ground infrastructure, regulatory aspects, the ecosystem, 

acceptance and adoption drivers. By closely discussing current hurdles and challenges it 

constructs a solid basis for the following chapters.  

Chapter 3 provides an introduction to USCGE models using the application of on- and 

off-street parking. While the model in the overall set-up slightly differs to the models used in 

the following subchapters, e.g. with regard to using first-order conditions instead of 

Marshallian demand functions or with regard to using two different constraints (time and 

money budget) instead of combining them into one constraint, the chapter shows that USCGE 

models are a suitable tool to model changes to the transport sector, and to analyse their long-
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term impacts not only on the transport system itself but also on related markets such as the 

markets for land, labour and goods, as well as location choices of households and companies. 

It hence familiarises the reader with the concept of USCGE models and highlights the 

possibilities this approach opens up. The application to parking allows for easier calibration 

and sanity checks as – in contrast to UAM – parking is a common activity in contemporary 

cities and a topic already widely investigated in the field of urban and transport economics, 

and therefore gives confidence in the chosen method.   

Chapter 4 then turns to the application of USCGE models to UAM. Building a USCGE 

model, with high-and low-skilled households as well as amenities and agglomeration effects, 

allows to endogenously model different urban spatial structures. Comparing the impacts of 

UAM introduction on an EU-type city where high-skilled households locate close to the city 

centre, with the impacts on a US-type city where high-skilled rather locate in the suburbs, 

enables us to assess the welfare effects of UAM introduction in different plausible initial 

spatial structures. This chapter lays the ground for a USCGE-based analysis of UAM 

introduction. It provides insights into the possible consequences of different UAM system 

designs, with regard to e.g. marginal cost, prices, land demand for infrastructure, horizontal 

travel speed and access and egress times; and significantly contributes to the literature on the 

assessment of long-term effects of drones in urban transportation.   

Chapter 5 is closely related to Chapter 4 as it directly builds on the model used there. 

While still analysing the long-term effects of UAM introduction on different household types, 

it takes a more environmentally-focussed perspective and discusses the impact the 

introduction of electric ground and air vehicles can have. Hereby, again, the long-term effects 

such as changes in location choice or commuting patterns are considered, allowing to also 

incorporate their effects in the assessment of welfare and environmental effects. The 

differences in taxation of gasoline and electricity are given explicit consideration in the 

welfare assessment, as they lead to different internalization levels of the congestion 

externality. The chapter enables us to better understand the environmental effects of electric 

mobility in general and UAM specifically, while also providing insights into the welfare 

effects that the transition from gasoline powered mobility to electric mobility can have. 

Chapter 6 also discusses the impact of VTOL air transport but turns away from 

passenger transport and in contrast assesses the impact of cargo drones in particular, and e-

commerce in general. Building a USCGE model that explicitly models retail channel choice 

of households allows to model different logistic structures behind each retail channel and 

hence enables an assessment of the long-term impact of e-commerce and cargo drones. The 

model allows for three retail channels, namely shopping in the central business district (CBD), 

online shopping with delivery via truck, and online shopping with delivery via drone. This 

chapter enables us to assess what impact the introduction of e-commerce can have on the 

spatial structures of cities and allows to assess the usage of drones for cargo transport 

purposes. The model hereby incorporates effects, such as those of time gains resulting from 
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the elimination of shopping trips, congestion of delivery trucks and the environmental effect 

of drone delivery. This chapter is especially relevant in the light of the current Covid crisis 

that supports the shift to online shopping as it allows to assess the long-term effects of a shift 

to e-commerce. 

Chapter 7 concludes the thesis with a summary of the key findings, a discussion on the 

future of UAM and policy recommendations. 



 

5 

2 SETTING THE SCENE FOR URBAN AIR 

MOBILITY7 

2.1 Introduction 

Urban air mobility (UAM), advanced air mobility (AAM), passenger drones, flying taxis 

there are several names for the concept of passenger transport via vertical take-off and landing 

(VTOL) vehicles. While in the beginning people envisaged privately owned flying cars that 

would be able to take off and land nearly anywhere, UAM is now expected to be a pooled or 

shared service with aircraft that require dedicated take-off and landing areas (vertiport) and 

are not suitable for driving longer distances on roads. Yet, the UAM sector is far from 

converging towards a common understanding. There is still a large variety of vehicle 

concepts, ranging from multicopter to fixed wing configurations, and companies are 

searching for promising use-cases and operational concepts for market entry and regular 

operations. Further developments in the sector require clear steps forward in terms of 

regulation of the lower airspace and certification guidelines for the vehicles. This chapter 

aims to familiarise the reader with the concept of UAM, giving an overview of the different 

relevant fields in UAM research. With UAM being a rather novel and hyped topic, we want 

to give the reader insights into the entire field, covering various streams of research and 

guiding her along different lines of argumentation.  

Understanding the historical development of urban air mobility and its predecessors – 

especially helicopter services – helps to understand potential developments and required next 

steps to enable a transformation from helicopter services to UAM. The idea of flying vehicles 

within urban areas started in the 1940s, with the advent of helicopters which provided vertical 

take-off and landing (VTOL) capability. Low technology maturation led to several accidents, 

which - together with high noise levels and high operating costs - forced most of the operators 

in the US and Europe to cease their operations in the late 1960s to mid-1970s. Today, 

helicopter-based passenger transportation exists as a small niche on a charter basis in various 

cities, e.g. New York, Sao Paulo, Mexico City or Monaco.  

Besides passenger transport, UAM covers a broad variety of operational concepts like 

medical emergency missions, logistics, or surveillance as a non-transport service example. 

While this chapter focusses on passenger transport applications, the operational concepts 

                                                           
7 This chapter strongly builds on two papers that have been published as journal papers: 

Sections 2.1, 2.2, 2.3, 2.5 and 2.6: Straubinger, A., Rothfeld, R., Shamiyeh, M., Büchter, K.-D., Kaiser, J. and 

Plötner, K.O. (2020). An overview of current research and developments in urban air mobility – Setting the 

scene for UAM introduction. Journal of Air Transport Management, 87. DOI: 

10.1016/j.jairtraman.2020.101852.  

Section 2.7: Straubinger, A., Michelmann, J. and Biehle, T. (2021). Business model options for passenger urban 

air mobility. CEAS Aeronautical Journal, 12(2), 361–380. DOI: 10.1007/s13272-021-00514-w. 
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mentioned above might provide market entry opportunities for manufacturers and enable 

service providers to gain higher public acceptance.  

Progress in power electronics, communications, sensors and data analytics, combined 

with large cost reductions due to the availability of high performing commercial off the shelf 

components, have opened up completely new opportunities especially for small unmanned 

aerial vehicles (Shamiyeh et al., 2017). Currently, various stakeholders with backgrounds in 

aeronautics, technology, ground transportation, as well as start-ups financed by equity 

investments, are active in the field (Shamiyeh et al., 2018). As the development of new 

mobility technologies is being spurred by the increasing demand for electric and 

environmentally friendly transport services, it is not surprising that more and more start-ups 

and established companies from the aviation and automotive industries are active in the field 

of UAM, with the goal of providing competitive solutions to an emerging market. 

Technology is often discussed as one of the main reasons for the hype surrounding 

UAM. In the last decade, significant technological progress, especially regarding distributed 

electric propulsion and battery storage (Kuhn et al., 2011; Rezende et al., 2018), have led to 

a large number of flying vehicle concepts and demonstrators for personal air transport.  

Also in research the technological aspects around UAM have gained large attention. 

Overall studies in the area of UAM8 have drastically increased in recent years. This is 

especially true when leaving aside vehicle related work (keywords VTOL and eVTOL), as 

can be seen in the grey line of Figure 2-1. 

 

Figure 2-1: Research output in the field of UAM over time (Elsevier, 2022) 

                                                           
8 Results of a Scopus search on the keywords UAM, urban air mobility, advanced air mobility, VTOL, eVTOL 

flying taxi and air taxi in January 2022. 
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The share of studies from an engineering background is 58%, with other research disciplines 

falling far behind (Figure 2-2). The discipline of social sciences has so far received little 

attention with only a handful of institutes contributing to advancing an assessment of UAM 

from a social sciences perspective. This research builds on and includes some of this research 

and aims to provide deeper insights into the long-run impact significant changes to the 

transport system can have in general and what the effect of UAM can be in particular. 

 

Figure 2-2: Respective research areas (Elsevier, 2022) 

 

Yet, in order to evaluate the impact of UAM on society, it is essential to understand the entire 

field and to incorporate these findings. This chapter hence gives an overview over the main 

areas of research currently relevant for UAM. In the following sections the focus will be on 

passenger applications for UAM. While technological aspects, certification guidelines as well 

as work surrounding the organisation of the lower airspace are indeed significant for the 

introduction of UAM, they will only briefly be touched upon within this thesis. Short boxes 

provide basic information and suggest possible studies to follow-up on these interesting 

research streams. In contrast, the areas of operational concepts, ground infrastructure, the 

UAM eco-system, regulation, multimodal integration as well as adoption and acceptance are 

expected to be relevant for the work presented in the following chapters. Figure 2-3 provides 

a first overview over these various research fields, a detailed description on the areas most 

relevant for this thesis will be provided in the following Sections 2.2 to 2.6. Section 2.7 will 

discuss current challenges and hurdles for the introduction of UAM. Section 2.8. will close 

this chapter highlighting the open research questions especially relevant for Chapters 4 and 
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Figure 2-3: UAM research fields (Straubinger et al., 2020b) 

 

2.2 Operational concepts 

VTOL vehicles consistently prove their suitability for a wide range of different applications. 

Besides services for sensor tasks currently being of large significance, transport services for 

cargo and passengers continuously gain relevance as novel aircraft concepts promise to bring 

air mobility into urban space by being quiet, energy efficient and safe. While these claims 

have yet to be proven within concrete application scenarios (Kellermann et al., 2020), UAM 

is strongly pushed by continued technological progress (Straubinger et al., 2020b).  

The selection of an operational concept and business model approach for passenger 

urban air mobility has been identified early on as a key driver for a successful UAM 

introduction by a number of researchers (Schuchardt et al., 2015; Hansman and Vascik, 2016; 

Holden and Goel, 2016; Kopardekar, 2017; Liu et al., 2017; Nneji et al., 2017; Vascik, 2017), 

as this determines the service characteristics. Moore (2010) identified the following service 

characteristics as essential to foster attractiveness for users: ease of use (autonomy/little pilot 

training required), safe/reliable, community friendly (minimise negative impact on other 

travellers), environmentally friendly, affordable, door-to-door, on-demand mobility. Possible 

operational concepts, market structures, business models and options for an efficient 

integration between the existing transport system and UAM will be discussed in the 

following.  

UAM includes intra as well as inter-city concepts. Hansman and Vascik (2016) 

identified the relevant system characteristics to enable intra- and inter-city service offers. For 

the intra-city case, they see vertical take-off and landing capabilities as essential, whereas for 
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inter-city applications, short take-off and landing (STOL) capabilities are seen as sufficient. 

Besides that, the need for less noise emitting propulsion and autonomy are higher for the 

intra-city case. Asmer et al. (2021) regard the following use-cases as relevant for the UAM 

market: airport shuttle, intra-city, mega-city, inter-city and sub-urban commuter. 

While Schuchardt et al. (2015) expect commuting as the main trip purpose, Hansman 

and Vascik (2016) name non-commute, point-to-point and non-transportation missions as 

application scenarios, besides daily or weekly commute trips. Nneji et al. (2017) differentiate 

the different possible operational concepts according to the way they are operated (private, 

personal or commercial) and whether the service is on-demand or scheduled.  

 

UAM Vehicle Concepts and Classification 

Typically, autonomous VTOL vehicles are designed for one to five passengers. The large 

design space opened up by distributed electric propulsion in combination with strongly 

diverging, underlying operational requirements lead to fundamentally different aircraft 

types. Following Shamiyeh et al. (2017) we classify UAM vehicles into two distinct 

categories. The first group generates lift through rotating wings during cruise flights. The 

second group makes use of fixed-wing cruise. Figure 2-4 further details the clusters. 

 

Figure 2-4: A two-step classification scheme for UAM VTOL aircraft (Shamiyeh et 

al., 2017). 

 

Aircraft configurations that generate lift exclusively with rotating wings during cruise 

flight (left branch) are typically limited in cruise speed, are typically less efficient during 

cruise flight and therefore have range disadvantages compared to other concepts. 

However, they naturally have very good hover and VTOL characteristics. Fixed-wing 

cruise configurations in contrast are significantly more efficient and faster during cruise. 

While this also increases the attainable ranges, the characteristics in hovering flight and 

during VTOL are subject to compromise.  
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2.3 Ground infrastructure 

With regard to the architectures and design of most UAM vehicles currently under 

development, dedicated VTOL infrastructure is assumed to be required for potential UAM 

operation. So-called vertiports, or vertidromes (Schweiger et al., 2021), represent the required 

ground infrastructure for take-off and landing operations of UAM vehicles. Yet, there is only 

little research on UAM ground infrastructure, despite its relevance for the highest-risk flight 

phases, namely take-off and landing, and in terms of vehicle throughput and accessibility 

(Preis, 2021). 

Vascik and Hansman (2019) discuss various layout options for vertiports, while using 

existing heliports as their research foundation, such as linear, satellite, and pier topologies. 

So far, while research is being conducted on the potential space requirements of UAM ground 

infrastructure (Preis, 2021), the authors (Vascik and Hansman, 2019) orientate themselves on 

existing infrastructure regulations for helicopters and re-size the derived minimum space 

requirements based on the various wingspans, lengths, and heights of different UAM designs 

that are in development. Whether eVTOL vehicles will be required to adhere to current safety 

regulations, or enjoy relatively relaxed conditions, is yet to be specified. 

In contrast to ground-based transportation, UAM is believed to require little to no en-

route infrastructure. Still, space requirements for VTOL infrastructure may become a highly 

limiting factor in terms of vehicle throughput. In one of the few analyses of potential vertiport 

capacity, Vascik and Hansman (2019) outline the factors that determine the number of UAM 

vehicle departures and landings, such as the number of gates and vehicle taxi times. They 

conclude that there might be a balance between take-off and landing pads and passenger gates 

at vertiports that promise to maximise throughput for a certain parametrisation. This would 

result in vertistops with multiple VTOL pads and gates with substantial space requirement 

and rule out many UAM station placement options, such as rooftops. Further, Vascik and 

Hansman (2019) propose providing staging stands at vertiports to increase station throughput, 

yet also requiring additional space. Lastly, they underline the importance of VTOL pads that 

allow independent take-off and landing operations for high station throughput. It is hence 

relevant to understand the magnitude of space needed for an efficient UAM operations and 

to also understand the impact of the space requirement on the city. 

While the importance of UAM station accessibility, especially with existing ground-

based transportation modes, has already been identified, there is a lack of analytical research 

on mode choice regarding UAM station access and egress – the so-called first or last mile. 

Thus, it is still unclear which requirements and facilities UAM stations must provide in terms 

of, e.g., parking space or connection times to public transport. The main advantage of UAM 

over conventional ground-based transportation is the promise of shorter total travel times. 

Thus, short access and egress legs as well as short process times within potential UAM 

stations might become crucial factors in the overall attractiveness of such a new mode.  
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Scholars in the closely related field of autonomous ground vehicles (Huwer, 2004; 

Kamargianni et al., 2016; Kamargianni and Matyas, 2017; Li and Voege, 2017) have 

identified physical, fare, service and platform integration as well as data exchange as 

necessary prerequisites for a successful integration of autonomous ground vehicles and public 

transport. Besides that, empirics show that an efficient integration of various transport modes 

promotes usage of each of the modes as Akin (2006) and Parkhurst (1995) show.  

 

UAM Traffic Management (UTM) 

The current drone market shows strong growth potential, especially considering larger and 

more capable flight vehicles and prospective beyond visual line of sight (BVLOS) 

operations, but existing ATM systems are not well suited to address the expected growth 

in air vehicle densities. As of 2019, operations of remotely piloted aircraft systems in 

conventional airspace typically require airspace segregation. Efforts to establish UTM 

systems aim to change this, and ultimately shall ensure “operation of drones in all 

operating environments” according to the European U-Space framework (SESAR Joint 

Undertaking, 2018b). FAA describes how a “distributed network of highly automated 

systems via application programming interfaces, and not between pilots and air traffic 

controllers via voice” enables the management of BVLOS operations (Federal Aviation 

Administration, 2019). This approach is described as separate from, but complementary 

to, ATM.  

Regarding drones as cyber-physical systems (CPS) that ultimately integrate sensing 

ability, on-board computing and connectivity to other drones, ground networks and 

infrastructure, the prospect for future drone operation is that of a CPS of systems of fully 

networked, highly automated, connected air vehicles. Future airspace scenarios will thus 

benefit from the convergence of technologies, integrating data from on-board and ground 

sensors, using on- and off-board intelligence for safe navigation, robust 

telecommunications for operations and cooperative flight routing, and real-time database-

representation of airspace information for ultimate situational awareness. Besides 

regulatory and airspace integration challenges, several technological challenges remain 

and include the development of reliable and robust technologies for sense-and-avoid and 

flight control, contingency management procedures, cooperative route planning, weather 

consideration, high-precision localization systems for low-level, automated flight 

(Krishnakumar et al., 2017) as well as development of required infrastructure. Finally, 

regulation and implementation need to especially consider the co-existence of different 

airspace users with differing capabilities and scalable infrastructure architectures 

supporting the integration of UAM with ATM. 
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2.4 Regulatory aspects 

For the so far non-existent market of UAM, little to no certification and regulation standards 

exist. Yet, vehicle manufacturers as well as UTM service providers are currently working 

hand in hand with legislators to support the relevant agencies like the US Federal Aviation 

Administration (FAA) and the European Aviation Safety Agency (EASA) in providing clear 

vehicle certification standards as well as U-Space regulation. Yet, especially for smaller 

companies and start-ups it is essential to already have clear standards and regulation in place 

early on in the development phase, which can be considered during product development. A 

consistent, yet innovation enabling regulation is of course hard to frame, especially in a non-

converging market, in which e.g. vehicle configurations still massively vary compared to 

developed markets like the airline or the automotive market.  

Besides certification also more general regulatory approaches might be necessary to enable a 

socially, economically and environmentally sustainable UAM system. One of the first more 

thorough discussions of regulatory approaches to UAM have been published in a research 

report by ITF OECD (2017). Three policy recommendations that are especially relevant also 

for the upcoming chapters will be summarised in the following. 

Current transport policy is tailored towards meeting the ambitious goals of the Paris 

Climate Agreement. The introduction of UAM should also take this gist and aim to offer a 

sustainable mobility solution. Routes that are currently served by public transport or that can 

easily be substituted by ground transport solutions that require less energy should not be 

encouraged to be offered via UAM. The usage of passenger and cargo drones should be 

thoroughly assessed with regard to energy usage and environmental impacts. (ITF OECD, 

2017)  

UAM offers the possibility to connect remote regions to major regional centres, 

enabling access to e.g. labour markets or the supply with critical goods, without massive 

investments in en-route infrastructure. Promoting and supporting the provision of UAM on 

welfare enhancing routes could potentially contribute to overall policy goals (cohesion 

policy) and could reduce brain drain and migration from rural regions (ITF OECD, 2017). 

Yet, it is important to understand the long-run impact of better accessibility of labour and 

housing markets to derive appropriate policy recommendations.  

The history of market regulation and liberalisation especially in the transport sector has 

shown, that decisions in this field should not be taken light-heartedly. Nevertheless, two areas 

require consideration early on: (1) Non-discriminatory access to all critical UAM 

infrastructure and services such as ground infrastructure or air navigation services. In 

particular markets with high fixed costs of service provision are often natural monopolies and 

hence require special attention from a regulatory perspective. (2) The second point to be 

considered is rather specific to aviation. Currently the regulations from the Chicago 

Convention are valid also for drone operation and basically prohibit cabotage for companies 
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from foreign companies. This rule would prevent UAM service providers to offer their service 

inside a country that they are not based in and is hence not acceptable for the drone market 

(ITF OECD, 2017). Only circumspect regulatory measures can enable equal market 

conditions for players along several parts of the value chain. 

 

Certification and regulation 

A major hurdle for commercial flight operations in urban areas will be the safety 

requirements and certification criteria. Corresponding regulations for certification are 

currently being considered in particular by EASA and FAA. The first proposal of EASA 

in the Special Condition Vertical Take-Off and Landing Aircraft (SC-VTOL-01) from July 

2019 (European Union Aviation Safety Agency, 2019) , based on the CS-23 construction 

and certification regulations, refers to safety standards comparable to those applicable to 

smaller commercial aircraft. The number of persons on board is limited to five and the 

maximum take-off mass is set to 2,000 kilogrammes. In addition, for use over densely 

populated areas or in commercial passenger transportation, the design must ensure that the 

aircraft can continue to fly and land safely even after a critical malfunction in the 

propulsion system. This increases the requirements for the overall technical design and 

contradicts, for example, parachutes as risk minimization within the scope of certification. 

This classification of the "Enhanced VTOL" category in terms of safety requirements is 

comparable to that of helicopters used for commercial flight operations. 

EASA is also dealing with the regulations for airspace and plans to publish a first step for 

a future structure in the mid-2020s. This will define the airspace types and modalities as 

well as access to airspace. The airspace types and modalities should be based on the 

planned regulations for unmanned aerial vehicles (drones) and access to airspace should 

be based on the U-Space concept (SESAR Joint Undertaking, 2018b). U-space provides 

an enabling framework to support routine unmanned aerial system (UAS)/UAM 

operations, as well as an interface to manned aviation, air traffic management (ATM) and 

air navigation service (ANS) providers and authorities. U-space is therefore not to be 

considered as a defined volume of airspace, which is segregated and designated for the 

sole use of drones. U-space shall be capable of ensuring the smooth operation of unmanned 

air vehicles in different operating environments and in all types of airspace, in particular 

to very low-level airspace below 150 meters. 

 

2.5 The UAM-ecosystem 

The UAM market consists of different sub-markets and market actors. Nneji et al. (2017) as 

well as Hansman and Vascik (2016) already identify two, namely the service operator and 

the vehicle owner when discussing different possible ownership structures. Yet, there are 
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more UAM sub-markets. In the following each of them will be discussed, giving insight also 

into potential collaboration and vertical integration between different market levels.  

 Platform provider: The platform provider directly interacts with the end customer and 

offers the UAM service to the customer. The platform provider can either be a company 

that organises services of different service providers and then sells them, or it can be a 

company that only offers a digital platform for service offers of one or several service 

providers.  

 Service provider: The service provider is the company providing the UAM transport 

service. This is done by scheduling trips, managing the vehicle fleet (including charging/ 

fuelling, scheduling maintenance, repair and overhaul (MRO), cleaning). Depending on 

the business model, this company can either directly interact with the end customer or offer 

its transport service via an external platform. In cases with direct customer contact, the 

service provider can also operate the platform either encompassing other service 

providers’ offers, or only its own transport services 

 Vehicle owner: The company owning the UAM vehicles can either be the company also 

providing the service, or a separate leasing company whose sole business it is to lease 

UAM vehicle to service operators. This could either happen via long-term leasing contract 

or via short-term and flexible contracts.  

 Vehicle manufacturer: Currently, the number of companies developing UAM vehicles is 

pretty large compared to, e.g., the number of car manufacturers, train manufacturers or 

aircraft manufacturers. This is expected to decrease over time to converge towards an 

oligopoly. Vehicle manufacturers are discussing being active in offering services 

themselves.  

 Maintenance, repair and overhaul (MRO) company: Provision of MRO service can either 

be offered by independent companies, by the vehicle manufacturer, by the vehicle owner 

or the service provider. As aerial transport faces high safety and security standards the 

MRO company will face high certification criteria and has to ensure high quality levels. 

 Insurance company: Another market relevant in the scope of UAM is the market for 

insurances. Depending on the level of autonomy, liability for aircraft failure will either be 

with the service provider, the vehicle owner or the vehicle manufacturer. Yet, insurances 

are not only required in case of aircraft failure but might also need to cover losses from 

vehicles being grounded due to weather, or losses arising from inappropriate passenger 

behaviour. 

 Ground infrastructure provider: Provision and operation of ground infrastructure is 

essential for successful UAM introduction. Ground infrastructure could either be supplied 

by public authorities, public private partnerships or private companies.  

 Communication infrastructure provider: Communication infrastructure is a necessary 

prerequisite for UAM, especially when expecting high levels of autonomy.  
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 UTM provider: The discussion on UTM provision is currently still at the very beginning. 

Depending on the level of autonomy and the general system set-up (central organisation 

by a UTM provider versus decentral organisation on a vehicle level, where every vehicle 

ensures deconfliction).  

A lot of research is still needed to identify who is going to be active in which fields and how 

this translates into suitable business models. 

2.6 Acceptance and adoption 

Public acceptance is seen as one of the prevailing factors in discussions regarding UAM 

introduction. A market study on public acceptance (Yedavalli and Mooberry, 2019) showed 

that the public’s top five concerns are safety of the people on the ground, type and level of 

noise emitted by the vehicles, time of day during which the vehicles travel and the altitude at 

which they fly. Thus, the lower the impact on the non-users is, the higher is their willingness 

to accept UAM. 

Yet, aiming at a successful market introduction it is also essential to understand the 

reservations not only of the public but also of potential users (Vascik, 2017). As the field of 

UAM is rather new, there is little research on acceptance drivers for UAM until now. While 

some factors like the perceived reliability of automation (Nees, 2016), the perceived vehicle’s 

safety (Gaggi, 2017) or affinity towards automation (Clements and Kockelman, 2017) can be 

transferred from existing literature on autonomous vehicles (AV), others are very specific to 

the service offer and thus are hard to transfer from AV literature. 

While the civil usage of drones has already been studied in terms of acceptance, the 

assessment was limited to certain fields, e.g. noise (Hansman and Vascik, 2016) or privacy 

issues (Lidynia et al., 2017) and covered both passenger services and cargo delivery. Al 

Haddad et al. (2020a) applied a broader approach and studied drivers of stated time of UAM 

adoption in a survey. The authors were able to show that the potential user’s affinity to 

automation, online services, social media and sharing positively influence stated adoption, 

while data concerns, environmental concerns and safety concerns negatively influence stated 

UAM adoption. 

In addition to the factors affecting user acceptance, general demand drivers of urban 

mobility need to be considered. As Straubinger et al. (2020a) show in a meta-analysis of mode 

choice studies, travel time and cost are the dominant factors affecting modal choice in cities. 

Socio-demographic attributes like income, gender, age and household composition also are 

significant mode choice factors. Especially regarding travel time, UAM is expected to have a 

strong positive impact, in particular on long routes, where the fixed time demand for boarding 

and deboarding loses relevance.  

Garrow et al. (2017) emphasise that passenger behaviour for UAM is not comparable 

to passenger behaviour for commercial aviation. Garrow et al. (2019) even see AVs as main 
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competitor for UAM. Due to the services’ similarities – especially due to their on-demand 

service offer - AV studies can serve as a proxy for mode choice decisions including UAM. 

Fagnant and Kockelman (2018) as well as Krueger et al. (2016) show that waiting time is an 

important factor for people regarding AV use. They also indicate that people currently using 

cars have higher likelihood of shifting to AVs. Besides that, socio-demographic factors also 

influence AV mode choice. Kyriakidis et al. (2015) e.g. find a positive correlation between 

openness towards automation and income. 

These findings support the assumption that AVs and UAM can be treated as closely 

related, as these results go in line with the study of Fu et al. (2019). They also identify travel 

time (including access, egress and waiting time) and travel cost as dominant factors. The 

study also showed that people currently using soft modes or public transport are less likely to 

shift to UAM. So far, only little research has been conducted in the field of mode choice 

including UAM. Garrow et al. (2017; 2019) conducted surveys in the US to understand UAM 

adoption. The recent work (Garrow et al., 2019) extends the earlier survey (Garrow et al., 

2017) by introducing autonomous vehicles as a competing mode. Yet, no model results have 

been published so far. 

Summarising the above, travel time, including access, egress and waiting time together 

with travel costs also are the prevailing mode choice factors for UAM. An efficient system 

design that minimises transfer time, thus, is essential. Travel costs that will be rather high 

during early system deployment (Holden and Goel, 2016) could be a show stopper if the 

operator fails to address the right target segments. In addition to that, it is essential for user 

and public acceptance to have a transparent service and technology and informing people 

about measures to ensure (data) privacy, as well as safety and security for third parties not 

using the system as well as system users’ (Al Haddad et al., 2020a). Early campaigns to raise 

automation awareness could be one way to proceed. 

First studies on UAM market shares assume very different prices and thus find massive 

variations in possible adoption rates. Assuming UAM prices to be at taxi price levels, which 

goes in line with potential service provider statements (Holden and Goel, 2016), estimated 

modal share estimations converge towards 4% (Decker et al., 2013; Kreimeier and Stumpf, 

2017; Syed et al., 2017).  

2.7 Current challenges 

We understand and acknowledge that UAM is a currently non-existent market and that the 

introduction especially of passenger UAM still faces many challenges and barriers. The later 

chapters will not discuss these hurdles in detail but rather aim at giving the full range of 

possible effects of UAM introduction, hence envisaging a very optimistic scenario for UAM. 

The following section will therefore discuss the different barriers and hurdles in greater detail, 

distinguishing between technical, infrastructural and societal challenges. 
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2.7.1 Technical challenges 

Advances in distributed electric propulsion seem to promise a whole new future taking aerial 

mobility into the urban settlement with less energy consumption and lower noise footprints. 

Yet, especially regarding propulsion technologies drastic improvements are still required. 

While relevant systems are under development and partially available today, they account for 

high research, certification and production costs. It can thus be assumed that the more such 

systems are obligatory for operation, the more mature a business concept must be in order to 

cover these costs. 

BATTERIES 

As shown by Shamiyeh et al. (2017) electric VTOL vehicles concepts often face strict limits 

with regard to range, which are mainly driven through limits in energy density of current 

batteries. Therefore, hybrid-electric vehicle configurations are of interest to many vehicle 

manufacturers. 

PROPULSION 

In addition to that, advancements regarding noise are important to gain public acceptance for 

UAM in densely populated areas. The main driver of noise for VTOL vehicles is the blade 

tip speed, which can be reduced through large disc areas of multicopter configurations 

(Shamiyeh et al., 2018). Additional drivers are the number of rotors as well as the specific 

rotor design and corresponding shielding mechanisms. 

AUTOMATION 

Further barriers for commercial UAM deployment lie in requirements regarding automation 

degrees and regarding navigation and communication technologies in order to significantly 

reduce personnel costs. Anticipating many vehicles operating over a small area and under 

various weather conditions, new technologies for conflict detection and avoidance need to be 

developed and implemented. Further requirements regarding means of communication with 

Air Traffic Control (ATC) and precise navigation arise for applications requiring interference 

with commercial aviation and airports (SESAR Joint Undertaking, 2018a, 2019, 2020). 

2.7.2 Infrastructural challenges 

When talking about UAM services, different types of infrastructure are required. While there 

is a shared private and public interest to expand relevant data and telecommunication 

infrastructure, the development of UAM ground infrastructure and Unmanned Aerial Systems 

(UAS) and UAS Traffic Management (UTM) cannot be expected to be driven by other 

markets. 

GROUND INFRASTRUCTURE 

Often low infrastructure demand is named a key advantage of UAM and first discussions 

around UAM were often based on ideas of flying cars that would not require dedicated 
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infrastructure. Yet, the need for facilities for take-off and landing, to handle passengers (e.g. 

security check, bathrooms) and to refuel, charge or maintain the vehicle, demand dedicated 

infrastructure. So far, only little research has been conducted in the area of vertiport design 

and regulations do not exist yet. Vascik and Hansman (2019) show first layout options for 

vertiports but have little chance to look far beyond the lines of helicopter landing areas. 

A brief example shows that vertiports could be one of the main capacity restricting and 

cost driving aspects of UAM: Looking at a city like Berlin and assuming a UAM mode-share 

of only 1% with three daily trips per person already leads to a demand of 114,000 UAM trips 

per day within the city. Assuming further an occupancy rate of four passengers per vehicle 

leads to a minimum of 28,500 take-offs and 28,500 landings per day. Distributing these trips 

evenly over 16 operating hours a day leaves 3,560 vehicle movements (take-offs and 

landings) per hour. Assuming that a landing pad is blocked for 60 seconds per vehicle 

movement, a total of 60 landing pads is required within the service area. These calculations 

indicate the lower boundary for infrastructure demand, as demand is assumed to be spread 

evenly across space and time. Providing infrastructure to serve this demand can and will be a 

challenge especially in regions where land is sparse and planning durations for infrastructure 

are long and expensive (Rothfeld et al., 2019b). 

UTM INFRASTRUCTURE 

The need to set up a UTM system is a pressing task for commercial UAM services, 

recognising that large parts of traffic will take place in yet unregulated airspace. Discussions 

are currently evolving around different organisational set-ups (central vs. decentral), safety 

bounds and remote identification (e.g. Mueller et al. (2017), Geister and Korn (2017)). In the 

literature examined, there are numerous aspects of how the design of such a UTM system will 

influence the economic exploitation of VTOL-based transportation. A central topic is the 

question of how to deal with the limited capacities of airspace which exist today already for 

manned aviation. Especially at the interfaces to lower airspace in urban conurbations, 

unmanned aerial vehicles will additionally compete for airspace access (Heutger and 

Kückelhaus, 2014). Competition in lower airspace itself already poses risks for operational 

procedures as the economical exploitation of transport drones may depend on ”regulators' ad 

hoc decisions about who receives airspace and terminal access during times of congestion”  

(Skorup, 2018). Groundings or operational delays are considered critical since time saving 

represents one of the key assets of the technology, especially in competition with ground-

based passenger transport (Thipphavong et al., 2018). 

2.7.3 Societal challenges 

In market research (Porsche Consulting, 2018; Roland Berger, 2018), in strategy and policy 

papers (European Commission, 2014), as well as in scientific research publications (Du and 

Heldeweg, 2017; Christen et al., 2018), existing acceptance is cited a prerequisite for UAM 
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to be deployed on an economically viable scale in the future. From a social science 

perspective, two approaches towards acceptance must be distinguished. One considers the 

socio-political attitude towards tolerating or approving the technology to be used in public 

space. The second perspective focuses on whether potential customers are willing to actively 

choose UAM as their mode of transportation, which we will call passenger adoption in the 

following. Indeed, as UAM is not yet tangible neither to the public nor to customers, 

predictions are difficult to make (Chamata and Winterton, 2018; Otto et al., 2018). However, 

research efforts are essential to identify the criteria by which the technology and the services 

must be designed in terms of its societal value as well as its convenience for customers 

(Grunwald, 2011). 

SOCIAL ACCEPTANCE 

It will be a characteristic of UAM that far less people will actively use such services than 

those who will be passively exposed to the possible negative implications of urban airspace 

use (Clothier et al., 2015; Lidynia et al., 2018). Foremost to name in this context are the 

additional security and safety risks posed by UAM. Concerns about increased noise levels 

and privacy invasion are also persistent in the relevant literature (Kellermann et al., 2020) as 

well as proven significant acceptance factors in representative surveys (Dannenberger et al., 

2020). Additionally, decreasing urban life quality due to traffic movement in the sky 

(Nentwich and Horváth, 2018; Bundesministerium für Verkehr und digitale Infrastruktur, 

2019), stress effects on people and the animal fauna (Wynsberghe et al., 2018), land use 

conflicts due to infrastructure demand as well as the public rejection of a new form of elite 

mobility (Otto-Zimmermann and Roeßiger, 2018) may lead to the (urban) population 

exercising its ‘stake’ on UAM introduction. 

USER ADOPTION 

With regard to user acceptance, Al Haddad et al. (2020a) have conducted an empirical study 

on which factors the willingness to use UAM depends on. In respect to existing research, they 

confirmed the influence of the user sense of security towards UAM and the perceived 

trustworthiness of the service provider. Further decision factors are the expected reduction of 

the individuals travel time, the estimated reliability of the offered service and the user 

perception of automation costs. Also shown to be relevant were the potential user attitude 

towards automation, data security as well as demographic characteristics of the respondents 

(Al Haddad et al., 2020a). Studies further stress on the importance of the availability (e.g. in 

the form of on-demand services), the costs and the accessibility of the service (e.g. the 

distribution and accessibility of vertiports). Additionally, the comfort in booking, execution 

and handling of the flight, the comfort during the flight (e.g. the possibility to use the travel 

time for entertainment or productive activities) as well as the quality of the physical flight 

(Schuchardt et al., 2015; Duwe et al., 2019) are considered.  
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As UAM services are new to customers and as VTOL vehicles operate in public both, 

user adoption and societal acceptance pose major challenges that require to be tackled in the 

development of the respective business models and operating concepts. 

2.8 Open research questions 

This chapter on UAM highlights the novelty and importance of the topic in both theory and 

practice. Investments in UAM start-ups are rising and several companies have gone public 

via initial public offering (IPO) or special purpose acquisition companies (SPAC) in recent 

months. Also research is gaining momentum, especially in fields outside of classical 

engineering. Fewer business activities can be seen on infrastructure developments, while 

detailed city integration studies and economic assessments are conducted by research. 

Challenges regarding regulatory aspects, infrastructure development as well as operational 

concepts have to be met before first services can be launched. User and public acceptance are 

currently being discussed as significant hurdles that have to be overcome. One can see that 

successful UAM introduction relies on a broad variety of factors that have to be considered. 

Yet, some pressing issues stay largely unconsidered by existing literature. So far 

literature on possible long-run effects of UAM is very limited. This is a severe short-coming 

for multiple reasons. Existing research, e.g. LeRoy and Sonstelie (1983) provides empirical 

evidence that significant changes to the transport systems, as the introduction of a new mode 

of transport, can result in significant changes not only in the mobility sector itself but also in 

related sectors and markets. This is especially relevant as the average daily commuting time 

has been found to be relatively constant at one hour while commuting distances tend to 

increase with better mobility offers (Anas, 2015). The introduction of UAM could hence lead 

to significant changes in travel patterns and home and work place location choices. These 

long-run changes in inhabitants’ behaviour can significantly impact city structures as well as 

land and labour markets. 

Another often unconsidered aspect is the topic of equality across different population 

groups. UAM services are expected to be rather offered at relatively high prices, and therefore 

mainly attracting people with a high willingness to pay for travel time savings and hence 

higher incomes. On the contrary the negative effects of UAM introduction such as noise, 

security issues but also negative effects resulting from e.g. the above described changes on 

related markets might also affect households with lower incomes. It is therefore essential to 

understand the effects on different population groups and assess the exposure to positive and 

negative effects of UAM introduction. 

The third largely undiscussed topic is the overall environmental effect of drones in 

transportation. While several studies evaluate the energy demand or life cycle costs, little 

research exists on the long-run effects of lifting people of the ground with UAM vehicles in 

contrast to transporting them on the ground. This is especially true when keeping in mind 
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induced demand that could result from the above described long-term changes in the location 

choices of households.  

For cargo drones the long-run effects are also still unclear. While last-mile delivery is 

receiving a lot of attention in recent years little is known about the impact of drone delivery 

on congestion caused by delivery trucks or the environmental impact of aerial delivery. 

In the following chapters this dissertation aims to answer these important questions. 

Urban spatial equilibrium models are a suitable tool to do so. Chapter 3 starts by introducing 

the reader to the concept of spatial equilibrium modelling. 
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3 SETTING THE SCENE FOR URBAN 

EQUILIBRIUM MODELS  

AN APPLICATION TO PARKING9 

3.1 Introduction 

Increasing transport demand poses various problems for many European cities. Congestion 

in the surroundings of the urban region is calculated to cause losses of 100 billion Euro, 

respectively 1% of the European gross domestic product (GDP). For this reason, a reduction 

of congestion, accidents and pollution is supposed to increase the attractiveness of urban 

mobility for users and non-users (European Commission, 2017). 

The majority of these problems arise from motorised private transport but, surprisingly, 

parking issues play a subordinate role even though an average car is parked 23 hours a day 

(Shoup, 2011) and, as a consequence, takes up a lot of space without being used. Furthermore, 

the market for parking is subject to different disruptions. In the USA up to 99% of parking is 

free of charge (Shoup, 2011) and all over the world the price for parking is usually very low. 

But how can that be? After all, whoever owns the land could earn money if it were used for 

other purposes. 

A major part of public parking space is on the curb and free of charge for the user. Yet 

even off-street parking often is at zero cost. Delucchi (1997) shows that only 1 % to 4 % of 

costs for parking are paid by parking fees, while the rest is funded via subsidies or cross-

subsidisation. These costs are financed by public budgets, shops and offices, house owners or 

the employers but eventually leads to rising taxes, good prices and rents or lower wages. In 

all cases, private households pay for the land used for parking but not necessarily those who 

use off-street parking (Shoup, 2011). Additional costs arise because the jurisdictions impose 

heavy regulation on off-street parking to avoid land-use for on-street parking (Lehe, 2017). 

In the case of employer paid parking, even tax revenue might be negatively affected as 

employers offer lower wages (which are taxed) in exchange for the provision of free parking 

at the workplace (van Ommeren et al., 2012). These effects decline the relative price of private 

car use much below the social costs and, thus, imposes inefficiencies in the transport markets. 

For these reasons, an economic consideration of parking considering interdependencies 

between public budgets, transport, land-use and economic decisions is essential. 

The literature not only considers parking in general but also addresses the problem of 

cruising for parking. Shoup (2006) shows that up to 30% of urban traffic results from 

                                                           
9 This chapter builds on a slightly revised version of: Straubinger, A., Tscharaktschiew, S. and Hirte, G. (2018). 

On-Street vs . Off-Street Parking : An Urban Economic Analysis. Zeitschrift Für Verkehrswissenschaften, (1), 

68–96. 
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searching for parking. The marginal costs of cruising for parking may have the same 

magnitude as the external costs of congestion. Nevertheless, they often stay unconsidered 

even though an efficient parking policy can minimise the deadweight loss resulting from it 

(Inci et al., 2017). Anderson and de Palma (2004) and Inci (2015) emphasise the common 

property characteristics of parking (tragedy of commons) and the excess demand arising from 

it.10 They state that in a case with congestion due to searching for parking monopolistic 

pricing of garage owners can lead to an optimal allocation. Pierce et al. (2015) propose to 

vary parking garage fees according to the demand to achieve an optimal solution. Two types 

of parking – on-street and off-street – are examined by Calthrop and Proost (2006). Each user 

can decide whether to search for cheap on-street parking or whether to use a parking garage 

which is more expensive. In this case the optimal fee for on-street parking equals the marginal 

costs at the optimal quantity and is the same as the price for off-street parking. 

We study a full switch from on-street parking city to an off-street parking city where 

on-street parking is fully prohibited, and off-street parking is offered and subsidised by the 

city. This experiment is instructive because it provides the strongest consequences and, thus, 

the upper bound of the effects of regulating on-street parking.  

The model borrows from models of cruising for parking and monocentric city 

approaches. A basic model for cruising for parking, which will be thoroughly regarded in the 

following, was introduced by Arnott and Inci (2006). Arnott and Rowse (2009) refine this 

model by considering Arnott (2006) who shows that increasing the prices for on-street 

parking seems to increase social welfare in the presence of spatial competition between 

different parking garages and congestion due to cruising for parking. Inci and Lindsey (2015) 

examine a similar setting. Due to the spatial considerations the parking garage owners have 

market power. This leads to an allocative inefficient, yet stable equilibrium. Differentiated 

on-street parking fees can be one feasible solution. Martens et al. (2010) pursue a different 

approach. They model cruising for parking by implementing an agent-based model for 

cruising. Hereby, the agents simulate the car drivers’ decisions while parking in order to 

determine the share of parking lots that have to remain vacant to prevent cruising for parking.   

Another approach considering the spatial distribution of parking was pursued by Gallo 

et al. (2011). Applying a multi-layer network supply model, they simulate different phases of 

parking including walking to the final destination. The spatial aspect for cruising for parking 

is also emphasised by van Ommeren et al. (2012). They propose peak load pricing in order to 

minimise deadweight loss resulting from congestion. Further literature is discussed in Inci’s 

                                                           
10 Parking is a textbook example for the tragedy of commons (Inci, 2015). While pure public goods can be 

characterized by non-rivalry in and non-excludability from consumption, this is not the case for commons 

where only non-excludability applies. For public parking that is free of charge this is exactly the case. No one 

is excluded from using it while there still is rivalry among the users (Ostrom and Schöller, 1999). But, even if 

there are parking fees, excludability is below the optimal level as long as there is underpricing of parking in 

particular on the curb. This results in an excess demand and, thus, in cruising for parking caused by a lack of 

available parking lots (Inci, 2015). 



Setting the scene for urban equilibrium models 25 

 

 

(2015) review of the economics of parking. This short review emphasises that the major part 

of research is on congestion due to cruising for parking and on spatial competition between 

different parking locations.  

To the best of our knowledge there is no study that accounts for the trade-off between 

on-street parking, cruising for parking, congestion and off-street parking as well as land-use 

and economic markets when moving from on-street to off-street parking. We, thus, consider 

simultaneously the major effects of parking: (i) the congestion externality from cruising for 

parking, (ii) the substitution effects imposed by different funding options and subsidisation 

(full subsidisation vs. parking fees), e.g. on induced travel mode choices, as well as (iii) 

multiple market interactions in good, labour and housing markets. We fill this gap and study 

these effects simultaneously while allowing for endogenous location choices of households 

and firms by applying a spatial computable general equilibrium (SCGE) model of a city.  

We also study how several funding schemes of the land required for off-street parking 

work in the spatial equilibrium: a general lump-sum tax used to offer off-street parking free 

of charge vs. user financing in the form of congestion tolls and user financing through parking 

fees.11  

In the lump-sum scenario parking is assumed to be off-street, eliminating the externality 

from cruising-for-parking. Parking is still offered at zero costs for users and is refinanced via 

a lump-sum payment of all inhabitants without adding tax distortions. In the second scenario 

we assume users to pay for parking. This reduces the subsidisation of car usage and is 

therefore expected to reduce the congestion externality from commuting. The third scenario 

introduces congestion tolls that directly tackle the congestion externality. This tax revenue is 

then assumed to finance off-street parking infrastructure.  

Our spatial modelling borrows from Franco (2017) and Brueckner and Franco (2017) 

who study parking in a monocentric partial equilibrium model. The former considers parking 

at the Central Business District and residential parking while the latter consider different types 

of parking. However, neither of them models cruising for parking. In contrast, we consider 

cruising as well as on-street and off-street parking. 

Section 3.2 will set up the problem in the light of the existing literature. Section 3.3 

describes the main features of the urban CGE model followed by a brief description of its 

calibration for an average German city (Section 3.4). Section 3.5 presents the results of the 

policy simulations and the final Section 3.6 concludes. 

                                                           
11 Some research views both options as substitutes in terms of their potential to mitigate congestion (e.g. 

Calthrop et al. (2000); Glazer and Niskanen (1992)). However, as we will show in the present chapter, spatial 

economic effects may induce non-negligible differences between these measures. 
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3.2 The market for parking 

In the following we illustrate on-street and off-street parking and summarise the main impacts 

both parking modes cause in an urban economy. 

3.2.1 On-street parking – the benchmark 

We, first, define the benchmark where all parking is on the curb due to missing off-street 

parking infrastructure. Figure 3-1 illustrates this benchmark where the outer lanes of the road 

are offered for on-street parking. In the figure, demand equals supply and all available on-

street parking lots are fully occupied by parking cars. The middle lanes are used for driving 

symbolised by the arrows. Hence, main parts of the road infrastructure are used for parking, 

which approximately halves the potential capacity for driving vehicles even without 

considering interference through parking procedures. 

 

 

Figure 3-1: Parking in the benchmark 

 

If we add cruising for parking congestion may arise. This is an important issue in urban 

transport. For instance, Shoup (2006) reports that roughly 30% of urban traffic relates to 

cruising for parking while an average search for parking takes 8.1 minutes. The main reason 

for cruising is excess demand resulting from too low prices of parking given the scarce 

parking supply (Inci, 2015) . Usually, off-street parking is mainly privately owned and 

parking there is charged. As long as the private cost for cruising is lower than the private cost 

for parking, cruising will exist (Shoup, 2006). There are two reasons why users do not 

consider true prices. First, many car users neglect their own costs for parking search resulting 

from time, fuel and wear costs (Shoup, 2006), and, second, they do not take account of the 

adverse impacts on other drivers and the environment (van Ommeren et al., 2012). 

Interestingly, the congestion externality from car use is even stronger in the presence of on-

street parking as cruising cars increase congestion over-proportionally compared to vehicles 

in transit (Inci, 2015). 
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3.2.2 Off-street parking – the policy case 

Our focal point of interest is to study the spatial and welfare effects of a policy that imposes 

a full switch from on-street to off-street parking. We assume all off-street parking to be on 

ground level. The model hence omits underground parking and multi-storey car parks.12 

Figure 3-2 visualises this case. Road infrastructure is now fully available to driving vehicles 

while parking procedures exclusively take place in the dedicated off-street parking lots that 

imply a reduction of land available for other purposes (housing, office space etc.).13 

 

Figure 3-2: Parking in the policy case 

 

At first sight, a prohibition of curbside parking seems reasonable and efficient as it not only 

lowers congestion due to parking search but also increases the capacity of roads, thereby 

increasing throughput by making the prevailing floating traffic less congested. On the other 

side, the spatial economic (general equilibrium) impacts of additional off-street parking 

infrastructure have to be considered. This, however, is usually neglected in existing studies. 

The potential impacts are manifold and, as a consequence, may induce a wide range of 

interesting feedback effects. 

First, because urban land is scarce, the additional parking lots beyond the road will 

exacerbate competition on the urban land market and thus drive up land rents. This makes 

housing and office space more expensive causing substitution effects away from land use. 

For example, firms might substitute labour for land as a response to the provision of off-street 

parking. The increase in labour demand in turn positively affects urban wages and so income 

of city residents. On the other side, since higher rents increase production cost the provision 

of urban goods and services is getting more expensive, ceteris paribus, which reduces final 

good demand. 

                                                           
12 Both alternatives would result in significantly less land demand for off-street parking, while at the same time 

resulting in higher construction cost. The model in general omits construction cost of transport infrastructure, 

yet the change in land demand could indeed result in different welfare results. 
13 We do not consider spatial competition for (private) parking spaces. Off-street parking spaces are provided 

publicly and viewed as homogenous by drivers within the same location (but parking spaces are heterogeneous 

across space as parking in the city centre might be more expensive than in the suburbs). 
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Second, the increase in road capacity makes car driving more attractive. This induces a 

change in mode choice in favour of private car use. While a higher road capacity per se 

reduces congestion, ceteris paribus, more car use induces a negative feedback effect on 

congestion. The net effect determines the parking policy´s contribution to congestion. 

Third, off-street parking lots will crowd out other land use, thus, forcing residents and 

firms to relocate and to lower housing demand and reduce plant size. This diminishes utility 

and decreases the production of urban goods/services and, as a result, deteriorates welfare 

and income in the urban economy. 

Fourth, as off-street parking lots are assumed to be supplied by the city, funding issues 

come into play. Depending on whether parking lots are financed by all citizens or by road 

users alone, the policy´s impact may differ substantially.  

Fifth, given the wide range of potential policy impacts on travel decisions – which may 

(partly) stem from household relocations – travel related environmental effects can be 

expected. Here, we capture environmental effects by carbon emissions from car driving at the 

extensive margin, i.e. via changes in distance travelled, and at the intensive margin, i.e. via 

changes in emissions per kilometre travelled. 

In the next section we describe the main features of the spatial urban CGE model. The 

model has been described extensively in previous studies so that we primarily pay attention 

to novel model features with special focus on integrating cruising for parking and the physical 

presence of parking infrastructure. 

3.3 An urban CGE model with parking 

We apply and extend the framework of Anas and Xu (1999) and Anas and Rhee (2006). The 

spatial computable general equilibrium (SCGE) model considers three players: households, 

firms and the public household. Households and firms choose their utility and profit 

maximising locations in the city that consists of two zones: the city centre and the suburbs. 

The model’s equilibrium is reached if all local markets for labour, land and goods are cleared 

and the budget must balance (Anas and Rhee, 2006). 

We assume a nested utility tree implying that utility maximising choices of a typical 

household follow a three stage decision process. In the upper stage, they choose their optimal 

work and home location considering random utility: 

 𝑈𝑖𝑗 = 𝑈𝑖𝑗 + 𝑒𝑖𝑗 , (3-1) 

where 𝑈𝑖𝑗 is deterministic utility of a household residing in 𝑖 and working in 𝑗 and 𝑒𝑖𝑗  is the 

idiosyncratic constant that denotes individual preferences for the location combination 𝑖𝑗. The 

household determines his utility maximising location choice, i.e. choice of household type, 

by comparing random utilities for all available location bundles.  
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In the second decision stage, households choose consumption of a composite good, 

housing lot size 𝑞𝑖𝑗  and leisure 𝑙𝑖𝑗  in order to maximise their deterministic utility subject to 

the budget constraint. Utility is assumed to be of the Cobb-Douglas type: 

 

𝑈𝑖𝑗 = 𝛼 ln (∑𝑧𝑖𝑗𝑘
𝜂

𝐾

𝑘=1

)

1
𝜂⁄

+ 𝛽ln𝑞𝑖𝑗 + 𝛾ln𝑙𝑖𝑗 . 
(3-2) 

The composite good, i.e. the first term in (3-2), is defined as a constant elasticity of 

substitution (CES) index over consumer goods 𝑧𝑖𝑗𝑘  bought in zone 𝑘. The decision on these 

goods is made in the third stage by maximising CES utility subject to the budget available for 

consumption of goods. There is love of variety over the spatially differentiated local 

consumer goods because the quasi-concavity of CES utility ensures that consumption of 

different goods – here from different zones – generates a larger utility than repeatedly 

consuming the same good (Anas and Xu, 1999).  

Utility maximisation is subject to two constraints that are closely related: the monetary 

budget and the time budget. The latter (in annual terms) reads as: 

 

𝐿𝑖𝑗𝐷 + 𝑙𝑖𝑗 +∑2𝑡𝑖𝑘𝑧𝑖𝑗𝑘 + 2𝑡𝑖𝑗𝐷

𝐾

𝑘=1

= 𝐸, (3-3) 

according to which total available time, 𝐸, is used for working, 𝐿𝑖𝑗𝐷, where 𝐷 is the fixed 

number of working days per year and 𝐿𝑖𝑗 is daily working hours, for leisure time, 𝑙𝑖𝑗 , and for 

travelling to shops ∑ 2𝑡𝑖𝑘𝑧𝑖𝑗𝑘
𝐼
𝑘=1  and to work 2𝑡𝑖𝑗𝐷 (Anas and Xu, 1999). 𝑡𝑖𝑘  is one-way 

travel time which is symmetric.  

The monetary budget constraint is:  

 

∑𝑝𝑖𝑗𝑘

𝐼

𝑘=1

𝑧𝑖𝑗𝑘 + 𝑟𝑖𝑞𝑖𝑗 + 𝜏
𝑙𝑠 + 𝑐𝑖𝑗𝐷 = (1 − 𝜏𝑤)𝑤𝑗𝐿𝑖𝑗𝐷 + 𝑅. 

(3-4) 

Monetary income consists of the annual net salary (1 − 𝜏𝑤)𝑤𝑗𝐿𝑖𝑗𝐷 and income from land 

rents, 𝑅, which is the same for each household. 𝐿𝑖𝑗𝐷 is time spent working per year, 𝜏𝑤 is the 

wage tax rate and 𝑤𝑗  is the hourly gross wage. This income is spent for consumption goods 

including shopping trips, housing, lump sum taxes 𝜏𝑙𝑠 and travel costs. 𝑝𝑖𝑗𝑘  is the consumer 

price including monetary travel cost. 

The use of the random utility approach and the assumption that the idiosyncratic 

location-preference parameter 𝑒𝑖𝑗  is extreme value distributed allows us to apply a 

multinomial logit model (Anas and Xu, 1999) to the location decision. Therefore, we can 

interpret expected values (choice probabilities) as shares of the household types 𝑖𝑗 in the 

household population, denoted as 𝜓𝑖𝑗  in the following. 

The model is closed by the public budget constraint, zero profit conditions of location 

specific firms following from perfect competition, a current account and market clearing 

conditions of local labour, land and good markets.  
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The government levies a labour income tax to finance lump-sum transfers and road 

infrastructure cost. The latter are opportunity costs of land used for roads.  

Good market clearing requires: 

 

𝑁 ∑ 𝜓𝑖𝑗𝑧𝑖𝑗𝑘 + 𝐸𝑋𝑘

𝐼,𝐽

𝑖,𝑗=1

= 𝑋𝑘 , (3-5) 

stating that local good supply 𝑋𝑘 in zone 𝑘 equals the demand of all households 𝑖𝑗 (first term 

on the LHS), plus export 𝐸𝑋𝑘 from this zone.  

Labour market clearing requires: 

 

𝑁∑𝜓𝑖𝑗𝐿𝑖𝑗𝐷

𝐼

𝑖=1

= 𝑀𝑗 . 
(3-6) 

Annual labour demand in zone 𝑗, 𝑀𝑗 , equals total labour supply that consists of the number 

of people working in 𝑗 multiplied with their annual working time (Anas and Rhee, 2006). The 

clearing condition of the land market reads as: 

 

𝑁∑𝜓𝑖𝑗𝑞𝑖𝑗 + 𝑄𝑖 + 𝑆𝑖

𝐽

𝑗=1

= 𝐴𝑖. (3-7) 

It states that the land demand of households, firms, 𝑄𝑖 , and for infrastructure, 𝑆𝑖 , equals fixed 

land supply 𝐴𝑖  in zone 𝑖 (Anas and Rhee, 2006). Further, we assume that there are absentee 

landlords. To balance the current account, exports of local goods must have exactly the same 

value than the payments of all land rents to absentee landlords and of monetary transport costs 

to the outside-city transport sector. 

A representative local firm uses local land and local labour as input factors to produce 

the profit-maximising number of local goods. This approach is equivalent with assuming that 

a large and variable number of equally sized firms producing a fixed output level choose their 

optimal location in order to maximise profits (Anas and Xu, 1999).14 

The model’s transport sector is of special interest since congestion and traffic volume 

are endogenous. We use the BPR congestion function to calculate speed, thus, congestion 

(Anas and Xu, 1999). Travel time on the route from 𝑖 to 𝑗, 𝑡𝑖𝑗, strongly depends on the 

infrastructure’s capacity, 𝐶𝑖𝑗, and the traffic volume on this link , 𝐹𝑖𝑗 . The parameters of this 

function are the inverse of the free-flow travel speed, 𝑑, and the parameters b and a15 required 

for calibration. This gives:16 

 
𝑔𝑖𝑗 = 𝑑 [1 + 𝑏 (

𝐹𝑖𝑗

𝐶𝑖𝑗
)
𝑎

] ;     𝑑, 𝑏 > 0, 𝑎 ≥ 1. (3-8) 

                                                           
14 Note that the model is silent on whether changes in good production occur on account of relocation and 

market exit and entry of firms or changes in output of existing firms. 
15 The model uses 𝑎 = 5 and 𝑏 = 2 
16 This approach is not able to depict peaks because it assumes an equal distribution during the day (Anas and 

Rhee, 2006). 
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This basic structure of the spatial CGE model closely follows the framework developed by 

Anas and co-authors (Anas and Xu, 1999; Anas and Rhee, 2006). In order to make it suitable 

for the parking issue considered here we need some extensions: mode choice, cruising for 

parking and an additive land-use category for parking infrastructure.  

Parking infrastructure is financed by the government and, thus, enters the public budget 

constraint, the land market clearing condition, 𝑆𝑖  in Eq. (3-7) and the current account via rents 

paid to absentee landlords. 

The inclusion of mode choice into the model is essential to consider substitution effects 

among transport modes. We model mode choice close to Anas and Liu (2007). The household 

can choose between car, public transport and walking.17 This choice is modelled using a 

multinomial logit-model that includes monetary and time costs for each mode. The expected 

generalized transport cost for each zone pair is then used in the utility maximisation. Mode 

choice is modelled in a rather abstract manner and does not allow for multi-modal travel 

chains. Hence, also leaving aside the impact on the final walking distance a transition from 

on-street to off-street parking could have.18  

Our major extension of the model is the modelling of cruising for parking. The literature 

proposes different approaches, most of them including on- and off-street parking.19 We use 

some ideas of Arnott and Inci (2006) who focus on on-street parking. In their model, traffic 

flow is the sum of cars in transit 𝑇 to a final destination (transit pool) plus the cruisers for 

parking (cruising pool) 𝐶. In steady state, entry into both pools per unit of time equals the 

number of cars leaving the on-street parking lots (the parking pool) per unit of time. We use 

the basic ideas of their approach and adjust it so that it fits to our models’ CES structure.  

To simplify issues, we assume that only commuters are affected by congestion whereas 

shopping is free of it. We justify this by the dominant morning and evening peaks stemming 

mainly from commuting traffic (Infras and DLR, 2010). This implies the assumption that 

cruising for parking is an issue only during peak hours. Hence, only commuters have 

problems to find a parking lot and may cause congestion through cruising. In contrast 

shoppers who need a parking lot instantaneously find an available one without any search 

time. The reason for this is that parking lots near shopping areas are not filled up by 

commuters. As a consequence, there is no cruising for parking and, thus, no link between 

parking and congestion outside the peaks. 

As our model considers two zones, there is no real transit traffic as in Arnott and Inci 

(2006) because all trips at least start or end in a considered zone. Due to this fact, we modify 

the assignment of the vehicles to the different pools (transit and cruising).  

                                                           
17 Walking will only play a minor role in the later analysis but has been included for the sake of completeness. 
18 Aspects like personal security that might be negatively impacted by a transition from on-street to off-street 

parking are hence omitted although these draw-backs might make the policy unattractive in some areas. 
19 E.g. Calthrop and Proost (2006), Inci and Lindsey (2015), Shoup (2006), Thompson and Richardson (1998) 

and van Ommeren et al. (2012). 
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All vehicles used for commuting, starting in zone 𝑖 and traveling to any zone 𝑗 belong 

to the pool of transit vehicles: 

 𝑇(𝑖) =∑ 𝐹𝑙𝑜𝑤(𝑖, 𝑗).
𝑗

 (3-9) 

We further assume that each commuting vehicle whose destination is in 𝑖 is assigned to the 

pool of cruising vehicles because there is on average no parking without cruising. In contrast 

to Arnott and Inci (2006) who assume a continuous entry and exit into parking, there are 

enough on-street parking lots in our model and each commuter will eventually find a parking 

lot. Nonetheless, available parking lots are scarce at a specific address and commuters have 

to cruise around to find one. However, not the whole zone area will be used for cruising and 

since some vehicles are able to find a parking lot rather fast, the traffic volume of the cruisers 

is weighted with the factor 0.5, implying an average number of cruising vehicles of: 

 𝐶(𝑖) = 0.5 ∙∑ 𝐹𝑙𝑜𝑤(𝑗, 𝑖).
𝑗

 (3-10) 

Traffic volume in zone 𝑖 is the sum of cars in transit plus traffic due to cruising. However, 

cruising cars travel around and, thus, are more than proportionally contributing to traffic flow. 

To specify that we adapt the traffic flow function from Arnott and Inci (2006) who assume 

that cruising vehicles contribute 1.5 as much to traffic volume 𝑇𝐹 as the transit vehicles do, 

implying: 

 𝑇𝐹(𝑖) = 𝑇(𝑖) + 1.5 𝐶(𝑖). (3-11) 

This benchmark model is modified in the policy scenarios. We examine a switch from on-

street to off-street parking. In this case, we assume that there is no cruising for off-street 

parking and entrance to parking lots is fast enough.20 However, offering off-street parking 

requires additional land used for parking.  

In addition, we consider three ways of financing the infrastructure for off-street parking. 

In a first scenario, the city finances the infrastructure through lump-sum taxation. In the 

second scenario, there is full user financing. Users pay parking fees so that the revenues just 

equal the expenses for parking infrastructure. In that case, we assume that parking fees during 

working are four times the fees for shopping. This implicitly considers that on average 

parking for working is much longer than parking for shopping. In the third scenario, there is 

a congestion toll modelled as the difference between private and social time costs as proposed 

in Anas and Rhee (2006). The welfare effects of introducing these policies are evaluated using 

equivalent variation in order to monetarise utility losses or gains. 

3.4 Calibrating the model 

The model is calibrated to fit a German city with approximately 500,000 households 

(Destatis, 2015) that are all assumed to offer one unit of labour, and an area of 400km², from 

                                                           
20 This would be the case if the city installs a well-working car-park routing system. 
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which one fifth is the city centre (Destatis, 2016c, 2016d). 45% of the inhabitants own 

apartments whereas 55% are owned by absentee landlords (Destatis, 2014b). 

The utility function’s parameter are chosen in order to fit existing data (α=0.35, β=0.18 

and γ=0.40) (Anas and Xu, 1999; Tscharaktschiew and Hirte, 2010; Statistisches Bundesamt, 

2013). The constant elasticity of substitution depicts the love for variety and for this reason 

was set to 2.5 (Tscharaktschiew and Hirte, 2010).  

The scale parameters are set to 0.7 and inner city production is more labour intensive 

than production in the suburbs (Anas and Xu, 1999; Tscharaktschiew and Hirte, 2010). Table 

3-1 shows some results and compares them to empirical values, an index value of 1 hereby 

refers to the city while an index value of 2 refers to the suburb. 

 

Table 3-1: Some benchmark results 

 𝑖=1, 𝑗=1 𝑖=1, 𝑗=2 𝑖=2,  𝑗=1 𝑖=2, 𝑗=2 Empirical values 

Wage [€/hour] 21.95 18.04 21.95 18.04 19.6521 

Working hours per day 8.0 7.5 7.2 7.2 822 

rent [€/m2] 7.52 7.52 3.09 3.09 7.3923 

Daily commuting time car (one-

way) [h] 
0.35 0.81 0.91 0.55  

Fuel consumption commuting 

[l/100km] 
10.32 8.58 9.29 8.73  

 city average  

GDP [billion €] 24.9 2324 

Disposable income [€] 47.376 44,75025 

Marginal congestion costs [€/km]  0.34 0.3026 

Fuel consumption shopping 

[l/100km] 
7.22 7.627 

Modal Split (Car/ Public 

Transport/ Walking) per trips 
63 % / 35 % / 2 % 63 % / 35% / 2%28 

Price elasticity w.r.t fuel prices commuting       –0.11 shopping –0.08 –0.1 - –0.329 

Price elasticity w.r.t. fares commuting       –0.21 shopping –0.18 –0.0 - –0.830 

 

                                                           
21 Destatis (2014b). 
22 Destatis (2014a). 
23 Immowelt (2017). 
24 Stadt Nürnberg (2014).  
25 Destatis (2016a) Calculated with an average household size of two (children, partner etc.) Statista (2016). 
26 Anas and Rhee (2006). 
27 ADAC (2016). 
28 Destatis (2016b). 
29 Small and Verhoef (2007); Tscharaktschiew and Hirte (2012). 
30 Tscharaktschiew and Hirte (2012); Oum et al. (1992). 
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Free-flow speed for cars is set to 40 km/h with regard to junctions that decrease the 

speed from the maximum limit. The congestion function is calibrated following the Bureau 

of Public Roads (BPR)-function (Small and Verhoef, 2007). The fuel costs are chosen to be 

1.39 €/l, 0.51 €/l being the gross price (Bundesministerium für Verkehr und digitale 

Infrastruktur, 2015; Statista, 2017a; Statistisches Bundesamt, 2019). Public transport speed is 

set to 18km/h, walking speed to 6 km/h (Nitzsche, 2015). Marginal damage costs of CO2 

emissions is 145€/t (Bundesministerium für Verkehr und digitale Infrastruktur, 2015).  

3.5 Policy analysis 

All scenarios (lump-sum tax, congestion toll and parking fee) examine the prohibition of on-

street parking. The city government offers off-street parking that is fully funded. The different 

scenarios concerning the refinancing schemes are: lump sum tax, parking fee, congestion toll. 

We first have to specify supply of off-street parking. Parking at the home location stays 

totally unconsidered in this work. We assume an off-street parking lot requires on average 

25 m² of land (Korda, 1999).31 

The policies have different spatial, economic and ecological impacts. We first give a 

short intuition on the major effects before we will move on to the simulation results.  

3.5.1 Expected results 

We give an intuition on the expect outcomes of the three scenarios in Figure 3-3. 

Panel a) and b) of Figure 3-3 display the centre’s and suburbs’ land markets, 

respectively. The benchmark equilibrium is denoted by indices ‘0’, ‘C’ denotes the centre and 

‘S’ the suburbs. 𝐴𝐶
0 , respectively, 𝐴𝑆

0 are fixed land supply available for use by households 

and firms and 𝑄𝐶
0 and 𝑄𝑆

0 are their aggregate land demands implying benchmark land rents 

𝑟𝐶
0 and 𝑟𝑆

0, respectively. At the centre’s labour market, 𝑀𝐶
0 denotes local labour demand and 

𝐿𝐷𝐶
0 local labour supply in the absence of price distortions. The income tax rate drives a 

wedge between the gross wage 𝑤𝐶
𝑔,0

 and the value of time (VOT) 𝑣𝑜𝑡𝐶
𝑛,0

, that is equal to the 

net wage. Labour supply in terms of the gross wage is 𝐿𝐷𝐶
𝑔,0

 and local employment in the 

benchmark is 𝐿𝐶
0 .  

 

                                                           
31 A rough calculation gives us an idea of how much land is required to substitute all on-street parking in the 

benchmark. The initial modal split is 63%. Assume this increases to at most 70%. Let us assume that on average 

a maximum of 85% of all commuters by car need a parking place at the same time, for instance, since there is 

some shift operation. If each household only owns one vehicle that makes 500,000∙0.70∙0.85 = 297,000 parking 

lots, which adds up to 7.5km² for parking. The full reduction of on-street parking will increase the road-capacity 

parameter from 51% to 61%. 
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Figure 3-3: Policy effects on the land and labor markets 

 

Now, consider the switch to off-street parking financed by a lump-sum tax. To simplify 

matters we assume for the time being that this happens only in the centre. In that case, land 

supply for housing and offices declines to 𝐴𝐶
1  (see shift (1)). This shocks the land market in 

the centre and implies a rise in the land price to 𝑟𝐶
1. As a consequence, housing demand 

declines and some households move to the suburbs. This shifts the land demand curve at the 

suburbs’ land market to the right to 𝑄𝑆
2 (see shift (2)) implying 𝑟𝑆

2. This relocation lowers 

labour supply in the centre and increases labour demand in the suburbs (shift the labour supply 

curves, not drawn). 

Introducing off-street parking causes a positive shock on the centre’s labour market 

because it reduces income through lump-sum taxation but raises time available for leisure and 

working due to the reduction in congestion. Both increase labour supply, the first is a negative 

income effect on leisure and the second is a positive wealth effect of time endowment that 

increases both leisure and labour supply. This shifts the gross and net labour supply curves to 

the right, see shift (3) in the centre’s and (3’) in the suburb’s labour market. However, the 

wedge between the gross wage and the VOT stays constant.  

To summarise: off-street parking funded by lump-sum taxes leads to relocation of 

households to the suburbs, relocation of firms to the centre, higher employment at the centre 

and the suburbs, higher income and lower gross wages. Relocation implies additional 

commuting. 
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Next, we consider the case of parking fees used for funding parking supply, which 

induces the same shock on the land market as the lump-sum scenario, see shift (1). Higher 

land rents cause higher costs of road infrastructure32 which implies higher lump-sum taxes 

and, thus a shock on the labour markets that is similar to that caused by lump-sum taxation 

but smaller. In addition, parking fees add a reduction in income and, thus, a further right 

movement of labour supply curves. In contrast to lump-sum taxation, parking fees are also 

paid for shopping. Hence, there is a distortion in consumer prices implying a substitution in 

favour of housing demand and leisure. As a consequence, labour supply increases less than 

with lump-sum tax funding. This is the reason why the shift of the labour supply curve is 

smaller than under lump-sum tax funding, a shift smaller than (3) in panel c). 

What happens with congestion tolls? In comparison to parking fees that account only 

for parking costs and indirectly internalise the congestion externality, congestion tolls fully 

internalise the congestion externality and, additionally, finance a major part of parking costs. 

Whether they have a stronger effect than parking fees depends on the relative size of 

infrastructure costs to congestion costs. Besides, there are two main differences between both 

instruments. The congestion toll is a tax on distance while parking fees ‘tax’ each trip equally. 

Hence, with congestion toll there might be less relocation to the suburbs compared to the case 

of parking fees while parking fees favour longer trips. While the congestion toll does not 

affect the value of time nor the consumer price of local goods, it makes traveling by car more 

expensive and, thus, induces an increase in mode share of public transport. Because public 

transport is slower, people lose time available for leisure. This reduces wealth and imposes a 

negative effect on leisure but also labour supply for commuters. If this effect offsets the labour 

stimulating effect of lower income, leisure supply declines otherwise it increases. In any case, 

the right shift of labour supply curves is considerably lower than with parking fees or lump-

sum tax funding. 

Next, we move to the simulation results. Table 3-2 displays some results which we 

discuss in the following. 

 

                                                           
32 We assume the cost for road infrastructure to only results from the cost of land acquisition and omit 

construction cost. 
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Table 3-2: Policy impacts 

 

3.5.2 Refinancing via lump-sum taxation 

Because lump-sum taxes do not distort prices, they should be a relatively efficient method of 

financing off-street parking.33 Table 3-2 shows that some effects coincide with the graphical 

reasoning in section 3.5.1. The effects on the land market are pretty clear: land rents increase 

more in the centre (+5.7%) than in suburbs (+ 3.7%). This causes relocation to the suburbs 

and a decline in average land demand per household (−3.2% to −5.5%). The higher land 

rents induce an increase in road infrastructure costs (+4.8%) in addition to the parking 

infrastructure costs. This lowers lump-sum transfers by 27.2%.  

There is strong decline in marginal congestion costs of 21 cents per km, i.e. about 61.8% 

despite the feedback effects that imply more traffic. Less congestion also lowers fuel 

consumption by 9.9%-23% per km. The decline in travel costs makes car travel more 

                                                           
33 Some authors reason that the equality of the burden imposed on all households makes it a suboptimal measure 

(Hindriks and Myles, 2013). Shoup (2011) states that this form of refinancing shifts a higher burden to poorer 

households. His argument mainly stems from a reduced car ownership rate of poorer households. Some 

redistribution is included in the model because the marginal utility of income differs across household types. 

This affects welfare in this type of model as has been shown by Hirte and Tscharaktschiew (2013a). In addition, 

we explicitly account for redistribution between landlords and working households. 

 Benchmark Lump-Sum Toll Parking fee 

Percentage of housing in 

centre 
37.0 % –0.3 % –0.5 % –0.6 % 

Percentage of jobs in centre 57.5 % +0.1 % +0.2 % ±0 % 

Rent centre [€/m2] 7.52 +5.7 % +3.9 % +4.9 % 

Wage centre [€/hour] 21.95 –0.6 % –0.4 % –0.4 % 

Annual disposable income [€] 47,376 +0.8 % –2.6 % +1.4 % 

Lump-sum transfer [€] 3,720 –27.2 % –38.2 % –8.0 % 

Price for goods in suburb [€] 67.39 +1.6 % +0.4 % +1.4 % 

Income absentee landlords 

[m. €] 
10,495 +4.3 % +2.4 % +3.9 % 

Marginal congestion costs 

[€/km] 
0.34 –61.8 % –91.2 % –70.6 % 

Annual travel distance [km] 22,388 +0.2 % –0.3 % –0.3 % 

Emissions per HH [kg CO2] 2,238 +0.3 % –27.6 % –7.2 % 

Modal split (car/ PT/ walking) 0.63 /0.35 /0.02 0.67 /0.31 /0.02 0.53 /0.44 /0.02 0.62 /0.36 /0.02 

Modal split commuting 0.56 /0.41 /0.03 0.68 /0.30 /0.03 0.32 /0.65/0.03 0.58 /0.39 /0.03 

Modal split shopping 0.67 /0.31 /0.02 0.67 /0.31 /0.02 0.67 /0.31 /0.02 0.64 /0.34 /0.02 

Road infrastructure costs 

[Mio.€] 
4,306 +4.8 % +2.9 % +4.2 % 
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attractive. This explains the increase of the modal split of car use for commuting from 56% 

to 68%. This leads to more emissions from transport of yearly about 0.3% per household.  

The strong decline in income caused by lump-sum tax funding implies a strong income 

effect strengthened by the wealth effect from more available time, hence, labour supply 

increases by 6 to 19 minutes per day. That raises the GDP and overall income increases 

despite lower wages.  

One nice aspect of our simulation results is that the calculated costs for parking 

infrastructure are close to the level of these costs found in the literature. The additional 

monthly expenses for parking add up to 123.77 € in our simulation compared to 127 $ 

calculated by Shoup (2011). 

In order to assess the impacts of the different policies, equivalent variation (EV) was 

performed. This method monetarises the different utility levels and therefore allows to gauge 

the differences (Kleinewefers, 2008) 

Table 3-3 displays the welfare effects, showing that the city’s GDP increases by 2.4% 

and overall welfare by 0.46% of initial GDP. However, there is strong redistribution in favour 

of absentee landlords (+374€m) arising due to the increase in land rents. The higher rents in 

turn lowers welfare of households despite higher income and in total deteriorates welfare of 

the city by 259 million Euro (EV all households). Obviously, even though the travel speed 

for private motorised transport and income increases this cannot compensate for the welfare 

losses resulting from the lump-sum taxation and higher rents. 

 

Table 3-3: Welfare effects 

 

 

3.5.3 Refinancing via congestion toll 

The second funding scheme is a congestion toll as a mean to implement user financing. The 

congestion toll aims at internalising the external congestion costs of traveling.34  

                                                           
34 Mathematically, the congestion toll is the difference between social and private marginal costs (see e.g. 

Verhoef et al. (1995)). We follow this definition to calculate the toll in the model. In reality, it would be more 

 Lump sum Toll Fee 

Change in GDP [million €] +600 –200 +300 

EV per household [€] –515 –1,076 –747 

EV all households [million €] –258 –538 –374 

EV absentee landlords [million €] +374 +222 +322 

Benefit from emission cost reduction [mio €] –0.5 +44.5 +11.5 

Total impact [million €]  +115.5 –271.5 –40.5 

Total welfare change in % of GDP 0.46 % –1.1 % –0.16% 

Change in GDP in %  2.4 % –0.8 % 1.2 % 
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The spatial effects are similar to the previous scenario and follow the discussion in 3.5.1 

In contrast to the case of lump-sum funding, the impact on labour supply is ambiguous. 

Labour supply of commuters declines due to mode switch in favour of public transport that 

lowers available time while labour supply of households not commuting by car increases due 

to the income effect of higher taxation. 

What are the consequences for transportation? The congestion toll only applies to 

commuting trips causing a strong decrease of car usage for commuting. The modal share of 

commuters drops from 56% to 32% leaving 65% of all commuting trips to public transport. 

Accumulated over both trip purposes this leads to a modal share of private motorised transport 

of 53% that is 18% below the benchmark level. Considering existing research on city tolls 

this seems to be a realistic effects. London and Stockholm, for example, faced a decrease of 

modal split of car usage up to 25% (Transport for London, 2008; Eliasson et al., 2009). 

Together with the reduction of the travelled kilometres, we calculate an immense decrease of 

emissions by 27.6% in our scenario. 

Yet, it has to be put forward that the toll revenue does not equate the additional expenses 

stemming from the parking infrastructure and the increased costs of road infrastructure and 

so, the lump-sum transfer is reduced by 38.2%.  

All in all, we find a clear welfare loss of 1.1% in terms of GDP compared to the 

benchmark despite the decline in congestion and emissions (see Table 3-3). The city welfare 

declines by 538 million € (–2.2% of GDP) while there is strong redistribution in favour of 

absentee landlords. The welfare effect of the congestion toll is negative compared to the 

positive effect of lump-sum tax funding. This is induced by different distorting forces, such 

as e.g. the labour tax, that make the standard Pigouvian setting a second-best solution. 

Exacerbating this distortion results in welfare losses outweighing the benefits from reduced 

congestion.  

3.5.4 Refinancing via parking fees  

The second form of user financing examined is parking fees. The literature considers parking 

fees as a transport-planning tool. Glazer and Niskanen (1992) and Verhoef et al. (1995) see 

parking fees as a substitute for congestion tolls. Calthrop et al. (2000) state that a combination 

of policies delivers the most efficient results. If only one policy is to be applied, parking fees 

should be implemented. We should, however, note that in our case where commuting and 

shopping is considered, parking fees tax shopping as well as commuting while a congestion 

toll is only levied on commuting. In addition parking fees is a price per trip while the 

congestion toll tax distance that is endogenous on account of relocation in our approach. 

In this scenario, the fees were modelled in order to equal the additional costs caused by 

the parking infrastructure. Hereby, the parking fee for commuters add up to four times that of 

                                                           

difficult to determine an efficient level for the toll and transaction costs would reduce its impact (Lehmann, 

2007). 
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shopping35. This resulted in a fee of 4.26€ for a working day and 1.07€ for shopping. 

Compared to literature values of more than 1€ per 30 minutes (Statista, 2017b) this is rather 

cheap. However, our model city has a very low rent level. 

Once more, the policy results in a clearly increasing price for housing which again 

results in the same spatial trends as the other policies and a strong redistribution in favour of 

absentee landlords. The higher land price causes additional infrastructure cost that leads to an 

increase of the lump-sum tax, higher housing costs and relocation of household to the suburbs. 

Due to congestion toll and parking fee, both being user financed scenarios, one would 

assume that the impacts of both scenarios are very similar. This, however, is not the case. The 

change in the modal split is very small. The car usage for commuting even increases while it 

decreases a bit for shopping trips leading to an overall decrease of car usage from 63% to 

62%. These developments have different reasons. First of all, the congestion toll only applies 

for commuting traffic, while both trip purposes are influenced by parking fees. Furthermore, 

the congestion toll strongly depends on the travel distance, as it is a kilometre based toll. In 

contrast, every car user has to pay the same parking fee no matter how far she travels. 

Overall the influence on the transport sector is not as strong as in the case with the 

congestion toll. Still the emissions are strongly reduced, mainly due to a decrease in travelled 

kilometres per year. Overall welfare slightly declines, as the city’s (households’) welfare 

declines more than the absentee landlords benefit. Overall, the effects are comparable to the 

lump-sum funding case on account of two effects: first, there is a slight increase in public 

transport use that lowers time available for leisure and working; second, there is a substitution 

effect because parking fees increase the consumer price for shopping. 

Next, we summarise the results as follows: all policies make the average city household 

worse off compared to the benchmark while the absentee landlords always are better off. 

Regarding the total impact, the lump-sum policy is the most efficient because it stimulates 

labour supply implying also an increase in GDP and income. However, due to redistribution 

to the landlords worker households lose. They lose even more with parking-fee funding 

despite additional labour supply. Because labour supply of commuters declines congestion 

tolling imposes the strongest welfare loss for worker households and diminishes even social 

welfare. In addition, to offset the decline in income tax revenue, lump-sum taxes increases 

even more than with lump-sum tax funding. This imposes an additional income effect on 

labour supply. Further, lump-sum tax funding is rather unlikely to be implemented on account 

of redistribution issues. The second best alternative concerning overall welfare is refinancing 

via parking fees.  

                                                           
35 Assuming parking fees to be proportional to the parking duration might appear to be unrealistic. Yet, we 

make this assumption to 1) not implicitly judge upon different shopping durations for different types of goods 

or 2) not open up a discussion on cheaper parking at the work place that might have distorting effects. 

Nevertheless, assessing the impact of concave or convex functions instead of linear relationships is an 

interesting path for future research.  
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Concerning environmental issues, emission decline the most with congestion tolls. But 

parking fees imply also a clear reduction of emissions at much less welfare costs. Therefore, 

parking-fee funding seem to be a more efficient policy than congestion tolling when moving 

from on-street to off-street parking. This is the reason why we study different levels of parking 

fees in the following. This shows us the trade-off between emissions, congestion and welfare. 

In particular, we are interested in the optimal level of parking fees.  

3.5.5 In search of an optimal parking fee 

In order to find out whether there is an optimal parking fee level, we vary the parking fees in 

the following. Figure 3-4 depicts the effects of parking fees on average household utility using 

the example of shopping parking fees. As both types of parking fees are assumed to move in 

parallel we only show one type of fees in the figure. It shows that there is an almost linear 

relationship between average utility and average parking fee, indicating that a higher parking 

fee always results in lower average utility. Accordingly, the maximum average utility of city 

households is achieved at zero parking fees implying that parking fees always reduce urban 

welfare. Therefore, switching to off-street parking makes the average household always 

worse off and, thus, may not be accepted in the city. Even households not traveling by car 

will lose because rents increase. 

 

 

Figure 3-4: Utility change with varying parking fees 

 

From the perspective of society, the benefits of landlords and from reduced emission costs 

have to be compared to the losses of urban households. Hence, from the society’s perspective 

a modified version of the parking-fee funded switch to off-street parking could be to set the 

fees at a level where the overall welfare equals that of the benchmark, i.e. a welfare-neutral 

policy. This case is achieved with parking fees for shopping of 0.82 € and for commuting of 

3.28 €. However, this would lead away from pure user financing.  
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3.6 Conclusion and discussion 

The switch from on-street to off-street parking generates benefits due to the reduction of 

congestion made possible from less cruising for parking and the increase in road capacity 

made possible by prohibiting on-street parking. On the other hand, costs arise due to 

additional infrastructure costs, higher land prices and relocation of households to the suburbs. 

The main reason for these costs is the huge amount of land required for offering off-street 

parking that reduces land available for other purposes and, thus, implies a strong increase in 

land prices. As we have shown above, the costs exceed the benefits from the perspective of 

the city households independent from the funding scheme. In contrast, social welfare that 

additionally accounts for absentee landlords’ utility and the decline in emission costs 

improves if off-street parking is financed by an efficient-neutral lump-sum tax.  

We have further shown that in our second-best world user-financing worsens the case 

for city households but also implies a loss of social welfare. This is interesting, given the idea 

that user financing is well-suited to internalise externalities and, thus, should improve the case 

compared to lump-sum tax financing. However, because we model a general equilibrium with 

endogenous labour supply, this positive internalising effect is more than offset by the negative 

effect of user-financing on labour supply.36 This latter effect is stronger for congestion tolls 

that are a pure tax on commuting while parking fees also tax shopping. As a consequence, 

imposing parking fees is more efficient than congestion toll for funding off-street parking. 

The main outcome of our study is, thus: switching from on-street to off-street parking 

is welfare deteriorating in the absence of lump-sum tax funding even from the society’s point 

of view due to the distortionary effects of funding schemes. If, however, the reduction of 

congestion and emission is the most important aim parking fees might be more efficient than 

congestion tolls on account of lower welfare costs. But to study whether this holds if both 

measures are compared at the same level of changes in congestion and emissions is left to 

future research.  

Refinancing via congestion toll is only in parts user financing, as the toll revenue does 

not balance the infrastructure expenses, extra revenue from the lump-sum tax have to be 

added. Nevertheless, the user financing characteristics of the policy are dominant enough to 

lead to large-scale displacements concerning the mode choice and the transport sector. As the 

policy solely affects commuting traffic changes can only be seen on these trips. Yet, the 

impact is so strong that it induces the most drastic environmental improvements. 

                                                           
36 Concerning distortions in the labor market, the specific modeling of labor supply may be relevant (Hirte and 

Tscharaktschiew, 2015). This can be considered in further research. However, the case considered here imposes 

the least negative effect because substitution effects through a change in the value of time are not implemented. 

If one would endogenise workdays, the value of time would depend on congestion tolls and parking fees. In 

that case, congestion tolling or parking fees would reduce the VOT and, thus, causes a further decline in labor 

supply. In that case, the welfare would decline even more (Hirte and Tscharaktschiew, 2015). 
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Parking fees, in contrast, completely balance the additional expenses for parking 

infrastructure and therefore the policy is totally user financed. Furthermore, this policy affects 

commuting and shopping and therefore, does not favour some trip purposes. Therefore, the 

modal share changes occur for commuting trips and the increasing travel speed is only due to 

higher capacities on the road. 

This research leaves room for further investigation. Parking at home as well as privately 

financed off-street parking have been fully disregarded. Furthermore, scenarios with a 

mixture of on- and off-street parking would be interesting to be evaluated, too. Additionally, 

this model only considers commuting and shopping trips while leisure trips and work-related 

shopping travel stay completely unobserved. 
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4 WILL URBAN AIR MOBILITY FLY? 

THE EFFICIENCY AND DISTRIBUTIONAL 

IMPACTS OF UAM IN DIFFERENT URBAN 

SPATIAL STRUCTURES37
 

4.1 Introduction 

Rapid urbanisation and sustainability challenges are generating huge interest in new transport 

concepts. Urban economists have enriched urban spatial computable general equilibrium 

(USCGE) models to depict a large variety of transport and spatial planning related questions. 

These models are well suited for assessing welfare effects of transport policies and spatial 

planning within (Bröcker and Mercenier, 2011) and between cities (Teulings et al., 2018). 

There exists a large variety of applications, such as first- and second-best congestion tolling 

(de Palma and Lindsey, 2004; Tikoudis et al., 2015), urban sprawl and urban boundaries 

(Anas and Rhee, 2006), speed limits (Nitzsche and Tscharaktschiew, 2013), subsidies and 

taxation on passenger transport in cities (Hirte and Tscharaktschiew, 2013b) and the specific 

modelling of certain cities (Rutherford and van Nieuwkoop, 2011) 

. These models have mainly been used to assess challenges in spatial and transport planning 

within urban environments. Due to their long-run perspective they have been able to give 

insight into possible policy options that account for the mutual interactions that exist between 

transport and, for example, location behaviour of households and firms, and labour market 

outcomes. This makes the approach particularly attractive for the study of major and long-

lasting interventions and changes in transport systems. Yet, current research focusses on 

existing transport services, whereas little research has been conducted on the introduction of 

new forms of urban mobility. The introduction of cars and streetcars showed that drastic 

changes in travel speed due to new transport service offers can change location choices of 

households within cities, and that these impacts can be different across different income 

groups if service offers are very expensive in the beginning (LeRoy and Sonstelie, 1983; Gin 

and Sonstelie, 1992). Considering the discussion on future forms of transport, it becomes 

especially relevant to assess how these influence overall welfare in cities. Urban spatial 

computable general equilibrium models, with their rigorous microeconomic foundations, are 

particularly well-suited for this. Comparative static analyses in such models, in which for 

                                                           
37 This chapter builds on a slightly revised version of: Straubinger, A., Verhoef, E.T. and Groot, H.L.F. de 

(2021). Will urban air mobility fly? The efficiency and distributional impacts of UAM in different urban spatial 

structures. Transportation Research Part C: Emerging Technologies, 127. DOI: 10.1016/j.trc.2021.103124.  

The authors want to thank Stefan Tscharaktschiew and Georg Hirte for their helpful comments and the 

interesting discussions on the model. We also want to thank two anonymous reviewers whose comments and 

remarks on the paper have helped to significantly improve the text. 
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example different policy or technological scenarios are compared, can be readily casted in 

terms of conventional monetised Marshallian or Hicksian welfare measures, which are direct, 

endogenously determined, model outcomes that are conceptually equivalent to social surplus 

measures as used in societal cost-benefit analyses. 

Technological advancements open up discussions about autonomous cars in private 

ownership or shared usage. Closely related is the concept of urban air mobility (UAM), an 

“emerging concept that envisions a safe, efficient, accessible, and quiet air transportation 

system for passenger mobility, cargo delivery, and emergency management within or 

traversing metropolitan areas” (Shaheen et al., 2020). In the context of this chapter, UAM 

solely refers to passenger transport services. Over 200 companies worldwide are currently 

working on aircraft allowing for this service, aiming at first commercial flights before 2030 

(Straubinger et al., 2020b). Due to high travel speeds and high prices the long term impact of 

this future mode of transport is especially interesting. First, the combination of high prices 

and high travel speeds demand for a user group with a high willingness to pay for travel time 

savings (Fu et al., 2019; Al Haddad et al., 2020a; Straubinger et al., 2020a), making the 

assessment of welfare effects on different income groups relevant. Second, the massive 

decrease in travel time could lead to a change in location behaviour of households (Rothfeld 

et al., 2019b), especially when keeping the existing empirical evidence on rather constant 

commuting times in mind (Anas, 2015).  

In order to better grasp these important developments in urban transport systems, we 

develop a framework for the assessment of welfare enhancing transport mode introduction. 

In developing an urban spatial computable general equilibrium model, we build on the work 

of Anas and co-authors (Anas and Kim, 1996). The approach allows to endogenise the 

transport system and changes to it. Households as well as companies include the impact of 

transportation into optimisation behaviour which allows to not only assess the direct impact 

of changes to the transport system but also allows to evaluate the effects on related markets 

and overall welfare. Welfare measures, both at the level of (groups of) individuals as well as 

at the aggregate societal level, follow as endogenous outcomes from the equilibria of the 

model under different scenarios. The nature of the model ensures that the behavioural 

responses it produces, guided by utility and profit maximisation, are consistent with these 

welfare measures that rely on utilities of households and profits for firms. Furthermore, the 

nature of the model allows us to easily express welfare measures in monetary terms, following 

standard practice in societal cost-benefit analysis. That means that for households we 

determine consumer surplus measures that consistently reflect utility derived not only from 

transport behaviour in terms of trip distance and mode choice, but also from consumption of 

other goods, leisure, residential space, and its location. Moreover, the random utility 

framework applied also allows for idiosyncratic preferences that vary over households, are 

not directly observable, but are consistently accounted for in welfare assessments through the 

use of log-sum measures. Also profitability of firm operations (in the long run pushed towards 
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zero under perfect competition), and induced changes in land prices in the city, are considered 

in these broad welfare measures. 

More specifically, we develop an urban spatial computable general equilibrium model 

of the Anas type, with discrete zones and a polycentric set-up. A core feature of this model is 

endogenous location choice of households and firms, and by that endogenous transport 

demand. This gives the opportunity to assess the long-run effects of changes in the transport 

sector on the land, labour and product markets. Introducing households of different skill levels 

allows us to investigate the impact on the different population groups. In this chapter we aim 

to answer the question whether the initial spatial structure of a city has an impact on the 

success and the effects of UAM introduction. The initial spatial structure describes the 

distribution of high- and low-skilled individuals over space. Existing literature shows that 

location patterns and resulting segregation effects strongly differ across countries and regions. 

The standard textbook examples are Paris (EU-type) and Detroit (US-type), where Paris has 

high-skilled living closer to the city centre whereas in Detroit low-skilled live in the city 

centre and the high-skilled prefer to live in suburbs. Using an amenity-based approach, as 

well as adding agglomeration effects, we endogenously model different spatial structures. We 

add to the existing literature by developing a framework for the assessment of novel transport 

options that enables urban economists to give policy advice for the introduction of – in this 

case – UAM, with a special focus on the impact of initial spatial structures and the impact on 

households with different skill levels. 

This research assesses the introduction of UAM, a fast and expensive mode of transport, 

and evaluates the impact on related markets, on different household types (high- and low-

skilled), including changes in location choice. UAM introduction is modelled by adding an 

additional mode for the households to choose from, as well as by adding additional transport 

infrastructure, so called vertiports. Comparing the effects in cities with different initial spatial 

structures (EU- and US-type) allows a differentiated assessment. 

We calibrate the model and present model results before and after the introduction of 

UAM (comparative statics) for different UAM parameters such as marginal (per-kilometre) 

cost, price, land demand for infrastructure, vertical travel speed and access and egress times. 

The results of the numerical simulations are compared with regard to different initial spatial 

structures, but also for different pricing schemes. The performed assessments especially focus 

on the different impact on low- and high-skilled households. The simulation results show that 

the initial spatial patterns have a minor impact on UAM’s effects, and that local authorities 

have to carefully monitor UAM introduction in order to ensure a welfare enhancing UAM 

introduction.  

The chapter proceeds as follows. Section 4.2 gives an overview of the existing literature 

on urban spatial equilibrium models and their predecessors. Section 4.3 is dedicated to the 

model basics, describing the relevant assumptions and connections and by that setting up a 

framework for future work. Section 4.4 describes the model calibration while Section 4.5 
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describes simulation results for the benchmark without UAM and for the base scenario of 

UAM. Section 0 shows the results of a sensitivity analysis with respect to the UAM 

parameters marginal cost, price, horizontal travel speed, access and egress time, and land 

demand for infrastructure for different city-types, households of different skill levels and 

location choices. The final section concludes with findings and possibilities for future work. 

4.2 Literature review 

Various approaches exist for transport modelling and assessment. These comprise four-step 

models (Ortúzar and Willumsen, 2011), activity-based approaches (Horni et al., 2016), land-

use and transport interaction (LUTI) models (Waddell, 2002), urban spatial general 

equilibrium models (Anas and Kim, 1996), and hybrids of these. These models have different 

aims and purposes.  

Urban spatial general equilibrium models like the one developed for this chapter 

conceptualise and endogenise main parts of the economy, like the behaviour of private 

households, companies and the public sector, on different interrelated markets. This allows 

to take the market for land, for products and for labour into account in a consistent fashion; 

for example, a somehow induced increase in hours worked will, through higher incomes, lead 

to a demand for larger residences, which may increase commutes, and which may reduce 

labour supply. Accounting for such interrelations is particularly important for studies of 

phenomena that take longer time periods to fully materialise. All behaviour in these modelling 

approaches is derived from first principles consistent with utility- and profit maximisation, 

thus allowing for a consistent welfare analysis. As Bröcker and Mercenier (2011) describe, a 

three-stage decision tree behind the model enables the synthesis of the continuous demand 

approach from conventional economic equilibrium models and a discrete choice model for 

location choice. Adjustments to the equilibrium conditions in an urban equilibrium model, 

enable modelling several changes to the transport sector and regulatory interventions. 

Notwithstanding some critiques,38 the widespread application of USCGE models motivates 

us to further develop them. The possibility to model households’ and companies’ location 

choices opens up options to model the housing, labour, and product market that all are 

interlinked through the transport market. 

The basic assumptions behind spatial general equilibrium models follow the findings 

of Alonso (1964), Muth (1969) and Mills (1972) who unveiled a relationship between 

transport costs and housing prices. For monocentric cities, equilibrating forces make housing 

prices decrease with the distance to the city’s core. More specifically, the larger the distance 

to the central business district (CBD), the cheaper is housing. In that way, inhabitants in the 

outskirts of the city are compensated for higher transport costs through lower housing prices. 

                                                           
38 Flôres Junior (2008), for example, argues that urban CGE models often are too aggregate even though they 

demand a significant amount of data and the required abstractions might lead to artificial settings that are unable 

to answer the relevant questions. 
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House prices thus adjust such that utility levels are equalised throughout the city, taking away 

incentives to relocate to other areas. The basic models work with stylised assumptions like 

monocentricity of cities, forcing all labour demand to concentrate in the CBD. Furthermore, 

the models assume continuous space, with rent prices decreasing continuously with 

increasing distance to the CBD, reflecting what is referred to as the bid-rent curve in the 

literature. 

Verhoef (2005) showed that monocentric equilibrium models can be used to assess 

policy instruments like second-best congestion charges. Brueckner and Franco (2017) applied 

a similar approach assessing the impact of parking policies by applying a monocentric model.  

Using the above mentioned monocentric and abstract equilibrium model, Gin and 

Sonstelie (1992) and LeRoy and Sonstelie (1983) assess the introduction of streetcars and 

cars, respectively. They show that distributions of income over space in the US can be 

explained by the introduction of these disruptive new transport modes. In a monocentric city 

with two household types, and thus two different income levels, and only one mode of 

transport, the relationships taken from Alonso (1964), Mills (1972) and Muth (1969) suggest 

that people with a higher value of time (VOT), correlating with higher income, live closer to 

the CBD where companies are located. This hypothesis follows from the fact that increasing 

travel distances lead to longer travel times, which are a heavier burden for high income 

households than for low income households. Therefore, households with higher incomes are 

then willing to pay more to live close to the CBD. Glaeser and Kahn (2004) also find evidence 

for these effects, highlighting that segregation effects are dominant in multimodal cities. 

When higher income groups would also have a higher demand for residential space, a 

countervailing power arises: this may attract them towards peripheral locations where land is 

relatively cheap.  

Indeed, some cities show a different distribution of income, with high-income 

households living farther away from the CBD. LeRoy and Sonstelie (1983) show that 

especially in the beginning, when costs of a new mode are high, only high-income households 

are able to make use of the higher travel speeds as they are the only ones who are able to 

afford it. Thus, maximising their utility they choose bigger lot sizes at a longer distance from 

the CBD, where housing is cheaper. Low income households that are not able to use the novel 

transport mode due to high prices, have to use the existing, slower mode and therefore live 

closer to the CBD. The concentration of public transport in city centre potentially strengthens 

this effect.  

So, another reason why high-income households may choose to live further away from 

the CBD is when the effect of their stronger preference for spacious living outweighs the 

effect of their higher value of time. In the context of UAM this is a relevant finding. Assuming 

UAM to be a rather expensive yet also fast mode of transport, indicates that the developments 

found by Le Roy and Sonstelie (1983) might be transferable to our application case. 
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Anas and co-authors (Anas and Kim, 1996; Anas and Xu, 1999; Anas and Rhee, 2006; 

Anas and Hiramatsu, 2013) have further enhanced the conventional monocentric model. 

Allowing for location choice of companies as well as of households, they have opened up the 

possibility to model a polycentric city. This modelling framework has been used to assess a 

variety of challenges addressed by transport and urban planning policies. Depending on the 

relevant research question the methodological basics were either used to construct a strong 

abstraction of reality (e.g. Anas and Kim, 1996) or to develop a city model that encompasses 

geographical and sociodemographic data of a city to a high level of detail (e.g. Anas and 

Hiramatsu, 2013). In both application cases, the method enables to assess a broad range of 

policies and mechanisms reaching from agglomeration effects (Anas and Kim, 1996), over 

Pigouvian tolls (Anas and Xu, 1999) to the implementation of urban boundaries (Anas and 

Rhee, 2006).  

The stylised USCGE model of the Anas type has also been used by other authors to 

assess transport policies. Hirte and Tscharaktschiew (2013a), (2013b) assessed the impact of 

income tax deductions of commuting as well as the optimal design of power taxes for electric 

vehicle introduction. Introducing speed limits, Nitzsche and Tscharktschiew (2013) find that 

policies which are unrelated to the spatial shape of the city lead to inefficiencies, while local 

speed limits might well be welfare enhancing. Straubinger et al. (2018) compared on-street 

and off-street parking in a USCGE model showing that the welfare gains due to the 

elimination of cruising for parking and additional capacity on the road are surpassed by the 

losses due to the additional expenses for the new parking infrastructure.  

USCGE models of this type thus appear to be a promising approach when discussing 

the impact of transport and land-use policies also on related markets. Literature shows that 

abstract models without detailed data on the specific city already provide insights into likely 

effects of changes. As briefly discussed above, the effects of differences in income between 

different households might be of relevance also for UAM. Introducing a second household 

type to the model, and by that distinguishing between low- and high-skilled workers, can give 

additional insight to location choice within the city (Brueckner et al., 1999). Adding amenities 

to the different city zones, they explain differences in spatial income distribution in the US 

and Europe and guide us towards possible model adaptations for our research focus. In the 

following we build upon their stylised differentiation between EU and US-type cities. We 

assume high-skilled to live close to the centre in EU-type cities and we assume them to live 

in suburbs further away from the centre in the US-type cities. The opposite holds for low-

skilled households. 

4.3 The equilibrium model 

The framework for the assessment of introducing a novel transport mode that we define in 

this research follows the models developed by Anas and co-authors (Anas and Xu, 1999; 
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Anas and Rhee, 2006; Anas and Hiramatsu, 2013). We consider a closed city in which 

population is exogenously given. The city’s area is divided into three discrete zones. 

Locations within one zone are considered to be equal with regard to travel times, housing 

prices, etc. Despite assuming a linear city, we thus do not treat space as continuous, but only 

define locations according to their respective zone. In the following we refer to the middle 

zone as the CBD and see the other two zones as suburban zones that are located at each side 

of the central zone. We do this despite the fact that within the model companies are able to 

choose their location, thus the model allows for polycentric setups. The term CBD is used for 

easier identification of the different zones. The size of all zones is equal for ease of 

comparison, but this is of course not an essential assumption. We use the symmetric set-up, 

with suburbs on either side of the CBD, to consistently model commuting and shopping trips 

crossing the city centre. The model is a strongly stylised abstraction of reality and does, for 

example, not incorporate the real transport network of a specific city. In contrast it assumes 

all road traffic to take place on one linear road going from one end of the linear city to the 

other so that all trips crossing the city pass through the CBD. The model therefore does 

capture the important empirical phenomena that traffic is busier in the central part of the city 

than in the suburbs, and that urban trips can stay within zones or travel between zones, in all 

possible directions, hence allowing us to study also the question of which sub-markets are 

more likely to be served by the new mode. Due to free location choice of households and 

companies, transport is endogenous within the model, and includes commuting trips as well 

as shopping trips of households. 

Utility-maximising households, profit-maximising firms and the public sector are 

represented in the model. The first two are free to choose their optimal location in any zone 

throughout the city, which is one of the core features of the model, as company location choice 

allows for employment centres to exist outside the city centre. 

The three actors (households, companies and the public sector) are closely linked 

through their activities on the markets for labour, land and products. The interrelations 

between the different markets are the core of all USCGE models, as it enables to understand 

and model that a change on any market – be it in price or quantity – has an effect on all other 

markets. The equilibrium model as we use it here, thus, does not assume economies to move 

from one equilibrium to another in short time. This model rather aims at showing the long-

term effects that changes in one part of the system can have on all other parts of the system.  

Introducing a second household type allows to assess the impact of a novel mode of 

transport on different parts of society. Applying an amenity-based approach allows us to 

model different city types, with different initial spatial distributions of income classes over 

space and by that generating different city types (US- and EU-type). Adding agglomeration 

effects makes production in the proximity of other companies more efficient, and attracts 

companies to the production sites of other companies, as long as the resulting increase in land 

rents does not more than offset these benefits.  
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4.3.1 Households 

As described above, the developed framework encompasses three groups of main actors, 

namely private households (high- and low-skilled), companies and the public sector. We want 

to start with a closer description of the private households inhabiting the city. Each household 

maximises its utility by optimally allocating its given time endowment to leisure and working, 

and its earned money to the consumption of goods and housing. The household is also free to 

choose its place of residence, its work location and its commuting mode. These choices also 

feed into the utility maximisation problem. The specificities of the underlying equations and 

assumptions are described in more detail in the following. 

We assume that low- and high-skilled households have the same preferences, and only 

differ in their preferences for certain zones; and of course in their exogenous skill levels, and 

consequently in the resulting (endogenous) income. We drop the index for low- and high-

skilled in the following for the sake of readability. We also want to highlight here that the 

number of low-skilled households equals the number of high-skilled households. 

Households will differ in the home and work location they choose, where i describes 

the zone they live in and j describes the zone they work in; as well as in their mode choice for 

commuting, where m declares the chosen mode.39 Goods are produced in each region k and 

are differentiated, and hence form imperfect substitutes characterised by the zones of 

production. We can thus, distinguish households according to their skill-level, home location, 

work-location and commuting mode. The households maximise their utility by consuming 

housing, products from all zones k and leisure time. Additionally, the household gains 

intrinsic utility from using a certain mode (𝑎𝑠𝑐𝑚), which we use as a positive alternative 

specific constant (hence asc) for cars to also enable mode choice calibration, and from 

(𝑎𝑚𝑒𝑛𝑖𝑡𝑖𝑒𝑠𝑖) from living in a certain zone i. Amenities in our context serve as a container 

term for a broad range of aspects governing relative preferences over more central versus 

peripheral living, possibly going beyond classical definitions of amenities. Indeed, it may 

reflect any perceived advantage that a household could derive from living in a certain zone 

insofar as not explicitly described by spatial variation in other variables in the model. 

Additionally preferences for certain locations and modes also vary within one skill-level, 

which is modelled using an idiosyncratic stochastic term.  

HOUSEHOLD UTILITY 

Following most of the above mentioned literature, households have Cobb-Douglas 

preferences, with a constant elasticity of substitution (CES) sub-function expressing their love 

for variety regarding the products produced in the city’s different zones. The households 

maximise their utility by consuming a certain lot size 𝑞𝑖𝑗𝑚 , a certain number of bundles of 

                                                           
39 A notational glossary can be found in the appendix of this chapter. 
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products from all zones k 𝑍𝑖𝑗𝑘𝑚, and leisure time 𝑙𝑖𝑗𝑚; with σ, φ and ω in the utility function 

(1) below being the respective expenditure share parameters: 

𝑈𝑖𝑗𝑚 = σ ln (∑𝑍𝑖𝑗𝑘𝑚
𝜂

𝐾

𝑘=1

)

1
𝜂⁄

+ φln𝑞𝑖𝑗𝑚 +ωln𝑙𝑖𝑗𝑚

+ ln 𝑎𝑚𝑒𝑛𝑖𝑡𝑖𝑒𝑠𝑖 + ln 𝑎𝑠𝑐𝑚, 

(4-1) 

where σ + φ + ω = 1, and 
1

1−𝜂
 is the elasticity of substitution between the products (with 

{−∞ < 𝜂 < 1}). 

If 𝜂 → 0 the CES preferences reduce to a Cobb-Douglas relationship, while with 𝜂 →

∞ the formulation converges to a Leontief subutility function. 

The systematic utility 𝑈𝑖𝑗𝑚 feeds into the overall utility function of the household: 

𝑈𝑖𝑗𝑚 = 𝑈𝑖𝑗𝑚 + 휀𝑖𝑗𝑚 . (4-2) 

The households’ utility 𝑈𝑖𝑗𝑚 is influenced by an idiosyncratic stochastic term 휀𝑖𝑗𝑚 , which 

assigns a random utility to a certain housing/workplace/commuting mode pair ijm for the 

specific household and adds it to the systematic utility 𝑈𝑖𝑗𝑚. This idiosyncratic term reflects 

unobserved preferences for certain ijm pairs, resulting from, for example, an emotional 

attachment to a particular zone. It will be assumed that these terms follow a certain 

distribution, and the implied utility from this term is accounted for in the welfare assessments. 

LOCATION AND MODE CHOICE 

As mentioned above, households not only maximise their utility by optimally allocating 

resources, but also by choosing their work and home location as well as their commuting 

mode. This decision is modelled by applying discrete choice theory. 

We assume a nested structure behind households’ choices for location and mode, where 

home and workplace location choice takes place in the upper nest and mode choice happens 

in the lower nest. We assume that independence of irrelevant alternatives (IIA)40 holds within 

one nest, but does not hold across different nests. The level of correlation between the 

different nests is indicated by 𝜆𝑚𝑜𝑑𝑒. Following McFadden (1978) and Train (2009) we use 

1 − 𝜆𝑚𝑜𝑑𝑒 as an approximation for the correlation. 𝜆𝑚𝑜𝑑𝑒 = 1 indicates complete 

independence and leads the nested logit to collapse into a standard logit formulation. For more 

discussions on the mechanisms behind this relationship, see Anas and Kim (1996) and Train 

(2009). 

Following Train (2009) and other literature in the field of nested logit models we 

understand the two choice levels as similar to the relationships in conventional multinomial 

logit models (MNL), where the “upper level MNL” (choice of i and j) uses the expected utility 

                                                           
40 The independence of irrelevant alternatives refers to ratios of probabilities being independent of the attributes 

or existence of other alternatives (Train, 2009). Relaxing the IIA assumption through a nested logit model, 

allows to reflect relationships between choice options.  
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𝛤𝑖𝑗  of the respective nests ij and the indirect utility 𝑖𝑛𝑈𝑖𝑗𝑚 gives the indirect systematic utility 

of ijm. Adding a scaling parameter 𝜆𝑖𝑑𝑖𝑜  to model the importance of idiosyncratic preferences 

we can thus write the choice probability for a certain location mode combination 𝛹𝑖𝑗𝑚  as: 

𝛹𝑖𝑗𝑚 =
𝑒
𝜆𝑖𝑑𝑖𝑜∗𝑖𝑛𝑈𝑖𝑗𝑚

𝜆𝑚𝑜𝑑𝑒

∑ 𝑒
𝜆𝑖𝑑𝑖𝑜∗𝑖𝑛𝑈𝑖𝑗𝑚

𝜆𝑚𝑜𝑑𝑒𝑚

 ∙  
𝑒𝛤𝑖𝑗

∑ 𝑒𝛤𝑖𝑗𝑖𝑗
,   (4-3) 

with the expected utility of nest ij being: 

𝛤𝑖𝑗 = 𝜆𝑚𝑜𝑑𝑒 ln∑𝑒
𝜆𝑖𝑑𝑖𝑜∗𝑖𝑛𝑈𝑖𝑗𝑚

𝜆𝑚𝑜𝑑𝑒

𝑚

   . (4-4) 

Due to the non-constant marginal utilities of income over household types ijm we will also 

make use of this relationship to later calculate welfare effects. Expected utility over all 

household types per skill level will be calculated, following the standard entropy term 

approach for MNL described by e.g. Koster et al. (2018), adapted to the nested structure: 

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑢𝑡𝑖𝑙𝑖𝑡𝑦 =∑(
𝑒𝛤𝑖𝑗

∑ 𝑒𝛤𝑖𝑗𝑖𝑗
𝛤𝑖𝑗  /𝜆𝑖𝑑𝑖𝑜)

𝑖𝑗

+ (
1

𝜆𝑖𝑑𝑖𝑜
)∑(

𝑒𝛤𝑖𝑗

∑ 𝑒𝛤𝑖𝑗𝑖𝑗

ln (
𝑒𝛤𝑖𝑗

∑ 𝑒𝛤𝑖𝑗𝑖𝑗

))

𝑖𝑗

  .  

(4-5) 

As utility is ordinal, this utility measure will not give sufficient insight into welfare effects of 

UAM introduction over all households within the city. Thus the so-called equivalent variation 

between scenarios will be calculated for each nest and skill type. This is a Hicksian monetary 

measure for welfare changes: it expresses the utility change when going from the one to the 

other equilibrium as the equivalent change in income that the household would require in the 

original equilibrium, and with the original prices, to have the same gain in utility. The 

expression of utility changes in monetary equivalents is an approach that also underlies 

classical cost-benefit analysis, although the Marshallian surplus measures typically used in 

applied work have the disadvantage, compared to the Hicksian measure that we use, that with 

multiple simultaneous price changes – as we will typically observe in general equilibrium 

models – the measure may not be uniquely defined, but may instead depend on the assumed 

order of price changes. Hence our preference for the Hicksian measure in our analysis. This 

welfare measure thus has the great advantage that it is fully consistent with the utility 

functions that govern behavioural responses in the model; it is expressed in monetary terms 

and therewith directly comparable with monetised investment costs; and it is, in contrast to 

Marshallian benefit measures, uniquely defined when there are multiple simultaneous price 

changes, a common feature in general equilibrium models.   

MONETARY AND TIME BUDGET 

Households essentially gain utility through the consumption of goods, housing and leisure 

time. Yet, the consumption of all three is not unrestricted. We assume each household to have 
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a fixed time endowment. This time can either be used to earn money, which again can be 

spent on housing and products, or as leisure time. The monetary budget, thus implicitly is part 

of the time budget. In the following we describe how these two budgets are connected and 

how we formulated the constraint for utility maximisation. 

We assume working hours (𝐻𝑤𝑜𝑟𝑘) per day to be fixed, and expect the number of 

working days (𝐷𝑤𝑜𝑟𝑘𝑖𝑗) per year to be endogenously chosen by the households. Hirte and 

Tscharaktschiew (2015) discuss the advantages and disadvantages of this way of modelling 

labour supply (in contrast to exogenous numbers of working days and endogenous working 

hours). They find that effects of transport policies are stronger when working days are 

endogenous, as households can react to changes in the transport sector by changing their 

annual amount of commuting trips. In some cases measures even appear to have opposing 

impact.41 

Every household has a fixed amount of hours per year that it does not spend sleeping. 

We consider this as the maximum available hours and call them time endowment TE. TE is 

spent working, commuting (𝑡_𝑐𝑜𝑚𝑖𝑗𝑚), travelling for shopping purposes (𝑡_𝑠ℎ𝑜𝑝𝑖𝑘) and 

leisure time. It is important to mention that we only allow for mode choice for commuting 

trips, which is described in equation (4-3). Shopping trips all are done by car.  

𝑇𝐸 = 𝐻𝑤𝑜𝑟𝑘 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 + 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2 ∗ 𝑡_𝑐𝑜𝑚𝑖𝑗𝑚 + 𝑙𝑖𝑗𝑚

+ ∑𝑍𝑖𝑗𝑘𝑚 ∗ 2 ∗ 𝑡_𝑠ℎ𝑜𝑝𝑖𝑘

𝐾

𝑘=1

. 
(4-6) 

The households allocate the available time in the most efficient way. For analytical reasons 

we assume the full income to be the amount of money the household can earn if TE is only 

used for working (including commuting) under a given home / work location pair and using 

a certain mode ijm. Equation (4-6) can thus be transformed to: 

𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 =
𝑇𝐸

𝐻𝑤𝑜𝑟𝑘 + 2 ∗ 𝑡_𝑐𝑜𝑚𝑖𝑗𝑚
, (4-7) 

where 𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 denotes the maximum number of working days if all available time 

is dedicated to working.  

The full labour income (𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚) then equals: 

𝐹𝑢𝑙𝑙𝐼𝑛𝑐𝑙𝑎𝑏 𝑖𝑗𝑚
= 𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 ∗ 𝐻𝑤𝑜𝑟𝑘 ∗ 𝑤𝑗(1 − 𝜏

𝑙)

− 𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 ∗ 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗𝑚. 
(4-8) 

This equation describes a situation in which all of TE, which is not needed for the trip to 

work, is dedicated to working. This time is valued by the net income (total wage minus labour 

tax (𝜏𝑙) minus the costs for commuting. Some rearrangements yield: 

                                                           
41 Hirte and Tscharaktschiew (2015) show that labour supply modelling only has a minor impact on commuting 

behaviour and congestion, while differences in welfare effects and other economic variables do occur. Welfare 

effects are less sensitive to changes in labour supply modelling when policies such as congestion pricing or 

commuter allowance are analysed than they are when looking at economic instruments like congestion tolls.  
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𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚 = 𝑇𝐸
𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗  𝑤𝑗 − 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗𝑚

𝐻𝑤𝑜𝑟𝑘 + 2 ∗ 𝑡_𝑐𝑜𝑚𝑖𝑗𝑚
. (4-9) 

This finding is in line with e.g. Verhoef (2005), who shows that the consumption of an 

additional time unit of leisure leads to a reduction in working time of 
1

𝐻𝑤𝑜𝑟𝑘+2∗𝑡_𝑐𝑜𝑚𝑖𝑗𝑚
. The 

net reward for one time unit working is 𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗  𝑤𝑗 − 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 . The 

household thus, as it were, buys back leisure time until the shadow price (VOT) equals: 

𝑉𝑂𝑇𝑖𝑗𝑚 =
𝐻𝑤𝑜𝑟𝑘∗(1−𝜏𝑙)∗ 𝑤𝑗−2∗𝑐_𝑐𝑜𝑚𝑖𝑗𝑚

𝐻𝑤𝑜𝑟𝑘+2∗𝑡_𝑐𝑜𝑚𝑖𝑗𝑚
.  (4-10) 

In addition to income from labour, the household earns money by owning land, for which it 

receives rents (𝑅) (see below), and by receiving a lump-sum redistribution (𝜏𝑙𝑠) from the 

government. More specifically, we assume that the city’s inhabitants own the entire city’s 

area. We thus assume all rents – for company sites, housing and transport infrastructure – to 

flow back to the households, primarily to avoid welfare from leaking away from our general 

equilibrium analysis in the form of rent payments to absent landlords. To indicate different 

levels of asset ownership for the different skill types we assume the skill level’s productivity 

(𝜇 for low-skilled households and 1 − 𝜇 for high-skilled households42) to define the rent 

distribution this leads to the full income:  

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚 = 𝑅 + 𝜏𝑙𝑠 + 𝑇𝐸 ∗ 𝑉𝑂𝑇𝑖𝑗𝑚 . (4-11) 

This relationship allows us to formulate the following constraint under which the households 

maximise their utility: 

𝑅 + 𝜏𝑙𝑠 + 𝑇𝐸 ∗ 𝑉𝑂𝑇𝑖𝑗𝑚

= ∑𝜋𝑖𝑗𝑘𝑚

𝐼

𝑘=1

𝑍𝑖𝑗𝑘𝑚 + 𝑟𝑖𝑞𝑖𝑗𝑚 + 𝑙𝑖𝑗𝑚 ∗ 𝑉𝑂𝑇𝑖𝑗𝑚 . 
(4-12) 

The left-hand side of the equation denotes the full income as described in equation (4-11) and 

the right-hand side of the equation describes the expenditure for the consumption of housing, 

products and leisure time. We hereby value housing by rent prices 𝑟𝑖 , products by 𝜋𝑖𝑗𝑘𝑚 which 

includes not only the price of the good (𝑝𝑘) but also monetary (𝑐_𝑠ℎ𝑜𝑝𝑖𝑘 ) and time (𝑡_𝑠ℎ𝑜𝑝𝑖𝑘 ) 

costs a household faces when travelling to the zone k of production to buy the product. As 

indicated above we do not allow for mode choice here. Thus a differentiation by mode is not 

necessary for (𝑐_𝑠ℎ𝑜𝑝𝑖𝑘 ) and (𝑡_𝑠ℎ𝑜𝑝𝑖𝑘 ): 

𝜋𝑖𝑗𝑘𝑚 = 𝑝𝑘 + 2 ∗ 𝑐_𝑠ℎ𝑜𝑝𝑖𝑘 + 2 ∗ 𝑡_𝑠ℎ𝑜𝑝𝑖𝑘 ∗ 𝑉𝑂𝑇𝑖𝑗𝑚 . (4-13) 

Equation (4-12) also makes use of the discussion in context with equation (4-10) showing 

that leisure time is “bought” by the household at its opportunity costs that equal the VOT (see 

also equation (4-16)). 

                                                           
42 The parameter 𝜇 is part of the production function (4-17) and indicates the productivity of the different skill-

levels. 
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In contrast to most other models of the Anas type, we thus only have one constraint. 

(Anas and Kim, 1996) as well as (Hirte and Tscharaktschiew, 2013a) distinguish between a 

monetary budget and a time budget each household has. The two constraints are linked by the 

labour supply of the household. Spending more time on working leads to a higher monetary 

budget, while spending less time on working leaves more time for other activities, yet leads 

to less labour income. We unite these two constraints as discussed above, forming equation 

(4-12). 

OPTIMAL DEMAND 

Bringing together all of the above described relationships allows to formulate the optimal 

demand for housing, leisure and products for households according to their home and work 

zone as well as their commuting mode. 

Maximising utility (equation (4-1)) under this constraint (equation (4-12)) leads to 

Marshallian demand functions for products (4-14), housing (4-15) and leisure time (4-16). 

Working with Marshallian demand functions we follow the approach of Rutherford and Van 

Nieuwkoop (2011), whereas most other researchers work with first-order conditions derived 

from a Lagrangian approach. In our model set-up with only one constraint this is the 

straightforward approach: 

𝑍𝑖𝑗𝑘𝑚 =
σ ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚 ∗ 𝜋𝑖𝑗𝑘𝑚

1
𝜂−1

∑ 𝜋𝑖𝑗𝑘𝑚

𝜂
𝜂−1𝐼

𝑘=1

. (4-14) 

𝑞𝑖𝑗𝑚 =
φ ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚

𝑟𝑖
. (4-15) 

𝑙𝑖𝑗𝑚 =
ω ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚

𝑉𝑂𝑇𝑖𝑗𝑚
. (4-16) 

4.3.2 Companies 

The second group of agents are companies. We assume them to be linked to the private 

households in several ways. First of all they demand labour, for which they pay the 

equilibrium wage. Besides labour, the companies require land for production. The products 

produced by the companies are then again sold to the households. As described above, the 

model assumes all land to be owned by households. The companies, thus, pay rent to the 

households. 

As our model describes a polycentric city, we consider not only households, but also 

companies to be unconstrained in their location choice within the city. As a result, there are 

companies in all zones of the city. We assume the products in the different zones to be 

imperfect substitutes. The consumers’ love for variety leads to consumption of products from 

all zones (equation (4-1)).  
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PRODUCTION FUNCTION 

The model’s companies are assumed to produce products out of land and low- and high-

skilled labour under constant returns to scale. We assume a CES production technology. 

Assuming a CES production function with a CES sub-nest for the different types of labour 

implies constant elasticity of substitution between land and labour and a different, yet constant 

elasticity of substitution between the two types of labour (high- and low-skilled):  

𝑋𝑘 = 𝐸𝑘 (𝛿 ∗ 𝑙𝑎𝑛𝑑𝑘
𝑜 + (1 − 𝛿) ∗ [(𝜇 ∗ 𝑙𝑎𝑏𝑜𝑟𝑙𝑜𝑤𝑘

𝑠 + (1 − 𝜇) ∗

𝑙𝑎𝑏𝑜𝑟ℎ𝑖𝑔ℎ𝑘
𝑠)

1

𝑠
]

𝑜

)

1

𝑜

. 

(4-17) 

In equation (4-17), the elasticity of substitution between land and labour is 
1

1−𝑜
, the elasticity 

of substitution between low-skilled labour and high-skilled labour) is 
1

1−𝑠
, and 𝐸𝑘 is the 

efficiency parameter of production.  

AGGLOMERATION EFFECTS 

Empirics show that companies benefit from positive productivity effects when clustering 

close to each other. This is an important determinant of spatial structures, which is why we 

include agglomeration effects in the model. 

Following Combes et al. (2010), we use the efficiency parameter to model 

agglomeration externalities. Using the employment density in the own zone, and assuming 

an elasticity of 0.06, we follow the early literature on agglomeration effects (Rosenthal and 

Strange, 2004; Melo et al., 2009): 

ln 𝐸𝑗 = 0.06 ∗ ln(
∑ ( 𝛹𝑙𝑜𝑤𝑖𝑗𝑚 ∗ 𝑁𝑙𝑜𝑤 + 𝛹ℎ𝑖𝑔ℎ𝑖𝑗𝑚

∗ 𝑁ℎ𝑖𝑔ℎ)𝑖,𝑚

𝐴𝑗
) . (4-18) 

OPTIMISING PRODUCTION 

The companies aim at an optimal usage of resources and at minimising costs. Using the above 

described production technology (equation (4-17)), they, thus minimise input costs and 

determine optimal input demand. 

Equation (4-17) is the constraint for the cost function that describes the costs for 

production in dependency of the companies’ land and labour demand:  

𝑙𝑎𝑛𝑑𝑘 ∗ 𝑟𝑘 + 𝑙𝑎𝑏𝑜𝑟𝑙𝑜𝑤𝑘 ∗ 𝑤𝑙𝑜𝑤𝑘 + 𝑙𝑎𝑏𝑜𝑟ℎ𝑖𝑔ℎ𝑘 ∗ 𝑤ℎ𝑖𝑔ℎ𝑘. (4-19) 
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Companies take wages and rents as given. Minimising equation (4-19) under the constraint 

(equation (4-17)) the companies’ optimal land and labour demand is: 

𝑙𝑎𝑏𝑜𝑟𝑙𝑜𝑤𝑘
∗ =

𝑋𝑘

𝐸𝑘

(

 
 
𝛿 (

𝑟𝑘

wlowk

)

𝑜
𝑜−1

(
1 − 𝛿

𝛿
)

𝑜
𝑜−1

∗ (𝜇)
𝑜
𝑜−1  [𝜇 + (1 − 𝜇) (

𝜇

1 − 𝜇
)

𝑠
𝑠−1

(
whighk
wlowk

)

𝑠
𝑠−1

]

𝑜2−𝑜𝑠
𝑜𝑠−𝑠

+ (1 − 𝛿) ∗ [𝜇 + (1 − 𝜇) (
𝜇

1 − 𝜇
)

𝑠
𝑠−1

(
whighk
wlowk

)

𝑠
𝑠−1

]

𝑜
𝑠

)

 
 

−1
𝑜

. 

(4-20) 

𝑙𝑎𝑏𝑜𝑟ℎ𝑖𝑔ℎ𝑘
∗ =

𝑋𝑘

𝐸𝑘

(

 
 
𝛿 (

𝑟𝑘

whighk
)

𝑜
𝑜−1

(
1 − 𝛿

𝛿
)

𝑜
𝑜−1

(1 − 𝜇)
𝑜
𝑜−1  

∗  [(1 − 𝜇) + 𝜇 (
1 − 𝜇

𝜇
)

𝑠
𝑠−1

(
wlowk

whighk
)

𝑠
𝑠−1

]

𝑜2−𝑜𝑠
𝑜𝑠−𝑠

+ (1 − 𝛿) ∗ [(1 − 𝜇) + 𝜇 (
1 − 𝜇

𝜇
)

𝑠
𝑠−1

(
wlowk

whighk
)

𝑠
𝑠−1

]

𝑜
𝑠

)

 
 

−1
𝑜

  .  

(4-21) 
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𝑙𝑎𝑛𝑑𝑘
∗ =

𝑋𝑘
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−1
𝑜

  .  

(4-22) 

 

The objective function (4-19) is minimised at the point where average costs equal marginal 

costs. Assuming free market entry we expect prices to equal marginal cost, satisfying the first-

best optimality condition. 

4.3.3 Modelling the transport sector 

Trips are endogenous in our model and are determined by work and home location choice of 

the household as well as its preferences for products. The model considers travel time and 

monetary travel costs for commuting as well as for shopping trips. We assume that 

commuting takes place during peak hours while shopping trips are made during off-peak 

times. This assumptions leads to congested trips for commuting and uncongested travel for 

shopping. At this stage, the model only includes congestion for road transport whereas the 

vertiports, which are likely to be capacity restricting in the UAM network, are assumed to 

have unlimited capacities; we elaborate on possible effects of this limitation in the conclusion 

of the chapter. For road congestion, the model uses a static congestion modelling approach. 

The BPR (Bureau of Public Roads) congestion function (Small and Verhoef, 2007) is applied 

and calibrated to match an urban setting. 

The transport sector is an essential part of the model we set up to create a framework 

for the assessment of novel transport modes. In this version of the model, we limit the 

transport alternatives to two modes. Starting with private cars and UAM, as we want to 

analyse the effects of UAM introduction in comparison to the closest substitute. With regard 

to the granularity of our model, and its set up with discrete zones for household and company 
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location, we assume car transport to be the suitable benchmark transport mode. We hence 

also omit helicopter travel that at first glance appears to be a close substitute of UAM. Yet, 

there are several core differences. We assume UAM to be electric, hence more environmental 

friendly and less noisy. Additionally, UAM is expected to be operated autonomously to 

decrease operating costs to a level that allows for more demand than current helicopter 

services that mainly serve niche markets. Due to these differences UAM is likely to supplant 

conventional helicopters. 

Mode choice is only possible for commuting trips, and is part of the endogenous 

classification of household types ijm. Mode choice is part of the overarching discrete choice 

set described in equation (4-3), and takes place in the lower nest. The household gets to choose 

which mode m to use in location pair nest ij. 

As described in equation (4-10), the value of time depends on time and money required 

for commuting trips: 𝑉𝑂𝑇𝑖𝑗𝑚 =
𝐻𝑤𝑜𝑟𝑘∗(1−𝜏𝑙)∗ 𝑤𝑗−2∗𝑐_𝑐𝑜𝑚𝑖𝑗𝑚

𝐻𝑤𝑜𝑟𝑘+2∗𝑡_𝑐𝑜𝑚𝑖𝑗𝑚
. Expecting UAM to be a rather 

expensive mode of transport we run into problems for scenarios where 𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗

 𝑤𝑗 < 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 as the VOT then has negative values which leads to an infinite demand 

for leisure. We therefore exclude ijm combinations from the choice set that have daily 

commuting costs that are higher than the daily net wage. A logit choice model would still 

assign positive choice probabilities to such combinations due to the unbounded distribution 

of the stochastic term, but when commuting brings no intrinsic utility – i.e., other than 

enabling working – it seems justified to exclude such choices from the equilibrium choice set. 

4.3.4 Public sector 

Besides private households and companies, the model includes a public sector. The public 

sector in the model is an overarching entity that covers the relevant public institutions for the 

assessment of welfare changes due to novel transport modes.  

The public sector finances transport infrastructure (depending on the share of land 

dedicated to infrastructure in each zone i) and generates income from labour tax 𝜏𝑙 . Additional 

revenue stems from transport. For car transport, money flows originate from a gasoline tax 

and, if applied, congestion tolls. For UAM we assume the equivalent of revenues from 

marginal cost pricing to flow out of the city to import the technology. Phrased differently, the 

marginal (per kilometre) cost are the cost involved in obtaining the mode. Revenues or losses 

from pricing schemes above or below marginal cost pricing are assumed to flow back to the 

public sector.  
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As we assume the public sector to be non-profit, additional revenues are redistributed 

lump sum to all households (𝜏𝑙𝑠):  

∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝜏
𝑙 ∗ 𝑤𝑗 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 𝐻𝑤𝑜𝑟𝑘)

𝑖,𝑗,𝑚

+∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2
𝑖,𝑗,𝑚

∗ (𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 − 𝑐_𝑐𝑜𝑚_𝑒𝑥𝑖𝑗𝑚))

= N ∗ 𝜏𝑙𝑠 + ∑ (𝑆ℎ𝑎𝑟𝑒_𝐼𝑛𝑓𝑟𝑎𝑖 ∗ 𝐴𝑖,𝑗 ∗ 𝑟𝑖)
𝑖

. 

(4-23) 

4.3.5 Equilibrium conditions 

The clearance of all markets generates an equilibrium and thus allows to solve the model. 

Following Walras’ law, we therefore need four groups of equilibrium conditions. The first 

describes the zero-profit condition for the companies. The remaining three require market 

clearance on the markets for products (4-24), labour (4-26) and land (4-27).  

THE MARKET FOR PRODUCTS 

Market clearance on the market for products is achieved when the production in zone k (𝑋𝑘) 

equals demand for goods produced in zone k (including exports from zone k): 

𝑋𝑘 =∑ (𝛹𝑖,𝑗 ∗ 𝑍𝑖,𝑗,𝑘 ∗ 𝑁) + 𝐸𝑥𝑝𝑜𝑟𝑡𝑘
𝑖,𝑗

. (4-24) 

EXPORTS 

The sum of all exports equals the monetary value flowing out of the city. Money leaving the 

city stems from pecuniary transport costs for shopping and commuting (excluding, of course, 

taxes paid to the public sector): (𝑐_𝑐𝑜𝑚_𝑒𝑥𝑖𝑗𝑚, 𝑐_𝑠ℎ𝑜𝑝_𝑒𝑥𝑖𝑘). We assign the share of exports 

per zone 𝐸𝑥𝑝𝑜𝑟𝑡𝑗 according to the employment shares:43 

𝐸𝑥𝑝𝑜𝑟𝑡𝑗 ∗ 𝑝𝑗 = ∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2 ∗ 𝑐𝑐𝑜𝑚𝑒𝑥 𝑖𝑗𝑚
)

𝑖,𝑚

+∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝑍𝑖𝑗𝑘𝑚 ∗ 2 ∗ 𝑐𝑠ℎ𝑜𝑝𝑒𝑥 𝑖𝑘
)

𝑖,𝑘,𝑚
. 

(4-25) 

THE LABOUR MARKET  

The third group of equilibrium conditions requires labour demand (left side of equation 

(4-26)) and supply (right hand side of equation (4-26)) per zone to be in equilibrium: 

𝑙𝑎𝑏𝑜𝑢𝑟𝑗 =∑ (𝛹𝑖,𝑗 ∗ 𝑁 ∗ 𝐻𝑤𝑜𝑟𝑘 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗)
𝑖

. (4-26) 

                                                           
43 This short-cut assumption is made for several reasons. The purpose of this model is to discuss effects of 

transport system changes arising within the city. Outside demand is therefore not explicitly modelled. Besides 

transportation services no other exports and imports are taking place. As the world price equals the producer 

price of a good and this price differs for different company locations, exports have to be assigned to a certain 

zone. 
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THE LAND MARKET 

The land markets are cleared if area 𝐴𝑖  in zone i is fully taken up by infrastructure (roads and 

vertiports in our setting), companies (𝑙𝑎𝑛𝑑𝑖) and households: 

𝐴𝑖 =∑ (𝛹𝑖,𝑗 ∗ 𝑞𝑖,𝑗 ∗ 𝑁) + 𝑙𝑎𝑛𝑑𝑖
𝑗

+ (𝑆ℎ𝑎𝑟𝑒_𝑅𝑜𝑎𝑑𝑠𝑖 + 𝑆ℎ𝑎𝑟𝑒_𝑉𝑒𝑟𝑡𝑖𝑝𝑜𝑟𝑡𝑠𝑖) ∗ 𝐴𝑖 . 

(4-27) 

4.4 Model calibration 

As previously discussed urban spatial equilibrium models of the Anas type are often rather 

abstract and mainly aim at giving insights on a more general level than specifically modelling 

all details of a certain region or city. Despite the model and the numerical simulation being a 

strong abstraction of reality we calibrate the model to somewhat resemble a medium sized 

German city.44 This means that the model does not encompass households or companies with 

specific characteristics or captures the specific design of the transport system in a city. 

Instead, it rather uses average values on income, wages, rents, population density, etc. to grasp 

the expected overall effects of a change in the transport system. Table 4-1 gives insight into 

chosen parameter values and wherever possible shows sources used for the calibration. 

Parameters will not be changed for the different city types (EU- and US-type) as we 

want to emphasise the impact of different spatial settings and want to have an isolated 

discussion on that; i.e., keeping “all else equal”. Changing all other parameters as well would 

only complicate the comparison.  

For the BPR congestion function we use rather low values. Hereby especially b is a critical 

value in calibration. While the standard textbook BPR model assumes a value of 4 (Small and 

Verhoef, 2007), a value of 1 is expected to best reflect a bottleneck model with linear 

scheduled delay cost. Neuhold and Fellendorf (2014) show that with decreasing average 

travel speed the value for b decreases. For urban settings, with earlier congestion, due to e.g. 

intersections, values of below 2 are even expected to be realistic. 

                                                           
44 The chosen parameter values either directly reflect empirical values for German cities or, if they are 

calibration parameters, are chosen such that the model output (e.g. wage levels, rents or working days) reflects 

empirical values for German cities. The exact values of the parameters and variables are described in the 

following tables. 
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Table 4-1: Calibrated parameter values 

Symbol Description Model 

value 

Literature 

value / 

comment 

Source 

N Total number of 

households 

180,000 Adapted to 

depict section of 

the city 

 

𝑁𝑙𝑜𝑤 Total number of low-

skilled households 

90,000 Split up half and 

half 

 

𝑁ℎ𝑖𝑔ℎ Total number of high-

skilled households 

90,000  

TE Total time endowment 

(hours per year) 

6,000 =365*16.45 (Statistisches Bundesamt, 

2019) 

σ Share parameter utility 

function product k 

0.5 0.41 (Tscharaktschiew and Hirte, 

2010) / (Statistisches 

Bundesamt, 2019) 

φ Share parameter utility 

function land 

0.2 0.22 (Tscharaktschiew and Hirte, 

2010) / (Statistisches 

Bundesamt, 2019) 

ω Share parameter utility 

function leisure 

0.3 0.37 (Tscharaktschiew and Hirte, 

2010) / (Statistisches 
Bundesamt, 2019) 

𝜂 Parameter utility function 

products 

0.8 0.6 (Tscharaktschiew and Hirte, 

2010) 

𝐻𝑤𝑜𝑟𝑘 Working hours per day 8 8 (Eurostat, 2004) 

δ Parameter production land 0.2 0.2 (Tscharaktschiew and Hirte, 

2010) 

𝜇 Parameter production low-

skilled labour 

0.4   

o Parameter production 

relation land to labour 

−1.5   

s Parameter labour 

substitution 

−0.1   

amenities(i) Amenities per household 

type and zone 

1 – 1.05   

A(i) Land area in zone i (km2) 65   

shareRoads(i) Exogenous share of land 

allocated to roads 

20% 17% Munich (Statistisches Amt der 

Landeshauptstadt München, 

2017) 

pt Costs per vehicle and 

kilometre 

0.25€/km 0.25€/km (Straubinger et al., 2018) 

pgas_prod Gasoline producer price 

per litre 

0.50€/l 0.50€/l (Statista, 2020b) 

pgas_tax Gasoline tax per litre 0.95€/l 0.95€/l (Statista, 2020b) 

pgas Gasoline price total 1.45€/l 1.45€/l (Statista, 2020b) 

a Calibration parameter for 

the BPR function 

0.05 0.05 – 1.00 (Small and Verhoef, 2007; 

Neuhold and Fellendorf, 2014) 

b Calibration parameter for 

the BPR function 

2 2.1 (Neuhold and Fellendorf, 

2014) 

 

These parameters form an input to the simulations. Parameters related to the city’s population 

or to car transport follow values used in the literature. The number of households modelled 

takes into account that the model does not cover all of the city’s area but only a section or 

“slice” of it, allowing us to use a one-dimensional spatial setting. The time endowment TE 
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accounts for all hours per year that the respective household does not spend sleeping, and is 

set to 6,000 hours. The expenditure shares of the Cobb-Douglas utility function are calibrated 

in a way to match expenditure for housing and consumption of empirical values given in 

Table 4-2. The expenditure share for leisure time gives additional possibilities for calibration. 

Parameters o and s in the production function determine the substitutability of land to 

labour, and high- and low-skilled labour, respectively. Exponents close to zero approximate 

Cobb-Douglas relationships, large negative values indicate a lower substitutability, and 

positive values give high substitutability. We assume land and labour to be less close 

substitutes than low- and high-skilled labour. The remaining parameters (δ and 𝜇) in the 

production function are proxies for expenditure shares, allowing us to differentiate the 

importance of land, low-skilled and high-skilled labour for production.  

20% of land inside the study area is assumed to be used for road infrastructure. Costs 

for car travel are assumed to be at 0.25€ per kilometre plus additional costs for gasoline.  

Table 4-2 shows results for the calibrated benchmark and contrasts them with empirical 

values for the respective numbers. These numbers give insight into how well the model meets 

empirical values. 

Table 4-2: Simulation results calibrated against empirical values 

Description Model value Literature value Source 

Working days per year 170 – 270 175–222 (Statista, 2019) (avg. weekly 

working hours * 46 weeks) 

Average commuting 

distance 

10 – 15km 10.5km (Institut für Arbeitsmarkt- und 

Berufsforschung, 2018) 

Population density 930/km² 1,000km² (Statistisches Bundesamt, 2019) 

Average rent per month 6.60 – 7.50€/m²  6.72€/m² – 17€/m² (Statistisches Bundesamt, 2019; 

Statista, 2020a) 

Average area per 

household  

330 – 510m² 97m² (Statistisches Bundesamt, 2019) 

Average labour income 28,000 –

42,000€/year  

  

Average overall income 100,000 –

150,000€/year  

53,688€/year (Statistisches Bundesamt, 2019) 

Expenditure transport 

excluding savings 

7% 16% (Statistisches Bundesamt, 2019) 

Expenditure housing 

excluding savings 

29% 38% (Statistisches Bundesamt, 2019) 

Expenditure products 

excluding savings 

64% 46% (Statistisches Bundesamt, 2019) 

Average wage  20 – 32€/h 27.75€/h (Statistisches Bundesamt, 2019) 

 

Comparing model results and empirical values for Germany shows that the exogenously 

chosen parameters produce reasonable values for endogenous variables in the simulated base 

equilibrium. One striking exception is the average land demand per household, which we 

compare to average apartment sizes in Germany. As indicated above, the model is rather 

stylistic and does not include all aspects of urban land use like gardens, parks, schools, and 

other sectors that demand land. Due to the way land ownership is modelled, all rents flow 
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back to the households, affecting also land demand. Land rents per square metre are also 

relatively low. The model results give rents in the magnitude of rural areas. Urban areas have 

higher rents per square metre. Yet, the described model does not include recreational areas, 

agricultural land inside the city and land for public institutions. In Munich housing and 

company premises for example only occupy approximately 35% of the land in the city 

(Statistisches Amt der Landeshauptstadt München, 2011). This indicates that rents in our 

calibration would get close to what can be seen in Munich if the rented area is around one 

third of the total area in a zone. We do not include public space into the model as the trade-

off between public land as a public good and private land as a private good would introduce 

a multitude of additional distortions and complications into the model. 

Another exception is the overall income which is significantly higher than what 

literature values suggest. The model assumes households to own all land in the city. The rents 

paid by households and companies hence flow back to the households and strongly increase 

the available income. 

The other values, in contrast, match quite well. The average number of work days per 

year from the model varies in the range we also get when looking at empirical values. Average 

commuting distance is at the lower end of empirical values, which makes sense, as the model 

only covers commuting inside the city and we thus lose long-distance commutes. Comparing 

commuting distances in different model zones to empirical values for different parts of cities 

(Bundesministerium des Innern, für Bau und Heimat, 2020) give similar values. Population 

density is a bit below empirical values, which is in line with lower rents and can also be traced 

back to the initial number of households and the initial size of the areas. The average of low- 

and high-skilled wages from the model is also very close to what the empirics for 2019 in 

Germany give. 

For the UAM parameters, like travel speed access and egress times, cost, prices and 

land for vertiports, it is hard to foresee what values are realistic. The model will therefore be 

used to assess a broad range of values for these parameters, to then give indications on their 

relevance to and impact on welfare. The following table (Table 4-3) contrasts the parameter 

values chosen for simulation with values from existing studies.  
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Table 4-3: UAM parameters 

 Description Base scenario 

values (Range of 

parameter values)  

Values from 

existing studies 

Source 

ShareVertiports(i) Exogenous share of 

land allocated to 

vertiports 

0.2%  

(0.0% – 1.0%) 
Non-existent, 

additional 

information 

provided below 

 

accesstime Time required for 

access and take-off as 

well as for landing and 

egress (added twice to 

the total travel time) 

0.1h  

(0.0h – 0.2h) 
0.08h – 0.25h (Ploetner et al., 

2020) 

cruisespeed Horizontal travel 

speed UAM (in the 

UAM base case) 

150km/h  

(50 km/h – 300km/h) 
150km/h 

100km/h  

320km/h 

(Ploetner et al., 

2020) 

Volocopter, VC200 

Joby, S4 

priceUAM Price for UAM 

consisting of a 
kilometre dependent 

fee and a base fee 

0.80€/km + 0€ base 

fare 
(0.40€/km + 0€ – 

0.00€/km + 30€) 

1.75€/km – 

5.00€/km 

1.80€/km 

(Ploetner et al., 

2020); 

(Porsche Consulting, 

2018) 

mcUAM Marginal cost of UAM 

provision 

0.80€/km  

(0.20€/km – 

2.40€/km) 

1.75€/km – 

5.00€/km 

1.80€/km 

(Ploetner et al., 

2020);  

(Porsche Consulting, 

2018) 

 

For vertiport land demand we assume a need for 0.2% of the land in the study area. This value 

is based on resulting UAM demand per zone and peak, a headway of three minutes, 1.3 45 

passengers per vehicles, a peak duration of 180 minutes and an area of 625m² per landing 

pad46 (including additional space to taxi and park the UAM vehicle). 

Access and egress times are relevant to the total travel time of UAM. We assume the 

given value to be added before and after the flight, thus accounting for access and egress as 

well as boarding and deboarding. This is a strong simplification when e.g. comparing this 

model to the agent-based approach developed by Rothfeld and co-authors (Rothfeld et al., 

2018; Balac et al., 2019; Rothfeld et al., 2019a), who explicitly model access and egress times 

to vertiports. Yet, for the given purpose this is a reasonable simplification. 

The parameter values for travel speeds in UAM aim at covering stated cruise speeds of 

several vehicle configuration from multi-copter to lift+cruise concepts (Shamiyeh et al., 

2017). 

                                                           
45 An average seat load factor of 1.3 for UAM was chosen as: (1) Nearly 75% of all vehicle concepts that 

currently being developed have one or two seats; (2) We envisage empty flights for vehicle relocation to be 

necessary. This also takes capacity from the vertiports. Counting them in decreases the average number of 

passengers per flight. 
46 This includes additional space to taxi and park the UAM vehicle and for passengers to wait for boarding. We 

build upon the FATO (final approach and take-off) area currently required for existing helicopters (minimum 

10x10m with additional 5m for safety).  
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As the above table reveals, the marginal cost and prices for UAM are relatively low. 

Yet, these rather low values were chosen deliberately. First, the aim of this chapter is to 

understand the impact UAM can have on cities. High prices, above or at the level of taxi 

prices, might be realistic at the beginning; yet, as e.g. Ploetner et al. (2020) show, modal 

shares of UAM can then be expected to very low. With rather low modal shares of UAM the 

expected impacts on location choice and related markets is expected to be minor. Of course, 

during sensitivity analysis higher prices and cost have also been analysed, yet the base 

scenario for UAM assumes a positive future for UAM. The second reason for choosing 

0.80€/km in the UAM base scenario is more a methodological point. As described in Section 

4.3.3 the model encounters issues for UAM prices that lead to 𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗  𝑤𝑗 < 2 ∗

𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 as the VOT then has negative values which leads to an infinite demand for leisure. 

We exclude home-work location pairs that encounter this problem (where the monetary cost 

of commuting exceeds the daily wage) from the choice set. Yet, we aimed at simulating a 

base-case that does not force us to manually exclude choices but wanted a base scenario that 

is in line with discrete choice theory. 

4.5 The numerical simulation  

The results of the numerical simulation are presented in two steps:  

1. Results for the two different city types are described. We assume one city to have high-

skilled households having a stronger preference for the city centre. For the sake of 

brevity we call this an EU-type city, following e.g. Brueckner et al. (1999) who see 

amenities as a driver for this. Cities where high-skilled live further away from the city’s 

core and low-skilled closer to the CBD will be referred to as US cities. The model 

obviously does not include all factors defining these structures, yet it allows first 

insights into the relevance of initial spatial structures for UAM introduction – and we 

find these easy-to-remember labels for the two spatial structures. 

2. We introduce UAM to both of these spatial structures and assess the consequences, 

paying special attention to the difference in effects between the two city set-ups. 

The results of sensitivity checks where the UAM parameters price, marginal cost, travel 

speed, access and egress times and required land for vertiports are varied, are presented in the 

later Section 6. 

4.5.1 The benchmark for different spatial settings 

We first present the base equilibria for the EU and US type cities, with car as the only transport 

option.  
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LOCATION CHOICE 

Figure 4-1 to Figure 4-4 show the numerical results47 for location choice in the different city 

types (EU and US) and for the different household types (low- and high-skilled). Every bar 

depicts the number of households living in the respective zone, the different colour shadings 

indicate the zone the households commute to. For all settings, the home zone is also the most 

attractive work zone, as the households try to minimise generalised transport costs. Increasing 

commuting distance decreases the attractiveness of a work location, but idiosyncratic utility 

may of course justify this choice nevertheless. Differences between the two spatial settings 

(US and EU) can clearly be seen. While only 24% of low-skilled live in the city centre in the 

EU case, it is more than 46% in the US case. The effect of amenities leads to more low-skilled 

living in the suburbs in the EU case, and vice versa for the US case.  

  

Figure 4-1: Spatial distribution of low-

skilled households [EU base] 

Figure 4-2: Spatial distribution of low-

skilled households [US base] 

  

Figure 4-3: Spatial distribution of high-

skilled households [EU base] 

Figure 4-4: Spatial distribution of high-

skilled households [US base] 

 

                                                           
47 In most of the figures that will follow, only one suburb is displayed. Due to the symmetric city set-up, this 

suffices. 
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For the high-skilled households (Figure 4-3 and Figure 4-4) the numbers show opposite 

effects with more high-skilled living in the city centre in the EU case (43%) and 26% of the 

high-skilled living in the city centre in the US case. 

RELATED MARKETS 

As classic contributions by Alonso (1964), Muth (1969) and Mills (1972) already explain, 

one can expect rents to decrease with increasing distance to the city centre. This relationship 

can also be seen in both spatial settings of this model. Yet, Figure 4-5 shows that prices 

develop differently for the different spatial settings. While rents decrease by 10.5% from the 

city center to the suburbs in the EU setting, they only decrease by 6.5% in the US setting, 

where the households with a higher willingness to pay live in the suburbs. Due to the 

relatively small spatial spread (15 km from one zone to the next) the magnitude of changes is 

relatively low but reflects empirical values, e.g. for the city of Munich, well.  

  

Figure 4-5: Rent [€/m²] for both spatial 

settings without UAM 

Figure 4-6: Product price [€] for both 

spatial settings without UAM (city price is 

numeraire) 

Looking at the prices for products (Figure 4-6), shows that even here differences are found 

for the different spatial settings. For both cases, the price in the city is normalised at 100€. 

The zero-profit assumption helps interpret these results. In both the EU and the US case, 

production is cheaper in the suburbs, which leads to lower prices for goods. Yet, the stronger 

drop in suburban rents in the EU city also leads to lower prices.  

Hourly wages for both spatial settings also differ. In general, US-type cities have higher 

wages for high- and low-skilled, where the only exception are wages of low-skilled in the 

CBD. At a first glance one might derive that workers in a US-type city are more productive 

than in the EU city. Yet, it has to be kept in mind that price levels also differ and the figures 

shown in Figure 4-7 and Figure 4-8 represent nominal wages. 

For both spatial settings wages in the suburbs are higher compared to the city. Again 

the zero profit assumption for firms guides towards the interpretation. Hourly wages purely 

reflect the marginal productivity of the respective worker. The lower land rents make firms 

use more land per unit of labour in the suburbs, which raises the marginal productivity of 

labour, and hence the wage. 
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Figure 4-7: Wage [€/h] low-skilled 

workers for both spatial settings without 

UAM 

Figure 4-8: Wage [€/h] high-skilled 

workers for both spatial settings without 

UAM 

 

In both spatial settings, the companies take the largest share of land per zone. Interestingly, 

land demand of companies is higher in the suburbs in the EU case, while it is the other way 

around in the US case. Land demand of high- and low-skilled follows the location patterns 

described above. High-skilled households always demand more land than the low-skilled in 

all zones. The only exception is the city centre in the US case, where in absolute values all 

low-skilled households living in that zone demand more land than the high-skilled living 

there. 

4.5.2 Introducing UAM 

After now having obtained a feeling for what the differences are in the initial setting, the next 

step is to look into changes after UAM introduction. The simulations at hand are (1) the 

scenarios with no UAM that have already been discussed in the preceding section, which are 

compared to (2) the UAM base case of the respective spatial setting. The pricing strategy in 

the UAM base case assumes marginal cost pricing. UAM users therefore have to pay 0.80€ 

per kilometre travelled and do not face base fares that have to be paid per trip. Besides that, 

UAM vehicles are assumed to travel at 150 km/h average speed and passengers to require six 

minutes access time and six minutes egress time. Land demand for vertiports and UAM 

related infrastructure is assumed to add up to 0.2% of area in each zone. At this point it is 

important to emphasise again that mode choice is based on overall expected utility, and not 

on generalised transport costs only. The choice parameters were chosen to fit location and 

mode choice to the best of the authors’ knowledge. As UAM is a so far non-existent mode, a 

profound mode choice model is hard to specify (Fu et al., 2019).  

MODE CHOICE 

Table 4-4 shows mode choice results for the described approach. The numbers to the left 

show modal split on the basis of trips, while the right-hand side numbers show modal split on 

the basis of kilometre travelled within the city. In the base UAM case the novel transport 

mode is sufficiently attractive to already attract a share of up to 16% of high-skilled 
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households’ trips and 12% of low-skilled households’ trips. Differences between the different 

city-types are minimal, while there are quite some drastic differences between the numbers 

on the trip basis and on the kilometre basis. 

Table 4-4: Modal split of UAM  

 [% of all trips] [% of all km] 

 EU US EU US 

Low-skilled 11.8% 11.8% 6.3% 6.7% 

High-skilled 16.1% 16.2% 12.3% 12.8% 

 

These numbers hint at a relatively unexpected development. As shares decrease when going 

from trip basis to kilometre basis, one can derive that households tend to travel shorter 

distances with UAM: longer commutes, for which UAM could be expected to be relatively 

attractive, have less UAM demand than shorter commuting trips. Comparing shorter to longer 

commutes, the difference in generalised cost changes is in the advantage of UAM, but 

nevertheless the expected utility conditional on UAM decreases compared to car. This results 

directly from the non-constant marginal utilities of income and time, and because UAM is so 

much more expensive. Its relative loss, due to the non-constant marginal utility in money 

income, dominates its relative gain due to the non-constant marginal utility of (leisure) time. 

This remains even after accounting for re-optimisation of the full consumption bundle after 

mode choice has been made.  

Surprisingly, this effect is even stronger for low-skilled, as can be seen from the 

decrease in difference between high- and low-skilled households’ mode choice. Yet again, 

when looking closer at the numbers the effect does make sense. The shorter the distance 

travelled the lower the willingness to pay for travel time savings has to be. E.g. relatively 

speaking low-skilled have a bigger interest in short trips for UAM. 

RELATED MARKETS 

When introducing UAM into the model two points are adapted: (1) Households get to choose 

between car and UAM for their commutes, and (2) additional infrastructure is needed for 

take-off and landing of the UAM vehicles, thus approximately 0.2% of land per zone is 

assumed to be used for UAM infrastructure that will also be refinanced through taxes by the 

public sector. This additional land demand is modest and therefore is expected to only have 

a negligible impact on rents in all zones over both spatial setting. Figure 4-9 shows that this 

assumption is confirmed in the numerical results. As in the preceding section, uni-coloured 

bars represent EU-type cities while verticals stripes indicate results for the US. The light grey 

bar visualises results for the non-UAM case in this subsection. The dark bars depict numbers 

for the UAM base case. This colour code will be used wherever applicable in the following. 
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For the price of products (Figure 4-10) only minor changes can be seen. As the price in 

the city is the numéraire, of course, there is no change, for the price in the EU-suburbs we see 

marginal drops of less than 0.1%.  

 

 

 

Figure 4-9: Rent [€/m²] for both spatial 

settings with and without UAM 

 Figure 4-10: Commodity price [€] for 

both spatial settings with and without 

UAM (city price is numeraire) 

 

Wages increase slightly or stay stable after UAM introduction (Figure 4-11 and Figure 4-12). 

Increases in wages can be seen in work locations further away from the majority of 

households. In the EU-setting wages thus slightly increase for low-skilled in the city centre 

and for high-skilled in the suburbs. For the US setting the opposite is true. This development 

is provoked by a decrease in labour demand due to higher commuting cost.  

  

Figure 4-11: Wage [€/h] low-skilled 

workers for both spatial settings with and 

without UAM 

Figure 4-12: Wage [€/h] high-skilled 

workers for both spatial settings with and 

without UAM 

 

As seen above the introduction of UAM does induce changes not only on the transport sector 

but also on related markets. In this context it is important to also assess changes in expected 

utility of the households with different skill level and location choice, hoping to also find 

indications whether some city types might benefit or suffer more from UAM becoming 

available than others. 
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THE IMPACT ON WELFARE 

Welfare changes are assessed using equivalent variation (EV) per home-work location pair. 

The measure allows to monetarise changes in expected utility (Equation (4-5)) through UAM 

introduction. The values given for EV in Figure 4-13 to Figure 4-16 show money a household 

of that skill type and home-work location pair would need to be paid to achieve the expected 

utility level that would be reached after UAM introduction for that same home-work location 

pair, expressed per year in €. Figure 4-13 and Figure 4-14 show results for EU-type cities. 

The different colours indicate different work locations of the households. Figure 4-15 and 

Figure 4-16 give the respective results for the US-city. 

  

Figure 4-13: Equivalent variation low-

skilled [€/year/household] EU; comparing 

non UAM case with UAM case 

Figure 4-14: Equivalent variation high-

skilled [€/year/household] EU; comparing 

non UAM case with UAM case 

  

Figure 4-15: Equivalent variation low-

skilled [€/year/household] US; comparing 

non UAM case with UAM case 

Figure 4-16: Equivalent variation high-

skilled [€/year/household] US; comparing 

non UAM case with UAM case 

 

The effects of UAM introduction strongly differ between the two skill levels and home-work 

location pairs. The effects go in the same directions for the two initial spatial structures. Low-

skilled households only benefit from UAM introduction if they use it on short routes, which 

again is due to the mode choice modelling. With commuting becoming more expensive the 

respective household has a decreasing value of time (equation (4-10)), which leads to less 
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labour supply and less monetary income that can be spent on housing and products. This 

effect is more significant, the higher kilometre-dependent prices are, and therefore decreases 

modal shares on longer trips and brings modal split on a kilometre basis down. High-skilled 

benefit more from UAM introduction when commuting trips are short. When crossing the 

city for the commute high-skilled households face negligible welfare losses (less than 0.01% 

of annual income). 

On average, welfare losses for low-skilled in the EU and US setting account for 0.04% 

of annual income. High-skilled have an average benefit of 0.13% of annual income. 

The sum of welfare losses over low- (first bar) and high-skilled (middle bar) as well as 

the sum over both (right bar) show that the US-type city’s benefits are 0.4% higher (Figure 

4-17). Welfare gains of high-skilled are 5 to 5.5 times higher than welfare losses of low-

skilled. 

 

 

Figure 4-17: EV sums (per skill type and total) [million €/year] 

 

Nevertheless, the advent of negative welfare effects for parts of society are somewhat 

unexpected, as an additional mode of transport should in general result in welfare gains. A 

main driver for the welfare losses we see amongst low skilled is the land demand for 

vertiports. Especially as land demand and its cost are not reflected in the (short-run) marginal 

cost of service provision this distortion results in welfare losses for low-skilled that outweigh 

the positive effects of a larger choice set and decreasing congestion.  

4.6 Sensitivity analysis 

As mentioned above, there is still a high level of uncertainty regarding the system parameters 

of UAM. Varying the different parameters (prices, marginal cost, travel speed, access and 

egress times, required land) allows to assess the impact of each of the parameters, and how 

these impact the different household types (low- and high-skilled) and whether impacts differ 

over initial spatial structures of cities. In the following we will therefore discuss the results of 

a sensitivity analysis. Table 4-3 gives an overview over the upper and lower boundary values 

of the sensitivity analysis. 

-5

0

5

10

15

20

EU UAM (0.80€/km + 0€) US UAM (0.80€/km + 0€)

low skilled

high skilled

sum



76 Chapter 4 

 

 

4.6.1 Mode choice 

To better understand the overall impact of the parameter variations, it is helpful to understand 

the impact on mode choice. Figure 4-18 gives, for each sensitivity analysis, the maximum arc 

elasticity, that relates the change in parameter to the change in modal split of UAM, when 

compared to the base scenario for UAM. The full set of results can be found in the Appendix 

of this chapter. 

The impacts of the different parameters substantially differ. Changes in prices and 

changes in marginal cost, that tantamount to increases in prices have rather strong impact. 

Changes in travel time induced through either changes in cruise speed or in access and egress 

time, in contrast have a smaller impact on modal choice in the way we model it here. Changes 

in land demand for UAM ground infrastructure in contrast have a negligible impact on mode 

choice. 

 

Figure 4-18: UAM mode choice maximum arc elasticity over different sensitivity 

parameters 

 

Differences between the two city types are marginal. The main difference can be seen for 

marginal cost and pricing. When usage fees decrease, low-skilled in the EU-setting seem to 

respond more strongly, while the opposite is true for high-skilled. 
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4.6.2 Welfare impact 

To express the welfare changes we again use equivalent variation. As described above this 

measure gives the amount of money a household in the non-UAM benchmark would need to 

be paid, to be as well off as after UAM introduction. Figure 4-19 again relates the magnitude 

of changes in UAM parameters to magnitude of changes in EV. Thus, again arc elasticities 

are displayed, this time per skill level, city type and varied parameter in percent. The full set 

of results can be found in the Appendix of this chapter. As an important side note, we want 

to highlight that the UAM base scenario produces a welfare loss for low-skilled and welfare 

gains for high-skilled due to UAM introduction. The sum of effects for both skill types is 

positive. 

 

Figure 4-19: EV maximum arc elasticity over different sensitivity parameters 

 

-35 -30 -25 -20 -15 -10 -5 0 5

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

low-skilled

high-skilled

sum

E
U

U
S

E
U

U
S

E
U

U
S

E
U

U
S

E
U

U
S

m
a
rg

in
a
l 
co

st
p

ri
ci

n
g

cr
u

is
e
 s

p
e
e
d

a
cc

e
s 

a
n

d
 e

g
re

ss
la

n
d

 d
e
m

a
n
d



78 Chapter 4 

 

 

Compared to the mode choice effects, welfare changes are significantly more volatile over 

the different parameter settings tested, yet, the general direction of effects are similar to what 

can be seen for modal choice. In general low-skilled households’ welfare is more severely 

impacted by changes than high-skilled. Changes in cruise speed in general have the smallest 

impact. Decreasing access and egress times in contrast induces relatively high welfare gains, 

also for low-skilled. 

While mode choice was nearly unaffected by changes in land demand for vertiports, 

welfare impacts are stronger. This is an interesting finding, especially as the model assumes 

that land rents (that increase with vertiport land demand) flow back to the households. Yet, 

the overall effects on related markets outweigh the positive impact that increasing land rents 

have, and lead to overall welfare losses if UAM requires too much ground infrastructure. This 

suggests a need for a more detailed assessment of vertiports, their design, and throughput 

capacity. This is especially relevant considering the distorting effects of insufficiently priced 

land demand for vertiports discussed in Section 4.5.2. 

The direction of effects does not differ over the two city types; yet, as the results show, 

slight differences occur. 

When closer assessing the results for various pricing schemes, one can see that welfare 

results strongly differ over different skill types and pricing schemes. The strong negative 

impact for some pricing schemes can be explained from economic principles. Assuming 

marginal cost pricing for UAM means that we already assume a close to optimal pricing 

scheme. As road congestion is not priced, the scenario with marginal cost pricing for UAM 

reflects a second-best option. When deviating from marginal cost pricing also for UAM this 

adds an additional market distortion. In our model, when prices are below marginal cost the 

public sector makes losses. We assume the government to refinance these losses through the 

lump-sum tax. This implicitly implies subsidies for UAM that mainly benefit high-skilled, as 

their modal share for UAM is significantly higher. 

4.7 Discussion and next steps 

The aim of this chapter is to assess the impact of UAM introduction on low-and high-skilled 

households’ welfare in cities with different initial spatial structures. For this purpose we 

develop an assessment framework based on micro-economic foundations, that allows to not 

only assess the impact of a novel mode of transport on the transport sector itself, but also to 

evaluate the impact on related markets. Applying an urban spatial general equilibrium model, 

we aimed at showing the welfare impact of UAM introduction on high- and low-skilled 

households. Assuming that fast travel speeds and high usage fees mainly attract high-skilled 

households, it was important to distinguish between household types in this assessment. 

Empirics show that around the globe the spatial distribution of households of different skill-

levels vary. As UAM suggests to be more attractive for high-income households, the 
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hypothesis was that the spatial distribution of income groups over space might have a 

noticeable impact on aggregate (overall) welfare effects. As USCGE models allow to also 

depict location choice, and have already been used to asses land-use and transport policies, 

applying these seemed a promising approach. 

We were able to show that the amenity-based approach allowed to construct two types 

of cities. The so-called US-type city has low-skilled households living close to the city centre, 

while the EU-type cities has them living further away from the city centre. Subsequently, 

UAM was introduced into these cities. A comparative statics analysis, comparing the 

benchmark situation without UAM and the base scenario with UAM, showed that the 

proposed model is suitable for the assessment. In the base scenario with UAM, high-income 

households achieved welfare gains due to UAM introduction, while low-skilled households 

faces welfare losses.  

Interestingly, the results show that the direction and magnitude of welfare effects do 

not differ between the two city-types. Minor differences on an individual level can be seen. 

Yet, aggregating the results shows that the differences in location choice of high- and low-

skilled households over the city for both city types does have at least a minor impact on 

overall effects.  

As UAM is not yet in place and development is still ongoing, it is hard to foresee the 

values for the system parameters. Therefore, a sensitivity analysis for the UAM system was 

performed, including changes in prices, marginal cost, vertical travel speeds, access and 

egress times as well as land demand for infrastructure. The results reveal that varying these 

parameters results in significantly different mode choice values and overall welfare effects. 

Changes in marginal cost or pricing schemes had the biggest impact on mode choice 

and welfare. Deviations from marginal cost pricing had large negative welfare effects, mainly 

also due to the fact that they indirectly create subsidies for UAM and thus distort mode choice. 

The impact of changes in travel time, induced either by changes in cruise speed or 

access and egress time, only had a minor impact on mode choice results as well as welfare 

effects. As the study area is relatively small, and thus travel distances are rather short, the 

impact of cruise speed is only minor. Yet, seeing that also changes in access and egress time 

do not significantly change welfare effects allows to assume that omitting congestion at 

vertiports might be an acceptable model simplification for now. Yet, we want to highlight 

that this is an important limitation of this research. Congestion for cars was modelled by 

applying the BPR congestion function that gives delays along routes in accordance with their 

capacity and demand. So for car transport congestion takes place en-route while for UAM, 

we would not expect to see delays en-route. Firstly this is a safety risk, and one would assume 

VTOL vehicles to not get take-off clearance if congestion in the air would arise. Second, we 

assume vertiports to be the bottleneck and not airspace. Thus, the modelling approach for 

congestion on roads and for UAM will differ significantly. 
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Surprisingly, land used for UAM ground infrastructure has a significant impact on 

welfare while this is not true for mode choice. Literature often sees low infrastructure demand 

as one of the main advantages for UAM. These results shows that, as long as there is a need 

for infrastructure it is important to also keep negative impacts resulting from related markets 

in mind. So when designing vertiports and estimating possible required throughput a thorough 

trade-off between negative impacts of larger ground infrastructure and larger vertiports due 

to higher throughput are inevitable. 

Despite the broad range of effects that USCGE models can incorporate, there still are 

several limitations to this model. For now, amenities, allowing to model US- and EU-type 

cities were included as exogenous container terms. When allowing for endogenous amenities 

and involve external effects, the magnitude of effects might differ. It is therefore necessary to 

expand this research and find ways to endogenously model location choice of households and 

companies. An additional interesting way forward is to assess the impact of asymmetric cities 

and polycentric set-ups. Additionally, welfare within this chapter does not incorporate 

negative effects of UAM often put forward by literature (Reiche et al., 2018; Shaheen and 

Cohen, 2019; Straubinger et al., 2020b). Negative aspects and barriers like noise, visual 

pollution or social acceptance are not covered. Yet, these aspects open up additional 

interesting questions. A possibility would be to include environmental effects and noise 

emissions of UAM into the analysis.  
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Appendix 4.A Symbol directory 

�̃�𝑖𝑗𝑚  Utility of household type ijm 

𝐴𝑖 Land supply in zone i [m²] 

𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 Maximum possible number of work days if all time is used for working for household 

ijm 

𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚  Number of working days of household type ijm 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚 Maximum possible income from labour of household type ijm 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚 Maximum possible income of household type ijm 

𝑆ℎ𝑎𝑟𝑒_𝑅𝑜𝑎𝑑𝑠𝑖 Share of land assigned to roads in zone i 

𝑆ℎ𝑎𝑟𝑒_𝑉𝑒𝑟𝑡𝑖𝑝𝑜𝑟𝑡𝑠𝑖 Share of land assigned to vertiports in zone i 

𝑈𝑖𝑗𝑚   Systematic utility of household type ijm 

𝑉𝑂𝑇𝑖𝑗𝑚 Value of time of household type ijm 

𝑋𝑘 Output of firms produced in zone k 

𝑍𝑖𝑗𝑘𝑚  Products shopped in zone k by household type ijm 

𝑐_𝑐𝑜𝑚_𝑒𝑥𝑖𝑗𝑚 Monetary costs of commuting from i to j in mode m flowing out of the city 

𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 Monetary costs of commuting from i to j in mode m 

𝑐_𝑠ℎ𝑜𝑝_𝑒𝑥𝑖𝑘 Monetary costs for travelling from i to shopping location k flowing out of the city 

𝑐_𝑠ℎ𝑜𝑝𝑖𝑘 Monetary costs for travelling from i to shopping location k 

𝑖𝑛𝑈𝑖𝑗𝑚   Indirect utility of household type ijm 

𝑙𝑎𝑏𝑜𝑟_ℎ𝑖𝑔ℎ𝑗 Demand for high-skilled workers of companies in zone j 

𝑙𝑎𝑏𝑜𝑟_𝑙𝑜𝑤𝑗 Demand for low-skilled workers of companies in zone j 

𝑙𝑎𝑛𝑑𝑖 Land demand of companies in zone i 

𝑙𝑖𝑗𝑚  Leisure time household type ijm 

𝑞𝑖𝑗𝑚   Land demand household type ijm 

𝑟𝑖  Land rent in zone i 

𝑡_𝑐𝑜𝑚𝑖𝑗𝑚 Time required for commuting from i to j with mode m 

𝑡_𝑠ℎ𝑜𝑝𝑖𝑘 Time required for travelling from i to shopping location k  

𝑤_ℎ𝑖𝑔ℎ𝑗  Wage of high-skilled workers in zone j 

𝑤_𝑙𝑜𝑤𝑗  Wage of low-skilled workers in zone j 

𝛤𝑖𝑗  Expected utility for nest ij 

𝛹𝑖𝑗𝑚  Choice probability for home work location pair ij and usage of mode m 

휀𝑖𝑗𝑚  Idiosyncratic utility household type ijm 

𝜆𝑖𝑑𝑖𝑜 Measure for the importance of systematic utility and idiosyncratic preferences 

𝜆𝑚𝑜𝑑𝑒  Measure for correlation between nests 

𝜋𝑖𝑗𝑚  Price of products including travel costs of household type ijm (consumer price) 

𝜏𝑔𝑎𝑠 Gasoline tax revenues 

𝜏 𝑙𝑠  Lump-sum tax 

𝜏𝑤  Labour tax 

agglo Parameter to calibrate the size of agglomeration effects 

CBD Central business district 

CES Constant elasticity of substitution 

EV Equivalent variation 

𝐻𝑤𝑜𝑟𝑘 Number of working hours per day  
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i Zone in which the household lives 

j Zone in which the household works 

k Zone in which the household shops 

m Mode the household type uses for commuting purposes 

MNL Multinomial logit model 

N Number of households in the city 

R Income from land rents per households 

TE Total time endowment 

UAM Urban air mobility 

USCGE Urban spatial computable general equilibrium model 

 σ Expenditure share products 

 φ Expenditure share housing 

 ω Expenditure share leisure time 

𝑜 Measure for substitutability between land and labour 

𝑠 Measure for substitutability between low- and high-skilled labour 

𝛿 Share parameter of the productivity function (land) 

𝜂 Factor accounting for the love for variety regarding products 

𝜇 Share parameter of the productivity function (low-skilled labour) 
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Appendix 4.B Modal split of UAM 

Table 4-5: Modal split of UAM [% of km] in the sensitivity analysis 

 Low-skilled High-skilled 

 EU US EU US 

Marginal Cost Variation     

0.20€/km 64.77 61.38 55.88 58.15 

0.40€/km 35.91 43.56 37.91 39.38 

0.80€/km 6.25 6.70 12.31 12.25 

1.20€/km 2.15 2.28 4.58 4.44 

2.40€/km 0.54 0.55 1.07 1.06 

Price Variation     

0.40€/km + 0€ 35.97 34.61 37.99 39.47 

0.80€/km + 0€ 6.25 6.70 12.31 12.25 

1.20€/km + 0€ 2.16 2.28 4.59 4.44 

0.80€/km 10€ 0.25 0.29 1.90 1.96 

0.00€/km + 30€ 0.15 0.13 1.25 1.54 

Cruise Speed Variation     

50km/h 4.04 4.30 6.90 6.72 

100km/h 5.55 5.94 10.54 10.42 

150km/h 6.25 6.70 12.31 12.25 

200km/h 6.64 7.13 13.34 13.32 

300km/h 7.08 7.60 14.48 14.52 

Access and Egress Time Variation     

0.00h 12.02 12.90 22.71 22.46 

0.05h 8.68 9.31 16.81 16.68 

0.10h 6.25 6.70 12.31 12.25 

0.15h 4.54 4.84 9.00 8.99 

0.20h 3.30 3.53 6.62 6.63 

 

  



84 Chapter 4 

 

 

Appendix 4.C Marginal cost 

 

Figure 4-20: EV sums (per skill type and total) [million €/year] for varying marginal 

cost 

 

 

Appendix 4.D Pricing schemes 

 

Figure 4-21: EV sums (per skill type and total) [million €/year] for varying pricing 

schemes48 

 

 

                                                           
48 The Pigou pricing scheme makes use of the base price (0.80€/km + 0€) and adds a Pigou tax on car travel, 

that aims at internalising the congestion externality on the roads. 
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Appendix 4.E Cruising speeds 

 

Figure 4-22: EV sums (per skill type and total) [million €/year] for varying cruising 

speeds 

 

Appendix 4.F Access and egress times 

 

Figure 4-23: EV sums (per skill type and total) [million €/year] for varying access and 

egress times 
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Appendix 4.G Vertiport land demand 

 

Figure 4-24: EV sums (per skill type and total) [million €/year] for varying vertiport 

land demand 
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5 GOING ELECTRIC 

ENVIRONMENTAL AND WELFARE IMPACTS 

OF URBAN GROUND AND AIR TRANSPORT49 

5.1 Introduction 

Massive reduction of greenhouse gas emissions is a prerequisite to reach the 2°C goal stated 

in the Paris Climate Agreement. With transport being the source of 14% of global greenhouse 

gas emissions (ITF OECD, 2017), the transport sector will have to make a substantial 

contribution to achieve this goal. Electric mobility is often seen as an important part of the 

solution, as en-route emissions immediately go down. This is especially true in urban 

environments, where technological solutions for electric transport are already available. Yet, 

often the long-term impacts of going electric receive little attention. We therefore propose to 

consider not only the direct impacts of electric mobility, but also the impact on related markets 

such as the markets for labour, land and goods. Especially changes on the land and labour 

market can induce changes in location choice and can thus result in long-term changes in 

mobility patterns. 

By considering ground and aerial electric mobility, this research focuses on emerging 

transportation modes and aims at assessing the long-term impact of their introduction, with a 

special focus on induced changes in the spatial structure of urban settlements. The two 

emerging technologies strongly differ from each other, and from the current dominant fossil 

fuel technology. Electric ground vehicles are rather similar to cars running on gasoline 

regarding travel speed, and mainly differ with regard to marginal (per kilometre) cost due to 

lower cost of energy. For urban air mobility (UAM) kilometre prices are expected to be 

significantly higher than costs of car travel, while at the same time also speeds are expected 

to be substantially higher. Both modes (electric cars and UAM) therefore promise substantial 

changes in generalised costs of transport, on the one hand mainly driven by changes of 

monetary costs, and on the other hand driven by changes of time costs. 

Existing literature provides evidence that these changes in transport costs can induce 

changes on related markets that need to be taken into account when a longer-run perspective 

is taken (LeRoy and Sonstelie, 1983; Anas and Hiramatsu, 2013; Hirte and Tscharaktschiew, 

2013b; Straubinger et al., 2021c). This research therefore proposes to use an urban spatial 

computable general equilibrium (USCGE) framework that allows us to model these 

interactions building on sound microeconomic foundations. The approach gives the 

possibility to better understand long-run effects of the transition from gasoline to electric cars, 

                                                           
49 This chapter builds on a slightly revised version of: Straubinger, A., Verhoef, E.T. and Groot, H.L.F. de 

(2022). Going electric: Environmental and welfare impacts of urban ground and air transport. Transportation 

Research Part D: Transport and Environment, 102(3). DOI: 10.1016/j.trd.2021.103146. 
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accounting for long-run interactions with spatial land and labour markets that may be 

distorted for example because of pre-existing taxes or unpriced congestion and environmental 

externalities, and relates them to the impact of introducing UAM as an additional mode of 

transport to gasoline or electric cars and to even assess the effects of UAM turning into the 

sole mode available. The impact assessment focuses on two main outcomes, namely changes 

in welfare and changes in emissions. Both incorporate long-term effects on related markets 

such as relocations of households. By doing so, we add to the emerging literature on UAM, 

where environmental effects, especially those going beyond a pure comparison of emissions 

on the same routes, are not yet fully understood. Additionally, we also provide insights into 

the long-run effects of the transition from gasoline to electric cars.  

In light of the Paris agreements and global concerns over CO2 emissions, electrification 

of urban transport is high on the agenda as a possible (component of the) solution towards 

climate challenges posed by urban mobility in this context. It has been well established that 

drastic changes in transport technologies can induce longer-run changes in urban structure, 

and given the feedback loops that this has on urban transport demand, it is of eminent 

importance for policy evaluation to fully capture these effects in the analysis. Our aim in this 

chapter is to develop a consistent framework for doing this, and to provide a numerical 

illustration of its workings and of the insights that can be drawn from it. By this we aim to 

inform policy makers and urban planners as well as researchers about the potential impact of 

policies prohibiting gasoline driven cars or the possible long-term effect of UAM 

introduction. The chosen method is rather abstract and does not claim to give exact results. 

Yet, given the care we took in calibrating the model, these numerical results are already 

indicative of the direction and order of magnitude of effects. As such, it can serve as a starting 

point for future research more closely assessing the developments. The current research 

makes at least two important contributions. First it indicates possible effects of a (forced) 

transition from gasoline to electric cars, taking into account more than pure environmental 

impacts. Second, it adds to the discussion on the environmental impact of electric UAM in 

which vehicle manufacturers often claim UAM to be an environmentally friendly transport 

solution, leaving aside the large amount of energy needed to lift the vehicle into the air 

compared to electric ground transport. 

Our chapter is structured as follows: Section 5.2 provides insights into existing 

literature on electric cars, urban air mobility and urban spatial equilibrium models. Section 

5.3 describes the model basics and the linkages between households, companies and the 

public sector. Model calibration is described in Section 5.4. Section 5.5 describes the 

simulation results, while Section 5.6 closes with a discussion and summarises the core 

findings. 
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5.2 Literature review 

Electric mobility is a promising approach to minimise the environmental impact of transport 

and to reach the 2°C target. Electric cars, amongst them hybrid as well as full electric 

concepts, are massively promoted and subsidised around the world. Amongst others, life 

cycle assessments (Ma et al., 2012; Woo et al., 2017; Xu et al., 2020) and cost benefit and 

welfare analyses (Villar et al., 2013 - 2013; Dimitropoulos et al., 2016) have been conducted, 

but yield different results (Requia et al., 2018). While some studies find a positive impact of 

electric car introduction (Karplus et al., 2010; Nanaki and Koroneos, 2013) others see 

negative overall but also negative environmental impacts (Doucette and McCulloch, 2011; 

Massiani, 2015). So far only little research on the long-term effects of electric vehicle 

introduction has been conducted. Despite electric cars being rather expensive in acquisition 

now, these costs are expected to decrease with decreasing costs for batteries (Bubeck et al., 

2016). Besides that, operating costs are expected to be significantly lower, firstly, because of 

lower fuelling costs and secondly, because of lower maintenance costs. These differences in 

cost structures could result in broader changes also e.g. on travel behaviour and location 

choice and thus require more research. 

Besides electric vehicles on the ground, electric aerial vehicles that are capable of 

vertical take-off and landing (VTOL) for passenger mobility are currently under development 

(Shamiyeh et al., 2018). Advancements in distributed electric propulsion and battery 

technology promise to make urban air mobility (UAM) possible as vehicles promise to be 

less noisy and safer compared to conventional helicopters (Straubinger et al., 2020b). 

As UAM is mostly assumed to be electrically propelled, it is often stated to be an 

environmentally friendly transport alternative. Research has started to more closely assess 

this claim. Afonso et al. (2021) discuss what characteristics of novel VTOL vehicles decrease 

the environmental impact in comparison to existing helicopters. As the main driver for 

decreasing environmental impacts they see lower propeller blade tip speeds and all- or hybrid-

electric propulsion. Yet, the authors also highlight the need for technological advancements 

especially in the area of battery energy density. André and Hajek (2019) conduct a life-cycle 

analysis for three vehicle concepts including all relevant upstream greenhouse gas emissions. 

The authors find that some concepts could potentially be more sustainable then gasoline 

fuelled cars. In order to be similarly sustainable as electric cars several operational and 

technological characteristics of VTOL vehicles have to take the most optimistic specification. 

Sutherland (2019) and Kasliwal et al. (2019) come to similar results when comparing 

conventional and electric cars to electrically propelled VTOLs with regard to different seat-

load factors and distances. Lin et al. (2020) expand the assessment of UAM’s environmental 

impact and evaluate the fuel saving potential for car transport when some car drivers on 

congested roads are diverted to UAM. The authors find that under their assumptions already 

small changes in mode choice can lead to significant fuel savings on the road. Assessing the 
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energy demand of UAM vehicles for specific mission segments Shamiyeh (2020) gives an 

understanding of UAM emissions and where they result from.  

The above described literature shows that both ground and aerial electric individual 

mobility solutions lack an assessment of their environmental impact that goes beyond a pure 

comparison of emissions for given trips. We hence suggest to also include the broader impact, 

e.g. on changes in travel behaviour and location choice. Baum-Snow (2007a; 2007b), using a 

monocentric equilibrium model, finds evidence that highway construction in the US between 

the 1950s and 1990s is one reason for people to move further away from the city centre. Gin 

and Sonstelie (1992) also use a monocentric equilibrium model to assess the broader impact 

of streetcar introduction. They find evidence that the distribution of high- and low-skilled 

households over space is impacted by the offered transportation services and their fees. This 

finding is especially relevant for the analysis of novel modes of transport that differ to current 

modes with regard to cost (electric cars) or cost and speed (UAM). This motivates us to closer 

evaluate changes in location choice, labour supply and consumption triggered by introducing 

electric ground and air mobility into urban settlements.  

Our analysis builds on urban spatial computable general equilibrium (USCGE) models 

by Anas and co-authors (Anas and Kim, 1996; Anas and Xu, 1999; Anas and Rhee, 2006; 

Anas and Hiramatsu, 2013). In contrast to the above mentioned approaches these models also 

endogenise company location choice and thus allow for polycentric cities, where business 

activities also take place outside of the city centre. The general equilibrium models of urban 

land use incorporate the markets for goods, land and labour. Adding the spatial dimension 

allows to endogenise location choice of households and for production and thus also 

endogenises main determinants of transport demand. Comparative statics analyses of results 

before and after changes to the transport sector enable an assessment of long-term impacts of 

transport policies including also effects on related markets and location choice. Similar 

models were used to assess the impact of transport policies like congestion tolls (Anas and 

Rhee, 2006) or cordon tolls (Anas and Hiramatsu, 2013), and were also applied to assess the 

impact of agglomeration effects (Anas, 1988; Anas and Kim, 1996) and broader urban 

policies (Hirte and Tscharaktschiew, 2013a; Tikoudis, 2020). 

Monocentric and polycentric urban spatial computable general equilibrium (USCGE) 

models have been used to answer various questions and have accordingly been extended. 

Such USCGE models often assume households to be homogenous, and to only differ 

according to their idiosyncratic preferences. In order to better grasp differences in value of 

time and willingness to pay for travel time savings authors (LeRoy and Sonstelie, 1983; Gin 

and Sonstelie, 1992; Brueckner et al., 1999; Glaeser et al., 2008; Tscharaktschiew and Hirte, 

2012; Straubinger et al., 2021c) have introduced a second skill type to the model. This allows 

to model households with different skills and thus with different income levels. As modal 

choice can be expected to depend at least in part on socio-economic characteristics, we will 

be following those examples. 
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Several authors have shown that USCGE models are well suited to also assess the 

environmental impact of transport policies. Tikoudis and Oueslati (2020) present a simulation 

framework that allows to assess economic as well as ecological effects of urban transport 

policies resulting not only from the transport sector itself but also incorporating effects on 

related markets. Assessing the impact of a Pigouvian tax on CO2 emissions with a USCGE 

model Tscharaktschiew and Hirte (2010) find that emissions decline and welfare increases, 

but that pricing congestion and emissions at their social costs yields even better results. 

Determining an optimal subsidy on electric vehicles, Hirte and Tscharaktschiew (2013b) take 

emissions into account when calculating transport externalities. They find that electric 

vehicles are not to be subsidised but should face taxes.  

USCGE models promise to be a suitable tool to assess the environmental effects of 

electric cars and UAM. Allowing to also incorporate effects from related markets and thus 

induced changes due to changes in location choice, labour supply or consumption, makes 

them appealing. 

5.3 The equilibrium model 

This research makes use of a USCGE framework that allows to model the behaviour of 

households and companies and endogenises their response to changes in the transport sector. 

It builds on an earlier urban spatial equilibrium model including UAM (Straubinger et al., 

2021c) that is Chapter 4 of this thesis. The model assumes a linear city and is divided into 

seven zones with three suburbs on either side of the city centre. We name them suburbs 1-3 

on the one side of the city centre and suburbs 4-6 on the other side of the central zone. This 

set-up leads to a symmetric city, in which the effects in opposing zones are the same.50 Adding 

more than one suburb on either side of the city does not significantly impact the results, yet 

with space within one zone being treated homogeneous, the additional suburbs allow us to 

look into some more details of the effect. 

In the following the model’s basics and the relationships between the different actors are set 

out more closely. First the three actors (private households, companies and the public sector) 

are described, followed by a detailed discussion of the mechanisms of the transport sector and 

an explanation of the equilibrium conditions. Private households and companies interact via 

the markets for goods, land and labour. Market clearance on all three markets ensures the 

system to be in equilibrium. 

                                                           
50 This means that the results in suburbs 1 and 6, 2 and 5 as well as in 3 and 4 are the same. In later discussions 

and figures we will show only one side of the city, as the effects in suburbs 4 to 6 are sufficiently represented 

by suburbs 1 to 3. 
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5.3.1 Households 

Households51 are free to choose their home location i, work location j and their commute 

mode m. They gain utility 𝑈𝑖𝑗𝑚 from consuming goods 𝑍𝑖𝑗𝑘𝑚 in zone k, a certain amount of 

housing/land 𝑞𝑖𝑗𝑚  and leisure time 𝑙𝑖𝑗𝑚52. An alternative specific constant 𝑎𝑠𝑐𝑚  adds to the 

utility if a household decides to commute by car, by that accounting for implicit advantages 

of car-usage that the model is not covering in greater detail. The households are also assumed 

to gain utility from amenities in certain zones (𝑎𝑚𝑒𝑛𝑖𝑡𝑖𝑒𝑠𝑖). We add these amenities as a 

container term and vary them over the different skill types and zones to allow for spatial 

sorting (Brueckner et al., 1999; Straubinger et al., 2021c). The parameters σ, φ and ω define 

the expenditure shares for goods, land and leisure time respectively. 

The utility of households follows a Cobb-Douglas relationship with a constant elasticity 

of substitution (CES) sub-nest for goods from different zones: 

𝑈𝑖𝑗𝑚 = σ ln (∑𝑍𝑖𝑗𝑘𝑚
𝜂

𝐾

𝑘=1

)

1
𝜂⁄

+ φln𝑞𝑖𝑗𝑚 +ωln𝑙𝑖𝑗𝑚

+ ln 𝑎𝑚𝑒𝑛𝑖𝑡𝑖𝑒𝑠𝑖 + ln 𝑎𝑠𝑐𝑚, 

(5-1) 

where 
1

1−𝜂
 is the elasticity of substitution and {−∞ < 𝜂 < 1}. If 𝜂 → 1 the CES 

preferences collapse to a function of perfect substitutes. With 𝜂 → 0 the utility follows a 

Cobb-Douglas relationship. And with 𝜂 → −∞ the formulation yields a Leontief utility-

function. 

The systematic utility 𝑈𝑖𝑗𝑚 feeds into the overall utility function of the household 𝑈𝑖𝑗𝑚, 

that is also influenced by an idiosyncratic stochastic term 휀𝑖𝑗𝑚  that accounts for an 

individual’s preference for certain home/work location pairs and modes: 

𝑈𝑖𝑗𝑚 = 𝑈𝑖𝑗𝑚 + 휀𝑖𝑗𝑚 . (5-2) 

Following our earlier analysis presented in detail in Chapter 4 (Straubinger et al., 

2021c), we assume a nested decision structure, in which households chose their optimal mode 

for commuting depending on their choice on where to live and where to work. Mode choice, 

thus, is not modelled on the basis of deterministic generalised transport cost, but depends on 

differences of random utility. Mode choice is only possible for commuting trips, shopping 

trips are done by car (or UAM if car transport is no longer available in the city. 

Working hours per day (𝐻𝑤𝑜𝑟𝑘) are assumed to be fixed, while the number of days 

worked (𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚) is endogenously chosen when optimising labour supply. Labour supply 

thus shows a stronger reaction to changes in the transport system, as the number of commute 

trips and labour supply move in tandem. 

                                                           
51 Assuming that high- and low-skilled individuals have identical preferences and only differ with regard to the 

specific parameters such as e.g. amenities (𝑎𝑚𝑒𝑛𝑖𝑡𝑖𝑒𝑠𝑖) we drop the index for low- and high-skilled individuals 

in the following for the sake of brevity. 
52 Please refer to the notational glossary at the end of this chapter for an overview. 
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We assume every household to have a certain time endowment TE that it spends on 

working, commuting (𝑡_𝑐𝑜𝑚𝑖𝑗𝑚), travelling for shopping purposes (𝑡_𝑠ℎ𝑜𝑝𝑖𝑘) and leisure 

time 𝑙𝑖𝑗𝑚  (equation (5-3)), where we assume that all shopping trips are done by car:  

𝑇𝐸 = 𝐻𝑤𝑜𝑟𝑘 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 + 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2 ∗ 𝑡𝑐𝑜𝑚𝑖𝑗𝑚

+ 𝑙𝑖𝑗𝑚 +∑𝑍𝑖𝑗𝑘𝑚 ∗ 2 ∗ 𝑡_𝑠ℎ𝑜𝑝𝑖𝑘

𝐾

𝑘=1

. 
(5-3) 

As time can be used for working and thus, for earning money, we prefer to use a sole 

constraint instead of distinguishing between a monetary and a time constraint. In order to link 

the monetary budget and the time budget, we calculate the maximum number of working days 

(all of TE used for working and commuting) and assume that the wage a household can earn 

by doing so, in relationship to the hourly wage 𝑤𝑗 , is 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚 . This maximum labour 

income serves as the constraint. Some rearrangements yield: 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚 = 𝑇𝐸
𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗  𝑤𝑗 − 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗𝑚

𝐻𝑤𝑜𝑟𝑘 + 2 ∗ 𝑡_𝑐𝑜𝑚𝑖𝑗𝑚

. (5-4) 

The time is thus valued by net income (total wage minus labour tax (𝜏𝑙)) minus time and 

monetary costs for commuting. This gives us the value of time (𝑉𝑂𝑇𝑖𝑗𝑚), and relates the cost 

of an additional time unit of leisure 𝐻𝑤𝑜𝑟𝑘 + 2 ∗ 𝑡_𝑐𝑜𝑚𝑖𝑗𝑚 to the net reward for a time unit 

working 𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗  𝑤𝑗 − 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗𝑚: 

𝑉𝑂𝑇𝑖𝑗𝑚 =
𝐻𝑤𝑜𝑟𝑘∗(1−𝜏𝑙)∗ 𝑤𝑗−2∗𝑐_𝑐𝑜𝑚𝑖𝑗𝑚

𝐻𝑤𝑜𝑟𝑘+2∗𝑡_𝑐𝑜𝑚𝑖𝑗𝑚
.  (5-5) 

Adding non-labour income from rents (R) and lump-sum redistributions (𝜏𝑙𝑠) allows us to 

formulate: 

𝑅 + 𝜏𝑙𝑠 + 𝑇𝐸 ∗ 𝑉𝑂𝑇𝑖𝑗𝑚

= ∑𝜋𝑧𝑖𝑗𝑘𝑚

𝐼

𝑘=1

𝑍𝑖𝑗𝑘𝑚 + 𝑟𝑖𝑞𝑖𝑗𝑚 + 𝑙𝑖𝑗𝑚 ∗ 𝑉𝑂𝑇𝑖𝑗𝑚. 
(5-6) 

While the left-hand side gives income, the right-hand side gives expenditure. Housing prices 

are given through rents 𝑟𝑖  in the respective zone and leisure time is “bought back” at the cost 

of 𝑉𝑂𝑇𝑖𝑗𝑚 , as described above. Goods 𝑍𝑖𝑗𝑘𝑚 are valued at the respective consumer prices 

𝜋𝑖𝑗𝑘𝑚 that include the producer price 𝑝𝑘 , monetary cost for shopping trips 𝑐𝑠ℎ𝑜𝑝𝑖𝑘
 and time 

required for shopping trips 𝑡𝑠ℎ𝑜𝑝𝑖𝑘
: 

𝜋𝑖𝑗𝑘𝑚 = 𝑝𝑘 + 2 ∗ 𝑐𝑠ℎ𝑜𝑝𝑖𝑘
+ 2 ∗ 𝑡𝑠ℎ𝑜𝑝𝑖𝑘

∗ 𝑉𝑂𝑇𝑖𝑗𝑚 . (5-7) 

5.3.2 Companies 

Aiming at modelling a polycentric city we allow companies to choose their location and 

assume them to produce using the inputs land, high-skilled and low-skilled labour. The 

different goods 𝑋𝑘, produced in the various zones k are assumed to be imperfect substitutes, 
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enforcing consumption of products in all zones. Assuming a CES production technology with 

a sub-nest for different skill types, allows to differentiate between the substitution of land 

(𝑙𝑎𝑛𝑑𝑘) to labour and the substitution of low-skilled (𝑙𝑎𝑏𝑜𝑟𝑙𝑜𝑤𝑘) to high-skilled labour 

(𝑙𝑎𝑏𝑜𝑟ℎ𝑖𝑔ℎ𝑘): 

𝑋𝑘 = 𝐸𝑘 (𝛿 ∗ 𝑙𝑎𝑛𝑑𝑘
𝑜 + (1 − 𝛿)

∗ [(𝜇 ∗ 𝑙𝑎𝑏𝑜𝑟𝑙𝑜𝑤𝑘
𝑠 + (1 − 𝜇) ∗ 𝑙𝑎𝑏𝑜𝑟ℎ𝑖𝑔ℎ𝑘

𝑠)

1
𝑠
]

𝑜

)

1
𝑜

. 

(5-8) 

 

1

1−𝑠
 hereby denotes the elasticity of substitution between low-skilled labour and high-skilled 

labour, and 
1

1−𝑜
 denotes the substitutability of land to labour.  

𝐸𝑘 denotes the efficiency parameter of production. We assume efficiency of companies 

to increase in the proximity of other companies due to agglomeration forces. For basic 

calculations we use employment density in the own zone, and assume an elasticity of 0.06 

(Rosenthal and Strange, 2004; Melo et al., 2009). Employment density is calculated by using 

the choice probability of low (𝛹𝑙𝑜𝑤𝑖𝑗𝑚) and high-skilled households (𝛹ℎ𝑖𝑔ℎ𝑖𝑗𝑚
) to live and 

work in specific zones: 

ln 𝐸𝑗 = 0.06 ∗ ln(
∑ ( 𝛹𝑙𝑜𝑤𝑖𝑗𝑚 ∗ 𝑁𝑙𝑜𝑤 + 𝛹ℎ𝑖𝑔ℎ𝑖𝑗𝑚

∗ 𝑁ℎ𝑖𝑔ℎ)𝑖,𝑚

𝐴𝑗
) . (5-9) 

Taking wages and rents as given, companies minimise their costs under the constraint 

(equation (5-8)) to derive optimal demand for land and labour. For closer discussions of this 

please refer to (Straubinger et al., 2021c). We assume perfect competition and expect prices 

to equal marginal cost. 

5.3.3 Public sector 

In addition to low- and high-skilled households and companies the model encompasses a 

public institution that we call public sector in the following. The public sector generates tax 

income from labour tax 𝜏𝑙 , gasoline tax and congestion tolls. This money is used to finance 

transport infrastructure i.e. roads and vertiports. The share of land dedicated to transport 

infrastructure is defined by 𝑆ℎ𝑎𝑟𝑒_𝐼𝑛𝑓𝑟𝑎𝑖. If transport prices deviate from marginal cost we 

assume the difference to be either financed by the public sector (price < marginal cost) or to 

flow back to the public sector (price > marginal cost). 
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As the public sector is assumed to be non-profit any surplus or losses will be reimbursed 

through a lump-sum tax 𝜏𝑙𝑠: 

∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝜏
𝑙 ∗ 𝑤𝑗 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 𝐻𝑤𝑜𝑟𝑘)

𝑖,𝑗,𝑚

+∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2
𝑖,𝑗,𝑚

∗ (𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 − 𝑐_𝑐𝑜𝑚_𝑒𝑥𝑖𝑗𝑚))

= N ∗ 𝜏𝑙𝑠 + ∑ (𝑆ℎ𝑎𝑟𝑒_𝐼𝑛𝑓𝑟𝑎𝑖 ∗ 𝐴𝑖 ∗ 𝑟𝑖)
𝑖

. 

(5-10) 

 

5.3.4 The transport sector 

Within the model households are assumed to commute to work and travel to shop goods. The 

model allows for a choice between car and UAM as modes of transport. As described in 

Section 4.3.3 we do so to model the choice between UAM and its closest substitute, which 

we expect to be the car. The model does not allow for multi-modal travel chains.53 

Commuting trips are assumed to take place at peak times, commuting trips by car therefore 

are congested. A BPR congestion function is used to model the en-route congestion (Small 

and Verhoef, 2007). The city is assumed to be linear with 3 suburban zones on each side of 

the city centre and transport follows one road through the different zones. In the car + UAM 

scenarios we assume households to have a choice which mode to use for commuting. To 

ensure consistency with utility maximisation and welfare measures, mode choice is not based 

on generalised cost but is based on expected utility. Generalised transport cost (monetary and 

time) of course nevertheless impact utility and thus are indirectly considered. The different 

modes to be considered have different cost. UAM is assumed to have a price per kilometre 

that corresponds to the marginal cost of service provision. In addition to that time for travel 

but also access and egress is needed when using UAM. For cars no additional time for access 

and egress is assumed. Monetary costs for cars consist of cost per kilometre (for electricity 

and gasoline) plus annual fixed cost that also include depreciation for vehicle acquisition. 

Shopping in contrast to commuting is assumed to take place off-peak and is not subject 

to mode choice. A parameter is introduced that allows to adapt the number of goods or baskets 

of goods to be bought in one shopping trip. This parameter allows to calibrate expenditure 

shares for goods and the share of shopping trips in all trips in a decoupled way. 

5.3.5 Equilibrium conditions 

The model is in equilibrium if market clearance on the markets for manufacturing goods 

(5-11), labour (5-13) and land (5-14) is ensured. Equations (5-11), (5-13) and (5-14) are hence 

                                                           
53 Both, enabling multi-modal travel chains, as well as a larger modal choice set, would be interesting paths for 

future work. 
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the central groups of equilibrium conditions for the described model: only when these 

conditions are fulfilled are the incentives to change behaviour (consumption patterns, 

location, labour supply) exhausted. 

The markets for manufacturing goods 𝑋𝑘 are cleared if production within each zone 

equals consumption of the good plus the assigned exports (𝐸𝑥𝑝𝑜𝑟𝑡𝑘): 

𝑋𝑘 =∑ (𝛹𝑖,𝑗 ∗ 𝑍𝑖,𝑗,𝑘 ∗ 𝑁) + 𝐸𝑥𝑝𝑜𝑟𝑡𝑘
𝑖,𝑗

. (5-11) 

Despite this model reflecting a closed economy, exports are necessary as some money leaves 

the city. Money flowing out of the city mainly results from pecuniary transport costs for 

shopping and commuting. We assign the share of exports per zone and good 𝐸𝑥𝑝𝑜𝑟𝑡𝑗 

according to the respective employment shares: 

𝐸𝑥𝑝𝑜𝑟𝑡𝑗 ∗ 𝑝𝑗 = ∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2 ∗ 𝑐𝑐𝑜𝑚𝑒𝑥 𝑖𝑗𝑚
)

𝑖

+∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝑍𝑖𝑗𝑘𝑚 ∗ 2 ∗ 𝑐𝑠ℎ𝑜𝑝𝑒𝑥 𝑖𝑘
)

𝑖,𝑘
. 

 

(5-12) 

The labour markets are cleared if the demand for labour (𝑙𝑎𝑏𝑜𝑟𝑗) equals the labour supply:  

𝑙𝑎𝑏𝑜𝑟𝑗 =∑ (𝛹𝑖,𝑗 ∗ 𝑁 ∗ 𝐻𝑤𝑜𝑟𝑘 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗)
𝑖

. (5-13) 

Clearance on the markets for land is reached when area 𝐴𝑖  in zone i is fully taken up by 

transport infrastructure, land demand from companies (𝑙𝑎𝑛𝑑𝑖) and private households: 

𝐴𝑖 =∑ (𝛹𝑖,𝑗 ∗ 𝑞𝑖,𝑗 ∗ 𝑁) + 𝑙𝑎𝑛𝑑𝑋𝑖 + (𝑆ℎ𝑎𝑟𝑒_𝐼𝑛𝑓𝑟𝑎𝑖) ∗ 𝐴𝑖
𝑗

. (5-14) 

5.4 Model calibration 

Although we acknowledge that the previously described USCGE model is rather stylised, we 

proceed with a numerical and calibrated version of the model that allows to give a feel for the 

size of effects. We calibrate the model to match a German medium sized city. For this, we on 

the one hand adapt input parameters to e.g. reflect expenditure shares or average working 

hours per day, while on the other hand adapting parameters for calibration to ensure that the 

model output is in line with empirical values, such as population density or average wage. An 

overview over all parameters is given in the Appendix of this chapter. Yet, we want to discuss 

some of our parameter choices, especially those regarding transport, in more detail here. 

As the aim of this chapter is to understand the broader impact of changes in 

transportation services, transport system characteristics vary over the different scenarios. The 

first assumptions we make are on transport infrastructure. We assume 20% of land to be 

dedicated to road infrastructure, which is in line with statistics on roads in urban settlements 

(Statistisches Amt der Landeshauptstadt München, 2017). For the UAM scenarios we assume 

a need for additional land for vertiports, adding up to 0.2% of land in the given zone, we take 
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this value from Straubinger et al. (2021c). We assume UAM to cost 0.80€/km, 0.2 h per trip 

for access and egress as well as take-off and landing and the vehicle is expected to travel at 

150km/h. Following Shamiyeh (2020) a multicopter configuration optimised for a maximum 

range of 50km is appropriate for the given application case. We calculate an energy demand 

of 0.408kWh/km in horizontal flight and 6.08kWh/flight for take-off and landing, which is 

the main driver for energy demand. In general UAM is supposed to be company operated and 

thus private ownership is not considered (Straubinger et al., 2020b). 

Cars in contrast are assumed to be privately owned. We assume electric and gasoline 

vehicles to not differ significantly in acquisition cost in the long run (Bubeck et al., 2016). 

Acquisition cost will not be considered in when calculating the cost of car usage, we add a 

fixed annual (depreciation) rate for car owners that does not differ over different car scenarios. 

Assuming shopping to take place with cars as long as car is an available alternative we also 

have to assume every household to own a car and thus pay this annual cost. Electric cars are 

expected to be cheaper on a kilometre basis compared to conventional cars with combustion 

engines. While gasoline cars require approx. 7.5l/100km at a price of 1.45€/l electric cars 

require 0.2kWh/km (Federal Ministry for the Environment, Nature Conservation and Nuclear 

Safety, 2019) at a price of 0.4€/kWh. The monetary cost for cars are hence calculated based 

on the respective kilometre dependent energy use. Fixed cost for depreciation and 

maintenance are assumed to arise annually and are subtracted from the households’ income. 

For UAM a kilometre dependent cost is assumed that allows to calculate the monetary cost 

of a trip. For both trip types external costs, such as congestion cost, are not taken into 

consideration by the user. Yet, the model calculates marginal and total congestion 

externalities using the BPR function (Small and Verhoef, 2007). In order to assess the impact 

of changes in the transport sector on the environment, overall CO2 emissions are explicitly 

modelled. The production of 1kWh of electricity is assumed to be produced under an energy 

mix that results in 0.06kg CO2
54

 while a gasoline car is assumed to burn 0.116 kg CO2 per 

kilometre travel (Federal Ministry for the Environment, Nature Conservation and Nuclear 

Safety, 2019). Pricing CO2 emissions at considerate unit costs (see a closer description in 

Subsection 5.5.4) allows to also include this externality in the overall welfare assessment.  

The public sector is one of the building blocks of the model and is assumed to finance 

infrastructure through tax revenues. The different taxes are a source of market distortion, we 

therefor want to be very explicit on describing the various tax mechanisms. Firstly, we have 

a linear labour tax of 30%. Secondly, we have taxes on transportation services. Again, we 

calibrate these to match the situation in Germany. For gasoline we assume taxes and duties 

to account for 65% of the consumer price. For electricity taxes and duties, including value 

                                                           
54 0.06kg CO2/kWh electricity is a 90% decrease of the CO2 intensity of electricity generation in Germany of 

1995, or a reduction of 92% compared to the value of 1990 (EEA, 2020), which is well in line with suggestions 

of Umweltbundesamt (2013) to reach climate goals in 2050. Compared to CO2 intensity of electricity 

generation in the EU-27 our value would be a reduction by 80% compared to the value in 2016 (EEA, 2020). 
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added tax, electricity tax and Renewable Energies Act levy (EEG-Umlage) make up 45% of 

the consumer price per kWh. In order to not generate further differences complicating the 

interpretation of results, we assume 45% to also be valid for the cost of a UAM flight. 55 

Thirdly, we assume a lump sum tax to be in place. This lump sum tax is uniform amongst all 

households and ensures the public sector’s expenses to equal tax revenues. Sensitivity 

analyses have shown that especially the different tax rates for transportation cause market 

distortions. Yet, as current policies are strongly supporting electric mobility, we believe that 

keeping these different initial tax rates allows us to show a more realistic picture of possible 

effects.  

The simulation outputs give additional confidence in the calibration of our model. As 

shown in the Appendix of this chapter the model output matches empirical values rather well. 

Looking at for example average commuting distance the model gives us values between 8 

and 13 kilometres, depending on scenario and zone. Empirical values show an average 

commuting distance of 10.5 kilometre (Institut für Arbeitsmarkt- und Berufsforschung, 

2018).  

5.5 The numerical simulation  

Running a numerical simulation allows to compare results before and after the introduction 

of novel modes of transport or after the introduction of transport policies. The model 

described above was used to simulate:  

1) a benchmark scenario in which we assume gasoline cars to be the only transport 

alternative within the city; 

2) a scenario in which we assume all cars to run on electricity; 

3) a scenario in which we introduce electric UAM into the gasoline car city; 

4) a scenario in which we introduce electric UAM into the electric car city; 

5) a scenario in which we assume UAM to be the only transport alternative; in contrast 

to the above UAM scenarios this scenario assumes UAM to also be available for 

shopping trips. 

The scenarios aim to show the full range of transport system set-ups and accompanying urban 

equilibria and welfare implications, by considering extreme endpoints in terms of modal 

splits. While limiting the number of scenarios to a manageable number, we thus believe we 

can identify the ranges in which possible outcomes will fall. Hence, UAM in general is 

assumed to relatively cheap and attractive, reflecting a long-term vision of this novel transport 

mode and leaving aside major hurdles often discussed in literature. Amongst them are 

technological barriers such as the need for enhancements in battery technology, infrastructure 

                                                           
55 We acknowledge that the assumptions on tax rates of different energy carriers significantly impact our later 

analysis. With an increasing importance of electricity in the transport sector, it is likely that the tax rates for 

electricity might change. Yet, we use the current German tax system for our numerical simulation. This enables 

us to show that the tax system can significantly impact overall welfare results of transport policies and that 

adaptations might be necessary to enable welfare enhancing systems.  
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barriers like the introduction of ground and air navigation infrastructure, or main hurdles such 

as noise, privacy or safety for public acceptance as closer described in Section 2.7. The same 

holds for ground transportation, where of course, in a transition phase, both gasoline and 

electric vehicles will be operated in parallel. Yet, in order to show the long-term effect of 

electric cars and the full potential a prohibition of gasoline cars could have the scenarios only 

reflect a full electric or full gasoline setting.  

In the following we describe results for these scenarios. We start by discussing the 

change from gasoline to electricity as energy source for cars. Afterwards the impact of UAM 

introduction will be discussed. The section closes by discussing the welfare and 

environmental impact of all proposed scenarios. 

5.5.1 Electric cars 

Electric cars are on the rise worldwide, not at least due to regulatory intervention on the search 

of more environmentally friendly transport. While the direct effect of emission reduction per 

kilometre travelled is obvious we aim at describing the broader range of impact in the 

following. Discussing also changes in location choice, the land market, the labour market and 

the market for goods. 

The benchmark scenario is calibrated to match an average German city and assumes 

high-skilled to locate close to the city centre while low-skilled tend to live farther away from 

the city centre. The switch from gasoline cars to electric cars is modelled solely based on 

changes in transport cost. They are assumed to travel at the same speed, but differ with regard 

to kilometre dependent marginal cost. Electricity per kilometre travelled in contrast is 

assumed to be cheaper than gasoline per kilometre.  

As the price of goods in the city centre is used as a numeraire in the model, all other 

prices (e.g. rents or wages) relate to this price and their changes are solely interpretable when 

keeping this relationship in mind. We therefore start by discussing changes in utility. We use 

the concept of equivalent variation (EV) to monetarise welfare changes of households, 

allowing to adequately quantify effects in the ordinal utility concept and make them 

comparable over scenarios. EV is a so-called Hicksian monetary measure for welfare 

changes. It gives the amount of money that a household would need to be paid to be made as 

well off before the change in the transport sector, and at existing market prices, as it will be 

in the new equilibrium with the change in transport and with the new prices. Positive values 

therefore show, that people benefit from a policy, while the opposite is true for negative 

values. As described by Straubinger et al. (2021c), we use a standard entropy term to identify 

the expected value of the random utility within a choice nest, which then allows us to calculate 

the EV measure.  

Figure 5-1 shows the sum of EV over the course of a year for all households in the city 

resulting from a shift to electric cars. The decrease of variable cost per kilometre travelled in 
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combination with a lower tax rate, result in welfare loss for low-skilled households and 

welfare gains for high-skilled. Overall, welfare decreases.  

 

Figure 5-1: Sum equivalent variation for the transition to electric cars [mio € per year in 

the city] 

While electric vehicles are advantageous from an environmental perspective, one would also 

expect welfare increases due to lower per kilometre costs of transport. Yet, as explained in 

Section 5.4, we assume different rates for taxes and duties for the different modes of transport. 

While 65% of revenue from gasoline flows back to the public sector, it is only 45% of 

electricity revenues. As shown in Figure 5-2 and Figure 5-3, the different tax rates are causing 

the unexpected welfare effects. While households consider their own marginal cost (time, 

resource cost and tax) in decision making, marginal external cost stay unconsidered. One of 

the externalities that is not considered by households are congestion externalities. Depending 

on the zone the marginal external cost per kilometre are between 0.02€ and 0.29€. Despite 

gasoline and electricity taxes not targeting at internalising congestion costs, they do to some 

extent. As shown in Figure 5-2 (gasoline) and Figure 5-3 (electricity), we see that the producer 

price plus tax (black line, equalling what is currently paid by the consumer) is still below the 

sum of the producer price plus marginal external cost (grey, striped line, equalling what a 

consumer would need to pay in case of a full internalisation also of external cost). Yet, due 

to the higher tax rate on gasoline, the gasoline market better internalises this externality, hence 

leading to tax-induced transport market distortions, as the demand for transportation is higher 

than it would be at first-best pricing. The height of the striped top triangle, shows that the 

wedge between full internalisation and energy taxation is way smaller in the gasoline scenario 

than in the electric car scenario. Note that only for graphical convenience, we display the 

equilibrium level of marginal external congestion cost, ignoring in the visualisation that, of 

course, its level in the full model is endogenous. Also, by considering only marginal social 

cost, fixed cost, such as investment cost stay unconsidered. Electric cars and the lower tax 

rate on electricity leave a larger part of congestion unpriced and thus lead to welfare losses. 
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Figure 5-2: Welfare effects on the 

mobility market (gasoline cars) 

Figure 5-3: Welfare effects on the 

mobility market (electric cars) 

 

The change in the transport sector also provokes changes in related markets, which are closer 

discussed in the following. The change in travel cost has an influence on location choice of 

households and companies. Low-skilled households move further away from the city centre. 

With monetary cost per kilometre decreasing, low-skilled households are willing to travel 

longer. This effect is less strong for high-skilled households as their VOT is higher and 

changes in monetary cost of commuting only play a minor role. 

This change in location choice results in increasing labour and employment densities at 

the borders of the city. The decrease in commuting cost also induces an increase in labour 

supply. Increasing labour supply results in decreasing marginal productivity per worker and 

thus in decreasing wages. Also here the effect is stronger for low-skilled as the labour supply 

increase is stronger for this household type. As companies’ land demand is complementary 

to their labour demand, land demand and thus rents also increase. While prices for goods only 

change to a marginal extent, monthly rents in all zones increase by up to 0.4%. The opposite 

is true for low- and high-skilled wages, both decrease. Low-skilled wages decrease by up to 

0.4%, for high-skilled wages the decrease goes up to 0.2%. Changes in the suburbs located 

farthest away from the city centre (suburbs 1 and 6) are strongest.  

The changes in work and home location choice provoke longer average commuting 

distances for low- and high-skilled, this results in higher negative congestion externalities. 

Nevertheless, emissions clearly decrease. 

5.5.2 Introducing aerial mobility 

Besides substituting gasoline cars by electric cars we also assess the introduction of electric 

UAM. We assume UAM to either serve as an additional mode of transport to gasoline or 

electric cars or to be the sole transport alternative. In scenarios where cars still exist, 

households get to choose which mode of transport to use for commuting, shopping trips in 

contrast are always assumed to be conducted by car. Thus, all households are assumed to own 
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a car a pay the annual depreciation of the car purchase irrespective of their commuting mode 

choice. 

While the shift from gasoline cars to electric cars only resulted in changes of variable 

cost of transport, the direct impact of UAM is way higher. UAM vehicles are assumed to 

travel at a higher cruise speed, but require time for access and egress as well as take-off and 

landing. Additionally the kilometre cost of UAM is significantly higher than that of gasoline 

and electric vehicles. As UAM requires dedicated take-off and landing infrastructure, so-

called vertiports, additional land is needed to accommodate the infrastructure. We again 

assume 65% of gasoline cost to flow back to the public sector, for electricity and UAM it is 

45%. We thus do not have to consider energy tax distortions when discussing the introduction 

of UAM as substitute to electric vehicles. Yet, the difference in tax rates still causes a 

distortion when discussing UAM introduction in a gasoline city. 

We start by describing the effects on welfare. Figure 5-4 gives the sum of EV over all 

households in the city over the duration of a year. The graph shows that the introduction of 

UAM as an additional mode of transport at the given parametrisation generates welfare gains 

for high-skilled (–70€ to +312€ per household and year) on average while resulting in welfare 

losses for low-skilled (–167 to +78€ per household and year). The effects for high- and low-

skilled nearly even out in the gasoline scenario, and even generate a marginal overall welfare 

gain. In the electric car scenario in contrast, welfare losses of low-skilled exceed the gains of 

high-skilled, thus, resulting in overall welfare losses. 

 

Figure 5-4: Sum equivalent variation [mio € per year in the city]  

 

As the graph already proposes the underlying mechanisms for the introduction of UAM into 

the gasoline car world and the electric car world are rather similar. Due to on average 

increasing commuting cost both low- and high-skilled move closer to the city centre and the 

average commuting distance decreases. The increasing commuting cost leads to a significant 

drop in labour supply for those households choosing UAM for commutes. The decrease in 

labour supply, especially amongst high-skilled, amongst which the modal share of UAM is 

higher, increases marginal productivity of labour and thus leads to a slight increase in high-

skilled wages. Decreasing production and decreasing labour demand results in lower land 
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demand of companies. Rents, despite the increase of land demand for transport infrastructure, 

therefore decrease. The described effects hold for both, the UAM + gasoline cars scenario as 

well as the UAM + electric cars scenario.  

The numbers to the above described long-term effects are given in Figure 5-5 to Figure 

5-8. 

  

Figure 5-5: Price of goods in € Figure 5-6: Monthly rent per m² in € 

  

Figure 5-7: Hourly wage of a low-

skilled worker in € 

Figure 5-8: Hourly wage of a high-

skilled worker in € 

 

Prices are rather stable over all zones in comparison to the respective car scenario (we 

compare the UAM only scenario to the gasoline car scenario). Rents, in contrast, slightly 

decrease (–0.1%) over all zones compared to the respective car only scenario. The impact of 

UAM introduction on wages varies over skill type. High-skilled wages increase in all zones, 

while low-skilled wages do not significantly change. The size of changes is in the magnitude 

of 0.1%. 

The parametrisation and the way mode choice is modelled lead to a UAM share of 

5.2%–8.8% of trips in the city. These result from the relatively low prices that have been 

assumed for UAM. The values for mode choice differentiated by trip dependent and kilometre 

dependent are given in Table 5-1. Again, similar to the results described in Section 4.5.2, 

UAM shares are significantly higher on a trip basis than on a kilometre basis. As described 

above, this counterintuitive result is triggered by high kilometre dependent cost of UAM that 
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outweigh the time advantage of UAM especially due to the non-constant marginal utilities of 

income and time (see explanation below Table 4-4 for more details.) 

 

Table 5-1: Modal Split of UAM  

 [% of all trips] [% of all km] 

 UAM + 

gasoline car 

UAM + 

electric car 

UAM + 

gasoline car 

UAM + 

electric car 

Low-skilled 5.5 5.2 2.2 2.5 

High-skilled 8.8 8.3 5.6 6.1 

 

This results in decreasing congestion externalities of up to –12% in all zones. The decrease is 

significantly higher than one would expect due to the decrease in average commuting distance 

(–0.4%).  

5.5.3 UAM as only transport option  

Besides introducing UAM as an additional mode of transport the numerical simulation was 

also run for UAM as only transport alternative. In the UAM only scenario shopping trips are 

also conducted by UAM and all households are assumed to commute via UAM. 

As in the other UAM scenarios the modal share of UAM is rather small, their effects 

strongly differ compared to the UAM only scenario. The strong increase in transport cost and 

expenditure (62% to 89%) leads to low- and high-skilled moving closer to the city centre. 

The massive increase in commuting cost leads to strong drop in labour supply (–6%), which 

in parts is evened out by increasing wages (2% to 7%). Yet, nevertheless, households work 

less which results in less land demand from companies and therefore decreasing rents (–4% 

to –7%). Overall households consume less land and goods and face drastic welfare losses of 

up to –7,739€ per household and year. Figure 5-9 shows that the welfare decrease is 

significantly higher than in all other cases with UAM.  
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Figure 5-9: Sum equivalent variation [mio € per year in the city]  

 

5.5.4 The impact on emissions and welfare  

To assess the environmental impact of the introduction of electric cars and electric UAM we 

closer discuss two indicators, namely kilometres travelled and CO2 emissions. 

Households travel for shopping and commuting purposes. Table 5-2 gives numbers for 

changes compared to the respective base-scenario for the different scenarios, skill-types and 

trip purposes. 

Table 5-2: Change of kilometres travelled compared to respective base-scenario (in %) 

 Electric car UAM only 

 Low-skilled High-skilled Total Low-skilled High-skilled Total 

Commuting 1.2 0.7 1.0 –20.0 –8.9 –14.6 

Shopping 0.3 0.4 0.4 –7.7 –7.1 –7.4 

Total  1.0 0.6 0.8 –16.6 –8.2 –12.3 

 UAM + gasoline car UAM + electric car 

 Low-skilled High-skilled Total Low-skilled High-skilled Total 

Commuting –0.3 –0.5 –0.4 –0.3 –0.5 –0.4 

Shopping –0.4 –0.4 –0.4 –0.4 –0.4 –0.4 

Total  –0.4 –0.4 –0.4 –0.3 –0.4 –0.4 

 

Switching from gasoline cars to electric cars leads to an increase in commuting kilometres. 

The increase is even stronger for low-skilled (1.2%) than for high-skilled (0.7%). Shopping 
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trips of both skill types also increase. In sum over all trip purposes and household types the 

annual kilometres travelled increase by 0.8% compared to the situation with gasoline cars. 

Switching from gasoline cars to UAM leads to a slight decrease in kilometres travelled. 

High-skilled travel –0.5% kilometres less for commuting purposes, for low-skilled the change 

leads to a decrease by –0.3%, as their modal share of UAM is lower. Shopping trips also 

slightly decrease in length. Overall the decrease of travelled kilometres is approximately –

0.4%. Adding UAM as an alternative to electric cars results in similar effects as the above 

described changes for the UAM + gasoline car scenario. 

Due to the high transport cost, the UAM only scenario induces even stronger decreases 

in kilometres travelled. Low-skilled travel 17% less on average. High-skilled reduce their 

kilometres travelled by 8%. Overall this yields a reduction of 12%. 

Yet, as the energy sources and also the transport modes have different kilometre 

dependent emissions, it is essential to also consider CO2 emissions. We in the following limit 

the discussion of emissions to CO2 emissions as we assume all other, local emission like NOX 

and PMX to be strongly correlated to CO2 emissions. As the model so far does not incorporate 

a feedback loop to the land market that allows to penalise zones with high local emission, as 

e.g. PMX we also skip the discussion on local and global pollutants at this stage. 

Figure 5-10 shows CO2 emissions per scenario. The given emission were not calculated 

based on a life-cycle assessment and thus do not incorporate emission resulting e.g. from 

battery production. The numbers solely incorporate the emission resulting from gasoline burn 

and the supply of electricity. To calculate CO2 emissions, we use the kilometres travelled by 

each mode and the different mode specific emission per kilometre. The underlying 

assumptions can be found in Section 5.4 and in the Appendix of this chapter. 

 

Figure 5-10: Annual CO2 emissions [t] 

 

The figure clearly shows that going from gasoline cars to electric cars massively decreases 

CO2 emissions. Interestingly, offering UAM in an otherwise gasoline driven city decreases 

emissions despite the high energy demand necessary for lifting people off the ground. The 

opposite is true when UAM is added to a city with electric cars. The higher energy demand 
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per kilometre and especially for take-off and landing compared to electric cars leads to an 

increase in emissions for commuting. A city that has UAM as only transport option has a 

significantly higher energy demand than the electric car scenarios but also a significantly 

lower demand than the gasoline car scenarios. 

Besides emissions, the welfare within cities is a major concern of policy makers. This 

is especially true when different parts of society (low or high-skilled) benefit more or less 

than other groups. Figure 5-11 therefore gives numbers on the EV in the various scenarios 

and additionally gives welfare changes for different CO2 shadow prices. A ton of CO2 was 

priced at 3 different price levels. 40€/t is the current price of emission rights traded under EU 

ETS (EMBER, 2021) and 145€/ is the cost of CO2 stated by the German Road Planning ruled 

(PTV and TCI, 2016). The lowest price (25€/t) results in a break-even of welfare changes 

when comparing a switch from gasoline cars to electric cars. 

 

 

 

Figure 5-11: Sum equivalent variation [mio € per year in the city] including the shadow 

price for CO2 for the different scenarios in comparison to the respective benchmark  

 

The numbers show that while the introduction of electric vehicles is the most promising 

approach from an emission reduction perspective, this is not true for welfare. Overall welfare 

slightly decreases after the introduction of electric cars. Yet, even the current price of CO2 

emissions as traded under EU-ETS already evens out this disadvantage, and leads to a positive 

overall result. When leaving cost of CO2 aside, the introduction of UAM as an additional 

mode of transport leads to significantly lower welfare losses or even welfare gains. Due to 

the small modal share of UAM, pricing emissions only has a minor impact on the overall 

-5

0

5

10

15

20

Gasoline cars + UAM Electric cars Electric cars + UAM

EV sum

EV + 25€/t CO2

EV + 40€/t CO2

EV + 145€/t CO2



108 Chapter 5 

 

 

welfare results. As shown before (Figure 5-9) introducing UAM as only mode of transport 

leads to high welfare losses of all household types. Pricing CO2 only yields minor changes. 

5.6 Discussion 

The aim of this research was to assess the broader impact of a transition from gasoline cars 

to electric ground and aerial mobility. While comparisons of emissions on a kilometre basis 

exist for electric cars as well as for UAM, we add to the literature by expanding the assessment 

and taking into consideration also long-run effects on related markets, such as changes in 

location choice and commuting behaviour. Differentiating between two skill levels allows to 

also grasp the differences of changes in monetary and time costs for groups with different 

willingness to pay for travel time savings. The used USCGE modelling framework also 

allows an assessment of welfare effects overall, and of differential impacts on households of 

different skill types. 

We were able to show that a transition from gasoline to electric cars induces broader 

changes than just emissions per kilometre. One of the important reasons for this is that both 

energy sources face different tax treatments, thus leading to market distortions. The higher 

tax rate on gasoline better internalises the social cost of congestion and this explains the 

welfare losses we find after the introduction of electric vehicles. Yet, with increasing 

importance of electric mobility taxation schemes are likely to be adapted. This study analysis 

the effects of a forced transition to electric cars under the given taxation system. The 

identification of appropriate regulatory changes is an interesting path for future research. 

Optimistic assumptions on the energy mix and the resulting low CO2 emissions per kWh 

electricity result in decreasing CO2 emissions for our scenarios. Yet, this does not necessarily 

have to be the case as e.g. Graff Zivin et al. (2014) show. Depending on the energy mix and 

changes in the travel behaviour effects might as well go in the opposite direction. In our 

calculations emissions decrease despite a significant increase in kilometres travelled due to 

the decrease in kilometre-dependent cost. This result hints towards the risk of electric cars 

inducing urban sprawl which also from a sustainability perspective is to be prevented. The 

changes in cost induces changes to the overall system, especially with regard to refinancing 

transport infrastructure, which results in welfare losses. A shadow price of 25€/t CO2 would 

already even out this welfare loss, and yield a breakeven with the welfare of the gasoline 

scenario. These results allow to formulate a number of policy recommendations. Prohibiting 

the use of gasoline powered cars does indeed significantly decrease CO2 emissions, despite 

increasing the number of kilometres travelled. Yet, the study has shown that the differences 

in tax treatment induce significant welfare losses, stemming from congestion effects. It might 

therefore make sense to not have lower taxes on electricity than on gasoline, in order to not 

further increase the amount of transport demand. This measure would also be welfare 
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increasing, not because transport would be more expensive, but rather because negative 

congestion externalities are better internalised by the higher gasoline taxes. 

The introduction of UAM as an additional mode of transport slightly decreases the 

annual kilometres travelled within the city. In both settings, the gasoline and the electric car 

world, welfare of low-skilled households decreases, while high-skilled benefit. In the gasoline 

scenarios this results in marginal overall welfare gains, while in the electric scenario this 

induces slight overall welfare losses in comparison to the respective benchmark. Similar to 

what other UAM literature shows, we find that introducing UAM as an additional mode of 

transport to gasoline cars decreases emissions, while when introducing UAM as a substitute 

to electric cars, UAM is harmful to the environment. This finding is relevant especially when 

considering the long-term aims of transport policy and the Paris climate agreement. When 

aiming at decreasing the environmental footprint of transport as far as possible, UAM is not 

an appropriate alternative to substitute travel with electric ground vehicles on the exact same 

route. In contrast, it is important to find use-cases for UAM that, for example, due to 

geographical barriers, such as mountains or lakes, enable passengers to take shorter routes, 

thus again leading to an environmental advantage. Of course use-cases where the benefit of 

fast travel is higher than the cost of environmental harm, such as emergency application, are 

still considered relevant for UAM. 

UAM as only transport alternative results in emission levels between electric cars and 

gasoline cars. Welfare losses are significantly higher than in the other scenarios. 

This research has some limitations that ask for further research. For now only CO2 

emissions are considered. NOx and PMX emissions that are local rather than global are not 

included. In a next step it would be interesting to integrate the effects of local emissions on 

e.g. land rents. Besides that for now other negative aspects of UAM such as noise or visual 

pollution stay unconsidered. In addition to that, this study has rather indicative results and 

requires more detailed analyses. Especially for UAM this is not feasible at the moment, as the 

details of the transport service offer are still to be defined. The rather abstract approach to the 

research question at hand hence allows to not get lost in specific parametrisations, but rather 

allows to show possible long-run effects, and ranges within which these might fall. 

5.7 Conclusion 

This research presented an urban spatial equilibrium model to study the long-term effects of 

electric ground and air mobility. The model allows assessing not only the direct 

environmental impact, but also considers the impact on related markets such as the markets 

for land, labour and goods. It thus allows to also derive the effects on social welfare, for 

different parts of society. 

The results of a numerical simulation show that the transition from gasoline to electric 

cars results in a massive decrease of CO2 emissions, despite an increase in kilometres 
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travelled. Incorporating effects on all markets, the forced transition induces a slight welfare 

decrease. This effect arises despite decreasing marginal transportation cost, as pre-existing 

taxes and unpriced congestion externalities distort the initial economy, and differences in 

taxation between both energy sources induce further market distortions. A shadow price of 

25€/t CO2 is the critical value to generate a “break-even” in welfare terms between both 

scenarios. The introduction of UAM as an additional mode of transport induces a decrease in 

kilometres travelled. When introduced as an addition to gasoline cars, overall welfare slightly 

increases. The introduction of UAM in a city with electric cars, in contrast, yields welfare 

losses. When introducing UAM as an addition to gasoline cars, aggregate CO2 emissions 

decrease; the opposite is true when introducing UAM as an addition to electric cars. Results 

for the UAM-only scenario show that welfare losses are even higher than for all other 

scenarios due to the associated high cost of transport. Emissions are lower than in a gasoline 

car city, but significantly higher than in a city with electric cars. 
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Appendix 5.A Symbol directory 

�̃�𝑖𝑗𝑚  Utility of household type ijm 

𝐴𝑖 Land supply in zone i [m²] 

𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 Maximum possible number of work days if all time is used for working for household 

ijm 

𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚  Number of working days of household type ijm 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚 Maximum possible income from labour of household type ijm [€] 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚 Maximum possible income of household type ijm [€] 

𝑆ℎ𝑎𝑟𝑒_𝑅𝑜𝑎𝑑𝑠𝑖 Share of land assigned to roads in zone [%] 

𝑆ℎ𝑎𝑟𝑒_𝑉𝑒𝑟𝑡𝑖𝑝𝑜𝑟𝑡𝑠𝑖 Share of land assigned to vertiports in zone I [%] 

𝑈𝑖𝑗𝑚   Systematic utility of household type ijm 

𝑉𝑂𝑇𝑖𝑗𝑚 Value of time of household type ijm [€/h] 

𝑋𝑘 Output of firms produced in zone k 

𝑍𝑖𝑗𝑘𝑚  Products shopped in zone k by household type ijm 

𝑐_𝑐𝑜𝑚_𝑒𝑥𝑖𝑗𝑚 Monetary costs of commuting from i to j in mode m flowing out of the city [€] 

𝑐_𝑐𝑜𝑚𝑖𝑗𝑚 Monetary costs of commuting from i to j in mode m [€] 

𝑐_𝑠ℎ𝑜𝑝_𝑒𝑥𝑖𝑘 Monetary costs for travelling from i to shopping location k flowing out of the city [€] 

𝑐_𝑠ℎ𝑜𝑝𝑖𝑘 Monetary costs for travelling from i to shopping location k [€] 

𝑖𝑛𝑈𝑖𝑗𝑚   Indirect utility of household type ijm 

𝑙𝑎𝑏𝑜𝑟_ℎ𝑖𝑔ℎ𝑗 Demand for high-skilled workers of companies in zone j [h] 

𝑙𝑎𝑏𝑜𝑟_𝑙𝑜𝑤𝑗 Demand for low-skilled workers of companies in zone j [h] 

𝑙𝑎𝑛𝑑𝑖 Land demand of companies in zone I [m²] 

𝑙𝑖𝑗𝑚  Leisure time household type ijm [h] 

𝑞𝑖𝑗𝑚   Land demand household type ijm [m²] 

𝑟𝑖  Land rent in zone I [€] 

𝑡_𝑐𝑜𝑚𝑖𝑗𝑚 Time required for commuting from i to j with mode m [h] 

𝑡_𝑠ℎ𝑜𝑝𝑖𝑘 Time required for travelling from i to shopping location k [h] 

𝑤_ℎ𝑖𝑔ℎ𝑗  Wage of high-skilled workers in zone j [€] 

𝑤_𝑙𝑜𝑤𝑗  Wage of low-skilled workers in zone j [€] 

𝛤𝑖𝑗  Expected utility for nest ij 

𝛹𝑖𝑗𝑚  Choice probability for home work location pair ij and usage of mode m [%] 

휀𝑖𝑗𝑚  Idiosyncratic utility household type ijm 

𝜆𝑖𝑑𝑖𝑜 Measure for the importance of systematic utility and idiosyncratic preferences 
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𝜆𝑚𝑜𝑑𝑒  Measure for correlation between nests 

𝜋𝑖𝑗𝑚  Price of products including travel costs of household type ijm (consumer price) [€] 

𝜏𝑔𝑎𝑠 Gasoline tax revenues [€] 

𝜏 𝑙𝑠  Lump-sum tax [€] 

𝜏𝑤  Labour tax [%] 

agglo Parameter to calibrate the size of agglomeration effects 

CBD Central business district 

CES Constant elasticity of substitution 

EV Equivalent variation [€] 

𝐻𝑤𝑜𝑟𝑘 Number of working hours per day  

i Zone in which the household lives 

j Zone in which the household works 

k Zone in which the household shops 

m Mode the household type uses for commuting purposes 

MNL Multinomial logit model 

N Number of households in the city 

R Income from land rents per households [€] 

TE Total time endowment 

UAM Urban air mobility 

USCGE Urban spatial computable general equilibrium model 

𝜎  Expenditure share products 

𝜑 Expenditure share housing 

𝜔 Expenditure share leisure time 

𝑜 Measure for substitutability between land and labour 

𝑠 Measure for substitutability between low- and high-skilled labour 

𝛿 Share parameter of the productivity function (land) 

𝜂 Factor accounting for the love for variety regarding products 

𝜇 Share parameter of the productivity function (low-skilled labour) 
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Appendix 5.B Parameters for calibration 

 

Param. 

Type 

Symbol Description Model 

value 

Literature 

value / 

comment 

Source 

Input N Total number of 

households 

180,000 Adapted to 

depict 

section of 

the city 

 

Input 𝑁𝑙𝑜𝑤 Total number of 

low-skilled 
households 

90,000 Split up half 

and half 

 

Input 𝑁ℎ𝑖𝑔ℎ Total number of 

high-skilled 

households 

90,000  

Input TE Total time 

endowment (hours 

per year) 

6,000 =365*16.45 (Statistisches Bundesamt, 

2019) 

Input σ Share parameter 

utility function 

product k 

0.5 0.41 (Tscharaktschiew and 

Hirte, 2010) / (Statistisches 

Bundesamt, 2019) 

Input φ Share parameter 

utility function 

land 

0.2 0.22 (Tscharaktschiew and 

Hirte, 2010) / (Statistisches 

Bundesamt, 2019) 

Input ω Share parameter 

utility function 

leisure 

0.3 0.37 (Tscharaktschiew and 

Hirte, 2010) / (Statistisches 

Bundesamt, 2019) 

Input 𝜂 Parameter utility 

function products 

0.8 0.6 (Tscharaktschiew and 

Hirte, 2010) 

Input 𝐻𝑤𝑜𝑟𝑘 Working hours 

per day 

8 8 (Eurostat, 2004) 

Input δ Parameter 

production land 

0.2 0.2 (Tscharaktschiew and 

Hirte, 2010) 

Input 𝜇 Parameter 

production low-

skilled labour 

0.4   

Input o Parameter 

production 

relation land to 

labour 

−1.5   

Input s Parameter labour 

substitution 

−0.1   

Input Amenities(i) Amenities per 

household type 

and zone 

1 – 1.05   

Input A(i) Land area in zone 

i (km2) 

28   

Input ShareRoads(i) Exogenous share 

of land allocated 

to roads 

20% 17% 

Munich 

(Statistisches Amt der 

Landeshauptstadt 

München, 2017) 

Input Pan Costs per vehicle 

per year on 

average 

2,333€   
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Input pgas_prod Gasoline producer 

price per litre 

0.50€/l 0.50€/l (Statista, 2020b) 

Input pgas_tax Gasoline tax per 
litre 

0.95€/l 0.95€/l (Statista, 2020b) 

Input pgas Gasoline price 

total 

1.45€/l 1.45€/l (Statista, 2020b) 

Input pel_prod Electricity 

producer price per 

kWh 

0.23€/kWh 0.23€/kWh  

Input pel_tax Electricity tax per 

kWh 

0.15€/kWh 0.15€/kWh  

Input pel Electricity price 

total per kWh 

0.38€/kWh 0.38€/kWh  

Input ShareVertip(i) Exogenous share 

of land allocated 

to vertiports 

0.2%  0.2% (Straubinger et al., 2021c) 

Input accesstime Time required for 

access and take-

off as well as for 

landing and egress 

(added twice to 

the total travel 

time) 

0.1h  0.08h – 

0.25h 

(Ploetner et al., 2020) 

Input cruisespeed Horizontal travel 

speed UAM (in 

the UAM base 

case) 

150km/h  150km/h 

100km/h  

320km/h 

(Ploetner et al., 2020) 

Volocopter, VC200 

Joby, S4 

Input pUAM Price of UAM 

service 

0.80€/km  1.75€/km – 

5.00€/km 

1.80€/km 

(Ploetner et al., 2020);  

(Porsche Consulting, 2018) 

Input costUAM Cost of UAM 

provision 

0.44€/km  55% of 

price (same 

share as for 

electric 

cars) 

 

Input taxUAM Cost of UAM 
provision 

0.36€/km  45% of 
price (same 

share as for 

electric 

cars) 

 

Input trip Number of goods 

bought per 
shopping trips 

4   

Input 𝑎𝑠𝑐𝑚   Alternative 

specific constant 

for car transport 

1.01   

Input 𝐶𝑂2𝑔𝑎𝑠  CO2 emissions in 

kg/km gasoline 

car 

0.116 

kg/km 

 (Federal Ministry for the 

Environment, Nature 

Conservation and Nuclear 

Safety, 2019) 

Input 𝐶𝑂2𝑒𝑙   CO2 emissions in 

kg/kWh electricity 

0.06 

kg/kWh 

0.06 

kg/kWh= 

10% of CO2 

intensity of 

electricity in 

Germany 

(1995) 

(EEA, 2020) 
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Input 𝑒𝑛𝑒𝑙   Electricity per 

kilometre electric 

car 

0.2 

kWh/km 

0.2 kWh/km (Federal Ministry for the 

Environment, Nature 

Conservation and Nuclear 

Safety, 2019) 

Input 𝑒𝑛𝑒𝑙𝑣𝑒𝑟𝑡𝑖   Electricity per 

UAM flight for 

take-off and 

landing 

6.08 kWh 

/flight 

6.08 kWh 

/flight 

(Shamiyeh, 2020) 

Input 𝑒𝑛𝑒𝑙𝑈𝐴𝑀   Electricity per 

kilometre 

horizontal travel 

UAM 

0.408 kWh 

/kmt 

0.408 kWh 

/km 

(Shamiyeh, 2020) 

Input 𝑐𝑜𝑠𝑡𝐶𝑂2  Shadow cost per 

ton CO2 

40€/t – 

145€/t 

40€/t – 

145€/t 

(PTV and TCI, 2016; 

EMBER, 2021) 

Input a Calibration 

parameter for the 

BPR function 

0.05 0.05 – 1.00 (Small and Verhoef, 2007; 

Neuhold and Fellendorf, 

2014) 

Input b Calibration 

parameter for the 

BPR function 

2 2.1 (Neuhold and Fellendorf, 

2014) 

Output 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚  Working days per 

year 

120 – 310 175–222 (Statista, 2019) (avg. 

weekly working hours * 46 

weeks) 

Output 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒𝑖𝑗 Average 

commuting 

distance 

8-13km 10.5km (Institut für Arbeitsmarkt- 

und Berufsforschung, 

2018) 

Output  Population density 910-

940/km² 

1,000km² (Statistisches Bundesamt, 

2019) 

Output 𝑟𝑖   Average rent per 

month 

6.60 – 

7.50€/m²  

6.72€/m² – 

17€/m² 

(Statistisches Bundesamt, 

2019; Statista, 2020a) 

Output 𝑞𝑖   Average area per 

household  

320 – 

500m² 

97m² (Statistisches Bundesamt, 

2019) 

Output  Average labour 

income 

28,000 –

42,000€/ye

ar  

  

Output  Average overall 

income 

100,000 –

160,000 €/ 

year  

53,688 

€/year 

(Statistisches Bundesamt, 

2019) 

Output  Expenditure 

transport 

excluding savings 

14% 16% (Statistisches Bundesamt, 

2019) 

Output  Expenditure 

housing excluding 

savings 

25% 38% (Statistisches Bundesamt, 

2019) 

Output  Expenditure 

products 

excluding savings 

61% 46% (Statistisches Bundesamt, 

2019) 

Output 𝑤𝑗  Average wage  19 – 32€/h 27.75€/h (Statistisches Bundesamt, 

2019) 
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6 E-COMMERCE, DELIVERY DRONES AND 

THEIR IMPACT ON CITIES 

6.1 Introduction 

The COVID-19 pandemic has significantly impacted the way people shop, especially during 

lockdowns their retail channel choice set was reduced and often online shopping was the only 

alternative for specific types of goods. While e-commerce companies and delivery firms have 

made high profits, local stores and small retailers are facing severe issues. This once again 

has opened the floor to discussions on the long-term impact of increasing e-commerce shares 

on city centres, company location choice, household location choice and also related markets 

such as the land and labour markets. Already in the early 2000s Anderson et al. (2003) have 

highlighted that in the long run e-commerce will not only have an impact on the retail industry 

itself but will also significantly impact the way people travel and organise their day.  

E-commerce also benefits from current developments in information and 

communication technology as well as novel technological developments. An uprising topic 

in this field are unmanned aerial systems for cargo delivery. So called cargo drones offer fast 

and flexible transport services while not relying on en-route infrastructure. Big players in the 

areas of logistics and e-commerce, like Amazon and DHL, have started first trials to assess 

the application potential especially in remote regions and for time sensitive goods. Yet, cargo 

drones might not be suitable for all application cases as drawbacks, such as privacy invasion, 

safety risks and energy usage might decrease public acceptance or be a pitfall for legislation. 

Current research often focusses on operations research questions and aims at designing 

optimal delivery networks and optimising vehicle configurations towards different 

requirements. The broader impact of this novel transport option is rarely discussed. 

This research aims at showing the long-run impact of both, e-commerce in general and 

the introduction of fast delivery via cargo drones specifically. The assessment hereby goes 

beyond the impact on the retail sector itself and also encompasses the impact on location 

choices of households and companies as well as the impact on related markets such as the 

markets for land and labour. Building an urban spatial equilibrium model allows to assess all 

these impacts while at the same time enabling an evaluation of welfare and environmental 

aspects. Despite the abstract and stylistic nature of the model this approach allows to capture 

and assess essential questions of developments in urban logistics, such as the usage of cargo 

drones, the contribution of delivery trucks to congestion or the effects of e-commerce on land-

use, and their long-run effects on urban structures.  

The numerical simulation suggests that in the long run the introduction of e-commerce 

(especially with larger market shares) can have a significant impact on the location choice of 

households and companies, leading to a more even distribution of jobs and households over 
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space. The introduction of e-commerce overall reduces kilometres travelled. Introducing 

cargo drones as another alternative slightly increases CO2 emissions due to higher energy 

demand when lifting goods of the ground, but further increases overall utility. The need for 

shops in the city centre has a significant impact on the land market and hence on location 

choice of households and companies. 

The remainder of this chapter is structured as follows: Section 6.2 gives an overview 

over existing studies on e-commerce and cargo drones as well as presenting studies that use 

urban spatial equilibrium models to assess changes in the transport sector. The 

methodological basics are closer described in Section 6.3, while the numerical calibration is 

presented in Section 6.4. Section 6.5 presents and explains results of the numerical simulation. 

To better understand the underlying effects a sensitivity analysis is performed and closer 

described in Section 6.6. The chapter closes with a discussion of limitations core findings and 

next steps. 

6.2 Literature review 

Since the mid-nineties people can buy goods and services online. Online shopping and e-

commerce, which we will use as synonyms in the following, have been offering new 

opportunities and challenges since then. Existing research has assessed the importance of the 

type of good for a household’s retail channel choice (Weltevreden, 2007; Schmid and 

Axhausen, 2019; Kim and Wang, 2021). Showing that socio-economic and household 

specific characteristics appear to have a higher influence on retail channel choice than the 

type of good shopped (Kim and Wang, 2021). Online shopping possibilities also offer the 

opportunity of gathering additional information before buying a good in local shops, (Rotem-

Mindali and Salomon, 2007; Weltevreden, 2007; Ding and Lu, 2017) the opposite (gathering 

information in shops and shopping online) is also possible. Especially during earlier phases 

of e-commerce authors have highlighted the potential efficiency gains through delivery 

services that make travelling for shopping obsolete (Rotem-Mindali and Salomon, 2007). 

Recent studies use travel diaries (Cao, 2009), surveys (Farag et al., 2007) or GPS data (Ding 

and Lu, 2017) to evaluate changes in trip chaining, and travel patterns due to changes in retail 

choice. Multinomial logit and nested logit models allow to add retail channel choice to 

destination and mode-choice models (Suel and Polak, 2017). Hereby the trade-off between 

the value of travel time savings and the value of time waiting for a product to be delivered 

plays a significant role (Schmid and Axhausen, 2019). Schmid and Axhausen (2019) find that 

young, well-educated men with a high affinity for technology are the customer segment most 

likely to shop online. While some authors (Weltevreden, 2007) do not see a significant impact 

on retail in cities, at least in the short run, Anderson et al. (2003) early on highlight the 

importance of considering the broader impact of e-commerce. They differentiate between 

industrial, transportation and pervasive impacts and highlight that due to uniform pricing the 
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importance of space and location of consumers decrease. Potential logistic hubs require good 

access to transport infrastructure but due to their need for space and their sensitivity to 

congestion can be expected to be located outside of cities (Anderson et al., 2003). Considering 

the share of transport budget spent on shopping trips, Anderson et al. (2003) expect e-

commerce to have a similar potential for changes in location choices and other related markets 

as for a shift to telecommuting. Bringing forward the new economic geography two-region 

model (Fujita et al., 1999) they propose the application of equilibrium models to closer assess 

the impact of e-commerce and hence well motivate our research. 

Current discussions around developments in e-commerce and logistics often include 

the potential of cargo drones for logistics. Broadening the scope of this research, we therefore 

include this uprising topic. As described by Kirschstein (2020) and Figliozzi (2020) drones, 

especially when applied for last-mile delivery offer the potential to decrease cost while at the 

same time increasing customer satisfaction through faster delivery. Yet, so far, little research 

has been invested in the economic viability and the market potential (Aurambout et al., 2019). 

Suggesting to structure drone networks using “drone-beehives” Aurambout et al. (2019) find 

that, depending on different factors, 7-30% of the EU population could potentially have 

access to drone delivery services in the upcoming years. Interestingly, most studies around 

cargo drones also include discussion on their energy efficiency in comparison to conventional 

and future ground-based delivery alternatives (Elsayed and Mohamed, 2020; Figliozzi, 2020; 

Kirschstein, 2020). Study results go in different directions depending on the exact 

specifications of the vehicles, time constraints, network designs and service times (Figliozzi, 

2020; Zhang et al., 2021). Zhang et al. (2021) aim to make various studies on cargo drones 

more comparable. To do so, they reflect on the different assumptions, vehicle designs and 

model scopes. Yet, still they find significant differences in the predictions. So far, various 

studies on the potential of cargo drones have been conducted, yet none of them have 

considered the wider impact of cargo drone introduction going as far as e.g. considering 

changes in the location choice of households and companies. 

In order to assess the broader impact of e-commerce and novel delivery technologies, 

going beyond a pure assessment of drivers of channel choice, rather giving an intuition for 

long-term changes in the city, we suggest using an urban spatial computable general 

equilibrium model (USCGE). Despite its stylistic and abstract nature the method allows to 

capture the underlying relationships between delivery channels, congestion, travel patterns 

and location choice. Spatial equilibrium models have been used to answer a large variety of 

questions around transport policies, such as tolling, parking or novel transport modes. By 

building on microeconomic foundations and by endogenising main parts of the economy they 

allow to assess changes not only on the treated market but also on related markets, such as 

those for land, labour or goods (Straubinger et al., 2021c). The spatial equilibrium models in 

urban economics often build on the monocentric city (Gin and Sonstelie, 1992; Verhoef, 

2005; Brueckner and Franco, 2017) and assume all employment and hence, company activity, 
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to take place in the central business district (CBD). This framework has been expanded by 

Anas and co-authors (Anas and Kim, 1996; Anas and Xu, 1999; Anas and Rhee, 2006; Anas 

and Hiramatsu, 2013), allowing for companies to also chose their location. Early on these 

models were already used to assess the impact of novel transport modes on location patterns 

(LeRoy and Sonstelie, 1983; Gin and Sonstelie, 1992). Recent studies use USCGE model to 

anticipate the influence of electric mobility or passenger drones on cities and their inhabitants 

(Hirte and Tscharaktschiew, 2013b; Straubinger et al., 2021c, 2022). So far, little research 

has been conducted on assessing the broader impact of changes in retail channel choice, using 

USCGE model. 

6.3 The equilibrium model 

As described above, this research aims at assessing the broader impact of e-commerce 

introduction especially focussing on different delivery modes, namely trucks and cargo 

drones. For this purpose we develop an urban spatial equilibrium model that incorporates 

three actors, households, companies and the public sector and depicts a linear city with three 

suburban zones on both sides of the city centre. All three actors are interlinked via the markets 

for goods, housing and labour either by trading with them or by resulting tax payments. The 

role of each actor will be described in more detail in the following. 

6.3.1 Households 

We assume a homogenous set of households that only vary with respect to idiosyncratic 

preferences for certain zones (home and work) or for a certain shopping channel (local shops, 

e-commerce delivered either via drone or via truck). The indices used in the following define 

the home location i, the work location j, the zone of production of a good k, and the shopping 

channel m. 

Households gain utility from the consumption of goods 𝑍𝑖𝑗𝑘𝑚, produced in different 

zones (k) within the city, as well as goods 𝑌𝑖𝑗𝑚  imported from the rest of the world. Both 

goods can be shopped online, delivered via truck or drone, or in shops (m). Additionally, 

households consume land 𝑞𝑖𝑗  and leisure time 𝑙𝑖𝑗 . Goods produced in different zones as well 

as imported goods are assumed to be imperfect substitutes, with the elasticity of substitution 

differing between locally produced goods and imported goods. Households are expected to 

have a certain love for variety which is captured via a CES (constant elasticity of substitution) 

sub-nest in the Cobb-Douglas utility function. To allow for the differences in substitutability 

between local goods and imported goods a second CES sub-nest for local goods is introduced: 

𝑈𝑖𝑗𝑚 = 𝜎 ln {𝛼 [∑𝑍𝑖𝑗𝑘𝑚
𝜂

𝐾

𝑘=1

]

𝜅
𝜂

+ 𝛽𝑌𝑖𝑗𝑚
𝜅 }

1
𝜅

+ φ ln 𝑞𝑖𝑗 +ω ln𝑙𝑖𝑗 , 
(6-1) 
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where 
1

1−𝜂
= elasticity of substitution between goods from different zones and 

1

1−𝜅
=

elasticity of substitution between local and imported goods.  

We acknowledge that the use of a Cobb-Douglas utility function in the inner nest results 

in several limitations such as constant expenditure shares, which we will discuss in more 

detail later. Yet, the given formulation enables us to evaluate the pressing questions at hand, 

while allowing for straight forward analytical solutions. 

The given systematic utility 𝑈𝑖𝑗𝑚 feeds into the overall utility function of the household 

𝑈𝑖𝑗𝑚 that includes an idiosyncratic stochastic term 휀𝑖𝑗𝑚: 

𝑈𝑖𝑗𝑚 = 𝑈𝑖𝑗𝑚 + 휀𝑖𝑗𝑚 . (6-2) 

This stochastic term assigns a random utility to each ijm pair, thus allowing for a certain 

heterogeneity between different households, where some have an unobserved preference for 

certain zones and shopping channels. Constructing a nested structure we assume location 

choice to be the upper nest and the choice for shopping channels to be the lower nest. 

Following Train (2009) the level of correlation between the different nests is indicated by 

1 − 𝜆𝑠ℎ𝑜𝑝, whereas 𝜆𝑖𝑑𝑖𝑜  gives the importance of idiosyncratic preferences. This allows us to 

formulate: 

𝛹𝑖𝑗𝑚 =
𝑒

𝜆𝑖𝑑𝑖𝑜∗𝑖𝑛𝑈𝑖𝑗𝑚
𝜆𝑠ℎ𝑜𝑝

∑ 𝑒

𝜆𝑖𝑑𝑖𝑜∗𝑖𝑛𝑈𝑖𝑗𝑚
𝜆𝑠ℎ𝑜𝑝

𝑚

 ∙  
𝑒𝛤𝑖𝑗

∑ 𝑒𝛤𝑖𝑗𝑖𝑗
,   (6-3) 

with the expected utility of nest ij being: 

𝛤𝑖𝑗 = 𝜆𝑠ℎ𝑜𝑝 ln∑𝑒

𝜆𝑖𝑑𝑖𝑜∗𝑖𝑛𝑈𝑖𝑗𝑚
𝜆𝑠ℎ𝑜𝑝

𝑚

   .  (6-4) 

Modelling the choice of location and shopping channel in this way allows for a coherent 

description and definition of welfare effects. The consistency of this approach has already 

been demonstrated before, see e.g. Straubinger et al. (2021c). 

The households aim to maximise their utility (6-1) under a given budget constraint. The 

budget constraint results from some rearrangement building on the maximum amount of time 

available for households per year (𝑇𝐸). We assume that this time, 𝑇𝐸, can either be spent 

working, and thus earning money, travelling (for commuting or shopping purposes) or as 

leisure time (𝑙𝑖𝑗). The time spent working is given by a fixed amount of hours worked per day 

(𝐻𝑤𝑜𝑟𝑘), as well as an endogenous number of working days per year (𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚). Per 

working day the household commutes to and from work, which requires 𝑡𝑐𝑜𝑚𝑖𝑗 . In addition 



122 Chapter 6 

 

 

to that, when shopping locally at a shop, the household also spends time on shopping trips 

(𝑡_𝑠ℎ𝑜𝑝𝑖𝑚) per good 𝑍𝑖𝑗𝑘𝑚: 

𝑇𝐸 = 𝐻𝑤𝑜𝑟𝑘 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 + 𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚 ∗ 2 ∗ 𝑡𝑐𝑜𝑚𝑖𝑗 + 𝑙𝑖𝑗  

+ (∑𝑍𝑖𝑗𝑘𝑚 + 𝑌𝑖𝑗𝑚

𝐾

𝑘=1

) ∗ 2 ∗ 𝑡_𝑠ℎ𝑜𝑝𝑖𝑚 . 
(6-5) 

Assuming the maximum monetary income to be available if all time is spent working allows 

us to formulate the full labour income (𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗) to be: 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗 = 𝑇𝐸
𝐻𝑤𝑜𝑟𝑘 ∗ (1 − 𝜏𝑙) ∗ 𝑤𝑗 − 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗

𝐻𝑤𝑜𝑟𝑘 + 2 ∗ 𝑡_𝑐𝑜𝑚𝑖𝑗
, (6-6) 

where the second part of the equation equals the opportunity cost of one additional hour spent 

working, which in the following will be used as a measure for the value of time (𝑉𝑂𝑇𝑖𝑗):  

𝑉𝑂𝑇𝑖𝑗 =
𝐻𝑤𝑜𝑟𝑘∗(1−𝜏𝑙)∗ 𝑤𝑗−2∗𝑐_𝑐𝑜𝑚𝑖𝑗

𝐻𝑤𝑜𝑟𝑘+2∗𝑡_𝑐𝑜𝑚𝑖𝑗
.  (6-7) 

Adding non-labour income from rents (R) and lump-sum redistributions (𝜏𝑙𝑠) to equation 

(6-6) allows to formulate the monetary budget constraint, where income on the left equals 

expenditures on the right. 𝜋𝑖𝑗𝑘𝑚 hereby represents the consumer price of local goods, 𝜋_𝑦𝑖𝑗𝑚  

the consumer price for imported goods and leisure time 𝑙𝑖𝑗  is assumed to be “bought back” at 

the cost of not working and thus 𝑉𝑂𝑇𝑖𝑗: 

R + 𝜏𝑙𝑠 + 𝑇𝐸 ∗ 𝑉𝑂𝑇𝑖𝑗

= ∑ 𝜋𝑖𝑗𝑘𝑚

𝐼

𝑘,𝑚=1

𝑍𝑖𝑗𝑘𝑚 + ∑ 𝜋_𝑦𝑖𝑗𝑚

𝐼

𝑘,𝑚=1

𝑌𝑖𝑗𝑚 + 𝑟𝑖𝑞𝑖𝑗

+ 𝑙𝑖𝑗 ∗ 𝑉𝑂𝑇𝑖𝑗. 

(6-8) 

This allows to formulate the Marshallian demand functions: 

Z𝑖𝑗𝑘𝑚
∗ =

σ ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗 ∗  𝜋𝑖𝑗𝑘𝑚

1
𝜂−1

∑ 𝜋𝑖𝑗𝑘𝑚

𝜂
𝜂−1𝐼

𝑘=1 + (
𝛼
𝛽
)

1
𝜅−1

𝜋_𝑦𝑖𝑗𝑚

𝜂
𝜂−1

 (∑ 𝜋𝑖𝑗𝑘𝑚

𝜂
𝜂−1𝐼

𝑘=1 )

𝜅−𝜂
𝜅𝜂−𝜂

. (6-9) 

Y𝑖𝑗𝑚
∗ =

σ ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗 ∗  𝜋_𝑦𝑖𝑗𝑚

1
𝜅−1

𝜋_𝑦𝑖𝑗𝑚

𝜅
𝜅−1 + (

𝛽
𝛼
)

1
𝜅−1

∑ 𝜋𝑖𝑗𝑘𝑚

𝜂
𝜂−1𝐼

𝑘=1  (
1

∑ 𝜋𝑖𝑗𝑘𝑚

𝜂
𝜂−1𝐼

𝑘=1

)

𝜅−𝜂
𝜅𝜂−𝜂

. 
(6-10) 

q𝑖𝑗
∗ =

φ ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗

𝑟𝑖
. (6-11) 

𝑙𝑖𝑗
∗ =

ω ∗ 𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗

𝑉𝑂𝑇𝑖𝑗
. (6-12) 
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6.3.2 Companies 

The second group of actors in the model are companies. They are assumed to produce with 

the inputs land (𝑙𝑎𝑛𝑑𝑘) and labour (𝑙𝑎𝑏𝑜𝑢𝑟𝑘) under a CES production technology. Goods are 

assumed to be produced in all zones and are seen as product variants which are imperfect 

substitutes to the consumer: 

𝑋𝑘 = (𝛿 ∗ 𝑙𝑎𝑛𝑑𝑘
𝑜 + 𝜇 ∗ 𝑙𝑎𝑏𝑜𝑢𝑟𝑘

𝑜)
1
𝑜. 

(6-13) 

1

1−𝑜
 hereby denotes the elasticity of substitution between land and labour. 

We assume companies to sell their products at marginal cost prices 𝑝𝑘 .56  

The goods can then be sold via different channels m, either in local shops in the city 

centre, that the consumer has to travel to, or online, where both a delivery via trucks or a 

delivery via drones is possible.  

As the focus of this research is on the importance of different retail channels, the 

differences are described in greater detail in the following. At this point we want to stress that 

the description is only valid for locally produced goods. Imported goods have a fixed producer 

price and are assumed to “appear” at the borders of the city. They can then also either be 

bought in shops in the city centre or are delivered from a logistic hub to the end consumer or 

are directly, without an intermediate stop at the logistic hub, transported to the end consumer. 

The mechanisms are hence the same as for goods produced in the outer zones. 

LOCAL SHOPS 

For locally produced goods sold via local shops, we assume goods produced in zone k (𝑋𝑘) 

to be picked up and transported to a shop in the city centre (Figure 6-1). This results in cost 

𝑐𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑘  varying per zone k. We assume this transportation to take place via truck. 

Additionally the shops in the CBD require a certain amount of space per good sold 

(𝑙𝑎𝑛𝑑𝑠ℎ𝑜𝑝). This also adds to the consumer price (𝜋𝑖𝑗𝑘𝑚). The consumer is required to travel 

to the CBD to shop the good and spends time (𝑡𝑠ℎ𝑜𝑝𝑖𝑚
) as well as monetary transport cost 

𝑐𝑠ℎ𝑜𝑝𝑖𝑚
:  

𝜋𝑖𝑗𝑘𝑚 = 𝑝𝑘 + 𝑐𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑘𝑚 + 𝑙𝑎𝑛𝑑𝑠ℎ𝑜𝑝 ∗ 𝑟𝐶𝐵𝐷 + 𝑐𝑠ℎ𝑜𝑝𝑖𝑚

+  2 ∗ 𝑡𝑠ℎ𝑜𝑝𝑖𝑚
∗ 𝑉𝑂𝑇𝑖𝑗  . 

(6-14) 

 

                                                           
56 We assume perfect competition despite the goods being imperfect substitutes, as their heterogeneity stems 

from the zone of production. Hence, following the Armington assumption from international trade (Armington, 

1969), we assume this to hold per zone, as the number of suppliers per zone is sufficiently large to allow for 

perfect competition. 
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Figure 6-1: Logistic structure – local shops 

 

E-COMMERCE DELIVERED VIA TRUCK 

For goods sold online we distinguish between those transported via drone and those 

transported via trucks. Goods shopped online and delivered via trucks are assumed to be 

picked up and transported to the logistic hub closest to their zone of production. Logistic hubs 

are assumed to be located at both fringes of the city (Anderson et al., 2003). At the logistic 

hub a certain amount of land is needed per good sold. When a consumer orders the good it 

then is transported to the given home location (see Figure 6-2). Monetary, distance dependent 

cost for logistic thus result from transporting the good from zone k to the logistic hub and 

then to the consumer (𝑐𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑘𝑚) as well as from cost for land for the logistic hub 

(𝑙𝑎𝑛𝑑𝑙𝑜𝑔𝑖𝑠𝑡𝑖𝑐). This results in the following consumer price: 

𝜋𝑖𝑗𝑘𝑚 = 𝑝𝑘 + 𝑐𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑘𝑚 + 𝑙𝑎𝑛𝑑𝑙𝑜𝑔𝑖𝑠𝑡𝑖𝑐 ∗ 𝑟𝑓𝑟𝑖𝑛𝑔𝑒 . (6-15) 

 

 

Figure 6-2: Logistic structure – e-commerce delivery via truck 

 

E-COMMERCE DELIVERED VIA DRONE 

For goods sold online and delivered via drone the logistic processes are assumed to be 

different. As drones require the most energy for take-off and landing and are also expected to 

only carry lower payloads, bundling at logistic hubs does not yield advantages in the given 

situation, where production takes place in different parts of the city. Goods are thus assumed 

to be transported from the zone of production directly to the home location of the end 
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consumer (Figure 6-3). No additional land is needed and distance dependent costs only result 

from transport between k and i (𝑐𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑘𝑚): 

𝜋𝑖𝑗𝑘𝑚 = 𝑝𝑘 + 𝑐𝑜𝑠𝑡𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑘𝑚 . (6-16) 

 

 

Figure 6-3: Logistic structure – e-commerce delivery via drone 

 

Of course the costs of transport services vary over the different retail channels, thus yielding 

different overall cost for different households. 

6.3.3 Public sector 

The third actor in the model is the public sector. The public sector is assumed to finance 

transport infrastructure (roads) via taxes on labour (𝜏𝑙). As it is assumed to be balanced we 

introduce a lump-sum tax (𝜏𝑙𝑠) that redistributes the surplus over all households: 

∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝜏
𝑙 ∗ 𝑤𝑗 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗 ∗ 𝐻𝑤𝑜𝑟𝑘)

𝑖,𝑗,𝑚

= N ∗ 𝜏𝑙𝑠 + ∑ (𝑆ℎ𝑎𝑟𝑒_𝑟𝑜𝑎𝑑𝑠𝑖 ∗ 𝐴𝑖 ∗ 𝑟𝑖)
𝑖

. 

(6-17) 

6.3.4 Equilibrium conditions 

The model is in equilibrium if the markets for goods, labour and land are cleared. The markets 

for goods are cleared if the amount of goods produced in zone k (𝑋𝑘) equals the demand for 

this product variant plus the exports (𝐸𝑥𝑝𝑜𝑟𝑡𝑘): 

𝑋𝑘 =∑ (𝛹𝑖𝑗𝑚 ∗ 𝑍𝑖𝑗𝑘𝑚 ∗ 𝑁)
𝑖,𝑗,𝑚

+ 𝐸𝑥𝑝𝑜𝑟𝑡𝑘. (6-18) 
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Exports result from money flowing out of the city. As the model is fully closed57 the only 

money flowing out of the city are monetary transport cost, 𝑐_𝑐𝑜𝑚𝑖𝑗  for commuting and 

𝑐_𝑠ℎ𝑜𝑝𝑖𝑚  for shopping as well as the producer price (𝑝_𝑦) of the imported good 𝑌𝑖𝑗𝑚: 

𝐸𝑥𝑝𝑜𝑟𝑡𝑗 ∗ 𝑝𝑗 =∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗 ∗ 2 ∗ 𝑐_𝑐𝑜𝑚𝑖𝑗)
𝑖,𝑚

+∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝑍𝑖𝑗𝑘𝑚 ∗ 2 ∗ 𝑐_𝑠ℎ𝑜𝑝𝑖𝑚)
𝑖,𝑘,𝑚

+∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝑌𝑖𝑗𝑚
𝑖,𝑚

∗ (2 ∗ 𝑐𝑠ℎ𝑜𝑝𝑖𝑚
+ 𝑝_𝑦)) . 

(6-19) 

The second group of markets that is required to be cleared are the markets for labour. Here 

labour demand per zone has to be equal to labour supply in the respective zone: 

𝑙𝑎𝑏𝑜𝑟𝑗 =∑ (𝛹𝑖𝑗𝑚 ∗ 𝑁 ∗ 𝐻𝑤𝑜𝑟𝑘 ∗ 𝐷𝑤𝑜𝑟𝑘𝑖𝑗)
𝑖,𝑚

. (6-20) 

Lastly, the markets for land require clearance. Land per zone needs to be taken up by housing, 

production sites, logistic hubs (fringe zones), shops (CBD) and roads: 

𝐴𝑖 =∑ (𝛹𝑖𝑗𝑚 ∗ 𝑞𝑖𝑗 ∗ 𝑁) + 𝑙𝑎𝑛𝑑𝑖
𝑗,𝑚

+ ∑ 𝑙𝑎𝑛𝑑𝑠ℎ𝑜𝑝 ∗ (𝑍𝑖𝑗𝑘𝑚 + 𝑌𝑖𝑗𝑚)
𝑖,𝑗,𝑘

+ ∑ 𝑙𝑎𝑛𝑑𝑙𝑜𝑔𝑖𝑠𝑡𝑖𝑐 ∗ (𝑍𝑖𝑗𝑘𝑚 + 𝑌𝑖𝑗𝑚)
𝑖,𝑗,𝑘

+ (𝑆ℎ𝑎𝑟𝑒_𝑅𝑜𝑎𝑑𝑠𝑖) ∗ 𝐴𝑖 . 

(6-21) 

6.3.5 The transport sector 

The nature of this model allows to explicitly model transport and to include the impact e.g. 

of congestion on location choice and other related markets. In the preceding sections some 

relevant aspects such as the assumed transport patterns behind the different distribution 

channels have already been presented. Yet, one so far unconsidered impact is that of delivery 

trucks on congestion. We add the possibility to model congestion in shopping/ delivery trips 

and commuting separately but to also allow for interaction between both. As the model does 

not allow for an explicit consideration of time of day we do not add all transport flows into 

one congestion function but keep them separately. With commuting mainly taking place 

during morning and afternoon peaks we assume delivery and shopping trips to be distributed 

more evenly over the day. The level of interaction between the two types of congestion then 

allows us to implicitly allow for a certain level of spatial and temporal interaction between 

the two. 

                                                           
57 We assume a neutral trade balance and assume all land in the city to be owned by the local population.  
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For both types of congestion we use the BPR congestion function as described by Small 

and Verhoef (2007). 𝑔𝑖𝑗  hereby describes the travel time from i to j, that is dependent on 𝑑, 

the inverse of the free flow travel speed, the calibration parameters 𝑎 and 𝑏 as well as the 

flow on route 𝑖𝑗, 𝐹𝑖𝑗  and the capacity 𝐶𝑖𝑗 on route 𝑖𝑗: 

𝑔𝑖𝑗 = 𝑑 [1 + 𝑏 (
𝐹𝑖𝑗

𝐶𝑖𝑗
)

𝑎

] ;                              𝑑, 𝑏 > 0, 𝑎 ≥ 1 . (6-22) 

We assume 𝐹𝑖𝑗  and 𝐶𝑖𝑗 to differ for the different travel purposes. For the flow we want to 

closer detail the differences in equations (6-23) and (6-24). For the commuting flow 

𝐹_𝑐𝑜𝑚𝑚𝑢𝑡𝑖𝑛𝑔𝑖𝑗  the number of commuting trips is relevant as well as the calculated shopping 

and delivery flow 𝐹_𝑠ℎ𝑜𝑝𝑝𝑖𝑛𝑔𝑖𝑗  that is added weighted by an interaction parameter: 

𝐹_𝑐𝑜𝑚𝑚𝑢𝑡𝑖𝑛𝑔𝑖𝑗 = 𝐶𝑜𝑚𝑚𝑢𝑡𝑖𝑛𝑔𝑓𝑙𝑜𝑤

+ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ 𝐹_𝑠ℎ𝑜𝑝𝑝𝑖𝑛𝑔𝑖𝑗 . 
(6-23) 

𝐹_𝑠ℎ𝑜𝑝𝑝𝑖𝑛𝑔𝑖𝑗  in contrast includes shopping trips by households that are assumed to be made 

by car. As a household is assumed to shop multiple goods per shopping trip the flow is 

weighted accordingly. In addition to that we assume delivery and transport between logistic 

hub or shop and zone of production to add to the shopping/ delivery congestion. Also here 

one delivery truck is assumed to carry multiple goods. Additionally we acknowledge the fact 

that trucks contribute more to congestion than passenger cars (Al-Kaisy et al., 2005). Again 

we assume an interaction between the commuting and the shopping flow: 

𝐹_𝑠ℎ𝑜𝑝𝑝𝑖𝑛𝑔𝑖𝑗 =
𝑆ℎ𝑜𝑝𝑝𝑖𝑛𝑔𝑓𝑙𝑜𝑤

𝑔𝑜𝑜𝑑𝑠/𝑡𝑟𝑖𝑝

+
𝐷𝑒𝑙𝑖𝑣𝑒𝑟𝑦𝑓𝑙𝑜𝑤 ∗ 𝑐𝑎𝑟_𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

𝑔𝑜𝑜𝑑𝑠/𝑡𝑟𝑢𝑐𝑘

+ 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 ∗ 𝐹_𝑐𝑜𝑚𝑚𝑢𝑡𝑖𝑛𝑔𝑖𝑗 . 

 

(6-24) 

6.4 Model calibration 

The above described USCGE model is of rather stylistic and abstract nature. Yet, it allows to 

understand the links between different markets and changes to single parts of the system. We 

hence run a numerical simulation to better grasp the direction and size of changes induced by 

the introduction of e-commerce and the novel delivery option cargo drones. The numerical 

simulation is calibrated to match a medium-sized German city with regard to household 

density, wage levels, income levels, commuting distance, etc. The specific input parameters 

are given in the Appendix of this chapter. 

As already explained in the model description (Section 6.3.2) the logistic network 

behind the retail channels differ. For local shops we assume that trucks deliver the goods to 

the shops in the CBD, a package (8kg payload) hereby causes transport cost of 0.01€/km. Per 

good sold 0.02m² of land is needed for the shopping premises in the CBD. The consumers 
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are then assumed to travel to the CBD from their home location to pick up and chose the 

good. 

Goods shopped online and delivered via truck in contrast are assumed to be transported 

from the zone of production k to the closest logistic hub, which is located at the fringe of the 

city. In the logistic hub the good also takes up 0.02m² of space. After being ordered the good 

is transported to the consumer’s home location. We assume shipping cost of 0.25€/km. 

The third option is online shopping and delivery via drone. As cargo drones are 

expected to be especially relevant for time critical goods and offer the great advantage of high 

flexibility, we assume cargo drones to directly deliver the good from the production zone k 

to the end consumer i. Hence, no additional space is needed. The delivery is assumed to cost 

1€/km. 

Due to the large uncertainty especially with regard to cargo drones but also to better 

understand the effects that changes to system parameters can have, a sensitivity analysis is 

conducted and the results are described in Section 6.6. 

6.5 The numerical simulation  

This research aims to give an understanding of the effects of e-commerce, and specifically 

the delivery via drone. The following section shows the results of the numerical simulation 

based on the above described model. In a comparative statics analysis we compare the 

equilibrium results of 1) a scenario in which goods can only be bought in shops in the CBD 

(shop), to 2) a scenario with local shops as well as e-commerce, goods shopped online are 

delivered on roads (shop+truck), to 3) a scenario in which consumers can chose between 

shopping in shops in the CBD, getting goods shopped online delivered on the road and e-

commerce goods delivered via drone (all). We assume all vehicles (cars, trucks and drones) 

in the city to be operated fully electric.  

6.5.1 Introducing e-commerce 

The most significant change from the consumer perspective after the introduction of e-

commerce, is that consumers, when shopping online, no longer have to travel to the city centre 

for shopping. Yet, on-site shopping might offer advantages for some consumers due to e.g. 

better information and utility from the shopping experience per se. The model aims at 

capturing these heterogeneities through the idiosyncratic preferences included via the nested 

logit formulation for location and retail channel choice.  

The simulation uses producer prices for goods produced in the city centre as a 

numéraire, hence all other effects are to be understood in relation to constant producer prices 

in the CBD. The welfare measure is the most straight forward measure to show overall results. 

We use expected utility per home/ work location pair (i,j) and monetarise it using equivalent 

variation (EV). In an undistorted system adding an additional option to a choice set should 
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yield higher overall utilities, as otherwise households would not chose the new option. This 

can also be seen in the given simulation. Each additional choice option increases utility. 

Adding e-commerce and delivery via truck (transition from shop to shop+truck) yields utility 

increases of 3,224€ to 4,664€ per household and year, where annual disposable income of 

households is in the range of 100,000€58. Adding the third option (transition from shop+truck 

to all) adds significantly less utility 1,425€ to 1,819€ per household and year (see Figure 6-4) 

but still further increases household utility. The impact of the change in delivery options 

spatially differ, the impact hereby is strongest in the city centre.  

We acknowledge that the implied magnitude of welfare gains from e-commerce and 

drone introduction is relatively high. Yet, we stick to this calibration for several reasons. 

Firstly, for methodological reasons stronger shocks are more insightful for the assessment. 

Only sufficiently high changes result in significant changes on location choice, commuting 

patterns and related markets in general; and thus better help identifying and understanding 

the various mechanisms at work.  

 

Figure 6-4: Sum of equivalent variation per year and city in million € shifting from shop 

to shop+ truck and from shop+truck to also enabling drone delivery 

 

In the scenario with shopping only, households are forced to travel to the CBD for shopping. 

The introduction of e-commerce makes these trips unnecessary and frees up time that can 

then be dedicated to working. The introduction of cargo drones further decreases the share of 

local shopping, see Figure 6-5, and hence frees up even more time.59 Due to the Cobb-

Douglas utility function and the unrelatedness of the 𝑉𝑂𝑇𝑖𝑗  to shopping channel choice, the 

amount of time dedicated to leisure does not change with changing retail channel choice. 

Instead, all time gained through shopping online is directly reinvested in working and hence 

results in higher income and thus higher utility.  

                                                           
58 Again, as in previous chapters (Chapter 4 and Chapter 5) household income is reasonably high due to 

households owning the land in the city and therefore earning a high non-labour income. 
59 The introduction of delivery drones results in decreasing market shares of both, truck delivery and on-site 

shopping. The similarity in the two delivery modes (truck and drone) would maybe suggest a different result. 

Yet, as we use a standard multinomial logit model for retail channel choice and did not create a nested structure, 

it is the independence of irrelevant alternatives coming to play here. The introduction of cargo drones hence 

draws market share from both existing alternatives to equal extent on a relative basis. 
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Figure 6-5: Shares of different retail channels per scenario 

 

When assessing the changes in work and home locations of households, we see that the 

introduction of e-commerce (both with and without drones) results in long-run changes of 

location choices. In all scenarios, the zones located next to the city centre have the highest 

population density, as shown in Figure 6-6.60 Due to the land demand for shops in the city 

centre demand for housing and production are comparably low. With the introduction of e-

commerce we see two effects. First, households are no-longer forced to travel to the CBD for 

shopping purposes, leading to a more even spread of households over space. Second, land 

demand for shops decreases in the city centre while at the same time land for logistic hubs is 

required at the outskirts of the city. This leads to an increase of jobs and households in the 

city centre and decreases the number of jobs at fringes of the city.  

  

Figure 6-6: Number of households per 

zone 

Figure 6-7: Number of jobs per zone 

 

For both, employment and home locations the introduction of e-commerce, hence leads to a 

more even distribution over space. To fully grasp the effects on the location choice of 

companies and households, one needs to closer consider prices on related markets, especially 

the land market (Figure 6-9). The bid rent curve’s “slope” is less steep after the introduction 

                                                           
60 We show only one side of the city. Overall the city has 7 zones, the middle zone is the city centre with 

suburbs 1 to 3 and 4 to 6 to either side of the city centre. As the city is symmetric there is no additional value 

in also showing the remaining three zones. 
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of e-commerce. The difference in cost for land hence also decreases, making a location at the 

border of the city less attractive for production sites.   

 

  

Figure 6-8: Marginal cost of production 

(transport cost and cost for logistic not 

included)  

Figure 6-9: Annual rent per m² 

 

Figure 6-10: Gross wage per hour 

 

With the introduction of e-commerce under the given parametrisation prices increase. This is 

true for average wages, rents and producer prices of goods. With the decrease in time required 

for shopping the households’ overall income increases. 

Figure 6-8 to Figure 6-10 also show that the more evenly spread labour demand and 

households are, the more even are wage, rent and price levels across different zones. While 

rents increase towards the city centre wages slightly decrease towards the city centre. Wages 

in the model reflect the marginal productivity of labour. The higher rents in the city centre 

result in less land per worker and hence reduce the marginal productivity under the given 

production technology. Resulting from wages and rents, which the companies take more or 

less as given, we get changes in marginal cost of production (Figure 6-8). 

6.5.2 The environmental impact of e-commerce 

The introduction of e-commerce significantly lowers kilometres travelled by households. Yet, 

due to the possibility to bundled deliveries via truck the introduction of e-commerce also 

significantly decreases overall kilometres travelled (Figure 6-11). For both trucks and drones 

the model also does not assume vehicle to travel both back and forth to deliver goods, but 

rather, due to efficient routing and scheduling, to reduce overall distances. 
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Figure 6-11: Million kilometres travelled per year  

 

Due to the decrease in kilometres travelled overall CO2 emissions significantly decrease with 

the introduction of e-commerce. As the transport via drone is more energy intensive than 

delivery via truck CO2 emissions in the scenario with drone delivery are higher than in the 

shop+truck scenario. Figure 6-12 gives the results for the different scenarios. 

 

Figure 6-12: Tons of CO2 emissions per year for the different scenarios  

 

When discussing welfare effects, one could also highlight that the increase in emissions after 

introducing drone delivery might even out the EV gains that results from this change. Yet, 

even when considering relatively high prices for a ton of CO2 (145€/t CO2 as suggested by 

PTV and TCI (2016)) the calculated welfare gains still exceed the loss from additional CO2 

emissions. 

 

6.6 Sensitivity analysis 

To better understand the above described effects and the impact of different parameters on 

the overall results we conduct a sensitivity analysis. The full set of varied parameters and 

their values are given in the Appendix of this chapter. The analysis gives confidence with 

regard to the base calibration while at the same time highlighting the importance of certain 

parameters on the locational and welfare effects.  
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6.6.1 Imported goods and locally produced goods 

The first parameter to be closer considered is the one defining the substitutability between 

locally produced goods and imported goods. As described above, from a transport 

perspective, we assume imported goods to just “appear” at the borders of the city, hence being 

similar to goods produced in the zones at the fringes of the city. 

The base case (triangle) assumes κ to be 0.6 (see equation (6-1) for more details). When 

moving towards the elasticity for locally produced goods (0.8) we see that both the share of 

imported goods as well as the utility decrease. Additionally Figure 6-14 shows that the level 

of substitutability between local and imported goods does not have a significant impact on 

the welfare effects of the different retail channels. 

  

Figure 6-13: Relation between imported and 

locally produced goods over different values 

for κ 

Figure 6-14: Change in average utility 

with increasing substitutability between 

imported and locally produced goods (κ) 

 

Assuming households to have a higher love for variety between local and imported goods 

increases both utility and the share of imported goods. 

Analysing the effects of different substitutability on the spatial effects in scenarios with 

different retail channels available show that this parameter only has a minor impact. 

6.6.2 Congestion interaction 

Turning more towards the transport sector we now assess variations in the parameter defining 

the level of interaction between commuting flows and shopping/delivery flows. A value of 0 

assumes the two to be totally isolated, meaning no spatial and temporal overlap between 

commuting and delivery trips. A value of 1 would suggest that both take place in parallel and 

one to one affect the other trip purpose. 1 would hence, be a natural upper boundary, yet, the 

simulation results show that in the applied parametrisation and when road capacities stay 

constant values of more than 0.3 lead to massive congestion, especially for commuting trips 
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in or crossing the central zone61. Increasing the interaction between both trip purposes 

decreases the average utility in the city for all retail channel scenarios. 

 

Figure 6-15: Changes in average household utility due to changes in congestion 

interaction 

 

With regard to the discussion on the impact of delivery trucks on congestion and on the city 

as a whole, we therefore see that, especially due to insufficient pricing of the congestion 

externality, increased delivery and shopping trips have a negative impact on a city’s welfare.  

Looking at location choices of companies and households show that the congestion 

interaction parameter has no significant impact on location choices. Only in highly congested 

scenarios we see a tendency for households and jobs to move closer to the city centre. 

An asymmetric interaction (e.g. stronger impact of shopping congestion on commuting 

or vice versa) does not significantly differ to a scenario with average interaction parameters. 

With increasing interaction overall congestion increases. Due to the non-linearity of the 

congestion function already congested areas (the city centre and the neighbouring zones) 

suffer more and congestion increases dramatically. This is pretty straightforward, as 

increasing the interaction parameter basically increases the number of vehicles on the road 

during peak times. The base scenario assumes only little interaction between delivery and 

shopping traffic and commuting, and hence assumes these different trip types to take place at 

different times. Assuming a higher level of interaction already in the base case would require 

an adaptation of the calibration of road capacity to keep travel times the same.  

Despite the increasing impact on commuting with an increase in delivery traffic the 

scenarios with drone and truck delivery still yield welfare gains with all tested 

parametrisations of the congestion interaction. 

                                                           
61 This result in parts is triggered by the calibration of the BPR congestion function used in this model. We 

assume 𝑎 = 0.05 and 𝑏 = 2, for the standard BPR formulation as e.g. presented by Small and Verhoef  (2007). 

Lower values for 𝑏 are possible and would decrease the effects of an increase in congestion interaction. Some 

more details on the calibration of the BPR function can be found in Section 4.4  
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6.6.3 Delivery truck occupancy 

Another factor that strongly impacts the congestion effect of delivery trucks is the occupancy 

rate of delivery vehicles. The benchmark assumes an occupancy rate of 100%. Leaving 

kilometre dependent cost for delivery constant (we want to understand the isolated effect of 

an increasing number of delivery vehicles on the road) we vary the number of packages per 

delivery truck decreasing the occupancy rate by up to 50%. The assessment allows to derive 

several findings. Due to the relatively low level of interaction between both types of 

congestion, the impact on commuting congestion is moderate. Delivery congestion in 

contrast, of course, is severely impacted. As delivery trucks are also expected to transport the 

goods from the zone of production to shops the negative impact of delivery congestion is also 

relevant for the scenario in which all goods are bought in shops in the city centre. In the shop 

scenario, delivery congestion levels are high also in the base scenario, mostly due to the large 

number of shopping trips of households. Because of the non-linearity in the congestion 

function the scenario with already high congestion levels is impacted most by the increase in 

numbers of delivery trucks. Despite rather strong congestion effects, the impact on welfare 

effects is minor. For all parameter settings, households reach the highest welfare levels in the 

scenario with all three retail channels available. Yet, especially from an environmental 

perspective, and also to decrease congestion levels, occupancy rates of delivery trucks should 

be maximized. 

6.6.4 Delivery cost 

In general the model assumes fixed kilometre dependent prices per delivery mode. From an 

empirical perspective this might be less sensible as mostly delivery services charge flat prices, 

yet we aim at modelling an undistorted market with prices equalling marginal cost. This is 

more likely to be the case if we assume prices to be kilometre dependent. 

In the base scenario drone delivery is expected to be the most expensive option and 

local shopping is assumed to have the lowest transport cost per kilometre for the delivery 

from the production zone to shops. When switching to a parameter setting with no delivery 

cost for any of the retail channels, nearly 40% of households choose drone delivery. This 

shows that pricing of delivery options has a massive impact on household behaviour under 

the given parametrisation. Considering the pricing strategies of big online retailers, where 

often delivery is free after a certain shopping cart value, this is a relevant finding. Yet, the 

delivery costs do not have an impact on the general welfare results. The scenarios with drones 

still yield higher average utilities than the ones with shop-truck as well as the ones with only 

local shops in all assessed parametrisations.  
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Figure 6-16: Retail channel choice 

 

In this context it is important to keep in mind that the model does not include congestion for 

drones. Especially in scenarios with high demand this might be overly optimistic. Yet, as 

discussed by Straubinger et al. (2021c), not the airspace but rather take-off and landing areas 

are expected to be capacity restricting component as in order to minimize excess time in the 

air, flights will be scheduled to enable efficient operations. Additionally, drone congestion 

would mainly impact drone logistic operators and would not interact with other transport. The 

assumption of uncongested drone transport is therefore not expected to be critical for the 

overall effects, while leaving room for future research.   

As the model assumes local shops to take land from the city centre, very low prices on 

e-commerce delivery also have a significant impact on the market for land and hence for the 

location choice of households and companies. 

6.6.5 Channel choice parameters 

Besides the delivery cost of course also the parameter settings for the distribution channel 

choice modelling (𝜆𝑖𝑑𝑖𝑜  and 𝜆𝑠ℎ𝑜𝑝) have a significant impact on shares. 𝜆𝑖𝑑𝑖𝑜  hereby gives the 

importance of idiosyncratic preferences for the different retail channels, while 𝜆𝑠ℎ𝑜𝑝 allows 

to calibrate the correlation between the different choice nests described in Section 6.3.1. With 

these parameters strongly influencing retail channel choice it is interesting to closer look into 

the effects on location choice of households and companies.  

Once again the parametrisation does not impact the order of scenarios with regard to 

welfare. Yet, the difference in welfare levels between shop, shop + truck and all increases 

with increasing 𝜆𝑖𝑑𝑖𝑜 . 

We also find that the higher the share of local shopping the lower the number of jobs 

and households in the city centre. While households try to locate in the proximity to the city 

centre (suburbs 3 and 4) companies rather move to the borders of the city. The higher the 

share of e-commerce (both delivered via truck and drone) the more equal the spread of 

households and jobs over space. Both is mainly driven by the land demand for shops in the 

city centre. 
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6.6.6 Land need for different distribution channels 

It is therefore a natural next step to closer assess the impact of variation in land demand for 

shops in the city centre and logistic hubs at the border of the city. We have calibrated the base 

case (0.02m² for storage or in a shop per good) to have approximately 1.2% of land being 

assigned to shops and logistic hubs. 

The sensitivity analysis shows that the larger the amount of land needed per good the 

steeper the bid-rent curve. Interestingly the land for shops in the city centre has a significantly 

higher impact on the land market than the land needed for logistic hubs at the fringes of the 

city as shown in Figure 6-17. 

 

Figure 6-17: Rents per zone for different amounts of land needed per good in a scenario 

with all retail channels available 

 

6.6.7 Energy source 

The last sensitivity study we conduct is on the energy source of ground vehicles (cars and 

trucks). The base scenario assumes an all-electric transport system. Assuming cars and trucks 

to be gasoline fuelled only has a minor impact on overall effects. The most significant finding 

in that regard is the effect on CO2 emissions. In the all-electric scenario, as described above, 

CO2 emissions decrease with the introduction of e-commerce and delivery via trucks. Yet, 

allowing for drone delivery increases CO2 emissions, as they require more energy per package 

kilometre. For the gasoline scenario the introduction of e-commerce leads to a reduction in 

emissions for both, truck and drone delivery. Despite an increase in kilometres travelled after 

introducing cargo drones, CO2 emissions further decrease, as cargo drones are assumed to be 

electric, even in the gasoline scenario. An overview over the results for CO2 emissions can 

be seen in Figure 6-12. 
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Figure 6-18: Tons of CO2 emissions per year for the electric and the gasoline scenario 

 

6.7 Discussion and next steps 

The aim of this research was to give insights into possible long-run effects of increasing 

shares of e-commerce and the introduction of cargo drones as a new technology in the 

logistics sector. Existing studies on e-commerce assess the drivers of retail channel choice 

using travel diaries, studies or GPS data, providing evidence on the benefits and drawbacks 

of online retail. Yet, so far possible long-run effects, such as the decreasing attractiveness of 

city centres or the location choices of households and companies, have stayed largely 

unquantified. Cargo drones and their application potential for logistics have also been 

frequently studied in recent years. Research, so far, is still mainly technology driven, 

discussing vehicle and network designs. 

We add to both lines of research by discussing effects also outside of the retail industry 

itself and going away from technical discussions. Using a USCGE model allows us to 

describe links between different actors and markets, in order to quantify effects of changes in 

the retail sector also on related markets. While the developed model is rather stylised it 

provides evidence on the possible direction and size of impacts.  

Assuming local shops to be located in the CBD, all consumers are forced to travel there 

for shopping. The introduction of e-commerce loosens this necessity as consumers are then 

free to choose whether they want a good to be delivered to their home location or to drive to 

the CBD for shopping. A good shopped online can either be delivered using trucks via a 

logistic hub or using cargo drones and are then delivered directly from the production site. 

These model assumptions result in the following effects:  

 The space requirements for shops in the city have a significant impact on the land market 

and therefore also on the location choices of households and companies. 

 While households prefer locations close to the CBD and companies tend to locate closer 

to the fringes of the city. 

 When introducing e-commerce, both households and jobs are more equally distributed 

over space. 
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 Expected utility increases for households in all locations when e-commerce is introduced. 

Offering drone delivery as an additional retail channel even further increases utility. This 

finding holds under all parametrisations that have been assessed in the course of the 

sensitivity analysis. 

 Due to the reduction in shopping trips overall kilometres travelled significantly drop with 

the introduction of e-commerce, which also decreases CO2 emissions. If goods shopped 

online can also be transported via drones, energy demand and therefore CO2 emissions 

slightly increase compared to the delivery truck scenario. 

 The numerical simulation shows that congestion interaction between shopping/ delivery 

trips and commuting trips have a stronger impact on commuting trips than on delivery 

trips. As the central zone is the most congested zone (both for delivery and commuting) 

and due to the non-linear nature of the congestion function, congestion in the central parts 

of the city increases most.  

 

Our research is based on strict assumptions on the underlying logistic networks for each of 

the retail channels. Also household characteristics strongly influencing retail channel choice 

are not considered in the given model. Both these facts are clear limitations to our work and 

motivate future research in this area. 
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Appendix 6.A Symbol directory 

�̃�𝑖𝑗𝑚  Utility of household type ijm 

𝐴𝑖 Land supply in zone i [m²] 

𝐷𝑤𝑜𝑟𝑘_𝑚𝑎𝑥𝑖𝑗𝑚 Maximum possible number of work days for household ijm 

𝐷𝑤𝑜𝑟𝑘𝑖𝑗𝑚  Number of working days of household type ijm 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐_𝑙𝑎𝑏𝑖𝑗𝑚 Maximum possible income from labour of household type ijm 

𝐹𝑢𝑙𝑙_𝐼𝑛𝑐𝑖𝑗𝑚 Maximum possible income of household type ijm 

𝑆ℎ𝑎𝑟𝑒_𝑅𝑜𝑎𝑑𝑠𝑖 Share of land assigned to roads in zone i 

𝑈𝑖𝑗𝑚   Systematic utility of household type ijm 

𝑉𝑂𝑇𝑖𝑗 Value of time of household type ij 

𝑋𝑘 Output of firms produced in zone k 

𝑍𝑖𝑗𝑘𝑚  Local products produced in zone k and consumed by household type ijm 

𝑌𝑖𝑗𝑚   Imported products shopped by household type ijm 

𝑐_𝑐𝑜𝑚_𝑒𝑥𝑖𝑗 Monetary costs of commuting from i to j flowing out of the city 

𝑐_𝑐𝑜𝑚𝑖𝑗 Monetary costs of commuting from i to j  

𝑐_𝑠ℎ𝑜𝑝_𝑒𝑥𝑖𝑘𝑚 Monetary costs for travelling from i to shopping location k flowing out of the city 

𝑐_𝑠ℎ𝑜𝑝𝑖𝑘𝑚 Monetary costs for travelling from i to shopping location k 

𝑖𝑛𝑈𝑖𝑗𝑚   Indirect utility of household type ijm 

𝑙𝑎𝑏𝑜𝑟𝑗 Demand for workers of companies in zone j 

𝑙𝑎𝑛𝑑𝑖 Land demand of companies in zone i 

𝑙𝑖𝑗  Leisure time household type ij 

𝑞𝑖𝑗  Land demand household type ij 

𝑟𝑖  Land rent in zone i 

𝑡_𝑐𝑜𝑚𝑖𝑗 Time required for commuting from i to j 

𝑡_𝑠ℎ𝑜𝑝𝑖𝑘𝑚 Time required for travelling from i to shopping location k  

𝑤𝑗  Wage of workers in zone j 

𝛤𝑖𝑗 Expected utility for nest ij 

𝛹𝑖𝑗𝑚  Choice probability for home work location pair ij and usage of retail channel m 

휀𝑖𝑗𝑚  Idiosyncratic utility household type ijm 

𝜆𝑖𝑑𝑖𝑜 Measure for the importance of systematic utility and idiosyncratic preferences 

𝜆𝑠ℎ𝑜𝑝  Measure for correlation between nests 

𝜋𝑖𝑗𝑚  Consumer price of products including travel costs of household type ijm  

𝜋_𝑦𝑖𝑗𝑚   Consumer price of imported products including travel costs of household type ijm  

𝜏 𝑙𝑠  Lump-sum tax 

𝜏𝑤  Labour tax 

CBD Central business district 

CES Constant elasticity of substitution 

EV Equivalent variation 

i Zone in which the household lives 

j Zone in which the household works 

k Zone in which the household shops 

m Retail channel the household type uses  
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MNL Multinomial logit model 

N Number of households in the city 

NL Nested logit model 

R Income from land rents per households 

TE Total time endowment 

USCGE Urban spatial computable general equilibrium model 

𝜎  Expenditure share products 

𝜑 Expenditure share housing 

𝜔 Expenditure share leisure time 

𝐻𝑤𝑜𝑟𝑘 Number of working hours per day  

𝑜 Measure for substitutability between land and labour 

𝛼 Share parameter of the utility function (local goods) 

𝛽 Share parameter of the utility function (imported goods) 

𝛿 Share parameter of the productivity function (land) 

𝜇 Share parameter of the productivity function (labour) 

𝜂 Factor accounting for the love for variety regarding products 

𝜅 Factor accounting for the love for variety regarding products 

𝐹𝑖𝑗  Traffic flow on route ij 

𝐶𝑖𝑗  Capacity of route ij 

A Calibration parameter congestion function  

𝑏 Calibration parameter congestion function  

𝑑 Inverse of the free-flow travel speed 
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Appendix 6.B Input parameters for calibration 

 

Symbol Description Model 

value 

Literature 

value / 

comment 

Source 

N Total number of 

households 

180,000 Adapted to 

depict section 

of the city 

 

TE Total time 

endowment (hours 

per year) 

6,000 =365*16.45 (Statistisches Bundesamt, 2019) 

σ Share parameter 

utility function 

products 

0.45 0.41 (Tscharaktschiew and Hirte, 2010) / 

(Statistisches Bundesamt, 2019) 

φ Share parameter 
utility function land 

0.15 0.22 (Tscharaktschiew and Hirte, 2010) / 
(Statistisches Bundesamt, 2019) 

ω Share parameter 

utility function 

leisure 

0.4 0.37 (Tscharaktschiew and Hirte, 2010) / 

(Statistisches Bundesamt, 2019) 

𝛼 Parameter utility 

function (local 

goods) 

1   

𝛽 Parameter utility 

function (imported 

goods) 

1   

𝜂 Parameter utility 

function products 

0.8 0.6 (Tscharaktschiew and Hirte, 2010) 

𝜅 Parameter utility 

function products 

0.8 0.6 (Tscharaktschiew and Hirte, 2010) 

𝐻𝑤𝑜𝑟𝑘 Working hours per 

day 

8 8 (Eurostat, 2004) 

𝛿 Parameter 

production land 

0.2 0.2 (Tscharaktschiew and Hirte, 2010) 

𝜇 Parameter 
production labour 

0.8   

o Parameter 

production relation 

land to labour 

−0.5   

A(i) Land area in zone i 

(km2) 

28   

ShareRoads(i) Exogenous share of 

land allocated to 

roads 

20% 17% Munich (Statistisches Amt der 

Landeshauptstadt München, 2017) 

pgas Gasoline price total 1.45€/l 1.45€/l (Statista, 2020b) 

pel Electricity price 

total per kWh 

0.38€/kW

h 

0.38€/kWh  

𝐶𝑂2𝑔𝑎𝑠  CO2 emissions in 

kg/km gasoline car 

0.116 

kg/km 

 (Federal Ministry for the Environment, 

Nature Conservation and Nuclear 

Safety, 2019) 

𝐶𝑂2𝑒𝑙   CO2 emissions in 

kg/kWh electricity 

0.06 

kg/kWh 

0.06 kg/kWh= 

10% of CO2 

intensity of 

electricity in 

Germany 

(1995) 

(EEA, 2020) 

𝑒𝑛𝑒𝑙   Electricity per 

kilometre electric 

car 

0.2kWh/k

m 

 (Federal Ministry for the Environment, 

Nature Conservation and Nuclear 

Safety, 2019) 
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𝑒𝑛𝑒𝑙𝑈𝐴𝑀   Electricity per 

kilometre horizontal 

travel cargo drone 

(8kg payload) 

0.09kWh 

/km 

0.09kWh /km (Stolaroff et al., 2018) 

𝑒𝑛𝑒𝑙𝑡𝑟𝑢𝑐𝑘   Electricity per km 

per 8 kg package 

0.003kW

h/km/8kg 

0.003kWh/km

/8kg 

(Mercedes-Benz, 2021) 

𝑒𝑛𝑔𝑎𝑠𝑡𝑟𝑢𝑐𝑘   Gasoline per km per 

8 kg package 

0.001l/k

m/8kg 

0.001l/km/8k

g 

(Verkehrsrundschau, 2011) 

a Calibration 

parameter for the 

BPR function 

0.05 0.05 – 1.00 (Small and Verhoef, 2007; Neuhold 

and Fellendorf, 2014) 

b Calibration 

parameter for the 

BPR function 

2 2.1 (Neuhold and Fellendorf, 2014) 

𝑡𝑐𝑠ℎ𝑜𝑝 Logistic cost per km 

(shopping) 

0.01 

€/km 

  

𝑡𝑐𝑡𝑟𝑢𝑐𝑘  Logistic cost per km 

(truck) 

0.25€/km   

𝑡𝑐𝑑𝑟𝑜𝑛𝑒  Logistic cost per km 

(drone) 

1.00€/km   

𝑙𝑎𝑛𝑑𝑠ℎ𝑜𝑝 Area needed per 

good sold in shop 

0.02m²   

𝑙𝑎𝑛𝑑𝑙𝑜𝑔𝑖𝑠𝑡𝑖𝑐  Area needed per 

good sold in logistic 

hub 

0.02m²   

𝜆𝑖𝑑𝑖𝑜 Measure for the 

importance of 

systematic utility 

and idiosyncratic 
preferences 

0.3   

𝜆𝑠ℎ𝑜𝑝 Measure for 

correlation between 

nests 

9   
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Appendix 6.C Sensitivity analysis 

  
base v1 v2 v3 v4 v5 v6 

Substitution elasticity between imported goods and locally produced goods 

κ 0.6 0.4 0.5 0.7 0.8 0.9 
 

Congestion interaction  

interact_comm 0.1 0 0.2 0.3 0.75 0.1 0.2 

interact_shop 0.1 0 0.2 0.3 0.75 0 0.1 

Delivery channel choice 

𝜆𝑠ℎ𝑜𝑝  9 1 1 9 9 4.5 
 

𝜆𝑖𝑑𝑖𝑜 0.3 1 0.3 1 0.1 0.2 
 

Land for logistics 

shop 0.02 0 0.002 0.06 
   

truck 0.01 0 0.001 0.03 
   

Delivery cost 

shop 0.01 0 0 0 0.2 
  

online_truck 0.25 0 0.25 0.3 0.5 
  

online_drone 1.00 0 0.50 0.3 0.5 
  

Occupancy delivery trucks 

Occupancy rate of delivery truck 100% 90% 75% 60% 50%   
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7 CONCLUSION 

This dissertation consists of five coherent chapters on the basics of UAM and in the area of 

USCGE models tailored towards the application to urban transport in general and urban air 

transport specifically. The analyses aim to provide evidence on potential development 

pathways for UAM and their impact on users and non-users. The development of this thesis 

has massively benefitted from accompanying research in related fields of UAM. Building 

upon this knowledge allowed to construct a consistent setting for the application of USCGE 

models to drones in transportation. This is one of the first contributions to the area of the long-

run effects of cargo and passenger drones and opens the floor to a discussion of the broader 

chances and risks of this novel mode of transport. 

This concluding section gives a summary of results (Section 7.1), derives policy 

recommendations (Section 7.2) and highlights possible ways forward (Section 7.3). 

7.1 Summary of results 

Chapter 2 provides a first introduction to the various research streams within the area of 

UAM, amongst them operational concepts, ground infrastructure, regulatory aspects, the 

UAM-ecosystem, acceptance and adoption, while also highlighting chances and hurdles. 

From 2017 onwards research in the area of UAM has massively increased and the novel field 

is currently being assessed from different perspectives. Besides that, start-ups and established 

companies from the aviation and automotive sector are actively working on the development 

of vehicles, infrastructure and communication technology for UAM. While technical, 

infrastructural and societal challenges still exist today, main hurdles are expected to be 

overcome by the mid-2020s. This thesis aims to answer open research questions in the field 

of UAM, especially targeting those on the long-run effects of drones in urban transport 

systems. 

Chapter 3 outlines the possibilities of USCGE models following the modelling stream 

of Anas and co-authors (Anas and Kim, 1996; Anas and Xu, 1999; Anas and Rhee, 2006), to 

analyse the broader impact on an economy induced by changes in the transport sector. The 

research assesses a change in parking policy, going from on-street parking to off-street 

parking, incorporating also the benefits from reduced congestion resulting from less cruising 

for parking and higher road capacities. Yet, off-street parking infrastructure is assumed to be 

refinanced either by parking fees, lump-sum tax or congestion tolls, leading to additional costs 

for the households. The increased land demand, provoked by space needed for off-street 

parking, has a significant impact on rents and hence, as not all land is owned by households, 

results in welfare losses for the city’s inhabitants. In general, the model results show that the 

costs exceed the benefits from the perspective of the city’s households independent from the 
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funding scheme. Absentee landlords in contrast benefit from the changes and emissions 

significantly decrease. 

Chapter 4 develops a USCGE model that allows to assess the impact of UAM 

introduction into cities with differing initial spatial structures. The model includes high- and 

low-skilled households, as UAM is expected to be more attractive to households with a higher 

willingness to pay for travel time savings, and assumes both skill types to either have 

preferences to locate close to the CBD or close to the borders of the city. The basic scenario 

for UAM introduction shows that high-income households achieve welfare gains, while low-

skilled households face welfare losses. The results do not significantly differ between the two 

city-types in size and direction of effects. Minor differences on an individual level as well as 

the differences in household location choices for the different city types, yet, result in minor 

differences regarding overall welfare effects. The stronger impact on welfare effects is 

induced by changes to the UAM system characteristics such as prices, marginal cost, 

horizontal travel speeds, access and egress times as well as land demand for infrastructure. 

Varying these parameters results in significantly different mode choice values and overall 

welfare effects. 

Chapter 5 builds upon the model developed for Chapter 4, but has a stronger focus on 

the environmental impact of UAM introduction and the shift to electric mobility in general. 

The assessment unveils several interesting findings. The differences in taxation of gasoline 

and electricity result in welfare losses of households when a forced shift from gasoline to 

electric cars takes place, as the higher taxes on gasoline better internalize the congestion 

externality. This holds despite the fact that a kilometre travelled with an electric car is cheaper 

than a kilometre travelled with a gasoline car. Yet, incorporating social cost for carbon shows 

that the welfare loss is already evened out by a shadow price of 25€/t CO2 and would yield a 

breakeven with the welfare of the gasoline scenario. Introducing UAM slightly reduces 

welfare of low-skilled households, while high-skilled benefit. UAM as an additional mode of 

transport to gasoline cars decreases emissions, introducing UAM as a substitute to electric 

cars in contrast is harmful to the environment. UAM hence is not an appropriate alternative 

to substitute travel with electric ground vehicles on the exact same route but should rather be 

used, if e.g. due to geographical barriers, UAM would lead to a significantly shorter travel 

route.  

Chapter 6 broadens the scope of this thesis from taking a pure passenger perspective to 

also including discussions on other drone use cases such as cargo. The aim of the chapter is 

to better understand the possible long-run effects of increasing shares of e-commerce and the 

introduction of cargo drones. Building a model that allows for a choice between online 

shopping delivered via truck, online shopping delivered via drone and local shopping and that 

assumes different logistic structures behind the different retail channels, enables an evaluation 

of the long-term effects of e-commerce in general and delivery via drones in particular. The 

introduction of e-commerce in general reduces the preference of households to locate close 
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to the CBD and leads to both households and jobs to be more equally distributed over space. 

Kilometres travelled significantly decrease after the introduction of e-commerce as 

households no longer need to travel for each good they shop, this hence also results in lower 

CO2 emissions. The introduction of delivery via drone only yields small changes to location 

choices and related markets but further increases welfare. 

The chapters of this thesis and findings of other, closely related research of the author 

in this area62 allow to derive the following essential messages:  

The introduction of UAM can have a broad range of effects, some of which have been 

analysed in the presented research. The potential for emission reduction is often brought 

forward as an argument for the development of UAM. Of course electric VTOL vehicles have 

zero tail pipe emissions, yet, they still consume energy. From an environmental perspective 

it is favourable to travel with electric ground vehicles as they require less energy on the same 

route. If a significantly shorter route is possible via UAM, passenger drones might indeed 

pose an environmentally friendly opportunity. The effects discussed in Chapters 4 and 5 of 

this thesis so far often stay unconsidered. In the long-term UAM introduction could indeed 

contribute to an equalisation of living conditions across space and impact the location choices 

of households and companies. Yet, as the service is likely to attract households with a high 

willingness to pay for travel time savings it is important to also understand the impact on non-

users and in what way they are impacted, e.g. through additional noise by overflying already 

deprived areas of cities, or by effects on related markets such as the land market.  

Along the path to large scale roll out of UAM services there still are several hurdles to 

overcome. While technological impediments, such as batteries and the development of 

autonomous systems, are currently often discussed, they are likely to pose less of an issue in 

the future. It is rather missing regulation and certification standards as well as a lack of ground 

and telecommunication infrastructure provision that is likely to cause deceleration. In 

addition to that public acceptance and perception could constitute a barrier, which has to be 

lowered e.g. through information campaigns, privacy ensuring policies, noise regulation and 

a service design that gives large parts of society access to the service. 

Irrespective of future technological developments and regulatory boundaries UAM 

might stay a niche market forever, that mainly targets high income individuals and covers 

most of the demand that is nowadays served by conventional helicopters. From a business 

perspective it is therefore essential to identify suitable markets and application cases early on 

that also provide societal benefits. Market entry strategies hereby play an important role and 

UAM market actors have to understand the value of fruitful ecosystems and the necessity of 

related services such as vertiport operations to be in place. 

                                                           
62 Straubinger et al. (2021a); Straubinger and Rothfeld (2018); Al Haddad et al. (2020b); Al Haddad et al. 

(2020a); Rothfeld et al. (2019b); Ploetner et al. (2020); Michelmann et al. (2020); Straubinger et al. (2021b); 

Straubinger et al. (2020a); Fu et al. (2020). 
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7.2 Policy recommendations 

The presented research and the extracted conclusions allow to derive a range of policy 

recommendations supporting the welfare enhancing, competition enabling and 

environmentally friendly introduction of UAM: 

1) Evaluate and understand the long-run effects of drones in transportation: 

For cities, authorities and legislators it is essential to understand the possible long-run 

effects of UAM and novel mobility solutions in general. As the research presented 

above has shown, changes in the transport system of a city can result in changes of 

location choices of companies and households and have effects on related markets in 

general. These broader effects are important to understand before introducing drones 

into urban transport systems to ensure that the system is set up in an efficient and 

welfare enhancing way. 

2) Consider overall climate goals in policy making for transport drones: 

Current transport policy is tailored towards meeting the ambitious goals of the Paris 

Climate Agreement. The introduction of UAM should also take this gist and aim to 

offer a sustainable mobility solution. As shown above substituting trips by gasoline 

powered cars through electric VTOL vehicles has the potential to decrease CO2 

emissions. Yet, when substituting trips away from electric cars energy demand will 

rather increase which is a step backwards in achieving climate neutral mobility. 

Additionally, the usage of drones for passenger and cargo transport might lead to 

induced demand due to long-run changes in inhabitants’ mobility behaviour. The usage 

of passenger and cargo drones should therefore be thoroughly assessed with regard to 

energy usage and environmental impacts. 

3) Take redistributional and equity effects seriously: 

The presented research has shown that the impact on different parts of society (high- 

and low-skilled or users and non-users) strongly differs. In this context it is important 

to ensure that negative externalities do not massively impact parts of society that do 

not frequently use the new transport service, due to for example, budget reasons.  

4) Operational concepts and system designs have a strong impact on the welfare effects 

of drones: 

The performed sensitivity analyses show that the specific system design (e.g. with 

regard to pricing or vertiport size) has a significant impact on the welfare effects of 

drone introduction. A tangible example that is described in more detail in Chapter 4 

could be, to ensure that the amount of land required for vertiports is thoroughly 

assessed and minimised to decrease the negative impact on the overall land market.  

These recommendations can serve as first guidelines for cities, authorities and regulators 

when discussing necessary steps in the context of drone introduction. 
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7.3 Future research and outlook 

This thesis and the research comprised within have been developed in an early phase of UAM 

research. In recent years and months the topic has developed more and more from a hype 

topic to an area of research aiming to also manage expectations. We are already seeing 

commercial offers for repair and surveillance drone services, first trials for cargo drones and 

demonstrator flights for passenger UAM. Yet, the sector still has to reach high. With each 

advancement and trial service, research will shift further from theoretical and qualitative 

approaches to quantitative studies using the available data. It is yet to be seen how far the 

current expectations and predictions deviate from what we see in 20, 30 or 50 years. 

The research presented in this thesis provides evidence on the direction and size of 

possible effects of using drones for cargo and passenger transport. While the stylistic and 

abstract nature of the used USCGE models is well suited to analyse the effect in this early 

development phase of UAM and cargo drones, it would be interesting to use less abstract 

models in later stages. Traffic data of cities could be used to build a more specific city model 

that allows to e.g. incorporate findings of elaborate mode choice models or vertiport location 

algorithms. As highlighted in different Chapters of this thesis it would be interesting to 

expand the assessment of mode-choice to include more modes in the choice set and to also 

allow for multi-modal travel chains. These more detailed approaches promise to also be more 

powerful once first commercial drone services are in place and the models can be calibrated 

against revealed preference data. Another possible path for enhancements of the presented 

work could be to include local emissions (e.g. noise or PMx) of both road and air transport to 

allow for feedback on land rents or attractiveness of certain areas as housing locations. This 

research also leaves congestion of cargo and passenger drones unconsidered. Finding a 

suitable method to model congestion in the air and at vertiports is also a promising path for 

future research. Another interesting area for future research could be a more detailed analysis 

of possible promising changes to the tax system allowing for a more appropriate treatment of 

long-run changes in the mobility sector, such as e.g. a transition to electric mobility. 
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8 SUMMARY 

This dissertation makes use of urban spatial computable general equilibrium (USCGE) 

models tailored towards the application to urban transport in general and urban air transport 

specifically. The thesis assesses the effects of urban air mobility (UAM) introduction and 

hopes to contribute to the young field of research by providing evidence on possible long-run 

effects of transport drones.  

In recent years there has been a strong increase in research output in the field of UAM. 

The studies on the topic are wide-spread discipline-wise, reaching from vehicle design over 

UTM, regulation and certification to acceptance and adoption. Not only research, but also 

business activities are strongly increasing. Yet, UAM still faces technical, infrastructural and 

societal hurdles on the way to introduction. 

One of the main hurdles is the support of authorities, policy makers and the public. To 

enable a supporting environment early on, it is important to provide tools and methods that 

enable an assessment of the long-run effects of transport drones. Making use of USCGE 

models, this thesis broadens the discussion on UAM impacts to include also welfare effects, 

environmental aspects, and differentiate between the impacts on different parts of society. 

Applying a USCGE model to an existent transportation issue, namely parking, gives 

confidence in the chosen method. Tailoring the model to UAM and incorporating both high- 

and low-skilled households enables us to derive several interesting findings. Using 

agglomeration effects and amenities the model allows to differentiate between cities where 

high-skilled locate close to the city-centre and cities where high-skilled rather move to the 

suburbs. Differentiating between both initial spatial structures shows that the impact that the 

city structure has on the impact of UAM introduction, is minor. UAM system characteristics, 

like, land demand, prices, marginal cost or travel speed, in contrast significantly impact 

direction and magnitude of welfare effects. We find that the welfare effects for households 

with different income levels strongly differ and hence want to emphasise the relevance of 

understanding the differential impacts of UAM on user and non-users. 

Expanding the assessment to also include electric ground mobility and explicitly 

considering the environmental effects of UAM introduction shows that differences in taxation 

between gasoline and electricity lead to welfare losses when a forced transition from gasoline 

cars to electric cars takes place, while CO2 emissions go down. The higher tax on gasoline 

compared to electricity, as it is currently in place in Germany, results in a better internalization 

of otherwise untackled congestion externalities and hence explains this somewhat unexpected 

effect. The model also provides evidence, that introducing UAM as a substitute for gasoline 

cars has the potential to reduce CO2 emissions, whereas serving as an alternative to electric 

cars UAM usage increases CO2 emissions due to higher energy demand. 
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Drones can also be used for cargo transport. In order to understand these effects as well 

the USCGE model is adapted to model different retail channels (local shops, online shopping 

and delivery via drone and online shopping with delivery via truck) and the logistic structures 

behind them. The assessment shows that additional retail channel choice options increase 

welfare and that the rise of e-commerce could significantly impact location choices in cities. 

This research shows that especially the long-run impact of passenger and cargo drones 

on users as well as non-users need consideration when assessing promising applications. 

From an environmental perspective, it is essential to identify applications that either allow to 

save energy due to shorter routes (e.g. due to geographical barriers), or justify the additional 

energy use due to the value added by the service (e.g. emergency applications or generating 

parity in living conditions). 
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9 ZUSAMMENFASSUNG 

Diese Dissertation nutzt räumliche Gleichgewichtsmodelle, sogenannte Urban Spatial 

Computable General Equilibrium (USCGE) Modelle, um die langfristigen Effekte von 

Veränderung in der urbanen Mobilität zu untersuchen. Dabei liegt ein besonderer Fokus auf 

den Auswirkungen der Einführung von urbaner Luftmobilität für Passagier- und 

Frachttransport. Diese Arbeit möchte einen Beitrag zu dem noch jungen Forschungsfeld 

Urban Air Mobility (UAM) leisten, indem sie Einblicke in mögliche langfristige 

Auswirkungen von Verkehrsdrohnen liefert.  

In den letzten Jahren hat der Forschungsoutput im Bereich von UAM stark 

zugenommen. Die Forschungslandschaft in dem Themengebiet ist breit gefächert und 

aktuelle Studien untersuchen verschiedene Aspekte, wie den Fluggeräteentwurf, 

Luftverkehrsmanagement, Regulierung und Zertifizierung, Nutzerakzeptanz oder die 

Akzeptanz in der Bevölkerung. Neben der Forschung nehmen auch die Firmenaktivitäten 

stark zu. Dennoch gibt es auf dem Weg zur Einführung von UAM noch technische, 

infrastrukturelle und gesellschaftliche Herausforderungen. 

Eine der größten Hürden ist die Akzeptanz und Förderung der neuen Technologie durch 

Behörden, die Öffentlichkeit und politische Entscheidungsträgerinnen und -träger. Diese 

Herausforderung kann nur gemeistert werden, wenn die langfristigen Effekte und 

Auswirkungen verstanden werden können. Dazu müssen Methoden bereitgestellt werden, die 

dies ermöglichen. Räumliche Gleichgewichtsmodellen haben in diesem Kontext großes 

Potenzial, da sie die Abschätzung der Auswirkungen von Drohnen sowohl auf die 

gesellschaftliche Wohlfahrt als auch auf die Umwelt erlauben. 

Die Anwendung eines USCGE-Modells auf das, in der Literatur bereits ausführlich 

diskutierte, Beispiel Parkraumpolitik, zeigt die Stärken dieser Methode auf. Durch eine 

Weiterentwicklung des Modells ist es möglich die Einführung von UAM abzubilden Die 

explizite Differenzierung zwischen Haushaltstypen mit verschiedenen Ausbildungsniveaus 

ermöglicht es die Auswirkungen auf verschiedene Bevölkerungsgruppen näher zu 

beleuchten. Durch die Berücksichtigung von Agglomerationseffekten und Standortvorteilen 

kann zwischen Städten, in denen sich Hochqualifizierte in der Nähe des Stadtzentrums 

ansiedeln, und Städten, in denen Hochqualifizierte eher in die Vororte ziehen unterschieden 

werden. Die Unterscheidung zwischen beiden räumlichen Strukturen zeigt, dass der Einfluss 

der Stadtstruktur auf die Auswirkungen der Einführung von UAM gering ist. Merkmale des 

UAM-Systems, wie Flächenbedarfe, Preise, Grenzkosten oder Reisegeschwindigkeit, haben 

hingegen einen signifikanten Einfluss auf Richtung und Ausmaß der Wohlfahrtseffekte. Die 

Wohlfahrtseffekte unterscheiden sich stark, je nach betrachtetem Ausbildungsniveau. Es ist 

daher von großer Relevanz die Auswirkungen von UAM auf Nutzer und Nichtnutzer zu 

untersuchen und zwischen den verschiedenen Haushaltstypen zu unterscheiden. 
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Die Ausweitung der Untersuchung auf die elektrische Bodenmobilität und die explizite 

Berücksichtigung der Umwelteffekte der Einführung von UAM zeigt, dass Unterschiede in 

der Besteuerung von Benzin und Strom zu Wohlfahrtsverlusten führen, wenn ein Wechsel 

von Benzinfahrzeugen zu Elektroautos verpflichtend ist. Die höhere Besteuerung von Benzin 

im Vergleich zu Elektrizität, wie sie derzeit in Deutschland gilt, führt zu einer besseren 

Internalisierung von ansonsten unbehandelten Stauexternalitäten und erklärt daher diesen 

etwas unerwarteten Effekt. Werden allerdings die sozialen Kosten von CO2-Emissionen 

berücksichtigt, steigt die Wohlfahrt in der Bevölkerung. Das Modell zeigt außerdem, dass die 

Einführung von Drohnen als Ersatz für Benzinautos das Potenzial hat, CO2-Emissionen zu 

reduzieren. Im Gegensatz dazu ist bei der Verwendung von Drohnen als Alternative zu 

Elektroautos aufgrund des höheren Energiebedarfs eine Erhöhung der CO2-Emissionen zu 

erwarten. 

Neben dem Passagiertransport können Drohnen auch für den Frachttransport eingesetzt 

werden. Um dessen Auswirkungen zu verstehen, wurde das Gleichgewichtsmodell angepasst. 

So konnten verschiedene Einzelhandelskanäle (Geschäfte vor Ort, Online-Shopping mit 

Lieferung per Drohne und Online-Shopping mit Lieferung per Lkw) und die 

dahinterstehenden logistischen Strukturen abgebildet werden. Die Auswertung zeigt, dass 

zusätzliche Wahlmöglichkeiten bei den Einzelhandelskanälen die Wohlfahrt erhöhen und 

dass die Zunahme des E-Commerce die Standortwahl von Haushalten und Firmen in den 

Städten erheblich beeinflussen könnte. 

Diese Dissertation zeigt, dass die langfristigen Auswirkungen von Passagier- und 

Frachtdrohnen auf verschiedene Bevölkerungsgruppen bei der Bewertung möglicher 

Anwendungsfälle berücksichtigt werden müssen. Aus ökologischer Sicht ist es wichtig, 

Anwendungsfälle zu identifizieren, die entweder Energieeinsparungen aufgrund kürzerer 

Routen ermöglichen (z.B. aufgrund geografischer Besonderheiten) oder den zusätzlichen 

Energieverbrauch durch den Mehrwert des Dienstes rechtfertigen (z.B. Notfalleinsätze oder 

die Schaffung gleichwertiger Lebensbedingungen). 
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