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ABSTRACT

Small communities or remote regions are usually ignored by airlines because they have insuf-
ficient passenger demand and the air services to and from these regions are unprofitable. Free
market conditions would lead to the lack of air connectivity to and from remote regions, hence
transportation authorities intervene by procuring air services to guarantee improved accessibil-
ity for these regions. The procurement of air services is done through subsidy schemes where
the transportation authorities pay subsidies to airlines that provide these air services along the
routes to and from remote regions. These routes are commonly referred to as subsidised routes.

The procurement of subsidised air services (subsidised routes) involves two major tasks—the
selection of routes to subsidise and the selection of airlines to serve these routes. These are the
focus of this thesis. The overall aim of this thesis is to design decision support models that can
be used by transportation authorities to select the routes to subsidise and to select airlines to
serve these routes.

First, we develop an optimisation model that selects the routes to be subsidised, by maximising
the number of people that can reach a given destination under different accessibility criteria
subject to a budget. The model is capable of handling multiple accessibility criteria. As input to
this model, we develop a novel method for estimating the subsidies required for non-existing
subsidised routes.

Second, we develop an auction framework to provide decision support to transportation au-
thorities when designing auctions for the procurement of subsidised air services. The auction
framework has three steps: auction definition by the transportation authority, bid preparation
by the bidding airlines, and winner determination by the transportation authority. We develop
two optimisation models as part of the auction framework, a winner-determination model for
selecting the bids with the minimum subsidies, and a bid preparation model that replicates
the airline’s behaviour when preparing bids for subsidised routes. The bid preparation model
has an objective of minimising subsidies subject to a minimum profit threshold. We additionally
propose models to estimate the appropriate demand and the route-operation cost for subsidised
routes, which are needed as input to the bid preparation model.

We demonstrate the usefulness of the two decision support models using the Public Service
Obligation (PSO) network of subsidised routes in Sweden. The results suggest that the optimi-
sation model can be used to select a new network of subsidised routes with improved accessi-
bility to given destinations (e.g., the capital and an international airport) at a lower subsidy cost
than the current network of subsidised routes. Having a requirement on the maximum airfare
but not the minimum number of flights provides a good trade-off between the current restrictive
setup with requirements on both the minimum number of flights and the maximum airfare, and
a setup of the tendering process with no restrictions.
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1 Introduction

Air transportation enables economic growth and development through fa-
cilitation of connectivity on a national and international scale. The commer-
cial transportation of people by airlines—also known as passenger traffic—
started in 1914, and in 1926, governments began regulating it to create market
stability. The governments controlled route entry and exit of the airlines, reg-
ulated airfares, and awarded subsidies to airlines that operated unattractive
routes. As the number of passengers and routes grew, the regulation be-
came inefficient: some airlines with monopolistic practices inflated airfares
and there were barriers to entry for new airlines. Therefore, governments de-
cided to deregulate air transportation—1978 in the United States (U.S.) and
1987 in Europe—such that the airlines could freely choose new profitable
routes, abandon/ignore the unprofitable routes, and choose airfares.

The airlines ignore the routes that serve remote regions if they have in-
sufficient passenger demand and they are unprofitable, which is usually the
case (Morrison et al., 2010; Williams and Bråthen, 2012). The abandonment
of these routes by profit-oriented airlines leads to lack of air connectivity to
and from remote regions (Anger et al., 2016). Thus, deregulation impairs
accessibility1 of people in small communities or remote regions to and from
given destinations, e.g., a major city, a hospital, and a hub or an international
airport within a specified travel time.

1Accessibility can, for example, be measured as the ability of people from an origin to reach
activities in desired destinations, usually within a specified travel time (Litman, 2020).
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1. INTRODUCTION

Because of the lack of air connectivity to and from small communities
or remote regions, transportation authorities in Europe, the U.S., Asia, and
Australia procure air services to guarantee improved accessibility to these re-
gions. The procurement of air services is done within subsidy schemes where
the transportation authorities pay subsidies to airlines that provide these air
services along the routes to and from remote regions. These routes are com-
monly referred to as subsidised routes. The procurement of subsidised air
services, or simply the procurement of subsidised routes, involves two major
tasks: it begins with the selection of routes to subsidise, followed by the se-
lection of airlines to serve these routes (see Trafikverket (2017)). The airlines
are selected through an auction/tender between the transportation authority
and the airlines, where the latter submits sealed bids for operating a specific
route or set of routes. The selected airlines receive subsidies from the trans-
portation authority for serving the subsidised routes. These two tasks influ-
ence the subsidies spent by transportation authorities on subsidised routes
and the efficient use of the subsidy schemes to improve accessibility to and
from the small communities or remote regions.

For the past two decades, the subsidies spent by transportation au-
thorities on subsidised routes have increased (Gössling et al., 2017; DoT
U.S., 2009). Additionally, there is criticism regarding misuse of subsidised
schemes, for example selecting routes that do not meet the criteria for sub-
sidised routes, which leads to high levels of redundant routes (Lian et al.,
2010; Fageda et al., 2018). The designing of an auction for the selection of air-
lines to serve subsidised routes is a crucial and hard task because the trans-
portation authorities consider multiple requirements, for example, the min-
imum level of service and the maximum airfares, which affect the subsidies
paid by the transportation authorities. Therefore, there is a need for good de-
cision support tools to assist the transportation authorities when procuring
subsidised air services, for example concerning minimising subsidies. The
elimination of redundant routes and the designing of an auction with ap-
propriate requirements would minimise the misuse of subsidised routes and
reduce the subsidies.

The overall aim of this thesis is to design decision support models that
can be used by transportation authorities to select the routes to subsidise
and to design auctions with appropriate requirements for these routes.

The remaining chapters of the thesis are as follows. Chapter 2 has an
overview of the procurement process for subsidised routes with a focus on
the two sub-problems involved—the selection of routes to subsidise and the
design of an auction for selecting airlines to serve these routes. Chapter 3 in-
cludes the formulation of models related to the two sub-problems. In Chap-
ter 4, we present the aim, research questions, goals, contributions of the the-
sis, and a summary of the included papers. We conclude the chapter with a
discussion of the two included papers and directions for future research.
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2 Procurement of Air
Services in Subsidy
Schemes

In this chapter, we present an overview of the procurement of subsidised
routes. The chapter begins with Section 2.1 that describes what subsidy
schemes are and gives a description of the four major categories of exist-
ing subsidy schemes. In Section 2.2, we discuss the three main stages in the
procurement of air services in subsidy schemes. This thesis focuses on two of
the stages—the selection of routes to subsidise and the design of an auction
for selecting airlines to serve these routes—and they are further described in
Section 2.3 and 2.4 using examples from Sweden.

2.1 Subsidy Schemes

A subsidy scheme is an economic intervention that extends any form of fi-
nancial aid or in-kind support to virtually all sectors (Gössling et al., 2017).
In air transportation, transportation authorities use subsidy schemes as a re-
sponse to the lack of air connectivity to and from small communities or re-
mote regions. The overall purpose of these subsidy schemes is to guarantee
air connectivity to and from eligible communities with insufficient demand
for commercial air services. Countries use various terms to describe an eligi-
ble community for subsidy schemes: remote regions, small communities, iso-
lated communities, and non-commercially viable routes (Fageda et al., 2018;
Williams and Bråthen, 2012). In this work, we use these interchangeably be-
cause all the subsidy schemes aim to guarantee air connectivity to and from

3



2. PROCUREMENT OF AIR SERVICES IN SUBSIDY SCHEMES

small communities or remote regions with insufficient demand for commer-
cial air services.

Generally, the existing subsidy schemes can be divided into four cat-
egories: route-based, passenger-based, airline-based, and airport-based
schemes—see Table 2.1 for details. Some countries may have a combina-
tion of these schemes. For example, the U.S. and some European Economic
Area (EEA) countries, such as Sweden and Norway, have both route-based
schemes and airport-based schemes (Fageda et al., 2018).

Table 2.1: A description of the four categories of existing subsidy schemes and exam-
ples of implementing countries

Subsidy scheme Description Example of implementing
countries

Route-based policies

This is the most widely used subsidy scheme and
it has been implemented in countries where air
transportation is fully deregulated. It imposes a
service obligation (e.g. a number of daily flights,
maximum airfare and monopoly rights) on
specific routes.

Australia, Chile, European Union,
Norway, Malaysia, Peru,
the United States, India

Passenger-based policies

Governments give discounts to residents, which
may be included in route-based policies. These
discounts may either be an absolute value or a
percentage of the market airfare.

Ecuador, Portugal, Scotland,
Spain

Airline-based policies
Governments give financial assistance to
airlines—usually state-owned—to support
air services to remote regions.

Bolivia, Canada, Colombia,
Ecuador, Malaysia

Airport-based policies

Airports receive subsidies for airport programs
such as expanding and improving infrastructure
capacity. These policies also include incentives
(e.g., airport-fees discounts) that are channelled
through airports to airlines, to launch new routes.

Australia, Brazil, Canada,
European Union,
the United States

Source: Adapted from Fageda et al. (2018)

This chapter focuses on the most studied category of subsidy schemes in
the literature—the route-based subsidy schemes (Fageda et al., 2018). These
subsidy schemes are implemented as short-term contracts of 2 to 5 years be-
tween governments and airlines. The contracts may specify the service lev-
els/requirements that include: flight frequencies, aircraft type, flight sched-
ules, and route airfares. The governments pay a subsidy (per route) to the
airlines for meeting these service requirements. Furthermore, the two ma-
jor route-based subsidy schemes in terms of the number of routes and the
amount of subsidies spent are the Public Service Obligations (PSOs) in the
EEA and the Essential Air Services (EAS) in the U.S.

In the EEA, a member state autonomously decides how to impose a PSO
on routes that are crucial for economic-social development of a (peripheral)
region (EU Regulation, 2008). The PSO is intended to ensure that the pro-
vided air services satisfy fixed standards of continuity, regularity, pricing,
and minimum capacity that would not be realised if airlines were to com-
mercially assess the routes. In the U.S., the Office of the Secretary of the
U.S. Department of Transportation (U.S. DoT) administers the EAS: it aims
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2.2. The Stages in the Procurement of Air Services

to guarantee that small communities that had air services before deregula-
tion, maintain a link to the national airport network with a minimum level
of scheduled air services (DoT U.S., 2009). Although the decisions of how to
impose a PSO on routes or how to administer the EAS to small communities
may somewhat differ, the PSO, the EAS, and other subsidy schemes aim to
achieve two main objectives: (1) to guarantee air services to/from regions
with low accessibility, and (2) to guarantee a connection of all regions to the
national air transportation system.

2.2 The Stages in the Procurement of Air Services

Procurement is the act of buying goods and services: it consists of all the
activities necessary to acquire goods and services that are consistent with
defined requirements (Novack et al., 1991). Each country’s transportation
authority is in charge of the procurement for subsidy schemes with a target
to guarantee sufficient and satisfactory provision of transport services to all
regions in a country. The procurement of air services in subsidy schemes can
be summarised in three stages as shown in Figure 2.1.

Figure 2.1: The stages in the procurement of air services in subsidy schemes

For subsidy schemes, the procurement of air services begins with an in-
vestigation, where the transportation authority identifies regions to benefit
from the subsidy scheme, and consequently, selects routes to subsidise. Typ-
ically, the transportation authority assesses the need for subsidised routes
by regions based on defined accessibility criteria to certain destinations, for
example, a major city, advanced hospital, a hub or an international airport,
a university, or a tourist site. The criteria are also defined by specific time-
related targets. For example, it should be possible to access a capital city
within four hours. The regions that lack access to these destinations would
be considered as candidates for the subsidy scheme. There are variations
in how the transportation authorities in different countries define these ac-
cessibility criteria but they all aim to assess economic, social and territorial
cohesion. Table 2.2 gives an example of the eight accessibility criteria used
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2. PROCUREMENT OF AIR SERVICES IN SUBSIDY SCHEMES

by the Swedish Transport Authority (Trafikverket) to assesses the need for
subsidised routes to and from 290 municipalities (Trafikverket, 2017).

Table 2.2: The eight criteria used in Sweden. Each criterion is further described by
specific targets a (good) or b (acceptable).

Criteria Description Target

1. To Stockholm
Reach central Stockholm

during the day

a. Within 4 hours

b. Within 5 hours

2. From Stockholm
Travel from Stockholm

to the municipality

a. Within 4 hours

b. Within 5 hours

3. International

travel

Possibility of international air travel

by arriving at any of Stockholm-Arlanda,

Gothenburg-Landvetter, Copenhagen-Kastrup,

Oslo-Gardermoen and Trondheim-Vaernes

airports on weekdays

Travel time is not specified

4. Major cities

Accessibility to Stockholm, Gothenburg,

Malmö, Sundsvall, Umeå, Luleå, Linköping,

Copenhagen, Oslo or Trondheim

a. Within 4 hours to at least 1

city

b. Within 5 hours to at least 1

city

5. Regional/University

hospital

Accessibilty to a university or a regional

hospital in Umeå, Stockholm, Uppsala,

Örebro, Linköping, Gothenburg, Malmö

and Lund

a. Within 3 hours

b. Within 4 hours

6. University and

higher education

Accessibility to higher education

in 23 municipalities

a. Within 5 hours to at least 10

target municipalities

b. Within 5 hours to at least 5

target municipalities

7. Other major cities
Accessibility to a municipality

with at least 50,000 inhabitants

a. Within 3 hours to at least 3

target municipalities

b. Within 4 hours to at least 2

target municipalities

8. Tourism

The possibility for the rest of

the country to reach an essential

population center in the municipality

a. 50% of the Swedish population

reaches the population center

within 5 hours

b. 50% of the Swedish population

reaches the population center

within 7 hours

Source: Trafikverket (2017)

The second stage in the procurement of air services in subsidy schemes is
the design of the tendering process. In this stage, the transportation authority
needs to design tendering agreements for the provision of air transportation
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2.3. Selection of Subsidised Routes

services to the selected regions in the first stage. The tendering agreements
are used by the transportation authorities in the call for tenders to airlines
to operate subsidised routes. The agreements include requirements to be
fulfilled by the airlines. These requirements should be determined by the
transportation authority such that they harmonise the interests of all stake-
holders (i.e., the transportation authority, the airlines, and the passengers).
Commonly used requirements in the tendering process are: (1) minimum
number of round trips per day; (2) minimum seat capacity per day; (3) maxi-
mum number of stops; (4) time table requirements, for example, a maximum
number of days per year with no service; (5) size of aircraft; (6) air emissions
of specified substances; and (7) maximum one-way ticket fares (Williams and
Bråthen, 2012). Airlines respond to the call for tenders by submitting sealed
bids for bundles of combinations of routes from which the transportation au-
thority chooses the best bid for each subsidised route. This stage concludes
with the signing of a tendering agreement or contract period—usually rang-
ing from 2 to 5 years.

After the transportation authority designs the tendering process and se-
lects airlines to serve the subsidised routes, the third stage is the implemen-
tation of the subsidy scheme. Here, the airlines provide air services to the re-
gions based on the tendering agreements. The transportation authority mon-
itors the essential terms of the tendering agreements, e.g, number of flights,
and resolves any possible discontinuation of air services by the airlines. This
stage lasts until the conclusion of the tendering agreement or contract period,
after which the procurement is repeated.

The first two stages of the procurement for air services in subsidy
schemes—i.e., the selection of routes to subsidise through an investigation
of the need for a subsidy scheme, and the design of the tendering process
for selecting airlines to serve these routes—directly affect the efficient use of
subsidised schemes and the subsidies paid by the transportation authorities.
Therefore, the next two sections of this chapter focus on these two stages to
help the transportation authorities to respond to criticisms regarding mis-
use of subsidy schemes, i.e., selecting routes that do not meet the criteria for
subsidised routes and the continuously increasing subsidies spent by trans-
portation authorities.

2.3 Selection of Subsidised Routes

In this section, we describe the first stage where the transportation author-
ity must investigate the regions’ need for subsidised air services, and also
present previous research related to this.

The investigation of the need for subsidised air services is done by the re-
spective country’s transportation authority through an accessibility analysis
of all the country’s regions based on defined criteria. The regions with a defi-

7



2. PROCUREMENT OF AIR SERVICES IN SUBSIDY SCHEMES

Legend: Good Acceptable Poor

(a) Accessibility with-
out subsidised routes

Gällivare

Hemavan

Vilhelmina

Arvidsjaur

Lycksele

Sveg

Torsby

Hagfors

Pajala

Stockholm/
Arlanda

Luleå

Legend: Airport   Route

(b) Possible subsidised
routes

Legend: Good Acceptable Poor

(c) Accessibility with
subsidised routes (a+b)

Figure 2.2: Investigation of the need for a subsidy scheme based on accessibility

ciency in accessibility would qualify to have subsidised routes. The selection
of routes for the subsidy scheme should be within the available budget.

To further elaborate on this, we use an example from Sweden, specifically
the accessibility criterion to Stockholm. The Swedish Transport Authority
(Trafikverket) assesses the need for subsidised routes to and from all 290 mu-
nicipalities based on the eight accessibility criteria in Table 2.2. Trafikverket
analyses the accessibility of the people in each municipality to each crite-
rion’s destination. This is done in two parts.

First, it analyses accessibility in a situation without the subsidised routes.
This analysis would for example result in a map as in Figure 2.2a, which
presents the accessibility using ground transportation and existing commer-
cial flights, i.e., without any subsidised routes. The analysis is used to iden-
tify the municipalities with good (green colour) accessibility, those with ac-
ceptable (yellow colour) accessibility, and most importantly those with poor
(red colour) accessibility to Stockholm. Secondly, Trafikverket selects possi-
ble subsidised routes both with a stop and without a stop (see Figure 2.2b)
to provide scheduled air transportation services to some of the red-coloured
municipalities. This is done to improve the accessibility to Stockholm for
some of the municipalities with poor (red colour) accessibility, i.e., to either
good (green colour) or acceptable (yellow colour) accessibility (see Figure
2.2c). The accessibility with air services considers the concerned airport(s)
catchment area, that is the geographic area from which its users are expected
to originate from. This implies that not all people from the municipality are
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2.4. Auction for Subsidised Routes

expected to have the same accessibility for all the eight accessibility criteria.
Additionally, Trafikverket has a limited budget, which should be considered
when selecting subsidised routes.

2.4 Auction for Subsidised Routes

In this section, we use Figure 2.3 to describe the second stage from Figure 2.1
where the transportation authority carries out an auction in form of a ten-
der (sealed bid auction) to select an airline to provide air services to remote
regions. Figure 2.3 represents the tendering process of subsidised routes in
Sweden for the tendering period of 2015 to 2019.

Figure 2.3: The tendering process for subsidised routes based on an example from the
Swedish PSO tendering period 2015-2019

After the selection of subsidised routes to serve remote regions (see Fig-
ure 2.3), the transportation authority needs to find airlines willing to offer

9



2. PROCUREMENT OF AIR SERVICES IN SUBSIDY SCHEMES

air services along these routes. This is done through an auction/tendering
process. A tender is a special form of auction where buyers (sellers) submit
sealed bids to the seller (buyers) who then selects the winning bids. The ten-
dering process for subsidised routes is illustrated using an example in Figure
2.3, which is based on the subsidy scheme in Sweden.

First, the tendering process begins with the transportation authority
inviting airlines to tender for the provision of air services to remote regions.
The invitations to tender are published on official sites, for example, the of-
ficial journal of European Communities. Sometimes the tenders are defined
concerning an airport serving a remote region (e.g., Vilhelmina municipal-
ity), while other times, as in Figure 2.3, it is defined in terms of airports (e.g.,
Vilhelmina airport (VHM)). Also, the transportation authority needs to deter-
mine the required level of service for each region. For example, in Sweden,
Trafikverket states these requirements: 2 round trips per day for 6 days a
week, maximum airfare, minimum number of seats per year, and the aircraft
cabins should be pressurised.

Second, the airlines submit multiple sealed bids to the transportation au-
thority. The bids are in form of bundles, i.e., a set of regions (or routes serving
regions). Each bundle could include a single route to provide air services to
a remote region or multiple routes to provide air services to multiple remote
regions (see Step 2 in Figure 2.3). Additionally, each of the bundles is as-
sociated with an amount of subsidies required by the airline to provide air
services to the associated regions.

Third, the transport authority selects one airline for each region based
on an evaluation criterion, usually minimum subsidies. The airline receives
a contract that states the expected subsidies—which takes into account the
operation cost and revenue generated by the air services—from the trans-
portation authority. For the example in Figure 2.3, Trafikverket selected the
bids that cost 496 million SEK for the whole contract period of 2015 to 2019
(Trafikverket, 2013).

The design of the tendering process affects the airlines’ participation in
the tender and amount of subsidies paid by the transportation authority. For
example, airlines in Europe have emphasised the strict nature of the PSO
requirements as a major factor that reduces their freedom and discourages
their participation in the tendering process (Williams and Bråthen, 2012).
Consequently, the number of biding airlines is worryingly declining in ev-
ery successive tendering period. For example, in Sweden, the number of
bids per route was 4 in the 2002-2004 contract period but reduced to 2 in
the 2015-2019 contract period (Dahlström et al., 2018). Furthermore, the sub-
sidised routes in Europe (PSO routes) have been characterised by discontin-
uous services: several carriers pulled out of their contracts prematurely be-
cause of underestimated operational costs for the contracted routes. In some
cases, the tender-winning carrier entered into bankruptcy before the end of
the contract (Williams and Pagliari, 2004). For example, Sweden’s NextJet
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2.4. Auction for Subsidised Routes

airline that won the PSO tender illustrated in Figure 2.3 went bankrupt in
2017—2 years before the end of the contract (Dahlström et al., 2018). This
is also attributed to the miss-match of stakeholders’ interests represented by
the PSO requirements, i.e., transportation authority want to minimise sub-
sidies, airlines want to maximise profit, and the passengers want frequent
flights at cheap airfares.
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3 Models for Procuring
Subsidised Routes

In this chapter, models for the selection of subsidised routes and the design of
the tender process for subsidised routes are presented. The focus is on mod-
els that can help decision-makers when procuring subsidised routes by ob-
jectively assessing the implications of pursuing different alternatives. These
models should help transportation authorities with the two major stages in
the procurement of air services—selection of routes that need subsidised air
services and the auctioning process for subsidised routes.

3.1 Models for Selecting Subsidised Routes

Previous studies, for example, Flynn et al. (1988) and Matisziw et al. (2012),
have discussed optimisation models for the selection of subsidised routes.
Optimisation models aim to either maximise (e.g., accessibility) or minimise
(e.g., cost) subject to certain constraints. These studies focused on the ef-
fectiveness of subsidised routes in terms of improving accessibility and the
minimisation of subsidies paid by transportation authorities. Accessibility
can be evaluated based on either distance (see Flynn et al. (1988)) or travel
time (see Matisziw et al. (2012)) from an origin to a target destination. As
illustrated by Matisziw et al. (2012), travel time gives a more appropriate
measure of accessibility than distance.

The selection of routes to subsidise can be formulated as an optimisa-
tion model, specifically as a budgeted maximal covering model. Given the
the accessibility criteria (e.g., those in Table 2.2), the transportation authority
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needs to select routes to subsidise to improve the people’s accessibility from
the regions that can not reach a certain destination within a target time. The
transportation authority needs to select routes that ensure accessibility for as
many people as possible subject to a budget.

A model for selecting subsidised routes can be formulated as follows.
The whole population P is be grouped into population centres p and each
centre p P P has a weight Dp corresponds to the centre’s population. The
transportation authority considers a set F of all possible subsidised routes
that are obtained as combinations of maximum two population centres. Each
route f P F provides accessibility to a subset of population centres, i.e., there
is a subset Pf Ď P that is served by route f with in a target time. The base
model has the four components as presented in Table 3.1.

Table 3.1: Components of a base model for selecting subsidised routes

1. Objective. Maximise the accessibility, i.e, number of people
that can reach a given destination within a
given time.

2. Decision variables. Whether route f is selected (x f = 1 or 0).
Whether centre p is served by a selected
route (yp = 1 or 0).

3. Input parameters. The number of people at centre p (Dp).
A |P| ˆ |F| matrix A with entry Ap f = 1 or 0
depending on whether route f provides a way
to reach the destination from centre p within
a given time or not.
The cost of subsidising route f .
A given budget B.

4. Constraints. The cost of the selected routes should not exceed B.
A centre is considered served if it is served by
at least one route.

The optimisation models developed by Flynn et al. (1988) and Matisziw
et al. (2012) were more extensive than our base model. Flynn et al. (1988) also
employed a maximal covering model but simultaneously maximised popu-
lation coverage and minimised cost. Their model was capable of identifying
the best type of service for each community: continued service, discontinued
service, and increased service. Flynn et al. (1988) only modelled the exist-
ing subsidy schemes (i.e., the EAS), which leads to an interesting research
gap concerning how to model a non-existing subsidy system. Flynn et al.
(1988) added a stopover service option in the model to permit the evalua-
tion of potential gains in economic efficiency based on operation cost, and
they recommended an expansion of their model to accommodate a multi-
model network with both air and ground transportation. Matisziw et al.
(2012) developed a bi-objective optimisation model—simultaneously min-
imising hub-access cost and maximising community accessibility. They used
their model to suggest an optimal network of subsidised routes, which they
compared to the existing subsidy system. Matisziw et al. (2012) tried to ad-
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dress the gap in Flynn et al. (1988)’s work by modelling a non-existing net-
work but focused on minimising the the passengers’ travel time and cost of
subsidisation, which is also of interest to the transportation authority.

Our model is extended to consider other aspects. For example, with a
constraint that ensures that a population centre should not have a subsidised
route if there is a possibility of using either an existing commercial flight or
ground transportation within the considered target time. Furthermore, as it
may be beneficial to assess the accessibility to more than one destination, i.e.,
multiple accessibility criteria, the model, specifically the objective function,
could be modified to accommodate multiple accessibility criteria.

3.2 Designing an Auction for Subsidised Routes

An auction is a market institution with well-defined rules that determine the
winner and prices of items based on received bids from market participants
(Milgrom et al., 1982; McAfee et al., 1987; Mochón et al., 2015). The items
sold at auctions include goods, such as artwork and books, and services such
as the provision of subsidised air services. Auctions are useful in absence
of a standard value for an item and when the seller is unsure about what
it should be: auctions discover its value (McAfee et al., 1987; Vijay, 2015).
In the procurement of subsidised routes, which is the focus of this work,
the government does not know how much it should pay airlines for their
services along subsidised routes. Therefore, the government uses an auction
to discover the subsidy cost of air services along subsidised routes and to
select airlines to provide these services.

Auctions can be classified into four basic types based on how the winning
price is determined (i.e., single or multiple auction rounds), and the price
paid by the winner (McAfee et al., 1987; Vijay, 2015):

1. The English auction (ascending-bid auction). The auctioneer succes-
sively increases the price until only one bidder remains. The sell-
ers commonly use it to sell goods to maximise price. It has multiple
rounds, and the auctioneer openly communicates the current best price
to each bidder.

2. The Dutch auction. It is the converse of the English auction: it starts
with a high price, which the auctioneer successively lowers until one
bidder accepts the given price.

3. The first-price sealed-bid auction. The bidders submit sealed bids, and
the auctioneer awards the item to the highest bidder for the same price
that he bid. Unlike in the English auction, here, bidders are not able to
observe other bidders’ bids. This is common in government procure-
ment of public service contracts.
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4. The Vickrey sealed-bid (second-price) auction. The highest bidder wins
the item but pays the price equal to the second-highest bid (Vickrey,
1961). Although Vickrey auctions are rarely used in practice, they en-
courage more truthful bidding and have higher expected revenue than
first-price auctions.

There are variations of these four basic—traditional—auctions. First, as
the word auction can be used to describe both offerings to sell and bids to
buy, an auction can either be forward or reverse (McAfee et al., 1987). A
forward auction is used to get the highest price (i.e., when offering to sell)
while its converse, a reverse auction, is used to get the lowest price (i.e.,
when bidding to buy) as in government procurements (Mochón et al., 2015).
Secondly, based on the number of items, the simplest auction form has a sin-
gle unique indivisible item to be sold to one-out-of-many potential buyers
(Vickrey, 1961). Having multiple items leads to multi-item auctions. If the
items are related, that is substitutes and/or complements, a type of multi-
item auctions known as combinatorial auctions are recommended (Mochón
et al., 2015; Biswas et al., 2005; Pikovsky, 2008), as they allow bidders to ex-
ploit the relationships between items. Auctions have been used in the assess-
ment of air transportation processes, specifically for slot allocation at airports
(Button, 2008; Gruyer et al., 2004; Castelli et al., 2011; Pertuiset et al., 2014;
Ball et al., 2018). However, there is a lack of literature on the use of auctions
to analyse the procurement of subsidised routes.

The regions (items) in the procurement of air services substitute and/or
complement each other: commonly, an air carrier can serve two regions with
a one-stop service instead of the two regions individually. A combinatorial
auction framework would allow the air carriers to bid for regions or bundles
of regions based on their substitutability and complementarity. In this auc-
tion, the transportation authority is the buyer and the airlines are the sellers
of air services. The purpose of the auction is for the transportation authority
to select airlines that can provide air services along the subsidised routes and
determine the subsidies to pay.

In practice, a single-round (sealed-bid) form of the combinatorial auction
is used: it begins with the transportation authority defining the originating
(remote) regions in need of subsidised air services to improve people’s acces-
sibility to certain destinations. Airlines prepare and submit bids for subsets
of regions—also referred to as bundles.

A formulation of a single-round combinatorial auction framework for
subsidised routes should include two sub tasks: (1) preparation and submis-
sion of bids by the airlines, and (2) the determination of winners by trans-
portation authorities. These tasks can be formulated as two optimisation
models that simulate the whole bidding process.

First, the preparation of bids by the airlines can be formulated as an op-
timisation model. Although, the airlines naturally aim to maximise profits,

16



3.2. Designing an Auction for Subsidised Routes

taking into account the available demand and their capacity (e.g., number
of aircraft), this does not necessarily result in the minimisation of the re-
quired subsidies, which is the criteria used by the transportation authority
to determine the winning airlines. An airline that wishes to win the auction
should prepare bids that minimise the subsidies while considering a reason-
able profit threshold1. Thus an optimisation model that replicates the be-
haviour of airlines when preparing bids for subsidised routes should simul-
taneously capture these two objectives of the airlines and the transportation
authority. Given all the regions r specified in the auction by the transporta-
tion authority, the airline can submit bids for all possible bundles of regions
by solving an optimisation model for each possible bundle by considering
the available demand, its capacity (e.g., total aircraft seats), reasonable profit
threshold, and requirements on the minimum number of daily return flights
and the maximum airfare. For all regions in a bundle, the airline considers
non-stop and one-stop routes l to provide air services to the different regions
through the respective airport a. A base model that replicates the preparation
of a bid for a given bundle by an airline has four components as presented in
Table 3.2.

Table 3.2: Components of a base model for the preparation of a bid to serve regions
in a bundle

1. Objective: Minimise the total subsidies for serving the regions in a bundle

2. Decision variables: The total subsidies (s).
The number of daily return flights per route ( fl ).
The one-way airfare (Pa) for routes through airport a.

3. Input parameters: The total operation cost per return flight along route l (cl ).
The potential demand at airport a for each route l.
The maximum one-way airfare for routes through
airport a (Pmax

a ) if applicable.
The minimum number of daily flights ( f min) if applicable.
The minimum profit threshold.

4. Constraints: The airline makes a minimum profit.
The served demand at airport a for each route l is determined
by the airfare, travel time and number of flights.
The served demand should not exceed the airline’s capacity.
The selected airfare should should not exceed the
maximum airfare Pmax

a .
The required minimum daily return flights f min are satisfied.
A bid is submitted for a bundle if all regions can be served.

Second, the determination of winners can be formulated as a Weighted
Set Partitioning Problem. Each airline submits bids for all possible bundles.
(e.g., using a model such as described in Table 3.2). Each bundle j has a
price pj = s, which is the total subsidy that the airline requires to provide
air services to all regions in that bundle. The transportation authority selects

1The profit threshold, that is, the airline’s opportunity cost is defined as the ratio between
operating profits and revenues (return on revenues).
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the bids that minimise the subsidies. The model for the determination of
winners has the four components presented in Table 3.3.

Table 3.3: Components of a base model for the determination of winners by trans-
portation authorities

1. Objective: Minimise the total subsidies

2. Decision variables: xj = 1 if bundle j is selected, 0 otherwise.

3. Input parameters: Price pj of bundle j.
daj = 1 if bundle j has a bid from airline a, 0 otherwise.
arj = 1 if region r is in bundle j, 0 otherwise.

4. Constraints: Every region is allocated to exactly one airline.
Each airline wins at most one of its bundles.
All regions are served.

Concerning the preparation of bids, the combination of social-welfare
analysis and optimisation provides a sound and objective basis for setting
the requirements for subsidy schemes. J. P. Pita et al. (2013) proposed an
integrated flight-scheduling and fleet-assignment model for airlines to de-
termine the subsidised routes to operate, that minimises the total social cost
given a certain demand. Although they had a model that minimised total so-
cial cost, they also admitted that maximising social welfare could be a more
relevant objective. A later study by J. Pita et al. (2014) focused on using a
socially-oriented integrated flight-scheduling and fleet-assignment optimi-
sation model to assess different the level of service requirements for subsidy
schemes. To enable the analysis of the impact of certain requirements on the
subsidies and social welfare, our base model in Table 3.2 was modified, by
relaxing some of the constraints, for example, the requirement for maximum
airfare at each airport. Additionally, the passenger demand was able to cap-
ture changes in supply, for example, travel time and number of flights, which
would improve model accuracy.

3.3 Required Data

The decision support models for procuring subsidised routes require various
parameter/input data for implementation: the subsidised route network in
Sweden was used as a case study. The required data were categorised into
two: (1) available data , and (2) estimated data.

The available data are accessible either in published or unpublished form
from sources such as websites, reports, and databases. These include:

• The data on population (e.g., location/centre longitude and latitude,
number of people at a given centre).
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• The data on population (e.g., location/centre longitude and latitude,
number of people at a given centre).

• Data on the current subsidised routes in Sweden, for example, the re-
gions considered and the corresponding airports, the used accessibility
criteria and travel time targets, and tender requirements such as the
minimum daily number of flights per route, the maximum airfare per
region/airport.

• Historical data on the demand, average airfare, and number of flights
along the current subsidised routes.

• The data on airports, from which all possible flight routes (including
the current subsidised routes) can be generated.

• The ground travel time for both private cars and public transportation;
the flight times.

• The historical data about the current subsidised routes such as opera-
tion cost for the used aircraft types.

On the other hand, estimated data are not readily available and should be
obtained using estimation models, such as statistical models. Estimated data
is required when other possible routes—not the current routes—are consid-
ered. These data include: the route subsidy cost, the route operation cost
per flight, the demand at a given airport a along route l, and the minimum
profit threshold. The route subsidy cost was estimated based on the route
revenues and the route operation cost. The demand can be estimated based
on the population, airfare, and total travel time (i.e., sum of ground travel
time and flight time). The route operation cost can be estimated based on the
used aircraft seating capacity and the great circle distance in kilometres.

3.4 Output of the Decision Models

The decision models assist the transportation authorities with the first two
stages of the procurement (see Figure 2.1) for subsidised routes but the model
results would still require assessment before the last stage, that is the im-
plementation of the subsidy scheme. The output of the models include a
(suggested) network of subsidised routes, the number of people that can ac-
cess certain destinations, the airlines to serve these routes, the amount of
required subsidies. For each route, the results also include the number of
flights, airfare, and the corresponding number of passengers. The trans-
portation authorities can assess these results from the perspectives of all
the three stakeholders—the airlines, the transportation authority, and the
passengers—usually focusing on changes relative to the current subsidised
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routes. From the the airlines’ perspective, the changes in profits are of in-
terest while from the transportation authority’s perspective, the changes in
the amount of subsidies to be paid are of interest. From the passengers’ per-
spective, the results can be assessed by two measurements: (1) changes in
accessibility i.e., the number of people with improved accessibility to a given
destination, and (2) the changes in consumer surplus, which is the difference
between what the passengers are willing to pay in terms of travel costs (travel
time, airfare, etc.) and what they actually pay. Consumer surplus can capture
changes in consumer welfare due to changes to subsidised routes, changes
in time travel, changes in airfare, and changes in the number of passengers.
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4 Goals, Contributions, and
Publications

4.1 Research Questions and Goals

The overall aim of this thesis is to design decision support models that can be
used by transportation authorities to select routes to subsidise and to design
auctions for selecting airlines to serve these routes. The aim covers the two
main tasks when procuring subsidised flights, i.e., investigating the need for
a subsidy scheme and the tendering process for selecting airlines to serve
subsidised routes, which lead to two research questions:

1. How to model the selection of routes to subsidise?

2. How to model an auction that replicates the selection of the airlines to
serve subsidised routes?

This work addresses the research questions with two goals:

1. To develop a model that can compare existing and non-existing sub-
sidised schemes, and can objectively select an optimal set of subsidised
routes.

2. To develop a model that can help the transportation authorities choose
appropriate tendering requirements by studying how changes in these
requirements may affect the subsidies, the airlines and the passengers.
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4.2 Contributions

We achieve the goals in Section 4.1 with the following contributions. We:

1. Develop a budget-constrained optimisation model that selects an op-
timal set of subsidised routes from all possible routes based on given
accessibility criteria.

2. Propose a method to estimate the subsidies of new routes. This makes
it possible to assesses all the possible subsidised routes.

3. Develop an integrated auction framework for the tendering process of
subsidised routes.

4. Develop a bid-preparation model as an optimisation model that is spe-
cific to subsidised routes, to represent the airlines’ behaviour in the
auction framework. The bidding airline is interested in minimising the
subsidies subject to a target profit threshold.

5. Propose a method to estimate the demand, which is appropriate for the
origin–destination markets in subsidised schemes.

6. Estimate the route operation cost for the small aircraft types that typ-
ically operate subsidised routes. A model based on the small aircraft
types—used to operate the subsidised routes—gives a more accurate
cost estimate than a model based on bigger aircraft types, which are
more appropriate for commercially viable routes.

7. Demonstrate the application of the models using the Swedish subsidy
scheme as a case study and suggest policy guidelines.

4.3 Summary of the Papers

In this chapter, we summarise the papers—attached at the end of this work—
where we address the aims of this work: Aim 1 in Paper I, and Aim 2 in Paper
II.

4.3.1 Paper I - Decision Support for an Optimal Choice of
Subsidised Routes in Air Transportation

Paper I answers research question 1, i.e., How to model the selection of
routes to subsidise? The aim of this paper was to describe a mathematical
model that assists decision-makers in selecting the optimal network of sub-
sidised routes in air transportation, subject to defined accessibility criteria
(e.g., accessibility to a major city, to advanced healthcare, or to an interna-
tional airport) and a budget. Specifically, we formulated the problem of se-
lecting the routes to subsidise as a budgeted maximum coverage model that
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is capable of maximising multiple objectives corresponding to different ac-
cessibility criteria. Additionally, we also presented a method to estimate the
cost of subsidising new routes because this is unknown until the auction pro-
cess is carried out.

We used Sweden as a case study and explicitly modelled two of the cri-
teria used by Trafikverket (The Swedish transport Administration), i.e., ac-
cessibility to capital city—Stockholm, and accessibility to an international
airport, within 4 hours and 5 hours of total travel time. The total travel time
included a combination of ground travel time and flight time (if needed). As
subsidised routes aim to improve accessibility of remote regions to certain
destinations, the current subsidised routes were compared to the optimal
network of subsidised routes suggested by the model using the number of
people with improved accessibility. We also considered a scenario where an
airport is closed to further illustrate how the model also can be used to make
airport location decisions.

The results showed that: (1) although most of the Swedish population
already has good accessibility (i.e., either by ground transportation to the fi-
nal destination or by a combination of ground transportation to the airport,
a commercial flight to the final airport and possibly ground transportation
from the airport to the final destination), the model can suggest new routes
that could further improve accessibility without increasing the subsidisation
cost, and (2) the closure of an airport reduces the number of commercial
routes, which would reduce the accessibility to a given destination; a sub-
sidised route would hence be required as a replacement. The ability of the
model to consider several accessibility criteria makes it useful for decision
makers at transportation authorities.

This paper was co-authored with Tobias Andersson Granberg, Valentin
Polishchuk, and Clas Rydergren. The author of this thesis is the main author
of this paper and contributed to the formulation and implementation of the
model, collection and processing of the data, and writing of the manuscript.

Paper I is published in the Journal of Air Transport Management (Kinene,
Granberg, Polishchuk, et al., 2020).

4.3.2 Paper II - Using an Auction to Analyse the Tendering of
Subsidised Routes in Air Transportation

Paper II answers research question 2, i.e., How to model an auction that repli-
cates the selection of the airlines to serve subsidised routes? In Paper II,
we developed an integrated auction framework to provide decision support
to transportation authorities when designing tendering processes for sub-
sidised routes. The framework includes two main models. First, the winner
determination problem, which is used to select the bids with the minimum
subsidies. Second, the bid preparation model, which replicates the airline’s
behaviour when preparing bids for subsidised routes. Additionally, we pro-
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posed models to estimate the appropriate demand and the route-operation
cost for subsidised routes, which are needed as input to the bid preparation
model.

We demonstrated the usefulness of the auction framework with an ap-
plication to the network subsidised routes in Sweden as a case study. The
subsidised routes in Sweden, similar to other subsidised routes, are often
criticised due to inefficiencies and excessive subsidies, which result from re-
strictions defined by transportation authorities during the tendering process,
e.g., maximum airfare and minimum number of daily flights. We suggested
policy guidelines for how to set these requirements in the tendering process
by assessing scenarios with and without two requirements—the maximum
airfare and the minimum number of daily flights. The results were analysed
based on the total social welfare, that is, the consumer surplus from the pas-
sengers, the airline profits, and government subsidies.

Our analysis revealed that from the government’s perspective of min-
imising subsidies, having no restriction on both the airfare and the number
of flights is the best way to design the tendering process. However, having
only a requirement on the maximum airfare is better for both the consumers
and the government.

This paper is co-authored with Tobias Andersson Granberg, Sebastian
Birolini, Nicole Adler, Valentin Polishchuk, and Jean-Marie Skoglund. The
author of this thesis is the main author of this paper and has contributed to
the formulation and implementation of the model, collection and processing
of the data, and writing of the manuscript.

Paper II is submitted to TBD.

4.4 Discussion and Future Research

The procurement of subsidised routes typically starts with the selection of
routes to subsidise followed by an auction where the transportation author-
ity selects the airlines to provide air services along these routes. In this thesis,
we develop two decision support models that can be used by transportation
authorities for the procurement of subsidised routes, specifically to select the
routes to subsidise and to design auctions with appropriate requirements for
these routes.

The transportation authorities usually select the routes to subsidise using
accessibility criteria based on travel time and the proportion of the popula-
tion served. The selected routes are constrained by a limited budget, which
should also be considered. During the selection of routes to subsidise, the
transportation authorities have incomplete information about the subsidies
required by the airlines that eventually provide air services along subsidised
routes. Using historical data on existing subsidised routes hinders the evalu-
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ation of other possible routes. Therefore, a model for estimating the subsidies
required of all possible routes is necessary for the consideration of an aspect
of a limited budget to the selection of subsidised routes. We demonstrate
that a decision support model for selecting the routes to subsidise leads to
improved accessibility to given destinations (e.g., the capital and an interna-
tional airport), the possibility to reduce subsidy cost compared to the current
network of subsidised routes.

The auction for subsidised routes has three steps: (1) auction definition
by the transportation authority, (2) bid preparation by the bidding airlines,
and (3) winner determination by the transportation authority. The auction
definition includes the selected routes to subsidise and the corresponding re-
quirements (e.g., maximum airfare and minimum number of flights), which
affects how the airlines prepare bids for subsidised air services, the character-
istics selected bid such as the total required subsidy and consumer surplus.
We have modelled the auction for subsidised routes as an integrated frame-
work of two models representing the last two steps because Step 1 is usually
given information. The airlines submit bids indicating the subsidies required
to provide air services to one or combinations of the subsidised routes. We
demonstrate that an auction framework can be used to design auctions with
appropriate requirements for tendering process of subsidised routes. Ap-
propriate tendering requirements can lead to the reduction of subsidy cost
and improvement in consumer surplus compared to the current network of
subsidised routes.

Different from the first task of the procurement of subsidised routes (i.e.,
the selection of routes to subsidise) where the transportation authorities have
incomplete information about the required subsidies, the auction helps the
transportation authority to determine the subsidies to be paid. During the
auction, the airline uses its estimates of revenue and the route-operation cost
to determine the required subsidies. Although the current practice is to have
the first step of the auction process (i.e., auction definition) after the selection
of routes to subsidise, the incomplete information faced by the transportation
authorities when selecting the routes to subsidise may lead to sub-optimal
results. For example, the selected routes in the first task may not provide the
best benefits for the consumers during the second task (i.e., auction).

As future research, various directions can be considered. One possible
future direction is to solve the two tasks of the procurement of subsidised
routes simultaneously instead of separately as it is the currently done in
practice. This could be done by providing iterative feedback between the
two tasks based on their relationships. The could solve the issue of having
sub-optimal results as a consequence of sequentially solving the two tasks.
Another direction is to have an enhanced flight-scheduling component in
the bid preparation model, incorporating both detailed fleet assignment and
tail routing. Flight-scheduling would better capture the demand-supply re-
lationship, for example the response of demand to the number of flights. It
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may also be appropriate to incorporate schedule delay (a difference between
a desired arrival or departure time and the actual time) in the flight schedul-
ing. The emergence of electric aircraft and flying taxis should be explored by
future research. These aircraft are initially expected to be quite small with
a limited range, which is suitable for subsidised routes with low demand.
The electric aircraft are expected to require less subsidies due to the lower
operation cost than the currently used traditional aircraft. However, trans-
portation authorities may have to re-design subsidised routes as multi-stop
routes to accommodate the limited range.
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