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Abstract

To ensure a sustainable and reliable electricity supply, expansion of
plants from renewable sources is inevitable. At the moment, develop-
ment and operation of these plants exclusively based on revenues from
electricity markets is impossible. Thus, the European Union (EU) and
many other countries worldwide implement additional financial support
measures. The height and recipients of financial support are often deter-
mined via competitive mechanisms, i.e., auctions. Auctions for renew-
able energy support thus contribute majorly to energy transition, and
their thorough design is of utmost importance.

This thesis analyses and evaluates different design options for auctions
for renewable energy support both auction-theoretically and experimen-
tally. This thesis contributes to a successful design of auctions, and
aims at preventing premature decisions regarding unfavourable auction
designs.

In some auctions for renewable energy support, the demand supposed
to be awarded is not, or barely, met. In these cases, there is no or
only minimal competition, and prices are almost at the level of the pre-
determined ceiling price. As these results are not in line with the goals
of low prices and a high competition level, different suggestions to fix
the situation have been made. The most prominent one, which has been
implemented in various scenarios, is the so-called endogenous rationing,
where only a certain portion of submitted bids is actually awarded. This
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thesis shows, that rational bidders are not expected to participate in an
auction with endogenous rationing. The experimental analysis supple-
ments this finding: participation rates, i.e., supply in auctions as well as
awarded projects, decreases in repeated auctions despite an equal num-
ber of potential projects. Both auctioneer’s surplus as well as social
welfare are lower in auctions with than auctions without endogenous
rationing.

To optimise auctions for renewable energy support, methods of mech-
anism design are used. For this, the designated goals of the auctioneer
are of utmost importance. Only with low levels of competition an auction
is able to maximise auctioneer’s surplus, social welfare, and expansion
goals all at once. If competition levels are higher, the goals need to be
prioritised. Suitable measure to fulfil those goals are ceiling price, as well
as an adequate reimbursement of project preparation costs to bidders.
Both measures are dependent on cost and competition structure.

Especially in times of low competition, a possible solution can be to
open auctions across countries. In cross-border auctions, projects from
different countries can compete and be awarded. In this thesis, different
design options are auction-theoretically analysed and evaluated regard-
ing efficiency and expected revenues. Joint auctions conducted by differ-
ent countries together, as well as mutually opened auctions, which are
conducted sequentially, are optimal regarding evaluation criteria. Fur-
ther, sequential auctions seem to be appropriate regarding feasibility as
well, as they can take different market characteristics of the participat-
ing countries into account. Thus, this auction format is recommended
for use.

Theoretical analyses of project with different cost structures, e.g.,
project from different countries or of different technologies, are then
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supplemented with experimental studies. On the one hand, we analyse
multi-technology auctions, where projects of different cost structures can
compete against each other. On the other hand, we compare technology-
specific auctions, where only projects with similar structures can com-
pete. To ensure a better transferability of the real-world scenario, both
single-project bidders, as well as multi-project bidders, are analysed.
Multi-technology auctions lead to lower prices, a higher social welfare,
as well as higher auctioneer’s surplus, as technology-specific auctions.
Further, a higher level of efficiency can be observed. While comparing
different pricing rules, it can be seen that discriminatory pricing is to
be preferred in comparison to uniform pricing for all considered criteria.
Furthermore, uniform pricing has a higher risk of irrational bidding, and
thus, in the worst case, undesired bankruptcies of bidders.

This thesis is based on three papers prepared at the Institute for
Economics (ECON) in the Research Group for Strategic Decisions under
the supervision of Prof. Dr. Karl-Martin Ehrhart at Karlsruhe Institute
of Technology (KIT). The thesis is written in English.





Kurzfassung

Zur Sicherung einer nachhaltigen und zuverlässigen Stromversorgung ist
der Ausbau von Anlagen zur Stromgewinnung aus erneuerbaren Quel-
len unerlässlich. Zurzeit ist die Erschließung und der Betrieb dieser An-
lagen ausschließlich basierend auf Einnahmen aus den Strommärkten
noch nicht möglich. Daher sind in der Europäischen Union (EU) und
in vielen anderen Ländern weltweit zusätzliche monetäre Förderungen
implementiert. Die Bestimmung der Höhe der Förderung sowie deren
Empfänger werden dabei oft über wettbewerbliche Mechanismen, d.h.
Auktionen, geregelt. Da Auktionen zur Förderung erneuerbarer Ener-
gien somit einen wichtigen Beitrag zur Energiewende beitragen, ist die
sorgfältige Gestaltung der Auktionen von äußerster Wichtigkeit.

Die vorliegende Doktorarbeit analysiert und bewertet daher verschie-
dene Gestaltungsmöglichkeiten für Auktionen zur Förderung erneuerba-
rer Energien sowohl auktionstheoretisch, als auch experimentell. Diese
Arbeit soll einen wichtigen Beitrag zur erfolgreichen Ausgestaltung der
Auktionen zur Verfügung zu stellen und vorschnelle Entscheidungen un-
günstiger Auktionsdesigns verhindern.

In einigen Auktionen zur Förderung erneuerbarer Energien wird die
zu bezuschlagende Nachfrage nicht oder nur kaum durch das Angebot
gedeckt. In diesem Fall herrscht wenig oder kaum Wettbewerbsdruck, die
entstehenden Preise sind nahe dem festgelegten Höchstpreis. Da diese Er-
gebnisse konträr zu den Zielen geringer Preise und eines hohen Wettbe-
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werbsniveaus sind, wurden in der Vergangenheit verschiedene Vorschläge
zur Behebung der Situation laut. Der wohl bekannteste und an verschie-
denen Stellen implementierte Lösungsvorschlag ist die sogenannte endo-
gene Rationierung, bei der nur ein Teil der eingereichten Gebote bezu-
schlagt wird. Diese Arbeit zeigt, dass bei dem Einsatz dieser Maßnahme
bei rationalen Bietern keine Teilnahme erwartet werden kann. Auch bei
der experimentellen Untersuchung finden sich ähnliche Ergebnisse: die
Teilnahme, d.h. das Angebot in den Auktionen (und somit auch die An-
zahl bezuschlagter Projekte) sinkt in mehrmals durchgeführten Auktio-
nen trotz gleicher Anzahl potentiell zur Verfügung stehender Projekte.
Sowohl die Rente des Auktionators als auch die soziale Wohlfahrt sind
niedriger als in Auktionen ohne endogene Rationierung.

Zur Optimierung der Auktionen zur Förderung erneuerbarer Ener-
gien werden weiterhin Methoden des Mechanismus Designs verwendet.
Hierbei ist vor allem die genaue Zielsetzung des Auktionators von Wich-
tigkeit. Nur unter niedrigem Wettbewerbsniveau kann eine Auktion mit
geeignetem Höchstpreis die Ziele der Maximierung der Rente des Auktio-
nators, der sozialen Wohlfahrt, und des Ausbaus alle gleichzeitig erfüllen.
Bei genügendem Wettbewerb müssen diese allerdings priorisiert werden.
Geeignete Maßnahmen zur Erfüllung der verschiedenen Ziele sind hier-
bei vor allem der Höchstpreis sowie eine damit verbundene angepasste
Rückerstattung von Kosten an die Bieter. Beide Maßnahmen sind jeweils
abhängig von der Kosten- und Wettbewerbsstruktur.

Insbesondere in Zeiten geringeren Wettbewerbs kann eine mögliche
Lösung die Öffnung der Auktionen auch über Ländergrenzen hinweg sein.
In den grenzüberschreitenden Auktionen können Projekte aus verschie-
denen Ländern teilnehmen und bezuschlagt werden. Verschiedene Ausge-
staltungsmöglichkeiten werden in dieser Arbeit auktionstheoretisch ana-
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lysiert und bezüglich Effizienz und erwarteten Auktionserlösen mitein-
ander verglichen. Hierbei erweisen sich die gemeinsam von allen Ländern
durchgeführte Auktion und die sequentiell durchgeführten, für jeweils al-
le geöffneten Auktionen als optimal bezüglich der Evaluationskriterien.
Sequentielle Auktionen scheinen auch in Bezug auf Durchführbarkeit bei
verschiedenen Marktcharakteristiken der unterschiedlichen Länder gut
geeignet zu sein, weshalb diese Form der grenzüberschreitenden Auktio-
nen grundsätzlich empfohlen wird.

Die theoretischen Analysen von Anlagen mit verschiedenen Kosten-
strukturen, wie z.B. bei Anlagen aus verschiedenen Ländern oder ver-
schiedener zugrundeliegender Technologien, werden anschließend durch
experimentelle Untersuchungen ergänzt. Verglichen werden einerseits tech-
nologieübergreifende Auktionen, in denen Projekte aller Kostenstruktu-
ren teilnehmen können, und technologiespezifische Auktionen, in denen
ausschließlich Projekte gleicher Strukturen miteinander konkurrieren.
Zur besseren Darstellung der realen Situation werden sowohl Einpro-
jektbieter, als auch Mehrprojektbieter betrachtet. Hierbei führen tech-
nologieübergreifende Auktionen zu niedrigeren Preisen, einer höheren
sozialen Wohlfahrt sowie einer höheren Rente des Auktionators als tech-
nologiespezifische Auktionen. Zudem ist ein höheres Effizienzniveau zu
erwarten. Beim Vergleich der am häufigsten verwendeten Preisbestim-
mungsverfahren zeigt sich außerdem, dass das Gebotspreisverfahren dem
Einheitspreisverfahren in allen betrachteten Kriterien überlegen ist. Un-
ter dem Einheitspreisverfahren ist weiterhin die Gefahr des irrationalen
Bietens, und somit im schlimmsten Fall ungewollte Insolvenz, bedeutend
höher.

Diese Doktorarbeit basiert auf drei Papieren, welche am Institut für
Volkswirtschaftslehre (ECON) in der Forschungsgruppe Strategische Ent-
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scheidungen unter der Betreuung von Prof. Dr. Karl-Martin Ehrhart am
Karlsruher Institut für Technologie (KIT) erarbeitet wurden. Die Arbeit
ist in englischer Sprache verfasst.
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Chapter 1

Introduction

Primary energy consumption has been rising steadily over the last years
(BP p.l.c, 2020). The only exception to this trend is in 2020, as Covid
19 and resulting lockdown measures had negative impacts on energy de-
mand (Adam et al., 2020).1 Although the amount of renewable energy
(RE) consumption has been rising as well, it is still only about 5% of the
total primary consumption (BP p.l.c, 2020). Especially with the newest
political turbulences effecting amongst others the European energy mar-
ket, establishing energy from renewable energy sources (RES) is more
important than ever.2

To achieve a long-term high percentage of RE in the energy mix, it is
inevitable to support its expansion. Since conventional energy sources
are still producing with lower costs due to economics of scale and already
existing plants (Widmann, 2022), this support must also be in terms of
additional payments for RE plants on top of market energy prices. De-
termining these payments administratively is complicated. For one, an
administrative decision has to be thoroughly planned and has to stand
up against criticism. This is especially challenging when determining a
price, which should fit every need of every market participant, while not

1The effects of the European energy crisis in 2022 might be another exception, though the magnitude of
energy savings cannot be foreseen to this date.

2This thesis concentrates on the use of RES for electricity generation.

1



2 1 Introduction

granting too much money. Furthermore, the responsible administrators
are usually governmental agencies, which are not immediate experts in
energy generation and its costs. This is where auctions have their great-
est advantage: in case of information asymmetry, the party that has
more information can influence the price by bidding. In this case, pro-
ducers of energy out of renewable sources are far more knowledgeable
about energy production costs per Megawatt hour (MWh).

Still, designing adequate auctions is not an easy task. Especially
when considering a large number of different project developers with
various characteristics, such as project site and scale effects, choosing
an auction design can be difficult. This thesis analyses how to properly
design auctions for RE support and shows pitfalls to avoid.

1.1 Political background

Over the last decades, countries worldwide have been setting goals to
counteract the effects of climate change. In 2009, the European Union
(EU) decided in the Renewable Energy Directive (RED) to set the goal
of consuming at least 20% energy from renewable sources out of the
total energy consumption in 2020 (European Parliament, 2009), which
most European countries actually achieved (Broom, 2022). However, the
goals of the RED have since been amended to ensure the achievement
of the Paris Agreement, i.e., limiting global warming to 1.5 degrees Cel-
cius (United Nations, 2019). While the different EU member states set
various targets themselves (Fleck et al., 2023), the REDII set an overall
goal of a RES share of at least 32% by 2030 in 2018 (European Parlia-
ment, 2018), followed by a proposal of increasing the goal to a 40% share
in 2021 (European Parliament et al., 2021). This share might be even
further increased (European Commission, 2022).
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With these ambitious goals, a framework for RE expansion needs to be
implemented. Energy from RES still needs financial support to compete
with already established energy sources (Held et al., 2019). Before 2017,
support payments and its recipients were determined administratively,
e.g., by a feed-in-tariff (FiT)3. For this, the auctioneer had to decide on
support payments (BMU,2000), while in auctions bidders can actively
include their cost calculations in their bids, leading to a much clearer
picture of the actual need for support. Thus, the European Commis-
sion has decided to restrict the determination of the recipients and the
height of the financial support to competitive mechanisms in the State
Aid Guidelines (European Commission, 2014). Since 2017, EU member
states are thus obligated to determine support payments via auctions
(European Commission, 2014).4 By 2022, 19 EU member states as well
as the United Kingdom (UK) had existing auction frameworks in place
(AURES II, 2022). While in the long term, a transition to a no-subsidy
world where all technologies compete against each other is desired, in the
short term countries can conduct auctions specifically designed for only
one technology to assist in establishing this technology (European Com-
mission, 2014). So far, approximately 70% of all conducted auctions in
the EU are technology-specific, where only projects of the same technol-
ogy, e.g., photovoltaic (PV) or onshore wind, can participate (AURES
II, 2022).

1.2 Implemented auction designs

The choice of an auction design is not an easy task and depends heavily
on the defined targets the countries aim to achieve (Fleck et al., 2023).

3A detailed explanation of remuneration schemes can be found in 1.2.
4Exceptions can be granted under certain circumstances, e.g., for non-established sources with no compe-

tition.
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Therefore, it is not surprising that different countries implement differ-
ent auction designs to determine projects receiving support. In the past
years, various design elements have shown to be suitable for auctions for
RE support (Río et al., 2015). Most auctions for RE support are pro-
curement auctions, where bidders receive a payment and deliver energy,
if they are awarded. Only offshore wind projects, which are highly prof-
itable, do not need support anymore. Thus, bidders pay for the chance
to generate energy offshore (Reuters, 2021). This thesis will concentrate
on procurement auctions, where bidders receive support.

In most RE auctions in the EU, the auctioned good is either installed
capacity, electricity, or budget (AURES II, 2022), with capacity being
the most prominent choice. In this case, bidders submit a bid pair con-
sisting of the proposed capacity in Megawatt (MW) or Kilowatt (kW),
and the price in MWh or Kilowatt hour (kWh). When the price is the
only award criterion, bidders are awarded until the proclaimed auction
volume is reached, beginning with the bidder with the lowest price (Río
et al., 2015). When other award criteria, e.g., local content requirements,
are also considered, a scoring rule needs to be implemented (Asker et al.,
2010), where the optimal award allocation for the auctioneer is chosen
based on the auctioneer’s values for the different criteria.

Price bids are usually limited by a ceiling, and, less commonly, a
floor price (AURES II, 2022). Thus, an auctioneer can protect themself
against too high prices, as well as the bidders against too low prices.
While the determination of awards is directly linked to a bidder’s own
bid, the level of support need not be equal to the price bid. First, the
level of support depends on the remuneration scheme. With a FiT, bid-
ders receive a predetermined payment, which is a payment independent
of the market price, either on top of the market price5 or as a stand-

5This is also called a fixed feed-in-premium.
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Figure 1.1: Different remuneration types

alone payment. A sliding premium is a support payment depending on
the market price. In the one-sided sliding premium, awarded bidders
always receive at least the price determined in the auction, either be-
cause the market price is higher than the auction price, or through the
support payment in the height of the difference between market price
and auction price. In the Contract-for-Difference (CfD), or two-sided
sliding premium, awarded bidders receive exactly the auction price, as
either they receive a payment, or have to make a payment, to account for
the difference between market price and auction price. While in a CfD
the market price risk is relatively low, a fixed feed-in premium cannot
remove a bidder’s market price risk (Kitzing et al., 2013). An overview
of the most common remuneration schemes can be found in Figure 1.1.

The auction price in Figure 1.1 can be determined in different ways.
The most commonly applied schemes are discriminatory pricing (DP),
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also called pay-as-bid, as well as uniform pricing (UP). In a DP procure-
ment auction, bidders receive different prices based on their bid, i.e., in
the easiest case, each receives a payment in height of their bid. In a
UP auction, all awarded bidders receive the same payment. This pay-
ment is often determined by the lowest rejected bid (LRB) or the highest
accepted bid (HAB).

Independently of the award procedure and price determination, bid-
ders often need to fulfil certain prequalification criteria in order to par-
ticipate. This includes material prequalification measures, e.g., envi-
ronmental, or building permits, as well as financial prequalifications,
e.g., bid bonds (Río et al., 2015). These measures aim to reduce non-
realisation probabilities of awarded projects (Kreiss et al., 2017). Often,
financial prequalifications are held back as penalties in case of breach
of contract. In order not to risk inefficient auction outcomes, and still
achieve high realisation rates, careful adjustment of the measures, i.e.,
higher financial and reasonable material prequalifications, is necessary
(Kreiss et al., 2017).

To favour certain actors, e.g., energy communities, special rules can be
applied, such as the implementation of a bonus system in terms of pay-
ment, or lower prequalification criteria (Amazo et al., 2020). It should
also be kept in mind, that auctions for RE support are typically con-
ducted not only once, but multiple times per year (AURES II, 2022).
Bidders not successful in one auction thus can often participate again,
though this might induce further costs, e.g., for renewals of permits.

1.3 Objectives

Auction design has a major influence on the auction outcome, not only
in behalf of prices, but also in awards per se. With the impending
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difficulties of the energy transition, it is of vital importance to design an
auction for RE support in a way which provides assistance to establish
a long-term reliable market.

While auctions have been theoretically analysed over the last decades
(e.g., Vickrey, 1961; Krishna, 2009), the implementation of auctions in
the complex market of RE support still has room for improvement. A
minor change in the auction design can affect auction outcomes and long-
term objectives in various ways (Fleck et al., 2023), the most obvious
one being auction prices. Even when conducting a well applied and long
approved design, external variables, such as competition, can impact the
outcome dramatically (Anatolitis et al., 2022).

The political decisions on auction design can be influenced by many
different aspects, e.g., stakeholders from energy producers and tax pay-
ers in general. In this context, it is especially important to provide a
thorough and unbiased analysis of the questions at hand. This thesis
provides a link between auction theory on the one hand, and practical
implementation of auctions in the RES sector on the other hand. By sci-
entifically and objectively analysing the framework conditions, and then
giving recommendations for real-world application, this thesis helps pol-
icy makers to design auctions carefully and foresighted. Thus, it gives
important insights into fulfilling expansion goals and a valuable contri-
bution to the ongoing path to a sustainable future.

1.4 Approach

This thesis sheds light on the difficulties of designing auctions for RE
support. The topics addressed in this thesis stem from practical ques-
tions and problems policy makers face when conducting RE auctions.
To allow a holistic understanding, a variety of methods is applied. In a
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first step, the situation is displayed in an abstract mathematical model,
and then analysed auction-theoretically to derive game-theoretic equi-
libria. Following the pure theoretic approach, laboratory experiments
complement the findings to transfer results into a more practical setting.
Lastly, the results from both methods are compared and evaluated to
derive a combined conclusion and give recommendations for real-world
applications.

One major problem not only in auctions for RE support, but in auc-
tions in general, is the dependence on competition. An auction is fore-
most an allocation mechanism, and not suited to guarantee low prices
when not enough interested parties are present. Unfortunately, in some
auctions for RE support, low competition has been a crucial factor, espe-
cially in the onshore wind auctions in Germany since 2018 (Bundesnet-
zagentur, 2022). A proposed solution has been the implementation of
measures to endogenously reduce the auction volume. Chapter 2 crit-
ically analyses this proposal auction-theoretically and advises strongly
against such measures. Further, the mechanism design approach is used
to determine the optimal settings for an auction depending on the goals
of the auctioneer.

To supplement the findings of Chapter 2, Chapter 3 presents a labo-
ratory experiment, which was conducted to test whether the theoretical
results can be replicated in a real-world setting. With the methods of ex-
perimental economics, this chapter examines how participants behave in
a setting with low competition, both in the case where all of the a-priori
disclosed auction volume is awarded, and when the awarded auction vol-
ume is reduced based on (the lack of) competition. For the evaluation
of results, auction prices, auctioneer’s surplus, as well as social welfare
are considered.
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A topic which is of increasing importance, especially with regards to
optimise natural resource potential and competition, is the introduction
of cross-border auctions (Kerres et al., 2021). Cross-border auctions
could even be made mandatory in the future (European Parliament et
al., 2021). To this date, Germany and Denmark conducted a successful
cross-border cooperation in 2016, while other countries have announced
interest in a future conduction but have been hesitant so far (Resch et al.,
2021). To provide assistance in designing cross-border auctions, Chapter
4 auction-theoretically analyses different options for policy makers and
compares expected results of different types of cross-border auctions.

Related to the topic of cross-border auctions, another decision policy
makers have to face is the choice of technologies eligible for award. As
explained in Section 1.1, in the future all technologies should compete
against each other in one auction, or, even later, in a post-subsidy mar-
ket. This is not the case in a majority of currently conducted auctions
for RE support (AURES II, 2022). Thus, Chapter 5 experimentally
analyses multi-technology auctions compared to auctions with only one
technology to determine strengths or possible drawbacks of the different
auction schemes.

Chapter 6 concludes the results of the previous chapters and gives an
outlook on possible future research.

Chapters 2 through 5 are based on three papers that have been pub-
lished, are under review, or are to be submitted to journals. The papers
have been adapted slightly to account for readability and consistency.
Ehrhart et al., 2022 has been split into the theoretic analysis, and the
experimental one, to allow for more detailed results. Table 1.1 gives an
overview of the different papers including authors and methods used.
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Table 1.1: Overview of the papers prepared for this thesis
Ch. Authors Title Methods Reference
2 Karl-Martin A Small Volume Reduction that Auction-theory, Ehrhart

et al., 2022Ehrhart, Melts Down the Market: mechanism design
Ann-Katrin Fleck, Auctions with Endogenous
Marion Ott Rationing

3 Karl-Martin A Small Volume Reduction that Auction-theory, Ehrhart
et al., 2022Ehrhart, Melts Down the Market: experimental

analysisAnn-Katrin Fleck, Auctions with Endogenous
Marion Ott Rationing

4 Karl-Martin Auction-theoretic aspects of Auction-theory Ehrhart
et al., 2019aEhrhart, cross-border auctions

Ann-Katrin Fleck,
Vasilios Anatoli-
tis, Jenny Winkler

5 Ann-Katrin Fleck Analysing Multi-Technology Auction-theory, Fleck, 2022
Auctions - Experimental experimental

analysisEvidence



Chapter 2

Auction-theoretic analysis of
auctions with endogenous rationing

2.1 Introduction

Carbon-free electricity is key to achieving the ambitious climate goals.1

The fast expansion of carbon-free generation and building of new re-
newable power plants is supported by public policies, which include tax
credits, renewable portfolio standards, commitments to procure carbon-
free electricity, and auctions (tenders).

Auctions for RE support are a growing field of application of multi-
unit auctions, with yearly total award prices yielding a twelve-figure
dollar amount.2,3 The motivation for the use of auctions is to select the
companies that have the lowest costs for providing the renewable energy
and to determine the lowest necessary support payments, i.e., to ensure

1For example, the US aims to cut greenhouse gas emissions by 50–52% by 2030 as compared to 2005 levels.
The EU aims to cut greenhouse gas emissions by at least 55% by 2030 as compared to 1990 levels, to at least
double the share of renewable electricity production as compared to 2020 levels to reach a level of about 65%,
and to become climate neutral by 2050 (European Commission, 2020).

2For example, the State Aid Guidelines of the European Commission (2014) and European Commission
(2022) make auctions obligatory for all new support schemes for which member states wish to obtain state aid
approval.

3Worldwide, an estimated total capacity of 111 gigawatt of renewable energy was auctioned in 2017–2018
(IRENA, 2019). For estimating the monetary value, we set a price of USD 50 per MWh, a duration of
support of 20 years, and 2000 full load hours per year (mix of different renewable energy sources). This gives
a monetary value of USD 222 billion in 2017–2018.

11
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efficiency and proportionality of public support payments.
However, the idea of ensuring proportionality through auctions has

been challenged by undersubscribed tenders with payments equal or close
to the ceiling price, that is, the highest accepted support set by the auc-
tioneer.4 To address this challenge, auctions with endogenous rationing
(ER) have been applied, in which the original auction volume may be
reduced based on the total volume of the bids in order to assure that
there is at least one losing bidder.5 The question arises, how strongly
this approach to ensure proportionality of support interferes with the
other objectives of the auctioneer.

This chapter addresses this question by analysing auctions with ER
theoretically and comparing them with standard auctions (i.e., auctions
without rationing) and with optimal mechanisms with respect to the
objectives welfare maximisation, surplus maximisation, and achieving
the volume goals.6

We analyse multi-unit procurement (reverse) auctions with single-unit
bidders and costly participation, which applies, e.g., to RE auctions.

4For examples, see auctions in Germany (BNetzA, 2022), Brazil and France (Robert et al., 2019), and Italy
(Enerdata, 2021).

5For example, the auction may stipulate that only a pre-announced share (e.g., 80 %) of the original auction
volume will be allotted to bidders if the total bid volume does not exceed the original auction volume. This
kind of rationing (with an endogenous auction volume) is used for example in Germany (BReg, 2019), France
(Ministre de l’Europe, 2018), Ukraine (Legislation of Ukraine, 2019), and Switzerland (Bundesamt für Energie,
2019). Similar measures are applied in Brazil (IRENA, 2015), Greece (Papachristou et al., 2017), Kazakhstan
(Abylkairova, 2018), and Mexico (Jiménez, 2016). For another concept of ER, the endogenous ceiling price,
see A.2.

6 These objectives are mentioned in guidelines and directives. For example, the European Commission
(2014) and Deutscher Bundestag (2017) stipulate, without prioritisation, the minimisation of the support
payments and the minimisation of the overall costs to achieve the renewables expansion targets Kreiss et
al. (2020). The minimisation of the support payments is stipulated, e.g., in the Netherlands and the United
Kingdom, and proposed for developing countries. The minimisation of the overall costs to achieve the expansion
target is stated, e.g., in California (US) and Mexico (Kreiss et al., 2020; IRENA, 2013). minimising the
overall (social) costs, which is related to maximising the social welfare, is another goal in national laws (e.g.,
Umweltbundesamt, 2016; Deutscher Bundestag, 2017; Kazakh Government, 2009). The maximisation of the
consumer surplus or low prices for the customers are also postulated (e.g., Umweltbundesamt, 2016; IRENA,
2013; Hochberg et al., 2018; Kreiss et al., 2020). The goal to achieve the targeted expansion of renewable
energy, which implies allotting the volume put out to tender in the renewable energy auctions, is stated, e.g.,
in Germany, Kazakhstan, Brazil, Mexico, and proposed for developing countries (Deutscher Bundestag, 2017;
Kazakh Government, 2009; Hochberg et al., 2018; IRENA, 2013).
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Typically, in these auctions a total capacity is put out to tender and
company’s bid comprises the capacity of its project and a price. Based
on the award price, support is provided for the energy produced by the
realised project in some time period , e.g., the first 20 years. Partic-
ipation costs in form of bid-preparation costs may be substantial and
mainly arise because bidders have to meet physical requirements, e.g.,
submitting a (partial) approval for building a plant on a specific site,
before the auction (AURES, 2016b; AURES, 2017).7 For onshore wind
projects, the costs of the physical requirements are between two and ten
percent of the invested amount (Wallasch et al., 2015; Quentin, 2015;
AURES, 2016a). As a consequence, only companies whose expected
profit from the auction covers their participation costs will participate
in the auction.

ER interferes with this necessity to cover the participation costs, not
only by reducing the participation incentives per se but also by spurring
a downward spiral on participation. By ensuring that there will always
be at least one losing bidder, ER removes any participation incentive for
the weakest bidder, causing any bidder that expects to be the weakest
participant to stay out. As a result, there may be no participation
incentive for any company. The main result of this chapter reveals this
strong negative effect of ER on participation.

Based on this result, optimal mechanisms for multiple auctioneer’s
objectives are used to judge whether ER supports any of these and to
identify alternate approaches for improvements in all objective functions.

The optimal mechanisms for the objectives surplus maximisation, wel-
7Bid-preparation costs are common in procurement auctions also in other settings. The auctioneer often

requests a certain kind of project preparation as a requirement for participation to ensure the offers’ quality
or seriousness. To fulfil these requirements, bidders have to undertake costly measures and invest in their
project before knowing whether it can be realised. Typically, the required measures are also necessary for
realising a project. Examples for such measures are the development of a prototype in the industry sector or
the collection of construction permits in the building sector.
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fare maximisation and achieving volume goals can each be implemented
by auctions that reimburse all bidders or all losing bidders for their full
participation costs in combination with an appropriately adjusted ceil-
ing price. Even if one questions the feasibility of reimbursement, the
two objectives of welfare maximisation and surplus maximisation can
also be achieved with designs in which all bidders, all losing bidders, or
all winning bidders are partially reimbursed or not reimbursed at all.
In general, the optimal mechanisms for the objectives differ; only in the
case of a small number of bidders can they coincide.

Nevertheless, measures exist that contribute to all three objectives
and to the aim to ensure proportionality through auctions (i.e., that
bids and not the ceiling price determine the payments). Lowering the
participation costs (unlike increasing the number of bidders) increases
the auctioneer’s surplus, social welfare, the allotted support volume, and
competition by boosting participation. These effects of lowering partic-
ipation costs on multiple objectives not only apply to the respective op-
timal mechanisms for the objectives but to any standard auction with a
ceiling price below the auctioneer’s valuation. Current discussions about
renewable energy auctions suggest that lower participation costs can be
achieved by reducing permitting and zoning challenges in particular for
wind farm projects.

In accordance with the results of this paper, the European Commis-
sion recently added a rule to its State Aid Guidelines which stipulates
that auctions with ER may not be used to establish proportionality of
support: “the Commission considers that the proportionality of the aid
is ensured if the following criteria are fulfilled: [. . . ] (d) ex post adjust-
ments to the bidding process outcome (such as subsequent negotiations
on bid results or rationing) are avoided as they may undermine the effi-
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ciency of the process’s outcome.” (Paragraph 49 European Commission,
2022).8

Related literature

To the best of our knowledge, this is the first study to analyse auctions
with ER. The topic is related to the literature on auctions with variable
volume, in which the auction volume or the rule to determine the auction
volume is not fixed before the auction. This is a common practice in
treasury auctions (Nyborg et al., 2002). The idea is to avoid low-price
equilibria in these forward auctions when UP is used. Since bidders in
treasury auctions have multi-unit demand and are allowed to submit
non-increasing demand functions, they have an incentive to coordinate
on low-price equilibria by strategically reducing their demand. Back
et al. (2001), Damianov (2005), McAdams (2007), and Damianov et
al. (2010) show that the seller can reduce or even eliminate low-price
equilibria if he has the right to adjust the volume after collecting bids,
for example by choosing the optimal volume given the submitted bids.
LiCalzi et al. (2005) find that the seller can restrict incentives for low
bids if he commits to an increasing volume schedule before observing the
bids.

There are crucial differences between treasury auctions and the auc-
tions analysed in this chapter as well as between a variable auction vol-
ume and ER. The variable volume permits that all bids are successful,
whereas the motivation for ER is to assure that there is at least one
losing bid. Treasury auctions are offered frequently, some even on a
daily basis. Bidders repeatedly demand multiple units of the good and
their participation costs are insignificant. RE auctions and other pro-

8In the context of the revision of the State Aid Guidelines, the authors presented and discussed the findings
of this chapter with the European Commission’s competition department.
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curement auctions are offered much less frequently and there is often
only one or very few chances for a bidder to win.9 Bidders’ participation
costs are crucial and projects are awarded that will be realised exactly
once. Moreover, since most bidders participate with only one project, we
analyse a setting with single-unit supply bidders, in which the collusive
equilibria that are addressed by the variable volume approaches do not
exist.10

Our theoretical analysis of standard auctions and optimal mechanisms
with costly participation is an extension of existing work on single-unit
auctions to our setting with an arbitrary number of goods, including
cases with no competition, and an objective not yet considered in the
literature, which is necessary to answer our research question on ER.11

For the single-unit setting, Stegemann (1996) shows payoff equivalence
of the symmetric equilibria of the first- and second-price auction, which
extends to our multi-unit setting and all standard auctions. He, as well
as Tan et al. (2006), Celik et al. (2009), and Lu (2009a) unlike us also
analyse asymmetric equilibria and asymmetric mechanisms. Samuel-
son (1985) determines the socially optimal and the auctioneer’s surplus-
maximising ceiling price, which have later been shown to implement the
optimal mechanisms. Further implementations of surplus- or revenue-
maximising mechanisms have been identified by Lu (2009a) and Menezes
et al. (2000) and of welfare-maximising mechanisms by Lu (2009b), in-
cluding a second-price auction with an optimally chosen ceiling price,

9RE auctions usually take place at most a few times a year and re-participation entails further costs due
to, e.g., rescheduling of the project or renewal of permissions.

10In RE auctions, the proportion of bidders offering only one project is usually high, often exceeding 90%
(BNetzA, 2022). One reason for this is that a legally independent project company is usually established for
each project (Rödl, 2015).

11Our approach is related to models with common participation costs where bidders know their private costs
when deciding on participation. Further studies with this basic model, e.g., studying heterogeneous bidders
and uniqueness of equilibria, are by Campbell (1998), Cao et al. (2010), Miralles (2008), and Cao et al.
(2013). Models with common participation costs where bidders learn their private costs only after deciding on
participation and models with private participation costs have also been analysed (e.g., R. P. McAfee et al.,
1987; Li et al., 2009; Cao et al., 2018).
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in which all participating bidders are reimbursed for their participa-
tion costs. We extend these findings to the multi-unit setting and show
that auctions in which bidders receive reimbursement for any share of
their participation costs can be used to implement welfare-optimal auc-
tions (as Lu (2009a) has shown for surplus-optimal single-unit auctions).
Moreover, we find that the auctioneer has further options for implement-
ing the optimal mechanism as he can choose designs with only winning
bidders or only losing bidders receiving full or partial reimbursement
for their participation costs. However, for the objective to maximise
the allotted volume, the optimal mechanism can be implemented only
by an auction with either all bidders or all losing bidders receiving full
reimbursement for their participation costs.

The chapter proceeds as follows. Section 2.2 presents the theoret-
ical analyses of standard auctions and auctions with ER. Section 2.3
compares ER with optimal auctions for three objectives and discusses
a policy measure suggested by their design. Section 2.4 concludes. All
proofs except Proposition 1, which is proved in the main text, are in A.1.

2.2 Theoretical analysis

Consider a multi-unit procurement auction for k units of a good, k ≥ 1.
The set of potential bidders contains n risk-neutral companies each with
single-unit supply, n ≥ 1. We consider both n ≤ k and n > k be-
cause ER has been suggested in particular for auctions with low or
even no competition. Companies are symmetric and have indepen-
dent private costs for supplying the good. The companies’ private costs
x1, x2, . . . , xn are independently drawn from the distribution F with den-
sity f and full support on [x, x̄], 0 ≤ x < x̄. Let x = (x1, x2, . . . , xn)
and x−i = (x1, x2, . . . , xi−1, xi+1, . . . , xn). Furthermore, F(k,n) denotes
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the distribution function of the k-th lowest of n independent signals
and X(k,n) denotes the associated random variable. Thus, F(k,n−1)(x) =∑n−1

i=k

(
n−1

i

)
F (x)i(1 − F (x))n−1−i if n > k, and we define F(k,n−1)(x) = 0

if n ≤ k.
Our model of a multi-unit procurement auction follows the approach

of Samuelson (1985) for a single-unit procurement auction. Companies
simultaneously decide on their participation in the auction and on their
bidding strategy in case of participation. Only participating companies
can bid and win in the auction. We consider only pure strategies. The
number of companies that participate in the auction is denoted by m,
m ≤ n.

To participate in the auction, each company has to incur participation
costs c > 0, e.g., to meet qualification requirements set by the auctioneer.
These are sunk costs for the companies when the auction starts and
they are not paid to the auctioneer. A company knows c and their
private costs xi when deciding about their participation.12 Conditional
on participating in the auction, company i expects a profit π(xi) from
the auction. Their profit from the auction is p − xi if the company wins
a good at the payment p and is zero, otherwise. Company i aims to
maximise their overall payoff Π(xi), where Π(xi) = π(xi) − c if they
participate in the auction and Π(xi) = 0 if they do not participate.

2.2.1 Standard auction

We define and analyse standard auctions as a basic auction model that
serves as a benchmark for our analysis of auctions with ER.

12This approach where companies know xi when deciding on participation captures the renewables setting
and other procurement settings with mature projects or (modifications of) standard products better than a
model in which companies have no information about xi and their expected position relative to their opponents
as analysed by, e.g., R. P. McAfee et al. (1987), Tan (1992), and Levin et al. (1994).
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2.2.1.1 Definition

Standard auctions are characterized by the following properties:

(P1) The n companies simultaneously decide whether or not to partici-
pate in the auction and commit to a bid if they participate. Thus,
when bidding, the companies know n but do not know m, the num-
ber of participating bidders.13

(P2) Bids may not exceed a ceiling price r ∈ R+, r > x + c, set by the
auctioneer.14

We point out the following two properties of standard auctions because
they do not apply to auctions with ER:

(P3) The k lowest bids win if m ≥ k (ties at the k-th lowest bid are
broken randomly); all other companies obtain nothing. If m < k,
all m bids win.

(P4) The ceiling price r is the maximum payment from the auction, and
for each company there exists a bid such that the company’s pay-
ment with this bid is r if m ≤ k.

The basic model permits multiple payment rules which in particular in-
clude DP, where all winning bidders receive their bids, and UP, where
the lowest rejected bid determines the payment to all winning bidders.
For these two payment rules, Lemma 3 shows that monotone symmetric
equilibria exist. The property required for our analysis, which auctions
with either of these two payment rules satisfy by Lemma 3, is the fol-
lowing:

13Menezes et al. (2000) prove revenue equivalence of first- and second-price auction with known (i.e., revealed
participation) and unknown number of bidders in the single-unit sales auction with participation costs.

14If r < x + c, no company will participate in the auction.
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(P5) The participating companies have an equilibrium bidding strategy
β(xi, r) that is strictly increasing in xi if n > k and weakly increasing
in xi if n ≤ k.

We call an auction with properties P1–P5 a standard auction. In
particular, standard auctions have exogenous demand k and no ER. As
we will prove below, the class of standard auctions includes auctions
with DP and UP. If auctions have multiple equilibria, we will focus on
equilibria with P5.

P3 and P5 imply that the goods are supplied by the companies with
the lowest costs, i.e., the allocation is efficient conditional on the partic-
ipating companies. However, according to P1 and P3, it is possible that
not all k goods are supplied, even if the costs of k or more companies are
below r. This is because the participation costs c prevent all companies
with costs xi above cutoff costs x̂ from participating in the auction.15

2.2.1.2 Analysis

The company with the cutoff costs x̂ of equilibrium participation is de-
noted by î. Company î submits the highest bid, which wins only if a
maximum of k − 1 other companies bid. Therefore, î adjusts her bid to
this case and bids to ensure the payment r in the event that she wins.
For example, in the DP auction, î’s optimal bid is β(x̂, r) = r. If x̂ < x̄,
company î is indifferent between participating and not participating, and
the cutoff costs x̂ are uniquely determined by Π(x̂, r, c, n) = 0, where

Π(x̂, r, c, n) = (r − x̂)
(
1 − F(k,n−1)(x̂)

)
− c

= (r − x̂)∑min{k,n}−1
i=0

(
n−1

i

)
F (x̂)i

(
1 − F (x̂)

)n−1−i − c . (2.1)
15A cutoff level x̂ that separates participating companies with costs xi ≤ x̂ from non-participating companies

with xi > x̂ exists because P5 implies π(xi) > π(xj) for xi < xj in equilibrium. If this did not hold, company
i could profitably deviate by bidding like the higher-cost company j.
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The cutoff costs x̂ determine a company’s ex-ante participation prob-
ability F (x̂). The following lemma collects properties of F (x̂).

Lemma 1. For a company’s ex-ante participation probability F (x̂) the
following hold:

• dF (x̂)
dr > 0 and dF (x̂)

dc < 0 if n > k or r < x̄ + c.
F (x̂) increases in k if n > k. F (x̂) decreases in n if n ≥ k.

• F (x̂)


< 1 if n > k or r < x̄ + c ,

= 1 otherwise.

The intuition behind Lemma 1 is as follows. Increasing the ceiling
price r or (if n > k) the number of goods k increases the marginal
bidder’s expected profit from the auction via an increased profit in case
of winning or an increased winning probability. This results in higher
cutoff costs x̂, which implies a higher expected number of participants.
Participation costs c have to be absorbed by the expected profits from
the auction. Therefore, a higher c lowers the cutoff level. A growth
of the pool of companies reduces the marginal bidder’s expected profits
from the auction if n ≥ k. Thus, x̂ decreases in n.16

Under mild conditions (n > k or r < x̄ + c) we have x̂ < x̄, that
is, high-cost companies do not participate. If n > k, there is no ceiling
price that can induce full participation because type x̄’s profit from the
auction is zero if all companies participate. If n ≤ k, each bid wins but
high-cost companies forgo the auction if the ceiling price r does not cover
their total costs xi + c.

The cutoff type x̂ is the same in all standard auctions and is the
worst-off type among the participants. Payoff equivalence holds for all

16Li et al. (2009) find empirical evidence of this “entry effect”: a negative relationship between the number
of potential bidders n and the participation probability.
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standard auctions.17

Lemma 2. Standard auctions are payoff equivalent.

That is, a company with costs x has the same expected profit in all
standard auctions and the auctioneer has the same expected surplus.

Lemma 3. The symmetric equilibrium bidding strategy in the DP auc-
tion is given by, for all x ∈ [x, x̂]:

βDP (x, r) =
x + (1 − F(k,n−1)(x̂))(r − x̂) + ∫ x̂

x 1 − F(k,n−1)(y)dy

1 − F(k,n−1)(x) if n > k

r if n ≤ k .

The symmetric equilibrium bidding strategy in the UP auction is given
by, for all x ∈ [x, x̂] and n ⋛ k:

βUP (x, r) = x .

If there is no competition, n ≤ k, the equilibrium payment of standard
auctions equals r, either because all bidders bid r in anticipation of the
low number of bids or because the payment rule determines a uniform
payment of r.

2.2.2 Auction with endogenous rationing

Instruments of ER have been suggested as a means to avoid high pay-
ments in cases of low competition and to assure proportionality of sup-
port. The prevalent variant of ER is the endogenous auction volume, that
is, the adaption of the auction volume to the supply volume (number of

17See Stegemann (1996, Theorem 4) and Menezes et al. (2000) for payoff equivalence between symmetric
equilibria of single-unit first- and second-price auctions with participation costs.
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bids).18 An applied example is the 80 %-rule. If m bids are submitted,
the number of winning bids is min{⌈0.8 m⌉, k}. With for example a ten-
dered volume of k = 9, there will be nine winning bids if m > 10, eight
winning bids if m ∈ {9, 10}, m − 1 winning bids if m ∈ {5, 6, 7, 8}, and
m winning bids if m ≤ 4. With this rule, rationing occurs if m is less
than or equal to ten and larger than four.

For the comparison with standard auctions, we use the same ceiling
price r, number of goods k, number of companies n, and payment rule.
ER auctions are defined as follows.

Definition 1. An ER auction is an auction in which, if m bids are
submitted, the number of winning bids κ(m) is determined according to
a commonly known function

κ(m)



= k if m > µ̄ ,

< min{k, m} if µ < m ≤ µ̄ ,

= m if m ≤ µ .

The integer parameters µ and µ̄ with 0 ≤ µ < k ≤ µ̄ mark the limits of
the range of the number of bids m in which the original auction volume
min{k, m} is reduced by at least one unit. The κ(m) winning bids are
the lowest bids and payments are determined as in the related standard
auction.

In the above example of the 80%-rule, we have µ = 4 and µ̄ = 10.
Payments in the ER auction are determined as in the related standard
auction. For example, in an UP auction, the κ(m) winning bidders are

18Another variant is the endogenous ceiling price, which is analysed in A.2 with the same main finding. In
auctions with endogenous ceiling price, decreasing a bid price can even reduce the auction volume, whereas
with endogenous volume, the auction volume depends on the bid volume but not on the bid price. However,
some rules for endogenous ceiling price adjustment, like quantile rules, can be translated into endogenous
volume rules.
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paid the (κ(m) + 1)-th lowest bid, and in a DP auction, winning bidders
are paid their bid.

ER auctions meet P1 (participation and bidding) and P2 (bids are
limited by the ceiling price r). They violate P3 (min{m, k} lowest bids
win): albeit the lowest bids win, less than m bids win if m ≤ k and
less than k bids may win even though more bids have been submitted.
ER auctions are designed to prevent an auction price r when n ≤ k and
thus also violate P4. ER auctions assign goods differently than standard
auctions and give a different payment to the worst-off type. Therefore,
payoff equivalence to the standard auctions fails (e.g., Krishna, 2009,
Section 3.2.2).

ER auctions share some basic properties of standard auctions, e.g., a
bidder’s probability of winning increases if she reduces her bid and a win-
ning bidder is paid at least her bid. They differ from standard auctions
in that the auction volume is variable. As an important consequence,
there will always be at least one losing bidder in the auction (if at least
one company participates and there is no volume floor), irrespective of
the relationship between k and n.

ER intends to keep the payments low in case of low supply. However,
it creates a strong adverse effect on participation.

Proposition 1. In an ER auction with volume k and limit µ, the cutoff
costs x̂ and the participants are the same as in a standard auction with
the auction volume µ. In particular, participation depends only on the
lower bound µ at which rationing stops, and participation will be zero if
µ = 0.

Proof: The cutoff costs x̂ determine the participants. These are the
same in the ER auction with volume k and in the standard auction with
volume µ. In the ER auction, the bidder with x̂ submits the highest
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bid and will only win if the total number of bidders is not above µ.
Otherwise, the number of goods (k < m) or the rationing (κ(m) < m)
prevents her from winning. Because her bid wins only if she faces no
competition, her payment is r. Therefore, she has the same expected
profit as from a standard auction with the auction volume µ (see (2.1))
and participates if and only if

(r − x̂)
min{µ,n}−1∑

i=0

(
n−1

i

)
F (x̂)i

(
1 − F (x̂)

)n−1−i − c ≥ 0. (2.2)

This proves Proposition 1. ■

According to Proposition 1, even though the ER auction puts a larger
volume k out to tender than a standard auction with volume µ < k, the
number of bids is the same in both auctions. Note that participation
in the ER auction does not depend on the allocation function κ(m) for
µ < m ≤ µ̄ but only on the lower bound µ. Participation is zero when
µ = 0, i.e., when rationing holds for every m ≤ µ̄.

Let us emphasize that choosing µ > 0 implies to accept outcomes in
which all bidders win, which contradicts the main motivation for using
ER. The natural choice µ = 0, however, implies no participation, such
that auctions with ER clearly perform worse than standard auctions
with respect to any measure.

Rules applied in practice, like the 80%-rule, may implement µ > 0.
Therefore, let us compare such an ER auction with the standard auction
with volume k. Take the optimally designed standard auction as the
appropriate point of comparison. In Section 2.3 we show that the auction
that maximises the auctioneer’s surplus or welfare can be implemented
as a standard auction with optimal ceiling price (Proposition 2). Thus,
this standard auction provides higher surplus or welfare than any auction
with ER.
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2.3 Conflicting objectives and measures that contribute to all
of them

ER is motivated by the desire to ensure proportionality of support pay-
ments. Indeed, if only reduced support payments are a goal, ER might
appear advantageous because payments could be lower than in the stan-
dard auction.19 Even if participation were higher in real-world auctions
than theory predicts, the ER auction can perform worse than the stan-
dard auction with respect to multiple performance measures because of
its negative effect on participation and number of goods allotted. Albeit,
with empirical auction data, such comparisons might be hampered by the
unobservability of the number of potential bidders, e.g., in the context
of RE support the companies that potentially might develop a project
and register for an auction. Theoretical analysis has highlighted con-
flicts between ensuring proportionality through ER auctions and other
performance measures. To shed further light on these conflicts, we derive
optimal mechanisms for three auctioneer’s objectives which are prevalent
in procurement auctions, particularly those organized by the government
or other public institutions:

O1 Maximise the auctioneer’s expected surplus

O2 Maximise the expected social welfare (at lowest payments)

O3 Maximise the expected number of goods allotted, given k (at lowest
payments)

O1 and O2 require that prior to the auction the auctioneer assigns a
value to acquiring goods. For example, in an auction for RE support, the
government’s value for a good is the social value of the energy produced

19No payments because of no awarded projects are lower than payments of many awarded projects.
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by the RE plants. We assume that every acquired unit of the good has
the same value v and that c+x < v, so that the production of the goods
can increase social welfare.

An optimal auction for O1 maximises the auctioneer’s expected sur-
plus, and thus trades off the value generated by acquiring goods with
the payments to the companies. Switching the objective to social wel-
fare O2 shifts the focus from support payments to companies’ total costs.
According to objective O3, the auctioneer aims to acquire as many as
possible of the demanded goods k. In the context of RE support, this ob-
jective corresponds to a commitment to achieve the development goals.
For objectives O2 and O3, we break ties among optimal mechanisms in
favour of those with the lowest auctioneer’s payments.

Proposition 2 presents auctions that implement optimal mechanisms
for objectives O1 to O3. The UP auction in the proposition could be
replaced by any standard auction due to payoff equivalence (Lemma 2).

Proposition 2. An optimal symmetric mechanism for objective Oj,
j ∈ {1, 2, 3}, implements a unique optimal cutoff type x̂Oj. It can be
implemented by a UP auction with an optimal ceiling price rOj

s where
all participating companies receive s in reimbursement for their costs c.
The optimal cutoff type x̂Oj and ceiling prices rOj

s are the following.

O1 Assume x+ F (x)
f(x) is increasing. If n > k or v < x̄+ 1

f(x̄) +c, then x̂O1 is
given by

(
v − x̂O1 − F (x̂O1)

f(x̂O1)

) (
1 − F(k,n−1)(x̂O1)

)
= c, and the ceiling

price is rO1
s = v − F (x̂O1)

f(x̂O1) − s
1−F(k,n−1)(x̂O1) for all s ∈ [0, c]. Otherwise,

if n ≤ k and v ≥ x̄ + 1
f(x̄) + c, then x̂O1 = x̄ and rO1

s = x̂O1 + c − s

for all s ∈ [0, c].

O2 If n > k or v < x̄+c, then x̂O2 is given by (v−x̂O2)
(
1 − F(k,n−1)(x̂O2)

)
= c, and the ceiling price is rO2

s = v − s
1−F(k,n−1)(x̂O2) for all s ∈ [0, c].
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Otherwise, if n ≤ k and v ≥ x̄+c, then x̂O2 = x̄ and rO2
r = x̂O2+c−s

for all s ∈ [0, c].

O3 If n > k, then only the auction with s = c is optimal, and x̂O3 = x̄

and rO3
s=c = x̂O3. If n ≤ k, then x̂O3 = x̄ and rO3

s = x̂O3 + c − s for
all s ∈ [0, c].

The optimal mechanism is determined by the optimal cutoff type and
the payments to implement this cutoff. An ER auction cannot implement
the optimal cutoff type with the associated payments and is therefore
not optimal for any of the objectives.

In case of no competition (n ≤ k) and sufficiently high value v, the
optimal mechanism is the same for all three objectives and maximises
participation. All companies participate (x̂Oj = x̄ for j ∈ {1, 2, 3})
because every company wins and receives the ceiling price rOj

s = x̄+c−s

plus the reimbursement s. Every bid is awarded and generates value.
This contributes to O3 and, if v ≥ x̄ + c, to O2. If v ≥ x̄ + 1/f(x̄) + c,
the trade-off between efficiency and surplus disappears, and incentivising
full participation is optimal also for O1.

In contrast, in the case of competition (n > k) or sufficiently low value
v, optimal mechanisms for the three objectives differ and involve trade-
offs between participation, total participation costs, and total payments.
Unlike in auctions without participation costs, the optimal ceiling prices
for O1 and O2 depend on x̂, and, therefore, on n. To get some intuition
for the optimal mechanisms, consider the cases s = c and s = 0, i.e.,
a UP auction with an optimal ceiling price rs=c and a reimbursement c

to all participating companies and a UP auction with an optimal ceiling
price rs=0 and no reimbursement. Participants in these auctions have a
weakly dominant strategy to bid their costs. According to Proposition
2, the cutoff type x̂Oj is the same in the optimal auction with s = c and
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s = 0 for the respective objective j ∈ {1, 2, 3}. In the optimal auction
with s = c, the reimbursement of c makes participation costless, and
the ceiling price rOj

s=c = x̂Oj guarantees that companies with x > x̂Oj

do not participate. In the optimal auction with s = 0, the incentive to
participate is provided by higher expected payments in the auction due
to a higher ceiling price rOj

s=0 > rOj
s=c (for j ∈ {1, 2}) that gives the same

expected payoffs to all bidder types as in the auction with s = c. 20

Each objective may be achieved with an auction with s = c, whereas
with an auction with s < c it is impossible to achieve objective O3.
This is because O3 requires full participation, which cannot be achieved
with s < c because type x̄ receives the payoff zero from the auction if
all companies participate and thus cannot cover the participation costs
(compare Lemma 1).

For any s ∈ [0, c], the objectives’ optimal cutoffs can be ordered by
size. The optimal cutoffs for O1 and O2 are lower than x̄, i.e., the
optimal cutoff for O3, and the optimal cutoff for O1 is lower than that
for O2. As the ceiling prices with s = c are equal to the cutoff types, they
are ordered in the same way. The same order of ceiling prices applies if
s < c, but then optimal mechanisms exist only for O1 and O2. Corollary
1 summarizes these findings.

Corollary 1. Assume x + F (x)
f(x) is increasing. If n > k or v < x̄ + c then

x̂O3 > x̂O2 > x̂O1, rO3
s > rO2

s > rO1
s for s = c, and rO2

s > rO1
s for all

s ∈ [0, c). If n ≤ k and v ≥ x̄+ 1
f(x̄) + c then x̂Oj = x̄ and rOj

s = x̄+ c−s

is optimal for s ∈ [0, c], j ∈ {1, 2, 3}.

20For k = 1, several studies identified optimal auctions and mechanisms for objectives O1 and O2. Samuelson
(1985) derives the optimal auction with s = 0 for O1 and O2 and Menezes et al. (2000) show that the optimal
auction with s = c is an optimal mechanism for O1. Lu (2009a) derives the implementation of the optimal
mechanisms as an auction with s ∈ [0, c] for O1 and Lu (2009b) the implementation with s = c for O2.
Stegemann (1996) shows that equilibria with asymmetric participation can improve efficiency. Tan et al.
(2006) provide conditions under which only symmetric participation occurs in the welfare-maximising auction.
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Figure 2.1: Cutoff costs x̂O1, x̂O2, and x̂O3, ceiling prices rO1
s=c, rO2

s=c, and rO3
s=c, and ceiling

prices rO1
s=0 and rO2

s=0 for k = 1, n = 2, v = 1.1, and for different levels of c with a uniform
distribution on [0, 1]

Figure 2.1 illustrates these rankings using a uniform distribution F

on [0, 1].21. It also illustrates some general properties of how cutoffs and
ceiling prices change with c. If c increases, the surplus-maximising cutoff
x̂O1 and ceiling price rO1

s=c (which are equal) decrease and are always below
the valuation. The cutoff x̂O1 and the ceiling price rO1

s=0 diverge when c

increases by the assumption that x + F (x)/f(x) increases (whereas rO1
s=0

increases or decreases depending on whether the reverse hazard rate
F (x)/f(x) decreases or increases).22 Furthermore, independent of c and
F we have that x̂O3 = x̄ and rO2

s=0 = v, and for all F we have that x̂O2

and rO2
s=c decrease in c.

Among the optimal auctions, the welfare-maximising auction without
reimbursement stands out because it can be implemented for every num-
ber of companies n and goods k without knowing the cost distribution
F by setting the ceiling price equal to the auctioneer’s valuation for a
good, rO2

s=0 = v. On the other hand, the auctions with reimbursement
21Note that with this distribution, the optimal ceiling price rO1

r and cutoff value x̂O1 add up to the auction-
eer’s valuation: rO1

r + x̂O1 = v − F (x̂O1)/f(x̂O1) + x̂O1 = v.
22The same applies to the effect of the number of potential bidders n on cutoff type and ceiling price.

Proposition 3 will, however, show that the influence of increasing n and c on the value of the objective
function can differ.
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s = c distinguish themselves by providing weakly dominant strategies
for participation and bidding (cp. Lu, 2009b): companies participate
iff xi ≤ x̂ and bid their costs xi, independent of the other companies’
participation or bidding decisions.

The designs in Proposition 2 are not the only ways to implement the
optimal mechanisms. Corollary 2 lists further mechanisms conceivable
for renewable energy auctions.23

Corollary 2. The optimal mechanism for Oj, j ∈ {1, 2}, can be im-
plemented (i) by a UP auction and a reimbursement s ∈ [0, c] to all
winning bidders; (ii) by a UP auction and a reimbursement s ∈ [0, c] to
all losing bidders. The optimal mechanism for O3 can be implemented
by an auction of type (ii) with s = c.

If only winning or losing bidders receive a reimbursement, a com-
pany’s bid is lower or higher, respectively, than its cost by the amount
of the reimbursement. As a result, the optimal auction in which only
winning bidders receive the reimbursement is ex-post payoff equivalent
to the optimal auction in which no one receives a reimbursement and
the optimal auction in which only losing bidders receive the reimburse-
ment is equivalent to the optimal auction in which all bidders receive
a reimbursement. Consequently, the optimal auction in which only the
successful bidders receive a refund is ex-post payoff equivalent to the
optimal auction in which no one receives a refund, and the optimal auc-
tion in which only the losing bidders receive a refund is equivalent to the
optimal auction in which all bidders receive a refund.

Hence, these designs endow the auctioneer with options to shift pay-
ments between the categories award payments and reimbursement pay-
ments. However, they cannot address the conflict of objective.

23Technically, auctions with entry fees (i.e., s < 0) are another option (Menezes et al., 2000).
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The considerations on optimal mechanisms in this section highlight
the common finding that, while it is possible to design the auction op-
timally for specific goals, it is impossible to create a panacea in form of
a design that is optimal for multiple goals. Adjusting the ceiling price
will shift weight between objectives. However, determining an optimal
ceiling price can be a challenging task, which is also often up to lobbying
and political restrictions.

Against this background the question arises if there are other policies
that support all objectives. Without participation costs, increasing the
number of bidders n is a measure that improves all three dimensions.
With participation costs, however, increasing n can increase or decrease
surplus and welfare depending on F , c, and v.24 The optimal auction
formats with s = c highlight the relevance of the participation costs.
Indeed, reducing these costs supports all three objectives.

Proposition 3. Consider participation costs c and c′ with c′ < c. The
expected auctioneer’s surplus (O1), expected social welfare (O2), and the
expected number of goods allotted (O3) in a standard auction with ceiling
price r ≤ v and no reimbursement are with c′ strictly higher than with c

if n > k.

Proposition 3 states that, with any standard auction with ceiling price
below the valuation, surplus, welfare, and number of allotted goods ben-
efit from a decrease in participation costs.25 For a given ceiling price,
decreasing c has the direct effect of decreasing participation costs for all
companies that participate with c but in addition it increases the cutoff
costs and more (higher) cost types participate (Lemma 1). Therefore,
the expected number of goods allotted increases, the expected payment

24Samuelson (1985) and Menezes et al. (2000) provide examples for both objectives.
25The restriction r ≤ v is sufficient but not necessary. It is chosen because it is a plausible restriction in

applications. For r > v there exist examples where the result does not hold. The restriction to n > k is
because for n ≤ k, surplus and number of goods allotted do not change in c.
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per good decreases, and the welfare contribution of all types increases.
Proposition 3 implies that the positive effect of decreasing c is robust to
non-optimal specifications of the ceiling price and that all three objec-
tives benefit from decreasing c even if the original ceiling price is chosen
optimally for only one of them.

From Proposition 3 follows directly that surplus and welfare in the
respective optimal mechanism for n > k increase if participation costs
decrease because a standard auction with optimal ceiling price below
the valuation is an optimal mechanism for these objectives. Further
improvements in surplus and welfare are achieved by optimally adjust-
ing the ceiling price to the higher optimal cutoff. If n ≤ k, welfare
in the optimal mechanism increases directly due to the lower participa-
tion costs and surplus increases by the reduction of the optimal ceiling
price. Corollary 3 summarizes this result. The optimal mechanism for
O3 achieves full participation, and therefore the value of the objective
function does not change in the participation costs.

Corollary 3. Consider participation costs c and c′ with c′ < c. The
expected auctioneer’s surplus (O1) and expected social welfare (O2) in
the respective optimal mechanism with c′ are strictly higher than with c.

A straightforward policy implication of Proposition 3 is to reduce the
participation costs. Even if the objectives are in conflict, such a measure
contributes to three different objectives. It also contributes to the de-
termination of proportionality because the likelihood that competition
determines the auction price increases. Thus, any factors that unnec-
essarily increase participation costs should be eliminated. Factors that
may influence participation costs in auctions for RE support include ad-
ministrative obstacles, limited availability of zones for building the plant,
lack of acceptance in the population, species and nature protection laws,
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and legal disputes that may lengthen or hinder the planning and the
permit processes. Speeding up administrative processes, pre-planning
sites, changing laws to extend the available zones, using more exemp-
tions by species protection laws or adjusting bird protection (e.g., from
an individual analysis to a species aggregate), and inclusion, or even com-
pensation of citizens in order to reduce their refusal of RE projects close
to their homes are among the measures discussed to address hindering
factors. Of course, any measure that reduces the companies’ participa-
tion costs can involve costs for its implementation. Further, any measure
that reduces participation costs by mitigating participation requirements
needs to consider detrimental effects on project quality. Hence, it is not
advised to abrogate the participation requirements that cause the par-
ticipation costs, but to find a reasonable balance between entry barriers
that ensure the seriousness of bids and attractive conditions for partici-
pating in the auction.

2.4 Conclusion

ER has been suggested as a means to ensure proportionality and increase
competition in the case of low participation in auctions. However, the
theoretical analysis in this chapter shows that the primary effect of ER
in auctions with costly participation is a large reduction in participation,
which impairs welfare and volume goals. The implementation of ER in
auctions for RE support is therefore detrimental to the goal of expanding
RES in energy production.

In general, the objectives to maximise the auctioneer’s surplus, social
welfare, or the number of goods allotted, and ensuring proportionality
conflict. However, one policy measure that contributes to all three ob-
jectives for any number of potential bidders – assuming it absorbs its



2.4 Conclusion 35

implementation costs and does not adversely affect project quality –
is to reduce the costs of participation. Especially for auctions for RE
support, this implies revisiting the legal framework for prequalification
measures or site approvals.





Chapter 3

Experimental analysis of auctions
with endogenous rationing

3.1 Introduction

In recent years, auctions for RE support have been established world-
wide. While most auctions have been a success, there are also cases
where the auctioned volume has not been met or where only high prices
have been achieved (AURES II, 2022). To counteract these problems,
different strategies have been suggested (Hanke et al., 2020). A popular
potential solution is the implementation of ER and has so far been im-
plemented in several countries, e.g., in Germany (BNetzA, 2019). Under
this rule, the auction volume is reduced when there is a lack of compe-
tition in the auction, so that only a certain percentage of the original
submitted bids is actually awarded.

The rationale behind this suggestion is that there are more submit-
ted bids than awarded ones, supposedly guaranteeing competition in the
auction. In Chapter 2 it is shown, that in the game-theoretic equilibrium
no potential bidder would actually participate. Experiments e.g., regard-
ing beauty contests (Nagel, 1995) have shown that the game-theoretic
extreme solution does not manifest itself right from the beginning, but

37
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is rather approached gradually over the course of repeated games, when
players anticipate their opponents’ behaviour in more depth. Applying
iterative reasoning (Camerer et al., 2004), bidders guess competitors’
(non-equilibrium) bidding strategies and in how far competitors antici-
pate the bidders’ own behaviour.

Thus, while the theoretic predictions are unambiguous, the real-world
behaviour in auctions might differ significantly. Therefore, we conduct
a laboratory experiment to test whether participants in the experiment
behave according to theory. If the equilibrium strategy is applied, it is
a further strong indication that auctions with ER negatively effect the
market in the long run and should be avoided.

In this chapter, we experimentally study ER by comparing ER auc-
tions with standard auctions. In Section 3.2 give a detailed description
of the experimental design. Section 3.4 shows the experimental results,
both in regarding to descriptive as well as inferential statistics. In Sec-
tion 3.5 we shortly discuss the results and conclude the chapter.

3.2 Experimental design

The laboratory experiment consists of two treatments: ER Treatment
and Control Treatment, both of which were conducted at the KD2lab
(Karlsruhe Decision and Design Lab) in Karlsruhe, Germany.1 In the ER
Treatment, the subjects play a DP auction with endogenous adaption of
the auction volume, as described and analysed in Section 2.2.2. Thus, if
competition is too low, not all goods in an auction are actually awarded.
The subjects in the Control Treatment play a standard DP auction (see
Section 2.2).

1The KD2lab is DFG-funded and situated at the Karlsruhe Institute of Technology. For further information
see https://www.kd2lab.kit.edu/english/index.php.
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Table 3.1: Experimental design parameters
Number of goods per auction k = 6
ceiling price (maximum bid price) r = 77 ExCU
Pricing rule Pay as bid
Number of potential bidders per auction n = 9
Private costs xi ∼ U [50, 75] ExCU
Participation costs c = 5 ExCU

The experimental design parameters in Table 3.1 apply to both treat-
ments. We refer to the game that nine subjects play in a round (includ-
ing the decision to participate) as an auction. In each auction, six goods
(projects) are demanded. Each subject can supply one good. The auc-
tion is organised as follows: First, the nine subjects receive their private
cost signals xi (with two decimals) i.i.d. drawn from the uniform distri-
bution on the interval [50, 75] experimental currency units (ExCU). One
ExCU is equal to 50 Euro Cent. Second, the nine subjects simultaneously
decide whether to participate in the auction or not. Participation costs
5 ExCU. Subjects who decide against bidding accrue no costs, but also
do not receive any payment. We refer to those subjects who participate
in the auction as bidders. The number of bidders is not revealed prior to
bidding. Third, the auction is conducted and each bidder submits one
bid (with two decimals). The lowest bids are awarded (according to the
rules of the respective treatment). DP pricing applies. Bidders, whose
bids are awarded, receive a payment equal to the difference between their
bid and their costs minus the participation costs. Bidders, whose bids
are not awarded, make a loss equal to the participation costs.

In the auctions in the ER Treatment, endogenous volume adaption is
implemented by the following rule: If eight or nine bids are submitted,
the six lowest bids are awarded. If seven or fewer bids are submitted,
two bids less are awarded. That is, if seven bids are submitted, the
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five lowest bids are awarded; if six bids are submitted, the four lowest
bids are awarded and so on. If one or two bids are submitted, no bid
is awarded. That is, there is no lower bound at which rationing stops,
i.e., µ = 0 following the notation in Chapter 2. In the standard auctions
in the Control Treatment, if seven or more bids are submitted, the six
lowest bids are awarded. If six or fewer bids are submitted, all bids are
awarded.

A subject is assigned to either the ER treatment or the control treat-
ment. 72 subjects participate in each treatment and are divided into four
matching groups of 18 subjects each.2 Each matching group participates
in 15 consecutive rounds. In each round, two groups of nine participants
from the matching group are formed at random. Each group plays one
auction. Thus, 120 auctions are played in each treatment and each sub-
ject participates in 15 consecutive auctions with alternating opponents.3

3.3 Experimental hypothesis

In the experiment, the lower limit of participation µ = 0, so Proposition
1 in Chapter 2 predicts no participation in the equilibrium of the one-
shot ER auction. Since this is an extreme result requiring sophisticated
coordination of beliefs, we derive a weaker hypothesis involving learning.
That is, we do not expect low participation right at the beginning, but
rather a downward spiral, i.e., participation that gradually decreases over
the course of repeated auctions. This hypothesis of gradual development

2At the beginning of the experiment, written instructions were read out aloud (see a translation of the
instructions in C.3). Before the experiment started, subjects had to answer questions on the instructions (see
C.4). At the end of the experiment, the subjects execute the Holt-Laury task to measure their risk aversion
(Holt et al., 2002). Each session lasted around 45 minutes. The experiment was programmed in oTree (D. L.
Chen et al., 2016) and the experiment was organised and recruited with the software hroot (Bock et al., 2014).

3A subject’s final payment consists of a show-up fee of 8 Euro, the subject’s average profits of five randomly
drawn auction rounds and a payment from the risk-aversion task. The average payment was 11.00 EUR. The
lowest and highest payment were 5.00 EUR and 16.30 EUR.
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is in line with experimental results for example on the beauty contest
game (e.g., Nagel, 1995). Camerer et al. (2004) provide a model that
captures such non-equilibrium behaviour in which players use different
depths of iterative reasoning for deriving their strategies and in which
their beliefs about their competitors’ behaviour might not represent the
equilibrium strategy.

3.4 Experimental results

First, we analyse subjects’ behaviour in the control treatment. If this
behaviour were to be decisively different than theory predicts, outcomes
of the ER treatment could only be considered to an extent, as some
effects then might be linked to experiment design itself, and not ER.
Second, we observe the behavioural difference between treatments, both
cumulated over all treatments and per matching group. Thirdly, we
conduct statistical analyses of experimental data.

3.4.1 Behaviour in the Control Treatment

The experimental parameters in Table 3.1 in Section 3.2 yield, by Equa-
tion (A.6), the cutoff x̂ = 64.92. That is, theory predicts that subjects
with private costs x below 64.92 participate in the auction and submit
the equilibrium bid βDP (x) in Lemma 3 in Chapter 2, whereas subjects
with higher private costs do not to participate.

Table 3.2 shows how subjects decide on their participation in the
auction with respect to the relation between their private costs x and
the theoretical cutoff x̂. In 690 (of 1080) cases, the private costs x are
lower than x̂. In these cases, we observe 655 (94.9%) participations. In
390 (of 1080) cases the private costs x are higher than x̂ and we observe
288 (73.8%) non-participations. Thus, a total of 943 (87.3%) of the 1080
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participation decisions are in line with theory, i.e., either a subject with
x ≤ x̂ participates in the auction or a subject with x > x̂ does not
participate. Figure 3.1 indicates for both cases an increase of the share
of participation decisions in line with theory over the rounds.

Table 3.2: Distribution of the participation decisions in the Control Treatment
Private costs x

x ≤ x̂ x > x̂ Sum

Participation
Yes 655 (60.6%) 102 (9.4%) 757 (70.1%)
No 35 (3.2%) 288 (26.7%) 323 (29.9%)

Sum 690 (63.9%) 390 (36.1%) 1080 (100 %)

Figure 3.1: Development of the percentage of participation decisions in line with theory in
the Control Treatment: percentage of participation for x ≤ x̂ (solid line) and percentage of
non-participation for x > x̂ (dotted line)

The average submitted bid (after participation in line with theory) is
68.35, while the average corresponding equilibrium bid is 68.86. Thus,
the submitted bids deviate on average (median) from the equilibrium
bids only by -0.50 (0.23), which amounts to 1.85% (0.85%) of the range
from the lower interval limit to the ceiling price [x, r]. Figure 3.2 shows
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the development of these differences over the rounds. After negative
deviations in the first rounds, the bid level reaches the equilibrium level
and remains there in the following rounds (see also Figure 3.4 in Section
3.4).

Figure 3.2: Box-and-whisker plots of the difference between equilibrium bids and submitted
bids in the rounds of the Control Treatment conditional on participation in line with theory:
median, IQR, whiskers (outliers at max 1.5×IQR), and outliers more than 1.5×IQR.

We conclude that the subjects’ behaviour in the Control Treatment
is largely in line with the equilibrium strategy derived in Section 2.2,
both with respect to participation and bids. This indicates that the
experimental design is well fit to trigger (close to) equilibrium behaviour
in the Control Treatment.

3.4.2 Difference in treatments

Table 3.3 shows the means (over all groups) of different variables in all
rounds (1–15), in the first round (1), and in the last round (15). The
calculation of the auctioneer’s surplus and the social welfare requires to
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assign the auctioneer a valuation v. We use v = r, which is the valu-
ation for which r is the welfare-maximising ceiling price in the Control
Treatment (see Proposition 2 in Chapter 2).

Table 3.3: Experimental results of the auctions
Treatment ER Control
Rounds 1–15 1 15 1–15 1 15
Avg. number of submitted bids 4.03 5.13 2.75 6.31 5.75 6.13
Avg. number of awarded bids 2.13 3.13 1.00 5.63 5.75 5.50
Avg. value of submitted bids 62.13 57.74 63.10 69.91 65.23 71.41
Avg. value of awarded bids 56.65 47.84 55.91 69.43 65.23 71.03
Avg. auctioneer’s surplus 41.51 83.63 18.38 42.88 67.63 32.73
Avg. social welfare 105.55 167.45 34.31 366.90 376.91 358.21

Figure 3.3 shows that the number of submitted bids (i.e., the par-
ticipation level) and the number of awarded bids are lower in the ER
Treatment than in the Control Treatment and decrease in the ER Treat-
ment, while they show no trend in the Control Treatment.

3.4.2.1 Detailed results

In this section, we analyse whether the results in Section 3.4.2 also hold
for each matching group or whether one group has majorly different
results. Table 3.4 shows for each matching group of each treatment when
the session was conducted and how the matching groups are labeled.

In each matching group of 18 subjects, in 15 consecutive rounds two
randomly assigned groups of nine subjects play the same type of auction
(either the ER auction in the ER Treatment or the standard auction
in the Control Treatment). Tables 3.5 and 3.6 present the aggregated
results in Table 3.3 for all rounds (1–15), the first round (1) and the last
round (15) per matching group.

In the two ER matching groups ER-2 and ER-3 some bids are smaller
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Figure 3.3: Development of the numbers of
submitted and awarded bids

Figure 3.4: Development of the means of
submitted and awarded bids

Figure 3.5: Development of the auctioneer’s
surplus

Figure 3.6: Development of the social welfare

than 50, i.e., the lowest possible cost signal. As a consequence, in several
rounds of these two matching groups the average submitted bid and the
average awarded bid are lower than 50 (Table 3.5 and Figure 3.8). This
is also the reason why the average awarded bid in the first round of
the ER Treatment in Table 3.3 is below 50. Figure 3.8 shows that in
the matching groups ER-1 and ER-3 there are rounds where no bid is
awarded because in both groups of the matching group less than three
bids are submitted (ER-1: rounds 11, 12 and 15; ER-3: round 11). In
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Table 3.4: Overview of sessions
Date and time of session Treatment Matching group label
07-02-2019, 10.30 a.m. Control Control-1
07-02-2019, 10.30 a.m. ER ER-1
07-30-2019, 10.30 a.m. Control Control-2
07-30-2019, 10.30 a.m. ER ER-2
07-30-2019, 02.00 p.m. ER ER-3
10-08-2019, 10.30 a.m. Control Control-3
10-08-2019, 10.30 a.m. ER ER-4
10-09-2019, 10.30 a.m. Control Control-4

all matching groups of the Control Treatment, the average number of
awarded bids is close to six, i.e., the highest possible number (Table
3.6). Figures 3.9 and 3.10 show that in all matching groups, the average
submitted bid and the average awarded bid (after an increase in the first
rounds in some matching groups) remain on the same level of about 70
(see also 3.4.1). Thus, while in the Control Treatment the matching
groups’ behaviour is relatively similar over all groups, some bidders in
the ER Treatment do behave differently than others. This contributes
to the lower submitted and awarded bids in the aggregated results. Still,
even in groups without unusual low bids, bids are on average lower than
in the matching groups of the Control Treatments. The effects of the
single matching group behaviour thus seems to intensify a difference
which exists in all groups, in some only to a smaller extent.

3.4.2.2 Statistical analyses

To test the effects of the treatments and the rounds on the variables in
Table 3.3, we apply linear mixed-effects models and additionally Wilcoxon
rank sum tests for inter-treatment comparisons in the first and the last
round. Throughout the statistical analysis we use the significance level
α = 0.05.
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Table 3.5: Results of the auctions in the matching groups of the ER Treatment
Matching group ER-1 ER-2
Rounds 1–15 1 15 1–15 1 15
Avg. number of submitted bids 2.63 5.00 2.00 4.33 5.00 2.50
Avg. number of awarded bids 0.93 3.00 0.50 2.33 3.00 0.50
Avg. value of submitted bids 62.63 67.60 60.15 56.36 53.42 55.28
Avg. value of awarded bids 60.41 65.00 60.00 45.10 39.41 30.50
Avg. auctioneer’s surplus 14.04 36.00 8.50 64.41 100.85 23.25
Avg. social welfare 35.71 160.41 4.85 112.25 153.74 5.49

Matching group ER-3 ER-4
Rounds 1–15 1 15 1–15 1 15
Avg. number of submitted bids 3.97 5.50 3.00 5.17 5.00 3.50
Avg. number of awarded bids 2.03 3.50 1.00 3.20 3.00 2.00
Avg. value of submitted bids 63.95 49.07 68.65 65.52 60.88 68.31
Avg. value of awarded bids 59.05 35.46 62.95 62.23 51.50 63.14
Avg. auctioneer’s surplus 39.64 125.19 14.06 47.94 72.50 27.72
Avg. social welfare 96.02 196.57 7.95 178.23 159.07 118.94

First, we apply a linear mixed-effects model (Gałecki et al., 2013)
to test the influence of the treatment and the round on the dependent
variables in Table 3.3. We use the R-packages lme4 (Bates et al., 2015)
and lmerTest (Kunzetsova et al., 2017) on R 4.0.3 (R Core Team, 2020).

The vector of the dependent variables is denoted by y. We include
the fixed effects treatment and round, and an interaction effect between
treatment and round to test whether the influence of these variables
has an interdependence. The parameters for the constant, the two main
effects, and the interaction effect are denoted by βj for j ∈ {0, 1, 2, 3}. An
advantage of linear mixed-effects models is the inclusion of dependencies
in the data (Müller et al., 2013). We include this in our model by taking
the matching group as a random effect with parameter g (Brown, 2021),
since subjects are randomly put into these groups at the start of the
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Table 3.6: Results of the auctions in the matching groups of the Control Treatment
Matching group Control-1 Control-2
Rounds 1–15 1 15 1–15 1 15
Avg. number of submitted bids 5.90 6.00 4.50 6.40 6.00 5.50
Avg. number of awarded bids 5.37 6.00 4.50 5.73 6.00 5.50
Avg. value of submitted bids 70.03 67.37 71.86 68.62 63.96 68.63
Avg. value of awarded bids 69.68 67.37 71.86 68.04 63.96 68.63
Avg. auctioneer’s surplus 39.29 57.78 22.86 51.83 78.23 45.80
Avg. social welfare 348.22 399.69 285.51 375.02 396.51 362.75

Matching group Control-3 Control-4
Rounds 1–15 1 15 1–15 1 15
Avg. number of submitted bids 6.27 5.00 7.50 6.67 6.00 7.00
Avg. number of awarded bids 5.57 5.00 6.00 5.87 6.00 6.00
Avg. value of submitted bids 70.33 64.96 72.61 70.67 64.61 72.53
Avg. value of awarded bids 69.83 64.96 71.67 70.16 64.61 71.95
Avg. auctioneer’s surplus 39.96 60.19 32.00 40.42 74.32 30.32
Avg. social welfare 361.32 317.04 390.25 383.03 394.39 394.33

experiment and do not change their matching group in the course of the
experiment, and this might have an influence as examined in Section
3.4.2.1. With the vector of residual errors ε, the model is as follows:

y = β0 + β1 · TreatER + β2 · Round + β3 · TreatER · Round (3.1)
+ g · Matchinggroup + ε.

The results of the statistical calculations are presented in Table 3.7.
The parameter estimates for the fixed effects are given, with information
on the p-value of the t-test. The standard errors are in brackets.

Table 3.7 reveals the following results: There is no evidence of a
trend in the number of submitted bids in the Control Treatment, while
the round has a significant negative effect on the number of submitted
bids in the ER treatment. The number of awarded bids is significantly
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Table 3.7: Effect of treatment and round on different variables
Dependent Number of TreatER Round TreatER · Constant
variable observations Round

Number of 240 −0.965 −0.003 −0.165∗∗∗ 6.333∗∗∗

submitted bids (0.633) (0.028) (0.039) (0.448)
Number of 240 −2.401∗∗ −0.010 −0.138∗∗∗ 5.712∗∗∗

awarded bids (0.531) (0.020) (0.028) (0.376)
Value of 1,240 −7.160∗ 0.298∗∗∗ −0.071 67.601∗∗∗

submitted bids (2.084) (0.074) (0.120) (1.445)
Value of 931 −12.343∗∗ 0.328∗∗∗ −0.176 66.779∗∗∗

awarded bids (3.251) (0.077) (0.154) (2.234)
Private costs of 1,240 −2.230∗ −0.142∗∗ 0.024 60.296∗∗∗

submitted bids (0.954) (0.046) (0.075) (0.650)
Private costs of 931 −3.198∗ −0.156∗ −0.024 59.732∗∗∗

awarded bids (1.120) (0.045) (0.088) (0.728)
Auctioneer’s 240 13.333 −1.939∗∗∗ −1.838∗ 58.387∗∗∗

surplus (11.993) (0.438) (0.619) (8.480)
Social welfare 240 −190.723∗∗∗ −0.627 −8.828∗∗∗ 371.909∗∗∗

(34.366) (1.437) (2.032) (24.301)
∗p<0.05; ∗∗p<0.01; ∗∗∗p<0.001

lower in the ER Treatment than in the Control Treatment, with an in-
creasing divergence over the rounds. The submitted bids as well as the
awarded bids significantly increase over the rounds and are significantly
lower in the ER Treatment than in the Control Treatment. The private
costs of the submitted bids significantly decrease over the rounds and
are significantly lower in the ER Treatment than in the Control Treat-
ment. This also applies to the private costs of the awarded bids. The
auctioneer’s surplus significantly decreases over the rounds, with a sig-
nificantly stronger decrease in the ER Treatment. The social welfare is
significantly lower in the ER Treatment than in the Control Treatment,
with an increasing divergence over the rounds.

We additionally apply Wilcoxon rank sum tests (Wilcoxon, 1945) to
compare the two treatments’ variables in Table 3.3 both in the first
round and in the last round. For the calculation of the Wilcoxon rank
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sum tests, the R-package stats is used on R 4.0.3 (R Core Team, 2020).
We provide the p-values for two-tailed tests. Thus, in all tests, the null
hypothesis is that there is no difference between the treatments.

The test results are presented in Table 3.8. The first column presents
the variable, the second to fourth columns the test results for the first
round (round 1 ), and the fifth to last columns the test results for the last
round (round 15 ). The number of observations, the test statistics W,
and the p-value are given. We find a significant difference between the
treatments both in the first and last round for the number of awarded
bids, the value of the awarded bids, the average private costs of the
awarded bids, and the social welfare. We find a significant difference
between the treatments in the last but not the first round for the number
of submitted bids, the value of submitted bids, and the average private
costs of the submitted bids.4 For the auctioneer’s surplus, there is neither
a significant difference in the first round nor in the last round.

The two approaches of testing complement each other. Together with
the descriptive approach presented in Table 3.3, we derive at the follow-
ing results.

Result 1. In the ER Treatment, the number of submitted bids is sig-
nificantly lower than in the Control Treatment (overall and last round)
and significantly decreases in the ER Treatment. This also applies to the
number of awarded bids, where there is already a significant difference in
the first round.

This result supports the weakened hypothesis in Section 3.3 and re-
veals the expected strong negative effect of ER on participation.

Result 2. The submitted bids and the awarded bids are significantly
lower in the ER Treatment than in the Control Treatment, which also

4When we apply the rather conservative Bonferroni correction to address the multiple comparisons problem,
all differences except those for the private costs remain significant.
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Table 3.8: Wilcoxon tests for the comparison of ER and Control Treatment in first and last
round

Round 1 (first round) Round 15 (last round)

Number of W p-value Number of W p-value
observations observations

Number of 16 44 0.192 16 60.5 0.003submitted bids
Number of 16 63 < 0.001 16 63.5 < 0.001awarded bids
Value of 87 1138 0.098 71 934.5 < 0.001submitted bids
Value of 71 874.5 < 0.001 52 374.5 < 0.001awarded bids
Private costs of 87 1099.5 0.185 71 597 0.038submitted bids
Private costs of 71 747.5 0.038 52 254 0.048awarded bids
Auctioneer’s 16 22 0.328 16 49 0.082surplus
Social welfare 16 63 < 0.001 16 64 < 0.001

applies to the last round and for the awarded bids also to the first round
(Figure 3.4).

The lower bids can be attributed to a selection effect since the lower
participation in the ER Treatment is mainly due to higher-cost types
staying out.5

Result 3. The auctioneer’s surplus significantly decreases in both treat-
ments, where the decrease in the ER treatment is stronger than in the
Control Treatment (Figure 3.5).

There is no significant treatment difference in the amount of the auc-
tioneer’s surplus.

Result 4. Social welfare is significantly lower in the ER Treatment than
5The private costs of the bidders who submit bids and of those whose bids are awarded are significantly

lower in the ER Treatment than in the Control Treatment and significantly decrease over the rounds in the
ER Treatment (see Table 3.7) .
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in the Control Treatment, which also applies to the first and to the last
round. Also, social welfare significantly decreases in the ER Treatment
(Figure 3.6).

We conclude that the experiment supports the theoretical predictions:
the participation level and the social welfare under ER are lower than
in the corresponding standard auction and strongly decrease over the
rounds. Although ER generates lower payments than the standard auc-
tion, a higher auctioneer’s surplus cannot be identified.
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Figure 3.7: Development of the average value of submitted bids in the matching groups of
the ER Treatment

Figure 3.8: Development of the average value of awarded bids in the matching groups of the
ER Treatment
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Figure 3.9: Development of the average value of submitted bids in the matching groups of
the Control Treatment

Figure 3.10: Development of the average value of awarded bids in the matching groups of the
Control Treatment
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3.5 Discussion and conclusion

Theory has suggested that by implementing ER measures, no partici-
pation of potential bidders is expected. To test whether this extreme
result actually would manifest in real-world applications, an experiment
was conducted. Subjects’ behaviour in the Control Treatment of the
experiment had only minor deviations from equilibrium strategies with
regard to participation and bid decisions. Thus, the experiment design
is suitable in reflecting theoretic behaviour. Nevertheless, especially in
the ER Treatment, some bidders tend to underbid their costs. This can
be seen, since some bids are even below the lower limits of costs, re-
sulting in a definite loss of money, if the bid is awarded. This bidding
behaviour is in line with behaviour in other experiments (see Chapter
5), where underbidding seems to occur occasionally as well. While lower
prices do have a positive effect on the auctioneer’s surplus, no significant
difference can be found between the treatments.

While the number of auctions without any participating bidders is
rather low, a significant downwards spiral of participation can be seen in
auctions with ER. Further, standard auctions without ER have higher
social welfare than auctions with ER. Thus, theoretic predictions (Chap-
ter 2) and the experimental hypothesis (Section 3.3) are met.

Subjects participating in the experiment are incentivised to bid op-
timally for maximising their profit by linking their decisions with real
payments. The rationale behind this, is that companies in real-world
auctions often follow the same line of thought. Still, subjects cannot
be ruined by wrong decisions as their counterpart can. Thus, a labora-
tory experiment cannot be transferred wholly to real-world applications.
With this limitations in mind, we nevertheless strongly advise against
implementing ER measures in auctions. Both theory and experiment
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predict a worse outcome for auctioneer’s surplus and social welfare when
ER is implemented, even though support payments in the ER Treatment
are lower than in the Control Treatment.

To counteract the problematic of low competition, other options might
be favourable. Hanke et al. (2020) make several suggestions, e.g., a (tem-
porarily) pre-announced reduction of the auction volume might mitigate
the problem. Further, high auction prices send positive signals for po-
tential bidders, such that in the future, a more stable market with more
competition might be realised. Thus, when designing auctions for RES,
sometimes the long-term positive effects outweigh the short-term nega-
tive results.



Chapter 4

Auction-theoretic aspects of
cross-border auctions

4.1 Introduction

Though auctions for RE support have been applied in a growing num-
ber of countries (AURES II, 2022), a relatively new and rather unused
facet in this field is the implementation of so-called cross-border auc-
tions, i.e., auctions that are held not only for projects situated in the
auction-conducting country, but also for projects located in a foreign
country. Until now only one cooperation of this kind has been con-
ducted, namely two cross-border pilot auctions for PV in Denmark and
Germany in 2016 (Roth et al., 2022). Both Denmark and Germany con-
ducted a cross-border auction, while Germany opened all of the 50 MW
tender volume for Danish projects, whereas Denmark only opened 2, 4
MW of the 20 MW tender volume for German projects. Due to the
lower prices in the German opened auction compared to the national
German tenders, this auction can be considered a success in terms of
lower support costs (von Blücher et al., 2019). Furthermore, many EU
Member States, e.g. Germany and Hungary, were obliged by the EU
Commission to perform cross-border auctions (European Commission,
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2014). In addition, the recently introduced revised Renewable Energy
Directive (RED II) encourages countries to open at least 5% of their
annual volume of auctions for RES to the participation of projects from
other countries in the future (European Commission, 2018). Although
no other cross-border auctions were conducted in Europe, several coun-
tries were interested in the participation in a case study in Blücher et al.
(2020), where hypothetical cross-border auctions were analysed with re-
gard to the newly introduced EU RES financing mechanism (European
Parliament, 2018). It is therefore vital to understand the underlying
theoretical framework in order to conduct cross-border auctions whose
outcomes achieve the goals in the best possible way and to help countries
design well-performing cross-border auctions.

In this chapter, we examine three different ways to design cross-border
auctions. Each scenario represents a different level of openness between
two countries. So far, countries have conducted national auctions, only
open to projects in their own country. These two Separate Auctions
serve as a benchmark case in our analysis. A possibility of implementing
cross-border auctions is the opening of one of these Separate Auctions
for bidders with projects in the other country, which we call a Unilateral
Auction. Further openness is achieved when both countries open their
auctions to projects from the other country. Then bidders from both
countries can decide whether they want to participate in their original
country or the other (e.g. the German-Danish case). This is called a
Mutual Auction. Complete openness is guaranteed by a Joint Auction
conducted by both countries, which is also explicitly mentioned as a pos-
sibility by European Commission, 2018. To achieve this, the countries
have to decide upon one auction design. Therefore, a Joint Auction can
be understood as the hardest auction format to implement. In all other
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scenarios, the countries decide on the auction design on their own and
thus have more freedom, even if they decide to open the auction for
other nationalities. All formats are auction-theoretically analysed and
their outcome is compared regarding the expected rent for the auction-
eer, i.e., the prices the auctioneer will have to pay (this is also often
referred to as support cost efficiency), and the expected efficiency, i.e.,
if this format guarantees that only the bidders with the lowest costs
of producing energy are awarded (generation cost/allocative efficiency).
For simplicity, we assume that a country can only open their scheme
completely, and not only for a percentage of the total auction volume,
like this is the case in the Danish cross-border auction. We will refer to
auction volume reserved for domestic projects as an outside option for
those bidders, since they can compete in both auctions, the cross-border
scheme as well as the country-specific one.

The rest of this chapter is structured as follows. In Section 4.2 we will
introduce the different design possibilities for cross-border auctions and
their individual characteristics. Section 4.3 will give an overview over the
existing theoretical and practical literature on these auction types. In
Section 4.4 we will develop our theoretical model. First we will introduce
our basic model in Section 4.4.1, followed by the individual analysis on
Joint (4.4.2), Separate (4.4.3), Mutual (4.4.4) and Unilateral Auctions
(4.4.5). When bidders can decide in which auction they want to par-
ticipate, we differentiate further between Simultaneous and Sequential
Auctions. All analyses will examine efficiency and prices as main auction
outcomes. We will compare the different formats in Section 4.4.6. Af-
terwards, we will present possible extensions of the model, which can be
analysed in further work, in Section 4.4.7. We will conclude this chapter
in Section 4.5.
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4.2 Types of cross-border auctions

In this section we want to analyse the difficulties and choices the im-
plementation of the different cross-border scenarios entails. Our non-
cross-border benchmark case, the complete separation of RES auctions
between countries is the easiest form of auction design and implementa-
tion. Each country can then set its own design without having to interact
with the other country. The awarded bidders will receive the support
payment from the country their project is located in. Furthermore, it
is clear that the support payments, i.e., in the European context the
feed-in premiums, are based on the domestic electricity market price,
so all bidders regardless of their project have the same basis for their
calculations.

This is not the case if an auction is opened for projects in other
countries. If the auctions are unilaterally or mutually opened for bidders
from a different country, the first decision bidders have to face is in which
country they want to participate. Since we first analyse auctions which
take place at the same time and in coordination of each other, it is
usually not economically feasible to participate in these auctions at the
same time. One of the first question for the auctioneer as well as the
bidders that arises from this, is which market price is the basis for the
determination of the height of the support payments. The easiest way
is to take the market price from the country or region the project is
located in, as the energy produced is sold in this market. This can result
in different calculations the bidders have to make while calculating their
bid. For example, a bidder with a project located in country A but
participating in country B must potentially bid differently for a fixed
market premium than a bidder with a project located in country B.1

1Another possibility is to take the market price of the country conducting the auction, but this goes hand
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Nevertheless, it is still possible to have different design variants in the
different countries, e.g. most likely regarding different prequalification
requirements and penalties. In the German-Danish case, there were for
example different financial prequalifications and ceiling prices in each
auction (von Blücher et al., 2019). Further the two countries of course
have different market characteristics apart from the auction design, e.g.,
in Germany farmland is largely excluded from PV development whereas
in Denmark this is not the case. This is not explicitly part of the auction
design, but part of the permits which need to be obtained in order to
realise the project. These different country-specific framework conditions
still persist, even if the auction designs are completely harmonised.

The by far most complex auction design for cross-border auctions is
the Joint Auction. We will consider this as the cross-border benchmark
case. The most intuitive form of a Joint Auction is when the two coun-
tries need to agree on one design, independently of whether they apply
different designs in their country-specific auctions. In this case it cannot
be distinguished which country was responsible for the award. Thus,
first of all, a challenge might be the distribution of support payments
between the two countries. One possibility is that the bidders are paid
from a common budget, into which both countries have to pay. The
easiest form here is to share the costs evenly among the participating
countries, but of course all other forms of splitting costs is possible. The
decision upon a fair cost distribution and auction characteristics might
be hard for countries wanting to participate. Furthermore, an auction
design which might be ideally adapted to the domestic market structure
might not be appropriate for the neighbouring circumstances. Thus,
compromises need to be found which can be rather challenging in the
in hand with higher administrative effort, since apart from the calculation of the support payment, also the
difference between the two market prices has to be considered under a sliding feed-in premium. As this is
rather complicated, its implementation is unlikely.
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political and economic context. Nevertheless, we will show that the Joint
Auction with a completely harmonised design is efficient and will lead
to the lowest possible prices.

Another possibility to conduct a Joint Auction is to take into consider-
ation the market differences and, e.g., implement different pricing rules
for the different countries, i.e., different remuneration schemes. This
auction is similar to a Mutual Auction but with the difference that bid-
ders are allowed to emit two bids, one for being awarded from country
A and one for being awarded from country B. In the Mutual Auction
bidders have to decide in which country they want to participate in the
first place and can thus only place one bid. The bidders in this kind of
Joint Auction can, similarly to the Mutual auction, only be awarded with
one of their bids, i.e., either they fall under the remuneration scheme of
country A or under the scheme of country B. A huge advantage of this
system is that they do not have to pay penalties for the bid which is not
awarded. This would not have been the case if they participated in two
completely separate auctions, since then there was the possibility that
they were awarded in both with the same project.

A satisfying pricing mechanism for this Joint Auction which allows
only one bid per participant to be awarded can be hard to find. We
will propose a solution in Section 4.4.7.2. The awarded bids here not
only determine the height of the support payment, but also the country
which has to pay for it, namely the country for which this bid was
placed. Again, this procedure is overall efficient and the cheapest feasible
outcome. Nevertheless, this can lead to major disadvantages for one
country, resulting in very high costs, while the other country has very
low costs. This will be discussed later in this chapter.

For all types of openness, we assume that either all of the auction
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Figure 4.1: Overview of types of cross-border auctions

volume is opened to foreign projects, or none. We will not consider
cases where only a percentage δ% of the auction volume is opened for
foreign projects, while the rest of the volume is reserved for domestic
plants. 2

An overview of the different types of cross-border auctions can be
found in Figure 4.1, where the different levels of openness of the auctions
is displayed. Since there only is one auction in the joint scheme, this
can be considered the scenario with the highest level of openness, and,
going hand in hand with that, also the scenario with the highest level of
required cooperation of the countries. The benchmark cases thus serve
as boundaries of the level of openness between the countries.

2In the auction-theoretic model, this percentage scenario can easily be transformed into a scenario where
there are two auctions: one for projects from both countries (and the total auction volume equal to the
percentage δ%), and one only for bidders from the domestic country with the remaining auction volume. This
assumption simplifies the analyses, as the calculation of the equilibrium participation probability is slightly
different, while the bidding behaviour of the participants itself is equal in both variants. The results can thus
be transferred, and need not be explained in detail in this chapter.
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4.3 Related literature

In von Blücher et al., 2019 a more conceptional approach of under-
standing cross-border auctions is applied, examining the different de-
sign options for cross-border auctions and presenting the economic ra-
tionale for their introduction. One of the most important arguments
in favour of cross-border auctions is the support cost efficiency, which
can be observed in the context of the German-Danish auctions. Out of
the overall 52.4 MW of auctioned volume in both auctions, only Danish
projects were awarded. On the one hand, this is explained with the more
favourable conditions in Denmark, e.g., the possibility to erect plants on
farmland in Denmark whereas in Germany this type of location was
limited. Furthermore, the Danish authorities granted much easier per-
mits for the PV plants (Sorge, 2016) and thus preparation was easier
for Danish projects, which also led to lower costs. Another factor is
the market environment in both countries. In Germany, bidders had an
outside option to bid in the country-specific auctions, which were con-
ducted parallel to the cross-border auction. At that time, no Danish RE
support system existed and thus, Danish bidders only had the chance of
receiving support in the cross-border auctions. Subsequently, the Danish
projects submitted lower bids than their German counterparts (Kahles,
2017) and thus, were in an economic sense more efficient. Furthermore,
as a result, Germany did not have to pay support to the awarded bid-
ders in most months, due to the high market values in Denmark (von
Blücher et al., 2019), which is a further positive aspect from the Ger-
man conducting authority’s 3 point of view. We will deepen the research
of von Blücher et al., 2019 in an auction-theoretical way and examine

3The conducting agency is the Federal Network Agency (Bundesnetzagentur) on behalf of the German
Ministry of Economic Affairs and Climate Action (Bundesministerium für Wirtschaft und Klimaschutz).
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whether this apparent efficiency increase can theoretically be expected
in all future cross-border auctions.

The theoretic literature on Joint Auctions is manifold, since they can
be interpreted as the standard case where there are two bidder groups
participating in one auction. This is for example examined in Krishna,
2009. The most important finding is that an auction need not be ef-
ficient if bidder groups use different bidding strategies, i.e., if a higher
bid does not necessarily correspond with higher costs, which is impor-
tant when deciding on the auction design. We will use this case as a
benchmark case for the cross-border auctions, in addition to the case
of two Separate Auctions. The Separate Auctions themselves also can
serve as the benchmark model examined in the standard literature (e.g.
Myerson, 1981) when considered by themselves. Then this corresponds
to a standard IPV-model (i.e., independent private values) with a ho-
mogenous set of bidders for each auction. In this setting, each auction
taken only for itself is efficient and yields the same prices and awarded
bidders independently of the pricing mechanism (Revenue Equivalence
Theorem; Vickrey, 1961; Myerson, 1981). This efficiency need not be the
case in our setting, since we examine the groups of bidders as a whole,
independently of their origin, and then it is not guaranteed that the bid-
ders with the overall lowest costs are awarded, as we will discuss later
on.

The Joint Auction is can also be connected to the literature on whether
to bundle objects in one auction or to conduct Separate Auctions (Pal-
frey, 1983; Leszczyc et al., 2010). In contrast to e.g. Leszczyc et al.,
2010, we analyse the case where even in a Joint Auction the goods can
be awarded to different bidders, i.e., can be bought from different project
developers. A very practical case of centralised, i.e., Joint, auctions in-
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stead of multiple local ones can be found in Houde et al., 2017, where
the market for sanitary services in Dakar (Senegal) is examined. The
authors find that a centralised auction can lead up to 73% of price re-
ductions compared to the situation where the market is not optimised.
They explain this result with the increased competition due to the cen-
tralisation.

In order to be able to compare the different auction formats, we anal-
yse two auctions being conducted at the same time but independently
of each other in contrast to one single auction with a joint set of bid-
ders. This approach can also be found in Moldovanu et al., 2006, where
the authors study competing auctions compared to a centralised market
place. In this paper two sellers decide whether they want to conduct one
single or two separate auctions. Bidders can decide where they want to
participate, but only afterwards learn their true values. One result of
this paper is that there only exists an equilibrium in pure strategies in
the centralised auction. We will transfer this result to the cross-border
context. Another paper which deals with the auction selection prob-
lem is Delnoij et al., 2018, where they conclude there is an symmetric
equilibrium in mixed strategies. The focus of this paper is the design
decision of the pricing mechanism, which we will not focus on, but show
that this approach can be applied to mutually opened auctions as well.

A huge thread of literature related to our topic deals with the mecha-
nism behind auctions on the internet platform ebay. Here there are many
different sellers offering their goods, while bidders decide in which sales
auction they participate. This is e.g. examined in Peters et al., 2006
with the result that in all auctions the price is identical. Further Anwar
et al., 2006 describe that bidders tend to bid always in the auction with
the lowest price and change auctions often. We in contrast consider a
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procurement auction, and bidders cannot participate in more than one
auction at once. Hernando-Veciana, 2005 show that if there are several
auctions, in the symmetric equilibrium it is optimal for an auctioneer to
choose the ceiling price close to his production costs. This result can i.a.
also be found in Virag, 2010. For both papers the number of bidders is
an important factor. We will use this result as one of the reasons why
we do not focus on the optimal setting of the ceiling price in this paper.
A general study on the multiple bidders/multiple sellers model can be
found in R. P. McAfee, 1993. He shows that bidders randomize their
choice which auction they participate in.

The literature on Unilateral Auctions is rather scarce. Larue et al.,
2013 examine Canadian hog auctions. Here bidders from Ontario were
allowed to buy Quebec hogs in an auction, but Quebec bidders did not
have a chance to buy hogs from Ontario. The authors find that the
increased competition was not in favour for the auctioneers since they
received lower prices. Also, Gerding et al., 2008 analyse the optimal
strategy for a global player who can participate in numerous local auc-
tions, competing against local bidders. Again, in our scenario, bidders
can only participate in one auction at a time. A similar setting with local
bidders is considered in auctions for radio-frequency in Krishna et al.,
1996. One of the results is, that increasing the number of global bidders
leads to less aggressive bidding. All of these analyses consider the pos-
sibility to buy the goods in an alternative way. This is often called an
outside option. Outside options can have numerous different effects on
auction outcomes and optimal design variables. Kirchkamp et al., 2009
show in a laboratory experiment that a first-price auction tends to gen-
erate more revenue than a second-price auction when there are outside
options. This can be explained as bidders tend to be risk-averse in real
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life, instead of risk-neutral which is often assumed in theory. An optimal
auction with outside options is charging an entry fee (Ledyard, 2007).
Nevertheless, this auction may not be efficient since it prevents bidders
from participation. Reiss, 2008 finds that it is optimal for an auctioneer
to lower the competitiveness of his auction when bidders have an outside
option.

We will combine all of these different approaches into one model in
order to compare the different scenarios. The outside option in our case
will be that bidders can decide to participate in another auction, or if
this option is not given, need to participate in the auction even though
they face higher competition if they want to realise their project and re-
ceive support. This is the equivalent to the German-Danish cross-border
cooperation, where German bidders had the chance to compete in the
German-only auctions, whereas the Danish did not have the opportunity
to participate in another auction or receive funds in any other way.



4.4 Theoretic analysis 69

4.4 Theoretic analysis

In this section, we present first theoretic analyses of different forms of
cross-border auctions and their implications with regard to efficiency and
awarded prices. In Section 4.4.1 we introduce the basic model underlying
all following analyses. As a cross-border benchmark model to compare
efficiency and prices, the free competition between two countries in a so-
called Joint Auction is analysed in Section 4.4.2. Since typically, auctions
are conducted - at least in the EU - on a national level (AURES II, 2022),
we consider this scenario of Separate Auctions in Section 4.4.3, which
serves as our non-cross-border benchmark case. We also analyse Mutual
Auctions (Section 4.4.4) and Unilateral Auctions (Section 4.4.5). For
both forms, we differentiate between simultaneous auctions (Sections
4.4.4.1 and Sections 4.4.5.1) and sequential auctions (Sections 4.4.4.2
and Sections 4.4.5.2).

Auctions are analysed by game-theoretic methods. This approach is
based on Vickrey (1961). A comprehensive overview and introduction to
auction theory is provided by the books of Menezes et al. (2005), Milgrom
(2007), and Krishna (2009). The application of auctions theory to the
field of renewable energy support is discussed by, e.g., Kreiss et al. (2017)
and Haufe et al. (2018).

4.4.1 Basic model

Consider two multi-unit procurement auctions A and B for kA and kB

units of a homogenous good, kA, kB ≥ 1. Thus, overall there are at least
two goods auctioned.

There are two groups of risk-neutral bidders (companies) NA and NB

with nA = |NA| and nB = |NB|, nA, nB ≥ 1. Moreover, N = NA
⋃

NB,
n = |N | = nA + nB.
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All bidders have single-unit supply, i.e., each bidder participates with
one project in the auctions. The symmetric independent private values
(IPV) approach applies to the two bidder sets NA and NB (e.g., Krishna,
2009). In Group A, each company i ∈ NA has private costs xi for
supplying the good, and the companies’ supply costs are independently
drawn from the same distribution FA with the density fA and full support
4 on [a, a]. The same applies to Group B: each company j ∈ NB has
private costs xj for supplying the good, and the companies’ supply costs
are independently drawn from the same distribution FB with the density
fB and full support on [b, b].

In both auctions, the auctioneers set a ceiling price (maximum price)
rA in Auction A and rB in Auction B, which the bidders are not allowed
to exceed with their bids. In this chapter, we assume ceiling prices rA and
rB to be non-restrictive for participation, i.e., min{rA, rB} ≥ max{a, b}.

The auctions are conducted as sealed-bid auctions in which each bid-
ders i submits a bid bi. Bids are submitted simultaneously. Let mt denote
the number of bidders who actually participate in Auction t ∈ {A, B}.
If the ceiling price does not restrict participation, mA + mB = nA + nB.

In the auctions the LRB-UP rule applies, that is, in both auctions the
lowest rejected bid determines the uniform award price pt

5 if mt > kt. If
mt ≤ kt, the price is determined by the ceiling price, that is, pt = rt. For
bidders who participate in a single auction, an auction with LRB-UP is
incentive compatible. That is, it is a weakly dominant strategy for each
bidder to bid exactly her costs x, i.e., b = x (Weber, 1983).

In our analyses in the following sections, we consider cases where
bidders from NA are awarded in Auction B and vice versa. If A and
B refer to different countries, Country A and Country B, this means

4Full support means that all probability mass is concentrated on this interval.
5For simplification purposes, the award prices in our study, i.e., the prices paid to the awarded bidders,

correspond to a FiT.
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that the awarded A-bidder will build her project in Country A and will
receive the price (i.e., monetary support) from Country B (see Section
4.2).

The following auction-theoretic analyses also base on order statistics,
which we introduce here. Consider a set N of n bidders, whose cost
signals are independently drawn from distribution F with density f . The
kth order statistic X(k,n) describes the random variable of kth lowest cost
signal of all n signals (e.g., Ahsanullah et al., 2013), that is,

X(1,n) ≤ X(2,n) ≤ . . . , ≤ X(n,n) .

The distribution function of X(k,n) is denoted by F(k,n), 1 ≤ k ≤ n, and
is given by6

F(k,n)(x) =
n∑

i=k

n

i

F (x)i
(
1 − F (x)

)n−i (4.1)

and the density function by

f(k,n)(x) =
n

k

kf(x)F (x)k−1(1 − F (x)
)n−k

. (4.2)

4.4.2 Joint Auction

In the Joint Auction, Auction A and Auction B are put together to one
auction, in which both bidder groups NA and NB participate. Thus,
the set of bidders in the Joint Auction is given by N = NA

⋃
NB with

n = nA +nB and the number of auctioned goods is given by k = kA +kB.
The Joint Auction serves as the reference point for the evaluation of the
results of other formats in the following sections.

6Binomial coefficient: (
n

k

)
= n!

(n − k)!k!
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Let Neff denote the set of bidders with the lowest costs: Neff ⊂
N and |Neff | = k. Since it is optimal for the bidders to reveal their
cost signals in their bids (Section 4.4.1), the k bidders with the lowest
cost signals, i.e., the bidders in Neff , are awarded. Hence, the auction
outcome is efficient, i.e., the total demand k is met by the lowest-cost
supply. The uniform price pJ in the Joint Auction is determined by the
(k+1)th lowest cost signal x(k+1,n), i.e., pJ = x(k+1,n). That is, the auction
outcome is efficient and the expected price is E[P ] = E

[
X(k+1,n)

]
.7 The

auctioneer’s costs in the Joint Auction are c0
J = kx(k+1,n). Since this

cannot be determined prior to the auction, it is sensible to consider the
auctioneer’s expected costs E[C0

J ] = kE[X(k+1,n)].
The implementation in practice of a Joint Auction may be difficult

and problematic and, thus, a challenge, particularly when the auction
is conducted in two Countries A and B with different market character-
istics and auction designs for their domestic RES auctions. Under the
current rules (Sections 4.2 and 4.4.1), awarded projects of A-bidders are
built in Country A and awarded projects of B-bidders in Country B.
Here, the question arises, how the payments for the k awarded projects
are distributed between the two countries, particularly if the number of
awarded A-bidders does not match the number of demanded projects kA

in Country A. A simple rule is to allocate the payments for the best
(i.e., lowest) bids from Nt to Country t until kt is reached, t ∈ {A, B}.
If, for example, the number of awarded A-bidders is higher than kA and,
thus, the number of awarded B-bidders in lower than kB by the same
amount, the payments for the remaining awarded A-bidders are allocated
to Country B.

7This applies to a large set of auction formats including the DP auction in which the (different) award
prices are equal to the bids (Engelbrecht-Wiggans, 1988). This result refers to the so-called revenue equivalence
theorem (Myerson, 1981; Riley et al., 1981), which states that under certain conditions any auction format
that allocates the goods to the same bidders generates the same outcome including the same expected bidder
profits and the same expected (average) price and auction revenue (auctioneer’s costs).
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4.4.3 Separate Auctions

In Separate Auctions, bidders from group NA, i.e., with projects in Coun-
try A, are only allowed to enter Auction A, whereas bidders from group
NB can only enter Auction B. Since auction entry accrues no costs,
all bidders will participate and thus mA = nA and mB = nB. There-
fore, for each auction, the results of the Joint Auction applies (Section
4.4.2). That is, the kt bidders with the lowest costs are awarded and
the price is determined by the (kt + 1)th lowest cost signal x(kt+1,nt),
i.e., p = x(kt+1,nt), t ∈ {A, B}. Thus, the expected price in Auction
A is E[PA] = E

[
X(kA+1,nA)

]
and the expected price in Auction B is

E[PB] = E
[
X(kB+1,nB)

]
.

An efficient outcome is reached if and only if the k = kA + kB bidders
with the lowest costs, i.e., the bidders in the set Neff , are awarded,
which is met in the Joint Auction (4.4.2). Note that it is irrelevant
for an efficient outcome in the Separate Auctions how the k bidders in
Neff are distributed among the two auctions A and B, i.e. which bidder
participates in which auction. The only condition that has to be fulfilled
is that kA bidders in Neff participate in Auction A and kB bidders in
Neff participate in Auction B.

For analysing efficiency in the Separate Auctions, we consider the case
of equal cost distributions in the two auctions, i.e., FA ≡ FB ≡ F . Since
the distributions FA and FB are equal, the set NA of the A-bidders can
be modelled by nA independent draws from F and the set NB of the
B-bidders by nB independent draws from F . As pointed out before, an
efficient outcome will be reached if exactly kA bidders of Neff are among
the nA bidders who participate in Auction A and, thus, kB bidders of
Neff are among the nB bidders who participate in Auction B. The
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probability that this happens is8

(
k

kA

)(
n−k

nA−kA

)
(

n
nA

) . (4.3)

The probability in (4.3) includes all efficient allocations of the k bidders
in Neff , so that kA of these bidders participate in Auction A and kB of
these bidders participate in Auction B. Table 4.1 shows the efficiency
probabilities for symmetric auctions with nA = nB = 25 and kA = kB.

Table 4.1: Probability of efficient outcome in the Separate Auctions for nA = nB = 25

kA = kB 1 2 3 4 5 10 15 20
Probability 51.0% 39.1% 33.3% 29.8% 27.5% 22.7% 22.7% 27.5%

How are the prices and auctioneer’s costs in the Separate Auctions
compared to the Joint Auction (Section 4.4.2)? In an efficient outcome
in the Separate Auctions, the bidder with the cost signal x(k+1,n) either
determines the price in Auction A, i.e., pA = x(k+1,n), or in Auction B,
i.e., pB = x(k+1,n), but not in both Auctions. That is, the prices are
different in the two auctions and the higher price is x(k+2,n) or higher. If
the bidder with x(k+1,n) participates in Auction A, we have pB > pA =
pJ = x(k+1,n), and if the bidder with x(k+1,n) participates in Auction B,
we have pA > pB = pJ = x(k+1,n) As a consequence the auctioneer’s total
costs c0

Sim = c0
A + c0

B = kApA + kBpB in the Separate Auctions are higher
than the auctioneer’s costs c0

J in the Joint Auction: c0
Sim > c0

J .
Now consider the prices if the outcome of the Separate Auctions is

inefficient. Since there are also bidders awarded, which do not belong
8The efficiency probability (4.3) can be equivalently expressed by(

k
kB

)(
n−k

nB−kB

)(
n

nB

) .
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to Neff , i.e., do not have the lowest costs und thus the lowest bids, the
price in one of the two Auctions is higher than the price of the Joint
Auction x(k+1,n). In this Auction, w.l.o.g.9 let this be Auction A, less
than kA bidders from Neff did participate. Thus, in the other Auction
B, more than kB bidders from Neff did participate. Therefore not all
bidders from Neff are awarded, and in B a bidder with a lower bid than
x(k+1,n) determines the price. Hence, the price in this Auction is lower
than in the Joint Auction. As a consequence, in an inefficient outcome,
the auctioneer’s total costs can be equal or even lower than in the Joint
Auction, but also higher, depending on the exact realisations of the cost
signals and the actual bidder distribution over Auctions A and B.

4.4.4 Mutual Auctions

In Mutual Auctions, the bidders in NA and in the bidders in NB can
participate in both auctions A and B. In the case of the Simultane-
ous Mutual Auctions (Sections 4.4.4.1), the two auctions A and B are
conducted simultaneously and bidders can only participate in one of the
auctions. The bidders simultaneously decide in which auction they par-
ticipate, i.e., either in Auction A or in Auction B.10 For the case of the
Sequential Mutual Auctions (Section 4.4.4.2), in which the two auctions
A and B are conducted consecutively, we assume that the bidders are
allowed to participate in both auctions. Bidders, who are not awarded
in the first auction, are allowed to participate in the second auction.

9without loss of generality
10This also includes the case where auctions are not conducted at exactly the same time, but in the same

time range so it is not possible to participate in both. This happened for example in the German-Danish case
where only a few weeks were in between the auctions.
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4.4.4.1 Simultaneous Mutual Auctions

In the following we derive for the Simultaneous Mutual Auctions the
game-theoretic solution in form of a symmetric mixed Bayes-Nash-equilibrium.
Since the bidders simultaneously decide on the auction in which they
will bid (a bidder cannot observe other bidders’ decisions), a symmetric
equilibrium has to be in mixed strategies, where the probability distri-
bution of the mixed equilibrium strategy applies to participation deci-
sion. The mixed equilibrium strategy β = (βA, βB) with βt(x) = (qt, bt),
t ∈ {A, B}, consists of two components, one for the A-bidders and the
other for the B-bidders, each consists of (1) the probability qt for par-
ticipating in Auction A (and thus 1 − qt for Auction B) and (2) the bid
bt. Symmetry refers to both decisions: (1) All bidders in NA participate
with same probability qA in Auction A and, thus, with probability 1−qA

in Auction B. The same applies to the bidders in NB, that is, all bidders
in NB participate with probability qB in Auction A and with probability
1 − qB in Auction B. (2) All bidders apply the same bidding strategy in
form of bidding their costs x, that is, bt = x, t ∈ {A, B}.

For determining the participation probabilities qA and qB, we consider
a representative A-bidder with costs x ∈ [a, a], who bids bA = x in the
auction in which she participate and a representative B-bidder with costs
z ∈ [b, b], who bids bB = z in the auction in which she participates.

If each of the other nA − 1 A-bidders’ participation probabilities are
(qA, 1 − qA) and those of each of the nB B-bidders are (qB, 1 − qB) and
all bidders bids their costs, the representative A-bidder’s expected profit
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of bidding in Auction A is

ΠA(x, nA, nB, kA, rA, qA, qB) =
nA−1∑
i=0

nB∑
j=0

nA − 1
i

nB

j

qi
A(1 − qA)nA−1−iqj

B(1 − qB)nB−j

· I(x, kA, rA, i, j) ,

(4.4)

with

I(kA, rA, i, j) =


∫ rA
x (y − x)f(kA,i,j)(y)dy : i + j ≥ kA

rA − x : i + j < kA

(4.5)

and her expected profit of bidding in Auction B is

ΠA(x, nA, nB, kB, rB, 1 − qA, 1 − qB) =
nA−1∑
i=0

nB∑
j=0

nA − 1
i

nB

j

qnA−1−i
A (1 − qA)iqnB−j

B (1 − qB)j

· I(x, kB, rB, i, j) ,

(4.6)

with

I(kB, rB, i, j) =


∫ rB
x (y − x)f(kB ,i,j)(y)dy : i + j ≥ kB

rB − x : i + j < kB ,
(4.7)

where F(k,i,j) and f(k,i,j) denote the distribution function and density
function of the kth order statistics (i.e., random variable of the k-lowest
costs) if i cost signals are drawn from FA and j cost signals are drawn
from FB.

Analogously, the same applies to the representative B-bidder with
costs z, who bids bB = z in the auction in which she participate. Her
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expected profit of bidding in Auction A is

ΠB(z, nA, nB, kA, rA, qA, qB) =
nA∑
i=0

nB−1∑
j=0

nA

i

nB − 1
j

qi
A(1 − qA)nA−iqj

B(1 − qB)nB−1−j

· I(z, kA, rA, i, j) ,

(4.8)

with

I(kA, rA, i, j) =


∫ rA
z (y − z)f(kA,i,j)(y)dy : i + j ≥ kA

rA − z : i + j < kA

(4.9)

and her expected profit of bidding in Auction B is

ΠB(z, nA, nB, kB, rB, 1 − qA, 1 − qB) =
nA∑
i=0

nB−1∑
j=0

nA

i

nB − 1
j

qnA−i
A (1 − qA)iqnB−1−j

B (1 − qB)j

· I(z, kB, rB, i, j) ,

(4.10)

with

I(kB, rB, i, j) =


∫ rB
z (y − z)f(kB ,i,j)(y)dy : i + j ≥ kB

rB − z : i + j < kB .
(4.11)

The equilibrium probabilities qA and qB are determined by

ΠA(x, nA, nB, kA, rA, qA, qB) = ΠA(x, nA, nB, kB, rB, 1 − qA, 1 − qB) ,

ΠB(z, nA, nB, kA, rA, qA, qB) = ΠB(z, nA, nB, kB, rB, 1 − qA, 1 − qB) .

(4.12)

In the symmetric case with kA = kB, rA = rB, nA = nB, and FA ≡ FB,
by (4.4), (4.6), (4.8), and (4.10), the equilibrium conditions (4.12) are
fulfilled with qA = qB = 1

2 . Thus, the symmetric equilibrium strategy is
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given by β = (βA, βB) with βt(x) = (1
2 , x), t ∈ {A, B}.

Equal Cost Distribution Functions

Any case of the Simultaneous Mutual Auction with FA ≡ FB ≡ F can
be analysed by a model of two auctions and one bidder set. The demand
volumes and the ceiling prices in the two auctions A and B may differ,
that is, kA ̸= kB and/or rA ̸= rB. Since the distributions FA and FB are
equal, there exists a symmetric equilibrium with qA = qB, independent
of nA and nB, which can be different. This case can be simplified by
joining the two bidder sets NA and NB to one set N = NA

⋃
NB with

n = nA +nB, where the n bidders’ signals are independently drawn from
F .

The mixed equilibrium strategy β(x) = (q, b) consists of two com-
ponents. All bidders participate with same probability q in Auction A

and, thus, with probability 1 − q in Auction B. For determining the
participation probabilities q, we consider a representative bidder with
costs x, who bids b = x in the auction in which she participates. If each
of the other n − 1 bidders’ participation probabilities are (q, 1 − q) and
all bidders bids their costs, the representative bidder’s expected profit of
bidding in Auction A, given by (4.4), (4.5), (4.8), and (4.9), reduces to

Π(x, kA, rA, q) =
n−1∑
i=kA

n − 1
i

qi(1 − q)n−1−i
∫ rA

x
(y − x)f(kA,i)(y)dy

+ (rA − x)
kA−1∑
i=0

kA − 1
i

qi(1 − q)n−1−i (4.13)

and her expected profit if she bids in Auction B, given by (4.6), (4.7),
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(4.10), and (4.11), reduces to

Π(x, kB, rB, 1 − q) =
n−1∑
i=kB

n − 1
i

qn−1−i(1 − q)i
∫ rB

x
(y − x)f(kB ,i)(y)dy

+ (rB − x)
kB−1∑
i=0

kB − 1
i

qn−1−i(1 − q)i (4.14)

The probability q for the mixed equilibrium strategy β(x) = (q, x) is
determined by

Π(x, kA, rA, q) = Π(x, kB, rB, 1 − q) . (4.15)

In the case kA = kB and rA = rB, by (4.13) and (4.14), the equilibrium
condition (4.15) is fulfilled with q = 1

2 . Thus, the symmetric equilibrium
strategy is given by β(x) = (1

2 , x). All A-bidders and all B-bidders flip
a coin to decide in which auction they will bid.

Obviously, for kA > kB and r = rA = rB, q > 1
2 , since with a higher

number of auctioned goods the probability of winning and thus, the
expected profit in this auction rises.

The same applies for k = kA = kB and rA > rB. To show this, we
consider (4.13) and (4.14) for q = 1

2 . Then, the representative bidder’s
expected profit 4.13 in Auction A can we written as

Π(x, k, rA,
1
2) =

n−1∑
i=k

n − 1
i

(1
4

)i(n−1−i)

·
(∫ rB

x
(y − x)f(k,i)(y)dy +

∫ rA

rB

(y − x)f(k,i)(y)dy
)

+ (rB + (rA − rB) − x)
k−1∑
i=0

k − 1
i

(1
4

)i(n−1−i)
(4.16)
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and her expected profit in Auction B can be written as

Π(x, k, rB,
1
2) =

n−1∑
i=k

n − 1
i

(1
4

)i(n−1−i) ∫ rB

x
(y − x)f(k,i)(y)dy

+ (rB − x)
k−1∑
i=0

k − 1
i

(1
4

)i(n−1−i)
. (4.17)

Since

Π(x, k, rA,
1
2) − Π(x, k, rB,

1
2) =

n−1∑
i=k

n − 1
i

(1
4

)i(n−1−i)

·
∫ rA

rB

(y − x)f(k,i)(y)dy + (rA − rB)
k−1∑
i=0

k − 1
i

(1
4

)i(n−1−i)
> 0 ,

q = 1
2 cannot be the equilibrium probability, but q > 1

2 .

Efficiency and Prices

An efficient outcome is reached if and only if the k = kA+kB bidders with
the lowest costs are awarded, which is met in the Joint Auction (4.4.2).
As in the Separate Auctions (Section 4.4.3), efficiency does not depend
on how the bidders in Neff are distributed among the two auctions A

and B, but only that kA bidders in Neff participate in Auction A and
the remaining kB bidders in Neff participate in Auction B.

For the Mutual Auctions, we consider the symmetric case with the
same equilibrium strategy β(x) = (q, x) for all bidders in the joint set
N . Then, the probability of an efficient outcome is k

kA

qkA(1 − q)kB . (4.18)

The probabilities in (4.18) includes all efficient allocations of the k bid-
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ders in Neff , so that kA of these bidders participate in Auction A and
kB of these bidders participate in Auction B. Note that, contrary to
the efficiency probabilities for the Separate Auction (Section 4.4.3), the
efficiency probabilities for the Mutual Auctions do not depend on the
number of bidders nA and nB in the two auctions. Table 4.2 shows these
probabilities for symmetric auctions with kA = kB and q = 1

2 .

Table 4.2: Probability of efficient outcome in the Mutual Auctions for q = 1
2

kA = kB 1 2 3 4 5 10 25 50
Probability 50.0% 37.5% 31.3% 27.3% 24.6% 17.6% 11.2% 8.0%

To analyse and evaluate the distribution of the awarded bidders among
the two bidder sets NA and NB in an efficient outcome, we apply the
following simplifying approach. Define Φ = nB

nA
. In an efficient outcome,

1
Φ+1(k) A-bidders are awarded and Φ

Φ+1(k) B-bidders. This approach can
be justified by an a priori view before the cost signals are drawn or by
considering the average in a long-run view. For example, if nA = nB, in
an efficient outcome, we expect the awarded bidders to be distributed
evenly between A and B, i.e., half of the awarded bidders are from NA

and the other half from NB.
For the prices in the Mutual Auctions the same applies as for the

Separate Auctions (Section 4.4.3). In an efficient outcome in the Mutual
Auctions, the bidder with the cost signal x(k+1,n) either determines the
price in Auction A, i.e., pA = x(k+1,n), or in Auction B, i.e., pB = x(k+1,n),
but not in both Auctions. That is, the prices are different in the two
auctions and the higher price is x(k+2,n) or higher. If the bidder with
x(k+1,n) participates in Auction A, we have pB > pA = pJ = x(k+1,n),
and if the bidder with x(k+1,n) participates in Auction B, we have pA >

pB = pJ = x(k+1,n) Hence, the auctioneer’s total costs c0
M = c0

A + c0
B =
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kApA + kBpB in the Mutual Auctions are higher than the auctioneer’s
costs c0

J in the Joint Auction: c0
M > c0

J .
If the outcome of the Mutual Auctions is inefficient, the price in one

of the two auctions is lower than x(k+1,n), while in the other auction, the
price is higher than x(k+1,n). The auctioneer’s total costs in the Mutual
Auctions can be equal or even lower than in the Joint Auction, but also
higher.

4.4.4.2 Sequential Mutual Auctions

In Sequential Mutual Auctions, the two auctions A and B are conducted
sequentially. W.l.o.g. we assume that Auction A is conducted before
Auction B. All bidders from NA and NB are allowed to participate with
their project in both auctions. More precisely, all bidders are allowed
to participate in Auction A, while only those bidders are allowed to
participate in the B-Auction who either were not successful in Auction
A or did not participate in the Auction A. We assume that the bids and
results of Auction A are observable before Auction B is conducted.

In this sequential auction there exists a unique symmetric Bayes equi-
librium in pure strategies. 11 In this equilibrium, each bidder submits a
bid in Auction A, and if this bid is not awarded, the bidder will submit
a bid in Auction B. Hence, the equilibrium bidding strategy β(x) of
a representative bidder (from NA or NB) with cost signal x consists of
two components, β(x) = (βA(x), βB(x)), where βA(x) denotes the bid
in Auction A and βB(x) the bids in Auction B. By transferring and
extending the results of a sequential sales auction with one good in each
auction (e.g. Krishna, 2009) to a sequential procurement auction with
kA goods in the first auctions and kB goods in the second auction, we

11This is a standard result in game theory, see e.g. Krishna (2009).
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get the following equilibrium strategy β(x) = (βA(x), βB(x)) with

βA(x) = E[X(k+1,n) | X(kA,n) < x < X(k+1,n)] , (4.19)
βB(x) = x . (4.20)

Since the equilibrium strategy components βA(x) and βB(x) are strictly
monotone, i.e., strictly increasing in x, the outcome of the sequential
auction is efficient. That is, the k bidders with the lowest cost signals
are awarded. Strict monotonicity also implies that in the first auction
A the kA bidders with the lowest costs are awarded and in the second
auction B the kB bidders with the (kA+1)-lowest costs up to the k-lowest
costs. Thus, the “best” projects are awarded in Auction A.

Due this different bidding behaviour in Auction A and Auction B, the
expected prices are the same in both auctions and equal to E[X(k+1,n)],
i.e., the expected value of the (k + 1)-lowest cost signal. This price,
which reflects the overall scarcity in the joint market, is the same as in
the free competition scenario in the Joint Auction (4.4.2): E[PSeq,A] =
E[PSeq,B] = E[PJ ] = E[X(k+1,n)]. The same applies to the auction-
eer’s expected costs: E[C0

Seq] = E[CSeq,A] + E[C0
Seq,B] = kAE

[
X(k+1,n)

]
+

kBE
[
X(k+1,n)

]
= kE

[
X(k+1,n)

]
= E[C0

J ].
Since the two equilibrium strategy components are monotone and, by

(4.20), the bidders truthfully bid their costs in the second auction B, it
is obvious that in the LRB-UP auction B the price is equal to the (k+1)-
lowest cost signal, i.e., the cost signal of the “best” bidder who is not
awarded. In the first auction A, by (4.19), the bidders do not reveal their
true costs but exaggerate their costs in their bids. The incentive for this
form of “bid shading” is generated by the additional chance for an award
in the subsequent Auction B. More precisely, a bidder’s equilibrium bid
for Auction A is equal to the expected value of the (k + 1)-lowest cost
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signal under the condition that the bidder’s own cost signal is between
the kA-lowest and the (k + 1)-lowest cost signal. This exaggeration of
the costs in the bids implies that the bidders with the kA-lowest costs
are awarded in Auction A and that the expected price in this auction is
also equal to expected value of the (k + 1)-lowest cost signal.

However, there is some empirical evidence that real sequential pro-
curement auctions the price tends to decrease, i.e., the price in Auction
B is higher than in Auction A (Ashenfelter, 1989; Ashenfelter et al.,
1992; Gallegati et al., 2011; R. McAfee et al., 1993). Possible reasons
for this phenomenon are risk aversion or myopic thinking. The latter
refers to the fact that the bidders do not fully account for the additional
chance in Auction B when calculating their bid for Auction A.

4.4.5 Unilateral Auctions

For the Unilateral Auctions, w.l.o.g. we assume that A-bidders are al-
lowed to bid either in Auction A or in Auction B, while the B-bidders
are only allowed to participate in Auction B.

4.4.5.1 Simultaneous Unilateral Auctions

Since in a Simultaneous Unilateral Auction the A-bidders simultane-
ously decide on the auction in which they will bid, a A-bidders’ sym-
metric equilibrium strategy has to be in mixed strategies. As in the Mu-
tual Auction (Section 4.4.4), the probability distribution of the mixed
equilibrium strategy applies to participation decision, where qA is an A-
bidder’s probability for participating in Auction A, and, thus, 1−qA is an
A-bidder’s probability for participating in Auction B. As before, an A-
bidder bids her cost signal in the auction in which she participates. That
is, βA(x) = (qA, x) The B-bidders’ equilibrium strategy is simple because
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they cannot choose the auction. They participate in Auction B where
they bid their cost signal. That is, qB = 0 and, thus, βB(x) = (0, x).

For determining the participation probabilities qA, we consider a rep-
resentative A-bidder with costs x ∈ [a, a]. If each of the other nA − 1
A-bidders’ participation probabilities are (qA, 1 − qA) and those of each
of the nB B-bidders are (qB, 1 − qB) and all bidders bid their costs, the
representative A-bidder’s expected profit of bidding in Auction A is

ΠA(x, nA, kA, rA, qA) =
nA−1∑
i=0

nA − 1
i

qi
A(1 − qA)nA−1−iI(x, kA, rA, i) , (4.21)

I(kA, rA, i) =


∫ rA
x (y − x)f(kA,i)(y)dy : i ≥ kA

rA − x : i < kA

(4.22)

and her expected profit of bidding in Auction B is

ΠA(x, nA, nB, kB, rB, 1 − qA) =nA−1∑
i=0

nA − 1
i

qnA−1−i
A (1 − qA)i + nB

 I(x, kB, rB, i, nB) , (4.23)

I(kB, rB, i, nB) =


∫ rB
x (y − x)f(kB ,i+nB)(y)dy : i ≥ kB

rA − x : i + nB < kB

(4.24)

where F(k,nB+i) and f(k,nB+i) denote the distribution function and density
function of the kth order statistics (i.e., random variable of the k-lowest
costs) if i cost signals are drawn from FA and nB cost signals are drawn
from FB.
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The equilibrium probability qA is determined by

ΠA(x, nA, kA, rA, qA) = ΠA(x, nA, nB, kB, rB, 1 − qA) . (4.25)

That is, every A-bidder is indifferent (with respect to her expected prof-
its) between participating in Auction A or in Auction B.

Equal Cost Distributions

The case of an equal cost distribution is given by FA ≡ FB. For simplic-
ity, we further assume rA = rB and kA = kB.

If nA ≤ nB, we have qA = 1 and, thus, 1 − qA = 0 because

ΠA(x, nA, kA, rA, qA) > ΠA(x, nA, nB, kB, rB, 1 − qA) (4.26)

for all qA ∈ [0, 1]. That is, no A-bidder participates in Auction B be-
cause an A-bidders expected profit (4.21) from participating in Auction
A is always higher than her expected profit (4.23) from participating
in Auction B, independent of the other A-bidders’ decision. This holds
because actual number of competitors the Auction B is always higher
than in Auction A. Thus, this case is equal to the case of two separate
auctions (Section 4.4.3).

Only for nA > nB, qA < 0 and, thus, 1 − qA > 0, i.e., the A-bidders
also participate with a positive probability in Auction B. Given a fixed
nB, it follows from (4.21), (4.23), and 4.25 that qA decreases in nA. That
is, the higher the number of A-bidders, the higher is the probability
that they participate in Auction B. For these cases, with regard to
efficiency, expected prices and costs, the argumentation and results of
the Simultaneous Mutual Auctions (4.4.4.1) apply. That is, there is a
high probability that the outcome is inefficient and that the prices and
costs are higher than in efficient outcome of the Joint Auction (Section
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4.4.2).

4.4.5.2 Sequential Unilateral Auctions

When analysing Sequential Unilateral Auctions, we have to distinguish
between the case that Auction A is conducted before Auction B and
the opposite case that Auction B is conducted before Auction A. Since
B-bidders are only allowed to participate in Auction B, it is optimal
for them to bid their cost signal independent of the sequence of the
auctions. For the A-bidders it is optimal to participate in both auctions
by bidding truthfully in the second auction and exaggerating their costs
in the first auctions. This is the same bid pattern as in the Sequential
Mutual Auctions (Section 4.4.4.2). However, the degree of exaggeration
in the first auction differs from (4.19).

The award prices pA and pB depend on the sequence of the auctions.
If Auction A is conducted before Auction B, pB ≤ x(k+1,n). The case

pB = x(k+1,n) holds if and only if the outcome of the Sequential Unilateral
Auction is efficient, i.e., the k bidders with the lowest costs are awarded,
i.e., the bidders in set Neff . In this case, in Auction A, kA of these
bidders are awarded, and in the subsequent auction B, the remaining kB

bidders.
If kA or more A-bidders are in Neff , the outcome is efficient and

pB = x(k+1,n) because all bidders in Neff are awarded and the bidder
with x(k+1,n) determines the price in Auction B. If in this case, the A-
bidders beliefs about Neff are correct, E[PUni,A] = E

[
X(k+1,n)

]
. That is,

the expected price in both auctions are equal and equal to the expected
price in the Joint Auction 4.4.2: E[PUni,A] = E[PUni,A] = E[PJ ] =
E
[
X(k+1,n)

]
. Thus, this also applies to the auctioneer’s expected costs:

E[CUni] = E[CUni,A] + E[CUni,B] = kAE
[
X(k+1,n)

]
+ kBE

[
X(k+1,n)

]
=
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kE
[
X(k+1,n)

]
= E[CJ ].

If at least one of the kA bidders, who are awarded in Auction A, does
not belong to Neff , i.e., more than kB bidders are in Neff , the outcome is
inefficient and pB < x(k+1,n). This happens because not the bidder with
x(k+1,n) determines the price in Auction B, but a bidder in Neff with
a lower cost signal than x(k+1,n). This case occurs if fewer than kA A-
bidders and, thus, more than kB B-bidders are in Neff . In this case, the
price pA differs from pB. In Auction A, the price-determining A-bidder’s
cost signal is higher than x(k+1,n). Since A-bidders exaggerate their costs
in their bids, pA > x(k+1,n). Therefore, in this case, pB < x(k+1,n) < pA.

If Auction B is conducted before Auction A, pA is ambiguous, i.e., all
cases pA = x(k,n), pA < x(k,n), or pA > x(k,n) are possible. Moreover, the
equivalence between efficiency and pA = x(k+1,n) does not hold as in the
opposite sequence. The Sequential Unilateral Auction is efficient if the
k bidders with the lowest costs are awarded. In this case, in Auction B,
kB of these bidders are awarded, and in the subsequent auction A, the
remaining kA bidders. However, since the A-bidders and B-bidders be-
have differently in the B auction – the B-bidders bid truthfully, whereas
the A-bidders exaggerate their costs – it is possible that in Auction B, a
B-bidder, who is not Neff , is awarded. As a consequence, the outcome
is inefficient and pA < x(k,n) because the price in Auction A is deter-
mined by a bidder with a cost signal x < x(k+1,n). On the other side,
if more than kB bidders are in Neff , the outcome is also inefficient and
pA > x(k+1,n) because the price in Auction A is determined by a bidder
with a cost signal x > x(k+1,n). Also in theses cases, the prices pA and
pB may differ.
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4.4.6 Comparison of the different auctions

In order to decide on an optimal design for cross-border auctions, it is
important to compare the different auction scenarios and their individual
outcomes. In Section 4.4.2 we showed that a Joint Auction is always
efficient and yields an expected price of E[P ] = E

[
X(k+1,n)

]
when bidders

from the two countries can be assumed to have similar costs. If one
conducts Separate Auctions, the probability of an efficient outcome is
much smaller as calculated in Section 4.4.3, and if this auction is efficient,
the price in one of the auctions will in all cases be higher than the price of
the Joint Auction. If the auctions end inefficient, i.e., if not the k projects
with the lowest costs are awarded, the outcome cannot be determined
before. The overall costs for the auctioneers can be higher than, lower
than or equal to the costs of the joint auction. This is because in one
of the auctions the auctioneer will have to pay less than in an efficient
outcome, but the other one has to pay more. Depending on this exact
ratio, the overall costs can be determined. One argument in favour of
Separate Auctions is the relatively easy implementation for each country,
since they do not need to cooperate.

Mutual Auctions can be conducted both simultaneously and sequen-
tially. When conducted simultaneously, the problem is the same as with
Separate Auctions, since the probability for an efficient outcome is rather
small for a high number of auctioned goods (Section 4.4.4.1) and effi-
ciency leads to higher prices than in the ideal case of the Joint Auc-
tion. Again, if the auction outcome is inefficient, no concrete statement
about the resulting prices can be made. When the Mutual Auctions are
conducted sequentially, the outcome is efficient and the prices in both
auctions are equal to the price of the Joint Auction (Section 4.4.4.2).
This constitutes a real alternative for the Joint Auction. The outcomes
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are identical, but the Mutual Auctions leaves much more liberties for
the conducting countries, since each country is responsible for only one
auction independently of the design of the other. Of course, if the de-
signs are too different, this will have effects on the prices as well. A
further advantage is that it is clear which country gave the award for
which bidder and thus has to pay for the support.

The Unilateral Auctions are comparable to the Separate Auctions if
the cost structure and auction design is identical (or considerably similar)
in both countries (Section 4.4.5.1). In this case, nobody will enter the
auction in the foreign country and the results are those from Section
4.4.3. If the market characteristics or the auction design are different in
both countries, again an equilibrium in mixed strategies is constituted
and the result is the same as Section 4.4.4.1 for Simultaneous Mutual
Auctions. The Sequential Unilateral Auctions need to be distinguished
into two scenarios: one, the opened auction is conducted first, and two,
it is conducted second. If it is conducted first, there is a high chance
that the auctions will be overall inefficient, since in the first auction
two different bidding strategies are apparent: the bidders only allowed
to participate in this auction will bid their true costs while the others
will apply bid-shading (Section 4.4.5.2). Thus, depending on the cost
structure of the bidders, the prices can differ in both directions. What
is clear is that both auctions will in most cases not achieve the same
prices.

If the opened auction is conducted second, the auctions can be effi-
cient. This is the case if more than kA A-bidders are in the group of
the overall lowest costs projects (Section 4.4.5.2), as this secures that in
both auctions only the bidders with the lowest costs are awarded. In
this case, the price in both auctions will be equal to the price achieved
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in the Joint Auction. If this is not the case, i.e., if there are bidders
awarded in the first auction who do not belong to the group with the
lowest costs, the auction outcome is inefficient and the prices of the two
auctions differ from the reference price E

[
X(k+1,n)

]
, where the price in

the first auction is higher, and the price in the second auction is lower
than E

[
X(k+1,n)

]
.

To put it in a nutshell, the Joint Auctions has a guaranteed efficient
outcome and no dangers of too high prices due to unfavourable bidder
structures in the different countries. Nevertheless, it is harder to con-
duct. An alternative would be the Sequential Mutual Auction, where the
same outcome regarding awards and prices can be expected, but with
more liberties for the auctioneers in their individual auction design. The
other auction types can yield lower overall prices, but only together with
an inefficient outcome. Furthermore, there is also a high chance that the
prices will turn out to be higher than in a Joint Auction.

4.4.7 Extensions

In the following we discuss some extensions of the models in the previous
sections.

4.4.7.1 Other auction formats

How do the results of our analyses change instead of the LRB-UP rule
the DP rule or the HAB-UP rule are applied? In Section 4.4.2, we
mention the so-called revenue equivalence theorem (Myerson, 1981; Riley
et al., 1981; Engelbrecht-Wiggans, 1988), which (to a certain degree)
can be applied to different pricing rules in the auctions considered in
the previous sections. Accordingly, the expected equilibrium outcomes
under other pricing rule are considered to be the same or at least similar
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to theses derived under LRB-UP.

4.4.7.2 Systematic cost differences between countries

Assume that Auction A is conducted in Country A and Auction B is
conducted in Country B and that there are systematically different con-
ditions in the two countries. These differences may be caused by differ-
ences in the monetary support systems in the two countries. Due to these
differences, bidders have different costs for a similar project depending
where the project is built.

W.l.o.g. we assume that the costs are higher in Country B than
in Country A. We model this cost difference by an additive constant
d. That is, if a bidder has costs x when she is awarded in Auction
A, the bidders has costs x + d when she is awarded in Auction B. As
a consequence, the bidder submits a higher bid in Auction B than in
Auction A. In the case of the simultaneous auctions (Sections 4.4.4.1
and Section 4.4.5.1), the different bids are b = x in Auction A and
b = x + d in Auction B. Generally, in the Separate Auctions (Section
4.4.3, Mutual Auctions (Section 4.4.4), and Unilateral Auctions (Section
4.4.5), the price in Auction B is expected to be d higher than in the case
of equal costs with d = 0 considered so far. The results about efficiency
and expected costs remain except for the auctioneer’s costs in Auction
B, which increase by kBd.

The Joint Auction is a challenge because the two auction demands kA

and kB are put together and are allocated in one auction, in which each
bidder submits one bid for her project. Therefore, for the Joint Auction,
we recommend that the two countries agree on one award system, so that
it does not matter for the bidders whether they are awarded in Country
A or B.
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Nevertheless, it is possible to design a reasonable and applicable mech-
anism for the Joint Auction which takes the systematic cost differences
between the two countries into consideration. It is obvious that the al-
location procedure described in Section 4.4.2 cannot be applied because
it does not account for the cost differences. The proposed design for
the Joint Auction contains is based on the Generalized Vickrey Auction
(GVA) or Vickrey-Clarke-Groves (VCG) mechanism (e.g., Ausubel et
al., 2006; Krishna, 2009). Each bidders submits two bids for her project.
The first bid, the A-bid, applies to Country A and the second bid, the
B-bid, applies to Country B. From all submitted bids, the set of all
feasible combinations of bids is computed. A feasible bid combination
contains (1) at maximum one bid of each bidder and (2) kA A-bids and
kB B-bids. The winning bids are determined by the feasible bid combi-
nation that minimizes the total sum of bids. For the pricing rule, the
Vickrey rule e.g., Ausubel et al., 2006 or the DP rule can be taken into
consideration, whereas the UP rule (LRB or HAB) is considered to be
less suited. Although the Vickrey Auction is incentive-compatible, i.e.,
it is a weakly dominant strategy for the bidders to reveal their true costs
in their bids bA and bB, due to the weaknesses of this auction format, we
consider the application of the DP rule to be the better choice.

4.4.8 Multiple countries

In the future, it might be considered to not only conduct cross-border
auctions between two countries, but between multiple ones, e.g., the
implementation of region-wide cross-border auctions can be of interest.
This can for example be sensible in the Baltic Region, since the countries
are relatively small and the introduction of an auction scheme can be
administratively challenging. Our results can easily be extended to mul-
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tiple countries. The Joint Auction and Separate Auctions will maintain
their effects. For the Mutual and Unilateral Auctions, there are just a
few cases added, for example when one country decides to open for all
other countries while another one decides to open only for one foreign
country. Nevertheless, the principle problems and underlying structures
remain, i.e., the auctions will with a high probability be inefficient and
the overall costs for the auctioneers, i.e., the different countries, might be
much higher than with a cooperative design like the Joint or Sequential
Mutual Auction.
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4.5 Conclusion

In this chapter, we have theoretically analysed the implications of various
degrees of openness of cross-border auctions on the allocative efficiency
and the resulting award prices. We compared the results of a Joint
Auction, Separate Auctions, a Unilateral Auction and Mutual Auctions.
In our approach, we assume an adequate auction design and sufficient
competition in all auctions.12

We find that the Joint Auction is the most promising type of cross-
border auction with regard to efficiency, our modelling result showing
efficient allocation, as well as moderate awarded prices. Nevertheless,
implementing this type of auction is quite complicated due to a high
degree of cross-border integration and regulatory coordination.

Mutual Auctions can be conducted either simultaneously or sequen-
tially. In the first case, we find that the probability of achieving an
efficient outcome is rather small and the resulting prices are higher than
in the Joint Auction. Sequential Mutual Auctions, on the other hand,
lead to an efficient result as well as to the same prices as in the Joint
Auction. This type of cross-border auction, which has already been used
in the German-Danish PV auctions, can thus be a role-model for future
design choices. Policymakers do not face the same difficulties as in the
Joint Auctions: each country can decide on its own auction design and
thus no coordination efforts are needed. In addition, each country can be
responsible for the support payments awarded in its own auction, and no
complex formula is needed to divide the support payments, as required in
the Joint Auction. Nevertheless, as studies have shown, in reality lower
costs might be expected in the first Mutual Auction compared to the
second one, thus this has to be accounted for when countries establish

12Note that the specific design implications of each type of auction is not the focus of this chapter.
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their cross-border cooperation.
Unilateral (both the Simultaneous and Sequential cases), as well as

the Separate Auctions are shown to have a relatively low probability of
achieving an efficient outcome and are thus inferior to both the Joint and
the (Sequential) Mutual Auctions. More generally, the analysis shows
that parallel auctions (where project developers must chose in which
auction they want to participate and cannot participate in both) tend
to decrease the efficiency of a support scheme.

Therefore, based on our theoretical analysis, we can recommend to
policymakers to consider Sequential Mutual Auctions when designing
cross-border auctions. This auction type combines the benefits of rela-
tively straightforward implementation with the allocative efficiency of a
Joint Auction.





Chapter 5

Analysing multi-technology
auctions - experimental evidence

5.1 Introduction

With ongoing climate change, the need for RE especially in the electricity
sector is higher than ever (Qazi et al., 2019). Though technology costs
have been decreasing for RES in the last years (Steffen et al., 2020), not
all RE plants can compete with market prices (Timilsina, 2021). Thus,
RES have been given a support payment additional to market prices to
help transition into a sustainable future. Before 2014, this add-on was
mostly a fixed FiT on top of the market price. Since 2014, the proce-
dure for determining support payments in the EU has to be changed to
a competitive environment, i.e., auctions (European Commission, 2014).
In these auctions for RE support, project developers compete for pay-
ments made by a country or state-authority, while only a certain number
of projects are awarded. In most cases, the award is based solely on the
price, i.e., projects with the lowest price bids are awarded (AURES II,
2020). These auctions are called procurement auctions, and since mostly
not only one project, or, more generally speaking, one unit of the auction
product (e.g., capacity) is awarded, the auctions are multi-unit auctions.

99
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When designing an auction, the auctioneer, i.e., in most cases the
state or a state-authority, has to decide on which technologies to be
eligible for award. A follow-up decision is then whether to award all
technologies in a single auction (multi-technology auction), or in one auc-
tion per technology (technology-specific auction) (Winkler, 2021). There
has been an ongoing discussion about which of the two approaches is to
be favoured when designing auctions for RES (Jerrentrup et al., 2016;
Winkler, 2021), though in the long term, the EU favours the implemen-
tation of multi-technology auctions except for a few exemptions (Eu-
ropean Commission, 2014). This chapter experimentally analyses the
differences between multi-technology and technology-specific multi-unit
auctions in terms of prices, bidding behaviour, efficiency, and outcomes
for auctioneer and society as a whole. It thus contributes to the com-
plexity of deciding on an auction design by providing valuable insights in
the advantages and disadvantages of the two different ways of awarding
multiple technologies. Further, the most commonly used pricing rules in
RE auctions (AURES II, 2020) are analysed, DP and UP. To account
for different characteristics of project developers, both developers with
only one project as well as those with multiple projects are represented
in the experiment.

So far, a large strand of experimental literature regarding the elec-
tricity market since the early 2000s has been dealing with the wholesale
electricity market and its price determination (e.g., Schulze et al., 2000;
Mount et al., 2001; Oh et al., 2003; Chirkin et al., 2016). Auctions for
renewable energy support are different: the determination of awards is
independent from the wholesale market.1 RE projects can participate
at the wholesale market independently of award, awarded projects just

1although payments may dependent on the wholesale market price, depending on the remuneration scheme
(Mora et al., 2017).
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can receive an additional payment.2 The RE auctions thus are more
related to the field of repeated static sealed-bid auctions. Since multiple
technologies with different cost structures are analysed, the theory of
asymmetric bidders where one bidder stochastically dominates the other
(e.g., Leoni et al., 2017) can be applied here. First studies of asym-
metric bidders appear in Vickrey, 1961. Griesmer et al., 1967, Plum,
1992, Krishna, 2003, Reny et al., 2004 and Kaplan et al., 2012 study
bidding strategies and equilibria in auctions with asymmetric bidders
under different pricing rules. Waehrer, 1999 analyses collusion among
bidders with different cost structures, while Güth et al., 2005 and Avery
et al., 1997 experimentally analyse the outcome of asymmetric auctions.
A calculation of expected revenues can be found in Cantillon, 2008. A
comparison between different pricing rules in auctions with asymmetric
bidders is examined in Mares et al., 2014 and Kirkegaard, 2012. A the-
oretic analysis of different pricing rules with symmetric bidders can be
found in many papers (e.g., Engelbrecht-Wiggans, 1988; Engelbrecht-
Wiggans et al., 1998b; Hudson et al., 2000). Other approaches studying
different pricing rules in the electricity market or other public sectors
include agent-based modelling (Xiong et al., 2004; Guerci et al., 2012),
empirical data analysis (Tenorio, 1993; Wolfram, 1998; Heim et al., 2013;
Umlauf, 1993) or other experiments (Rassenti et al., 2003). Though some
of these papers were published years ago, theoretic results hold still to-
day.

When considering multi-demand in sales auctions, the equivalent to
multi-supply in procurement auctions, theory becomes far more compli-
cated than in the single-demand case (Engelbrecht-Wiggans et al., 1998a;
Ausubel et al., 2014). Still, experiments have been conducted to test bid-

2Depending on the remuneration scheme and the exact market situation, bidders not always actually receive
a payment, e.g., with a one-sided CfD, bidders only receive a payment when the wholesale market price drops
below a threshold, and this difference is then compensated.
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ding behaviour and auction results. Works that analyse multi-demand
with independent private values are Alsemgeest et al., 1998; Kagel et al.,
2001; Manelli et al., 2006 and Engelmann et al., 2009. All of them have
in common, that they analyse different pricing rules regarding efficiency
and revenue. Results differ based on the analysed pricing rules and
the different levels of competition. Kagel et al., 2001 and Alsemgeest
et al., 1998 find that UP has higher revenue, and efficiency is similar
(Alsemgeest et al., 1998) or higher in the Ausubel auction (Kagel et al.,
2001). Manelli et al., 2006 find the highest revenue in Vickrey auctions,
while Engelmann et al., 2009 have the highest revenue in DP auctions.

This chapter intersects at the presented strands of literature: while
asymmetric bidders have been studied theoretically and experimentally
in single- and multi-demand, no experimental comparison has been made
so far. A further contribution is the comparison between auctions con-
ducted for asymmetric bidders together, and auctions conducted for each
bidder type separately. To also include possible learning effects (Casari
et al., 2007), this chapter studies the same auctions conducted over mul-
tiple rounds. Experimental results show the degree of efficiency is higher
in multi-technology auctions than technology-specific auctions. In this
experiment, multi-technology auctions lead to lower prices and higher
auctioneer’s surplus and social welfare than technology-specific prices.
DP auctions have lower award prices and higher auctioneer’s surplus
and social welfare than UP auctions. Irrational bidding behaviour is
more common in UP auctions, and participants do not seem to adapt
their bidding behaviour in the course of the experiment.

The rest of the chapter is structured as follows. Section 5.2 sets the
theoretic basis for the experiment. Section 5.3 introduces the experiment
and presents its results, which are discussed in Section 5.4. Section 5.5
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concludes the chapter.

5.2 Theoretic analyses

In this chapter, different forms of multi-unit procurement auctions are
examined and compared. For this purpose, we analyse single-supply bid-
ders as well as multi-supply bidders. Single-supply bidders have exactly
one project to participate in an auction, and multi-supply bidders have
exactly two projects. The approach in this chapter is similar to that in
Chapter 4, where different types of cross-border auctions are analysed.
In contrast to these calculations, it is assumed that bidding accrues no
participation costs. Without participation costs bidders do not face sunk
costs in case of non-award, and will thus participate without the risk of
losing money with all possible projects.

Consider two different types of bidders A and B which differ regard-
ing their projects’ underlying cost structure. There are na bidders with
role A and nB bidders with role B, and thus a total of n = nA + nB bid-
ders. Each project i of a bidder is assigned individual realisation costs
xi. Costs of type A are drawn from the interval [a, a] and costs of type
B are drawn from the interval [b, b]. Within these intervals the costs are
identically and independently distributed with distribution functions Fj

and density functions fj for types j ∈ {A, B}. Since there are two dif-
ferent bidder types, we speak of asymmetric bidder groups, while within
the group, the symmetric independent private value approach (IPV, see
e.g., Krishna, 2009) can be applied. W.l.o.g. assume the distribution
function FB stochastically dominates FA, i.e., FB(t) − FA(t) ≥ 0 for all
values of t. The probability of costs being lower than t is higher for costs
of type A than for costs of type B. Projects of type A can thus be con-
sidered cheaper than projects of type B. Multi-supply bidders have two
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projects of the same type. Assume a total of k ≥ 2 homogenous goods,
i.e., projects, to be auctioned. In this chapter, two different scenarios
are compared:

(J) One single (joint) auction where k homogenous goods are auctioned.
All bidders can participate.

(S) Two separate auctions A and B where kA and kB homogenous goods
are auctioned. Bidders of type A can only participate in auction A,
while bidders of type B can only participate in auction B.

The joint auction here represents the multi-technology auction with
two technologies eligible for award, while the separate auctions represent
the technology-specific auctions.

Further, a ceiling price r which is the same in the joint auction as
well as in both auctions A and B in the separate case is introduced.
This prevents excessively high bidding. To not exclude bidders from the
auction by setting a too low ceiling price, let r ≥ max{a, b}. Thus, all
realisation costs are below the ceiling price and bidders can participate
without underbidding their costs.

In order to determine the expected outcome, i.e., awards, prices, and
rents, the concept of order statistics (Ahsanullah et al., 2013) is impor-
tant. The kth order statistic is the random variable of the kth lowest
cost signal out of all n signals and is denoted with X(k,n). Thus, the
order statistics can be sorted, where the first order statistic is the lowest
and the nth is the highest random variable:

X(1,n) ≤ X(2,n) ≤ · · · ≤ X(n,n)

All auctions are conducted as sealed-bid auctions, where all bidders
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i simultaneously submit their bids bi. Bidders do not have a chance to
see bids of others before submitting their own bid. Multi-supply bidders
thus submit a bid pair (bi1, bi2) consisting of one bid for each of their
projects. Each bid can unambiguously be linked to a specific project.
In the following analysis, two different pricing rules are examined: UP
and DP. In an UP auction, all awarded bidders receive the same price,
namely the lowest non-awarded bid. In a DP auction, awarded bidders
receive their own bid.

5.2.1 Joint Auction

In scenario J with single-supply bidders, the k lowest from the n sub-
mitted bids are awarded. In scenario J with multi-supply bidders, the
2k lowest from the 2n submitted bids are awarded. For the single-supply
bidders, Ehrhart et al., 2019b give the expected price in a UP auction
as the expected value of the (k + 1)th lowest order statistic:

E[pJ ] = E[X(k+1,n)].

Since all bidders participate in the auction, and have the incentive to
bid their own costs, the bidder with the k lowest costs will be awarded
in a single-supply auction. Auction J ends efficient3 in the equilibrium,
even if bidders are asymmetric. This auction outcome can also be ex-
pected for other pricing rules when bidders are symmetric, including the
discriminatory or pay-as-bid auction (Engelbrecht-Wiggans, 1988). This
result follows the revenue equivalence theorem (Myerson, 1981), which
states that if the goods are allocated to the same bidders under different
pricing rules (and under certain conditions), the same auction outcome
including prices, profits and auctioneer’s surplus can be expected. The

3In this chapter, we use efficiency in the sense of auction-theoretic efficiency, i.e., correctly awarding the
projects with the lowest resalisation costs.
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equilibrium bidding strategies of course differ in different auctions, e.g.,
the equilibrium bidding strategy βDP of a procurement auction with
single-unit supply is βDP (x) = E[X(k+1,n) | X(k+1,n) > x]. Thus, in the
symmetric equilibrium of the DP auction the bidder submits a bid in
height of the expected value of the competitor he has to beat in order to
be awarded. With asymmetric bidders, this result cannot be transferred.
Since weaker bidders have a different bidding strategy than stronger bid-
ders, i.e., a higher signal does not automatically lead to higher bids, the
auction does not always end efficient (Krishna, 2009; Ausubel et al.,
2014). Therefore, different revenues in DP and UP auctions may oc-
cur, where the exact ranking of pricing rules regarding revenues highly
depends on the asymmetry (Mares et al., 2014; Kirkegaard, 2012).

Further, when introducing multi-supply bidders to DP or UP auc-
tions, in general there exist multiple Bayes-Nash equilibria, which are
inefficient even for symmetric bidders (Krishna, 2009). One way to avoid
this, is the introduction of bid constraints (Holmberg et al., 2018). S.
Chen et al., 2022 use the assumption of linear strategies and show, that
the price and awards in DP auctions are indeterminate compared to
UP auctions. The only general rational bidding strategy, is to submit
a higher bid for the project with the higher realisation costs than for
the project with lower realisation costs independently of pricing rules
(Krishna, 2009).4 Further, it is a weakly dominant strategy to bid one’s
own realisation costs, but only for the project with the lower realisation
costs, and only in UP auctions (Krishna, 2009).

5.2.2 Separate Auctions

In scenario S there are two auctions with two disjoint groups of bidders.
Refer to the auctions as A and B, respectively. Thus, bidders with

4One exception might be for special cases, where the bids are the same (Krishna, 2009).
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different roles do not compete against each other. Only bidders with the
same role compete against each other in one auction. In UP auctions
with single-supply bidders, the price is determined by the (kA +1)th and
(kB + 1)th lowest bids, respectively. The bidding strategy is again the
(weakly) dominant strategy to bid the costs. Thus, the kA lowest bidders
of type A are awarded in auction A for the price of the (kA + 1)th lowest
bid:

E[pA] = E[X(kA+1,nA)].

In auction B the kb bidders with the lowest costs of type B are
awarded and receive the payment in height of the (kB + 1)th lowest
bid:

E[pB] = E[X(kB+1,nB)].

This result holds for the DP auction as well, due to the revenue equiv-
alence theorem and the symmetric bidders in auctions A and B. Con-
sidered only for themselves, each separate auction is efficient, because in
each auction t the lowest bidders with role t are awarded for t ∈ {A, B}.
If one takes into account all bidders, the picture is different. We refer
to the separate auctions A and B as an auction unit. In each auction
unit, there are n bidders, where nA bidders have role A and nB bidders
have role B.5 Following the argumentation from Ehrhart et al., 2019b,
the auction only ends efficient if the k overall cheapest projects divides
exactly into the kA cheapest projects in auction A and the kB cheapest
projects in auction B. Let fkt

(x) := ft(kt,nt)(x) be the density function of
the ktth order statistic for distributions t ∈ {A, B}. Then the probability

5A joint auction is therefore an auction unit as well.
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for an efficient outcome in the separate auctions is given by
∫ a

a
fkA

(a1)
∫ b

a1
fkB+1(b2)

∫ b2

b
fkB

(b1)∫ a

b1
fkA+1(a2 | a2 ≥ a1) da2 db1 db2 da1,

(5.1)

i.e., the probability that the kAth lowest costs in auction A are smaller
than the (kB + 1)th lowest costs in auction B, and at the same time the
kBth lowest costs in auction B are smaller than the (kA + 1)th lowest
costs in auction A. This probability is clearly lower than one, and thus,
there is a chance that the separate auctions will not award all bidders
with the cheapest projects.6

In auctions A and B with multi-supply bidders, the reasoning of the
joint auction with symmetric bidders, who each have multiple projects,
holds. That is, the auction in general does not end efficient and the rank
of prices is indeterminate (Section 5.2.1).

5.2.3 Comparison

Comparing the separate and joint auctions with single-supply bidders
regarding price and efficiency from an auctioneer’s perspective, the joint
auction clearly is to be favoured. First, the joint auction always ends
efficient in the symmetric equilibrium of the UP auction. This is not the
case in the separate auctions, which only end efficient with the proba-
bility calculated in (5.1), which is smaller than 1. Further, the different
scenarios yield different prices. If scenario S is efficient, the prices are
higher than in scenario J . This is because the price-determining bidder
in auction J is either of type A or of type B. W.l.o.g. assume the price
determining bidder in J is of type A. This bidder cannot participate in

6This does not mean that separate auctions cannot end efficient. Further, an auction either ends efficient
or not efficient. The probability here does not indicate "how much" efficient the auction is, but rather in how
many cases one can expect an efficient outcome.
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both auctions, and will thus only set the price in auction A: pA = pJ .
The price of auction B is then determined by the next lowest bid, i.e.,
the realisation costs x(k+2,n), pB = E[X(k+2,n)]. Thus, the auctioneer’s
surplus Π0

S, which is the difference between the auctioneer’s valuation v

for the projects, and the payments (i.e., auctioneer’s costs) that accrue,
is lower than in the joint auction:

Π0
S = v − (kA · pA + kB · pB) = v − (kA · pJ + kB · pB)

≤ v − (kA · pJ + kB · pJ)
= Π0

J .

If the separate auctions end inefficient, it is hard to make a statement.
Depending on the exact realisations of the costs, and on the ratio between
kA and kB, the auctioneer’s surplus can be lower or higher in the separate
auctions than in the joint auction. Overall, the conduction of the joint
auction is cheaper for the auctioneer than the conduction of separate
auctions if

kA · pA + kB · pB > k · pJ . (5.2)

As evident from (5.2), it is possible, that prices in one separate auction
(w.l.o.g. A) are lower than in the joint auction, and still overall the joint
is cheaper, because of comparably too high prices in auction B. This
imbalance is based on the stochastic dominance, i.e., in auction A it is
expected that bidders have lower costs compared to auction B. The more
asymmetrical those relations are, the lower the chances of an efficient
outcome.7 The same line of argumentation can be applied to auctions
with multi-supply bidders, as these do not necessarily end efficient, and
prices are indeterminate.

7For example if a < b, the separate auctions will in no case end efficient.
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To compare the efficiency of the different auction formats, define Nawd

as the set of awarded projects, and Neff as the set of projects with the
lowest costs, i.e., which would lead to an efficient outcome if awarded.
As efficiency is a binary variable, it is sensible to calculate either the
probability (5.1) or a degree of efficiency, i.e., the percentage of efficient
outcomes when conducting the same auction(s) multiple times. Let thus
be m the number of conducted auction rounds, where for the sake of
comparability each auction unit is only counted once, i.e., also separate
auctions A and B are only counted as one.

The most conservative way to determine the degree of efficiency is to
only count an auction efficient, if all projects are awarded that should be
awarded. If only one project is awarded that does not belong to the set
of projects with the lowest costs Neff , the auction is not efficient. This
is called the binary approach, and the corresponding degree of efficiency
is referred to as Dbin

eff . It corresponds to the probability calculated in
(5.1). This measure can be calculated as

Dbin
eff = 1

m

m∑
j=1

∏
i∈N j

awd

1(i ∈ Neff), (5.3)

where N l
awd is the subset of awarded projects in auction round j. An-

other possibility to compare auctions regarding the degree of efficiency
Deff is to calculate the percentage of projects who are correctly awarded
in the auction. Refer to this as the relative approach, as it does not con-
sider the auction as a whole (binary), but just projects on an individual
level. Thus, the degree of efficiency under this approach is defined by
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Drel
eff = 1

m · k

∑
i∈Nawd

1(i ∈ Neff). (5.4)

The least conservative option to calculate the degree of efficiency Drge
eff

is to take into account the range of realised cost signals. This range
approach measures the loss of money that emerges from the award of
the wrong projects. It can be calculated as

Drge
eff = 1

m

mk∑
j=1

∑
i∈N j

awd

1 −
xj

i − xj
(i,n)

xj
(n,n) − xj

(1,n)

 . (5.5)

The ratio in the last part of (5.5) has a value of 1 when the bidder
with the lowest costs was awarded, and 0, when the bidder with the
highest costs was awarded. This is a weaker definition of the degree of
efficiency, since it is relative to the cost signals. Again, this is more re-
laxed than e.g., calculating on an auction round basis, since this treats
projects individually and counts stronger deviations from the ideal out-
come more than minor deviations. Proposition 4 orders the different
ways of measuring the degree of efficiency.

Proposition 4. Compare m auction rounds with k auctioned goods and
n participating bidders in each auction round. Then for all possible al-
locations of goods it holds for the degrees of efficiency defined in (5.3),
(5.4) and (5.5):

0 ≤ Dbin
eff ≤ Drel

eff ≤ Drge
eff ≤ 1.

Since the social welfare is calculated as the difference between the
valuation of the auctioneer gained by the transfer of projects/goods from
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bidders to auctioneer, and the realisation costs of the awarded projects,
social welfare does not depend on auction prices but on efficiency. An
efficient auction results in a higher social welfare than an inefficient one.

5.3 Experiment

As seen from Section 5.2, no clear equilibria and thus, auction out-
comes, can be determined in multi-unit auctions with asymmetric bid-
ders. Therefore, to test which auction format and which pricing rule offer
the highest degree of efficiency, auctioneer’s surplus, and social welfare,
as well as the lowest prices, an experiment was conducted. The exper-
iment was programmed in oTree (D. L. Chen et al., 2016). The first
half of the experiment was conducted at the KD2lab8 (Karlsruhe Deci-
sion and Design Lab) at Karlsruhe Institute of Technology, Germany in
November 2019. The second half of the experiment was conducted online
in March 2022.9 For both settings, on overall of 240 participants were
recruited via hroot (Bock et al., 2014). Participants received an average
payment of 12.73 e, while the experiment lasted on average 52 minutes.
Before the experiment itself, bidders had instructions read out to them
and they had to answer a questionnaire to ensure their understanding
of the experimental rules.10 Out of the 12 planned online sessions, 4
sessions could not be completed due to participants quitting before the
end of the session and the need for a fixed number of 12 participants in
each session. 11 Participants in the affected sessions were paid a fixed

8The KD2lab is DFG-funded. For more information, see https://www.kd2lab.kit.edu/english/index.
php.

9The time gap between experimental halves and the change of conduction mode to online was due to the
Covid-19 pandemic.

10A translation of the instructions as well as the questionnaire can be found in C.3 and C.4. The experiment
itself was conducted in German.

11Reasons for quitting include connection problems additional to untold reasons. Presumably participants
were not willing to finish the experiment although being told about length and payment at registration.

https://www.kd2lab.kit.edu/english/index.php.
https://www.kd2lab.kit.edu/english/index.php.
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show-up fee based on their already spent time.

5.3.1 Experimental design

Participants are assigned projects with randomly determined realisation
costs. The award and thus, realisation, of the projects is determined in
an award procedure, i.e., a procurement auction. Each experiment ses-
sion consists of 40 rounds. In each round, each participant participates
in exactly one award procedure. Each bidder in an award procedure
submits one bid for each project he is assigned. To account for bidder
asymmetries, participants are assigned different roles (A and B) at the
beginning of a session. These roles change after each 10 rounds, so par-
ticipants play 20 round with role A and 20 rounds with role B. The
realisation costs of bidders with role A are uniformly and independently
distributed over the interval A [300, 400], while those of bidders with
role B are uniformly and independently distributed over the interval B

[350, 450]. The height of bids is limited in all auctions by the ceiling
price r = 500. In 20 consecutive rounds out of the 40 overall rounds,
participants compete with 2 other participants for award (separate auc-
tion), and in the remaining consecutive 20 rounds, they compete with 5
other participants (joint auction). To ensure an equal level of competi-
tion, twice as many awards are given in the joint than in the separate
auction. In the separate auctions, only bidders with the same role com-
pete against each other. In the joint auctions, exactly 3 bidders of each
role compete against each other. Thus, nA = nB = 3. Bidders in neither
joint nor separate auction do know who exactly their competitors are, or
whether they competed in the same auction in the last round(s). Sessions
differ in the order of conducted auctions, i.e., in 11 sessions participants
competed in separate auctions first, while in 9 sessions participants com-
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peted in joint auctions first.12 Each session consists of 12 participants.
In one part of the experiment, participants have one project each, for
which they submit a bid. This represents a single-supply auction with
single-supply bidders. In the second part of the experiment, participants
are assigned two projects, and submit a bid for each. This represents
a multi-supply auction with multi-supply bidders. In single-supply auc-
tions, when competing in the separate auctions, only the lowest bid is
awarded (kA = kB = 1). When competing in the joint auctions, the
two projects with the lowest bids are awarded (k = 2). In multi-supply
auctions, which are conducted in separate auctions, the two lowest bids
are awarded. When competing in joint auctions, the four lowest bids are
awarded. The price determination for successful, i.e., awarded, projects,
differs between sessions. Exactly half of the session used the DP pricing
rule, where bidders receive a payment in height of their bid, if this bid
was awarded. In the second half of the sessions, the UP rule was used. In
this case, bidders receive a payment in height of the lowest non-awarded
bid for their awarded bid. In the case of multi-supply auctions, this
can also be their own bid for their other project. These design choices
result in multiple layers of design variables: type of bidders (single- or
multi-supply), sequence of auction types (separate first or joint first) and
different pricing rules (DP or UP). Table 5.1 gives an overview over the
different sessions and when they were conducted.

Bidders’ profits are determined based on the award of their bids. If
a bid is awarded, bidders receive the payment for this bid based on the
pricing rule, and must pay their realisation costs of the corresponding
project. If no bid is awarded in the award procedure, the profit in this
round is 0. In the case of multi-supply bidders, a bidder’s overall round

12It was planned to conduct 12 sessions for each order. The imbalance in number is due to the dropout of
participants in the online sessions.
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Date Name Sequence Bidder type Pricing rule
06.11.2019 SPS1 separate first single-supply DP
06.11.2019 SPS2 separate first single-supply DP
06.11.2019 SPS3 separate first single-supply DP
06.11.2019 SPJ1 joint first single-supply DP
06.11.2019 SPJ2 joint first single-supply DP
06.11.2019 SPJ3 joint first single-supply DP
07.11.2019 SUS1 separate first single-supply UP
07.11.2019 SUS2 separate first single-supply UP
07.11.2019 SUS3 separate first single-supply UP
07.11.2019 SUJ1 joint first single-supply UP
07.11.2019 SUJ2 joint first single-supply UP
07.11.2019 SUJ3 joint first single-supply UP
07.03.2022 MPJ1 joint first multi-supply DP
07.03.2022 MPJ2 joint first multi-supply DP
08.03.2022 MPS1 separate first multi-supply DP
08.03.2022 MPS2 separate first multi-supply DP
09.03.2022 MUJ1 joint first multi-supply UP
10.03.2022 MUS1 separate first multi-supply UP
10.03.2022 MUS2 separate first multi-supply UP
10.03.2022 MUS3 separate first multi-supply UP

Table 5.1: Overview of conducted sessions and corresponding design differences

profit is the sum of both profits for the individual projects. If bidders
bid below their costs and are awarded, their profit can be negative, if
the payment they receive is also below their costs. Bidders receive infor-
mation about all submitted and awarded bids from the award procedure
they were participating in, but not the underlying realisation costs (apart
from their own, naturally). They do only get information about their
own profit, but not any other bidder’s profit. Participants’ payoff was
determined as the sum of a show-up fee of 5 € and a variable amount
which is performance based. The variable amount is the average of the
respective bidder’s profit of 20 randomly selected rounds, where always
5 rounds are selected from 10 consecutive rounds.
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5.3.2 Experimental results

For the comparison of auction performance, different result parameters
were analysed. Parameters include the bid, i.e., all submitted bids by all
participants independently of the award status, the price, i.e., the pay-
ments awarded bidders received (equal to their bids in DP auctions, and
equal to the lowest rejected bid in UP auctions), and the bid surcharge,
which is the difference between a bidder’s bid and their realisation costs.
Furthermore, the auctioneer’s surplus, i.e., the difference between gained
value and the payments made to bidders, as well as the social welfare,
i.e., the difference between gained value of the auctioneer and realisation
costs of awarded bidders, are calculated. Since more awarded goods typ-
ically lead to higher surplus and welfare, the benchmark is the single-
supply separate auction, were only one good is awarded. To ensure
comparability, in all other auctions, the resulting surplus and welfare is
divided by the number of awarded goods to calculate the average surplus
and welfare per awarded good.

Additionally, the different degrees of efficiency Dbin
eff , Drel

eff , and Drge
eff

presented in Section 5.2 are calculated for each auction unit, i.e., either
for one joint auction or two separate auctions belonging to the same
unit.

All computations in this Section were done under R 4.0.3 (R Core
Team, 2020) and with the packages lme4 (Bates et al., 2015) and lmerTest
(Kunzetsova et al., 2017). The significance level used is α = 0.05.

Relevance of sequence and auction unit

A first aspect to consider are the auction units, which were randomly
assigned during the experiment. To ensure this random assignment does
not lead to different results for the auction efficiency compared to effi-
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Design parameters Results (Average over all auctions)
Bid Price Surcharge Surplus Welfare

Joint
DP 390.09 355.95 14.39 144.05 160.75

Single- UP 369.32 361.58 -6.10 138.42 160.16
supply

Separate
DP 387.05 362.67 11.95 137.34 147.42
UP 370.85 371.76 -3.15 128.24 148.55

Joint
DP 385.42 350.35 10.58 150.44 163.02

Multi- UP 367.71 356.96 -6.62 143.04 161.92
supply

Separate
DP 386.80 359.26 10.93 140.74 150.55
UP 371.14 365.00 -2.92 135.00 151.24

Table 5.2: Average experimental results over all conducted auctions

ciency resulting from a different assignment, the efficiency for all possible
auction units was calculated and statistically analysed. The results pre-
sented in C.1 find no statistical difference between different approaches.
Therefore, the original auction units from the experiment were used in
the following analysis.

A second aspect to consider while calculating differences between auc-
tions results with different design parameters, is to exclude the sequence
effect. For this purpose, statistical tests were run to determine whether
auction results were different dependent on whether separate auctions
were played first by bidders, or joint auctions. The results are presented
in detail in C.1. No statistical significance of sequence could be found,
and the hypotheses that there is no difference in sequence could not be
rejected. As a result, the sequence of auctions was not considered as an
explaining variable in the following analysis.

Aggregated results

Table 5.2 gives an overview of the average bid, the average price, the
average surcharge, as well as average surplus and welfare of all auctions
conducted with the same design parameters.
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For all these parameters, a linear-mixed model (Gałecki et al., 2013) is
used to test whether the differences are statistically significant. Hereby,
the dependent variables are the result parameters. The vector of those
is denoted by y. As fixed effects, the different (design) parameters auc-
tion type, pricing rule, round, and bidder type are used and represented
with parameters βj with j ∈ {1, 2, 3, 4}. Further, an interaction effect
between auction type and pricing rule is introduced with parameter β5.
The constant is included with parameter β0. As the advantage of a
linear-mixed model is the introduction of dependencies between differ-
ent observations (Müller et al., 2013), a random effect for the conducted
session is also included with parameter g. This takes into account that
participants were randomly assigned for one session without the chance
of changing their competitors. All participants in one session are thus
affected by the same fixed effects (Brown, 2021). The model is thus of
the following form

y = β0 + β1 · Auctiontype + β2 · Pricingrule + β3 · Round

+ β4 · Biddertype + β5 · Auctiontype : Pricingrule

+ g · Session + ε. (5.6)

The test results can be found in Table 5.3.13 Participants’ bids are
significantly lower in UP auctions, and significantly increase over the
rounds, though only to a small amount (see Figure 5.1). Auction prices
are significantly higher in separate auctions, compared to joint auctions,
and significantly lower in multi-supply auctions than in single-supply
auctions. UP auctions lead to significantly higher prices than DP auc-

13The number of submitted bids from all participants is 13440. The number of conducted auctions is 2400.
These numbers lead to the different number of observations in Table 5.3. In the case of prices, the average
price in the auction is considered.
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Table 5.3: Linear-mixed model to test effects of design parameters on different dependent
variables

Dependent variable:
Bid Price Surcharge Surplus Welfare

Auction type −0.514 7.594∗ −0.848 −7.907∗ −12.990∗

separate (1.218) (1.861) (0.835) (1.455) (1.637)

Pricing rule −19.300∗ 6.025∗ −18.840∗ −6.338∗ −0.790
UP (3.351) (2.455) (3.149) (2.197) (1.890)

Round 1.500∗ −0.054 −0.050 0.053 0.005
(0.075) (1.730) (0.026) (0.084) (0.095)

Bidder type 1.559 5.089∗ 1.278 −5.219∗ −2.615∗

single-unit (3.290) (1.752) (3.149) (1.751) (1.114)

Auction type: 3.127 1.732 3.943∗ −1.419 1.743
Pricing rule (1.722) (2.632) (1.190) (2.058) (2.315)

Constant 371.100∗ 351.224∗ 12.860∗ 149.187∗ 163.200∗

(3.158) (2.323) (2.956) (2.073) (1.795)

Observations 13440 2400 13440 2400 2400

Note: ∗p<0.05
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Design parameters Degree of efficiency
(Average over all units)

Dbin
eff Drel

eff Drge
eff

Joint
DP 69.58% 84.38% 96.40%

Single- UP 16.67% 56.88% 83.92%
supply

Separate
DP 74.58% 86.25% 96.20%
UP 14.58% 55.63% 84.53%

Joint
DP 55.00% 86.56% 97.70%

Multi- UP 3.75% 59.84% 89.12%
supply

Separate
DP 54.38% 86.09% 96.76%
UP 1.88% 57.66% 87.05%

Table 5.4: Average degree of efficiency over all 1600 units

tions. The surcharge on participants’ costs is significantly lower in UP
auctions, i.e, bidders in UP auctions significantly underbid their costs.
Further there is a significant interaction effect: the surcharge is the signif-
icantly lowest in UP, joint auctions, and the highest in DP, joint auctions
(for interpretation of interaction terms, see e.g., Brambor et al., 2006).
Auctioneer’s surplus is significantly higher in joint auctions and with
multi-unit bidders, as well as in DP auctions. Social welfare is signifi-
cantly higher in joint auctions and significantly higher with multi-supply
bidders.

Table 5.4 gives the average degrees of efficiency over all 1600 auction
units. For each of the three possible ways to determine the degree of
efficiency, also the linear-mixed model (5.6) is used to test significant
influences of design parameters. The results of those tests are presented
in Table 5.5. For all three possibilities to determine the degree of ef-
ficiency, the degree is significantly higher in joint auctions, though the
difference is the highest for Dbin

eff , and the lowest for Drge
eff . For the binary

and relative approach, the degree of efficiency increases significantly over
the rounds, though only very small. Auctions with single-supply bidders
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Figure 5.1: Box-and-whisker plots of average bids in different auctions over the rounds:
median, interquartile range IQR, whiskers (outliers at max 1.5×IQR), and outliers more
than 1.5×IQR.



122 5 Analysing multi-technology auctions - experimental evidence

have a significantly higher binary degree of efficiency, while they have a
significantly lower range degree of efficiency.

Table 5.5: Linear-mixed model to test effects of design parameters on degrees of efficiency

Dependent variable:
Dbin

eff Drel
eff Drge

eff

Auction type −0.523∗ −0.272∗ −0.109∗

separate (0.028) (0.014) (0.007)

Pricing rule 0.028 0.009 −0.005
UP (0.033) (0.020) (0.010)

Round 0.004∗ 0.002∗ 0.001
(0.002) (0.001) (0.000)

Bidder type 0.151∗ −0.018 −0.024∗

single-unit (0.027) (0.018) (0.010)

Auction type: −0.048 −0.026 0.000
Pricing rule (0.039) (0.020) (0.009)

Constant 0.501∗ 0.838∗ 0.975∗

(0.033) (0.020) (0.010)

Observations 1600 1600 1600

Note: ∗p<0.05

Bidding behaviour

The most striking bidding behaviour is that bidders in all 20 sessions
do underbid their costs. A total of 154 participants out of 240 at least
once bid below their costs. As seen in Figure 5.2, even bids below the
lowest possible realisation cost 300 ExCU in interval A are submitted.
These bids are present in all rounds of the UP auctions, but also in a
few rounds of DP auctions. Bids above the highest possible realisation
costs (450 ExCU in interval B) are also present in all rounds (Figure



5.3 Experiment 123

Figure 5.2: Bid distributions differentiated between joint and separate auctions, as well as
DP and UP auctions

5.2). The large majority of bids stems from the interval between 350
and 400 ExCU.

The UP auctions are hereby more divers regarding bidding behaviour:
bids are spread over a wider interval than in DP auctions for both joint
and separate auctions and for both bidder roles (A or B, Figure 5.1).
Bidders with role B bid higher than bidders with role A, but otherwise
do not differ regarding bidding behaviour (Figure 5.1).

A second kind of irrational bidding behaviour can be analysed in auc-
tions with multi-supply bidders. W.l.o.g. refer to the project with a
bidder’s lowest realisation costs as Project 1, and the project with the
higher costs as Project 2. Then irrational behaviour is submitting a
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higher bid for Project 1 than for Project 2 (Section 5.2). In the experi-
ment, 2.6% of all possible bid pairs are irrational. Irrationality appears
in all 8 session with multi-supply bidders, and 46.9.% of multi-supply
bidders at least once submit an irrational bid pair. The average differ-
ence between the bid for Project 1 and Project 2 is 47 ExCU, i.e., bidders
that behave irrationally submit a bid for Project 2 that is on average 47
ExCU lower than the bid for Project 1.

When analysing the surcharge of the single bids in a bid pair sta-
tistically, and comparing it to the surcharge of the bids of single-unit
bidders, no statistical difference between Project 1, Project 2 and the
project from the single-unit bidder can be found (see C.1). Thus, it can-
not be deduced that single- or multi-supply bidders behave differently
when deciding on their bid. Also, it cannot be deduced that multi-supply
bidders in general behave differently when deciding on their bid for the
first and second project.

5.4 Discussion of results

In all considered relevant aspects for an auctioneer, especially a state
authority conducting RES auctions, joint auctions perform better than
separate auctions. Prices are lower, and surplus, welfare, as well as the
degree of efficiency are higher in joint auctions. This is true for both
pricing rules and bidder types. The results in Section 5.3.2 thus support
the theory in Section 5.2.3. Since the binary approach of measuring ef-
ficiency, which is the most prominent one in auction theory (Krishna,
2009), is rather conservative, two different approaches to measure the
degree of efficiency are presented. Though the degrees differ in abso-
lute values, the significant result of higher degrees of efficiency for joint
auctions are the same for all approaches. The results thus seem robust.
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Though pricing rules do not have an effect on efficiency, bidders seri-
ously underbid their costs in UP auctions, while only occasionally in
DP auctions. This resulted in losses when those bidders were awarded.
Though participants in the experiments were only students, with less to
no experience in auction participation, results show dangers of imple-
menting UP auctions. Further, results in real-world auctions hint that
the problematic of wrongfully underbidding can be a problem in auctions
for RES (Rio, 2016).

The irrationality of some multi-supply bid pairs, though present, do
not seem to affect auction outcomes in a significant way. This might be
due to the relatively small percentage of occurrences. So, while bidders
might increase their profit by optimizing bidding strategies and avoiding
obvious irrational choices, this is not a major risk compared to under-
bidding. Further, an auctioneer has no measures to counteract in order
to prevent bidders from choosing this strategy, since the problematic
appeared with all auction types and pricing rules.

Still, in some individual cases the underbidding or wrongful bidding
also can be due to mistakes while manually submitting the bid. Two par-
ticipants specifically mentioned this while giving feedback. Further, the
change of conduction method from a lab experiment to an online experi-
ment might be the reason for some (missing) differences in auction results
for single- and multi-supply bidders. Participants only needed an active
internet connection and technical equipment (e.g., mobile phone, tablet
or computer) in order to take part in the experiment, the surroundings
and thus the exclusive focus on the experimental task could not be ob-
served. As several participants dropped out during four sessions, those
sessions could not be finished, and it can be assumed that participants
were not concentrated on their task and preferred to drop out. For this
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reason, online experiments where a large fixed group is needed to finish,
and that take longer than a few minutes, are not advised in the future.

Additionally, no differences in bidding behaviour for single-supply,
or multi-supply bidders for their different projects could be found. In
absence of a equilibrium bidding strategy (Section 5.2), and the absence
of a clear learning effect over the rounds (except for a slight increase in
bids overall), multi-supply bidders seem to choose a similar strategy as
single-supply bidders.

Although results are rather straightforward, the number of partici-
pants is still relatively small (240 participants). Nevertheless, all partic-
ipants needed to play 40 auction rounds, thus giving at least a satisfying
number of decisions. To strengthen results, more session of the experi-
ment might still need to be conducted.

5.5 Conclusion and further research

Auctions have been and are still playing an important role in establishing
RES in the electricity generation. When designing an auction for RE
support, an important decision is whether to conduct multi-technology or
technology-specific auctions. This chapter experimentally analyses both
auction types under two different pricing rules, DP and UP, and with
both single- and multi-supply bidders. The results show an advantage
of multi-technology auctions in regards of efficiency, prices, surplus, and
welfare. Further, DP auctions perform better than UP auctions in terms
of prices, surplus, and welfare as well. Another drawback of UP auctions
is the significantly higher irrationality of bidders, since the underbidding
of bidders’ realisation costs is far higher in absolute terms as well as
frequency. Not only is this disadvantageous for the bidders themselves,
since losses or even bankruptcy can result, but also for the society as a
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whole through lower social welfare and the potential loss of these project
developers in the long run, since they might be needed for a sustainable
future in later years.

The clear advice for policy makers who aim for efficiency and low
support payments is to conduct multi-technology auctions with the DP
rule. Still, these results are derived in a laboratory setting, and their
limitations should thus be considered. For future research, more partic-
ipants should be present and conducting the experiment to strengthen
statistical results. Further, it is advised to also consider real-world auc-
tion results of multi-technology and technology-specific auctions, though
they might not be easily comparable due to different conduction meth-
ods and market characteristics. At last, efficiency might not be the sole
policy objective a country has, so studies regarding effectiveness or green
growth can be interesting in supplementing the findings of this chapter.





Chapter 6

Conclusions and outlook

With the impending challenge of limiting effects of the climate change,
the expansion of RE and an increasing share of electricity produced from
RES are inevitable. A major tool in the transition period from fixed
support for RE projects to a no-subsidy world in the long term is the
use of auctions. However, the design of these auctions for RE support
is not an easy task and policy makers face great challenges in deciding
on an adequate auction design. Therefore, design elements need to be
adjusted carefully and decisions on a certain element can have long-term
damaging or enhancing effects on the market. This thesis provides a
guideline for policy makers deciding on the conduction of auctions for
RE support and how the design may differ based on their goals.

6.1 Summary

This thesis analyses different choices of auction design elements which
have not been studied in the literature before. Firstly, the proposed
solution to low competition in auction, an automatic reduction of the
auction volume is examined both theoretically and experimentally. Sec-
ondly, different options of conducting cross-border auctions are anal-
ysed and compared. Thirdly, a laboratory experiment to test the differ-
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ent performances of multi-technology and technology-specific auctions is
conducted and analysed.

The automatic reduction of auction volume in cases of low competi-
tion has been suggested from multiple sources and formalised in different
countries worldwide. Still, this design element had not been addressed
adequately in existing literature. Chapter 2 shows that auction-theory
predicts no participation in auctions where ER is implemented. Though
support payments from the auctioneer are predicted to be lower, social
welfare, auctioneer’s surplus, and the number of awarded goods are lower
in auctions with ER compared to standard auctions. Therefore, the im-
plementation of ER has no theoretic advantages, and is further actually
harmful for the establishment of RES in the long term. With the help
of mechanism design, Chapter 2 further proposes measures to optimise
auctions for RE support. In the case of no competition, the ceiling price
should be high enough to cover even the highest costs of the bidders. If
the valuation for the good is high enough, incentivising full participa-
tion is beneficial for all considered objectives. In the case of competition,
the optimal choices of a ceiling price and a possible reimbursement of
bidders depends on the distribution of bidders’ costs and the number of
participants. In this case, it is not possible to optimise the auction for
all possible goals. Thus, policy makers need to prioritise their goals. A
possible compromise can be the decrease of participation costs, which
means revisiting entry barriers and prequalification criteria.

Chapter 3 supplements the previous findings by the conduction of
a laboratory experiment, where the effects of ER in regards to partic-
ipation, prices, auctioneer’s surplus and social welfare are measured.
Though extreme auction outcomes with no participation, like predicted
by theory, are rare, they do exists. Further, over the course of differ-
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ent auction rounds, participation, surplus, and welfare decrease steadily
and the difference between standard auctions and auctions with ER in-
creases. Although auction prices, and, consequently, support payments,
are lower with ER, it is advised against such a measure. Long term
negative effects can be deduced from experimental results as well as the
theoretical findings, hindering an early establishment of the RE market.

With the goal of a common European market, in the long term, cross-
border auctions need to be implemented. Chapter 4 analyses different
options for designing cross-border auctions and compares them with re-
gard to efficiency and auction prices. Here, different levels of openness
are considered. Unilateral Auctions, where only one country opens their
auction for bidders from other countries, and Mutual Auctions, where
both countries open their auctions, are easier to implement than Joint
Auctions, as a Joint Auction requires a deeper level of cooperation. Fur-
ther, the time sequence of the auctions is of importance. When bidders
have to decide which auction to participate in to prevent penalty charges
if awarded in both, this comes with higher prices and a loss of efficiency.
The Joint Auction has the highest level of efficiency and the lowest auc-
tion prices, but needs a high level of integration. A compromise here are
Sequential Mutual Auctions, where bidders can participate in the second
auction, if they were not awarded in the first, resulting in an efficient
outcome as well. This design choice can thus be seriously considered for
future cross-country cooperations.

A similar question is the choice of eligible technologies in an auc-
tion. While the theoretic modelling is similar to cross-border auctions,
Chapter 5 includes a different aspect to evaluate the inclusion of multi-
ple technologies in one auction, namely analyses the goals of efficiency,
prices, surplus, and welfare in an experimental setting. To better re-
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flect the reality of auctions for RE support, both single-supply as well as
multi-supply bidders are considered. A striking result, that answers the
current discussion on which pricing rule to use, is that DP performs bet-
ter in every aspect compared to UP auctions. Particularly, the theoretic
advantage of UP auctions with the dominant strategy of bidding one’s
own costs does not show in the experiment, as bidders more often show
irrational behaviour in UP auctions, increasing the risk of bankruptcy.
Further, multi-technology auctions increase efficiency, surplus and wel-
fare, and lead to lower auction prices. Thus, if policy makers do not
aim for a certain percentage or the special support of one technology,
it is advised to conduct multi-technology auctions with DP, regardless
whether single- or multi-supply bidders participate.

6.2 Critical discussion and further research

The topic of RE will continue to be important in the next years. Without
the use of RES in electricity generation, climate change effects cannot be
mitigated. Thus, a thorough understanding of auctions for RE support is
vital. This thesis supports this understanding by providing an in-depth
auction-theoretical and experimental analysis of certain design elements.
Still, there is room for further examinations.

A standard assumption in auction-theoretic analyses is rationality of
bidders. As shown in literature, and also in the experiments in this the-
sis, bidders not always behave rationally. Especially the analysis of ER
is based on the assumption of rather sophisticated, rational behaviour
of bidders, so theoretical results cannot be expected to a full extent in
real-world applications, but need to be transferred carefully. Though the
conduction of experiments hints at the same direction as theoretical re-
sults, actual auctions for RE support might show unexpected outcomes.
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With the growing number of conducted auctions, econometric analysis,
such as Anatolitis et al., 2022, can supplement the theoretical and ex-
perimental results, to capture prior unobserved effects and adapt the
auction design accordingly.

Nevertheless, auction-theoretic measures will remain to be one of the
key elements of auction analyses. Particularly in a sector where political
decisions affect not only industrial companies and project developers,
but also society as a whole, it is important to examine mechanisms in a
scientific and unbiased way. Lobbying activities or limited understanding
of market fundamentals might otherwise influence decisions and create
undesired outcomes. This is especially true for design elements which
reduce bidders’ uncertainties or, more generally speaking, favour one
group of bidders over another. All those decisions need to be made with
the best possible knowledge of the situation and its affected parties.

Experimental economics are also an important part of evaluating auc-
tions. Though there is a difference between students participating in
a laboratory experiment and gaining money, and project developers in
large ventures, similar behaviour of both groups can be expected. Albeit,
laboratory experiments (as well as theoretic analyses) often simplify real
market characteristics, thus not including all possible drivers for bidding
behaviour. This can be e.g. applied to cross-border auctions, where
the general recommendation of this thesis to conduct Sequential Mutual
Auctions can also depend on the exact design of the participating coun-
tries. Another cornerstone of analysing auctions for RE support can be
agent-based modelling (Welisch et al., 2019), where more characteristics
can be implemented.

Lastly, new occurrences and market developments need to be anal-
ysed swiftly. Like the suggestion of implementing ER in answer to low
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levels of competition, new short-term solutions might be proposed. Only
after several warnings based on the evaluation presented in this thesis,
the large scale application of such measures could be prevented. It can-
not be ruled out that future propositions by industry or politics might
actually worsen the market in the long-run, due to a lack of theoretical
background.

Future research on auctions for RE will thus be conducted for sure in
the next years, until RE are fully integrated into the electricity market
without need of further support.

6.3 Policy implications

The most striking implication is that policy makers need to be aware of
their most important objective, regardless of the design elements they
want to implement. An auction is not a panacea and cannot achieve
every objective to the fullest, though an optimisation can be made under
certain circumstances. With this limitation in mind, this thesis analyses
the most common objectives of efficiency, effectiveness1, auction prices,
auctioneer’s surplus, and social welfare, and advises policy makers on
this basis.

A clear recommendation is to not implement measures which endoge-
nously limit awards in cases of low competition. Instead, policy makers
should aim for the establishment of favourable framework conditions for
project developers to encourage investments in the market. Short-term
undesired auction results promise a better incentive for long-term market
commitment, than short-sighted actions which destroy long-term trust
and reliability.

Further, bidders seem to perform better and with less risk of irrational
1The number of awarded goods is only relevant in cases of low competition.
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behaviour under DP, whereas theory predicts the same outcomes. Also,
the introduction of DP is more transparent for awarded bidders, since
it is directly linked to their price bid. Keeping overall social welfare in
mind, as well as increasing competition, the use of cross-border auctions
and multi-technology auctions for already established technologies and
markets can be favourable for policy makers.

Overall, auctions are a suitable instrument to support RE projects,
which are not yet competitive with fossil sources in the energy mar-
ket. When designed carefully, they make an important contribution to
a sustainable future with a reliable energy supply from RES.
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Appendix to Chapter 2

A.1 Proofs

The proofs of Lemma 1 and Proposition 2 will make use of the following
lemma.

Lemma 4.
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Proof of (A.1) via simplifying a telescoping sum.
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Proof of (A.2) via induction. For k = 1, n(1−F (x))n−1 = n(1−F (x))n−1,
which proves the base case. For the induction step assume (A.2) holds
for k. Now look at k + 1.
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Proof of Lemma 1: Note that F (x̂) < 1 iff x̂ < x̄ and that F (x̂)
increases iff x̂ increases.

First we show that x̂ < x̄ if n > k or r < x̄ + c. If a company with
costs x̄ participates, the other n − 1 companies also participate. If a
company with costs x̄ is wins a good, it receives a payment of r by (P4).
A company with x̄ wins a good with probability 0 if n > k and with
probability 1 if n ≤ k. A company participates iff its expected profit
from participating is non-negative. Thus, if n > k, a company with x̄

does not participate because (r − x̄) · 0 − c < 0. If n ≤ k, a company
with x̄ does not participate iff (r − x̄) · 1 − c < 0.

If, to the contrary, n ≤ k and r ≥ x̄ + c, then the expected payoff
of the worst-off type x̄ is positive, r − x̄ − c ≥ 0, and all companies
participate, x̂ = x̄ and F (x̂) = 1.

To prove the remaining properties, consider the expected profit of
the company î who receives a good only if no more than k − 1 other
companies participate if n > k or who receives a good for sure if she
participates if n ≥ k. Her expected profit is (see (2.1))

Π(x̂, r, c, n) = (r − x̂)(1 − F(k,n−1)(x̂)) − c (A.5)

=


(r − x̂)∑k−1

i=0
(

n−1
i

)
F (x̂)i

(
1 − F (x̂)

)n−i−1 − c if n > k

r − x̂ − c if n ≤ k.

Since company î participates only if Π(x̂, r, c, n) ≥ 0 and since c > 0, it
follows that x̂ < r.

If not all companies participate (x̂ < x̄), company î is indifferent be-
tween participating and not participating in the auction. Since company
î is indifferent if and only if her expected profit from participating is zero,
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the cutoff costs x̂ are determined by

Π(x̂, r, c, n) = 0 . (A.6)

There exists a unique x̂ that fulfills property (A.6), since the derivative
of (A.5) with respect to x̂ is negative for all x̂ ≤ r:1
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To determine how x̂ depends on r and c, we apply the implicit function
theorem. With (A.6) and (A.7) we get
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The cutoff costs x̂ increase in k if n > k because the probability in (A.5)
increases in k.

Further, x̂ decreases in n if n ≥ k. For given x̂, the probability of
getting a good in (A.5) decreases in n because F(k,n−1)(x̂) < F(k,n)(x̂).
Take the x̂ that fulfills (A.6) for n companies. All companies with x < x̂

would have a positive expected payoff from behaving like the company
with x̂. If there were n + 1 companies and the company with costs x̂

was the cutoff type, its probability of getting a good would be lower and
1The second term of the derivative stems from simplifying a telescoping sum (see Lemma 4(A.1)).
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the payoff in (A.5) would be negative. Thus, the cutoff costs with n + 1
companies must be smaller than with n companies. ■

Proof of Lemma 2: companies participate in the auction iff xi ≤ x̂. If
n > k, type x̂ wins iff m ≤ k and, by (P4), type x̂ can then bid to receive
the maximum payment r. Type x̂’s expected profit from the auction is,
with G(x) = F(k,n−1)(x), π(x̂, r, c, n) = (r − x̂)(1 − G(x̂)) = c (see (2.1)
and the proof of Lemma 1). If n ≤ k, π(x̂, r, c, n) = r − x̂.

If n > k, we assume symmetric, strictly increasing equilibrium bidding
functions (P5). Denote by π(x, z) the expected profit of a company of
type x ≤ x̂ who bids as if her type was z. Let p(z) denote the payment
to a company who bids like type z. To maximize

π(x, z) = p(z) − (1 − G(z))x for all x, z ∈ [x, x̂] ,

we derive the first-order condition

d
dz

π(x, z) = d

dz
p(z) + g(z)x = 0 for all x, z ∈ [x, x̂] .

In equilibrium, z = x, and, thus

d
dy

p(y) = −g(y)y for all y ∈ [x, x̂]

=⇒ p(x) = const +
∫ x̂

x
g(y)y dy

= (1 − G(x̂)) r +
∫ x̂

x
g(y)y dy for all x ∈ [x, x̂] .

Therefore, the expected profit

π(x, r, c, n) = (1−G(x̂)) r +
∫ x̂

x
g(y)y dy − (1−G(x)) x for all x ∈ [x, x̂] ,

(A.8)
is the same for all auctions that assign goods to the same types (P5) and
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in which a company can bid to receive r if m ≤ k (P4).
If n ≤ k, π(x, r, c, n) = r − x for all x ∈ [x, x̂] in all auctions with

property (P4). ■

Proof of Lemma 3: The proof uses payoff equivalence (Lemma 2).
Consider first the case n > k. In a pay-as-bid auction, if all companies

choose βPaB, a company with type x ≤ x̂ wins, has costs x, and receives
the payment βPaB(x, r) iff she is among the k lowest types, which has
probability 1 − G(x) with G(x) = F(k,n−1)(x). Therefore, her expected
payment is

(1 − G(x))βPaB(x, r) =(1 − G(x)) x + (1 − G(x̂))(r − x̂)

+
∫ x̂

x
(1 − G(y)) dy

=(1 − G(x̂)) r +
∫ x̂

x
g(y)y dy ,

using partial integration ∫ x̂
x (1 − G(y)) dy = [(1 − G(y))y]x̂x + ∫ x̂

x g(y)y dy.
Thus, her expected profit is equal to (A.8) in the proof of Lemma 2.

In a uniform-price auction, if all companies choose βUP (x, r) = x, a
company with type x ≤ x̂ wins and has costs x if she is among the k

lowest types, which has probability 1−G(x). She receives the payment r

if no more than k companies participate, which has probability 1−G(x̂).
Her payment is equal to her opponents’ k-th lowest bid if more than k

companies participate and she is among the k lowest types. Her expected
payment from these cases is ∫ x̂

x g(y)y dy. Thus, her expected profit is
equal to (A.8).

If n ≤ k, π(x, r, c, n) = r − x for all x ∈ [x, x̂] by payoff equivalence.
Bidders receive the payment r by bidding r in a pay-as-bid auction and
by bidding x (or r) in a uniform-price auction. ■
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Proof of Proposition 2: We will prove parts O1 to O3 of Proposition
2 consecutively.

O1 Auctioneer’s surplus We use standard mechanism design arguments
(e.g., Myerson, 1981; Krishna, 2009) to derive optimal mechanisms when
companies have to bear participation costs in order to bid. Let qp(xi),
qp : [x, x̄] → [0, 1], define a company’s participation probability as a
function of her costs xi, let qg

i (x), qg
i : [x, x̄]n → [0, 1] denote company

i’s probability of getting an item when the costs x are announced con-
ditional on i’s participation, and let pi(x), pi : [x, x̄]n → R denote the
payment to company i when the costs x are announced. The companies
send messages x to the mechanism. The mechanism designer chooses a
mechanism (qp, (qg

1, qg
2, . . . , qg

n), (p1, p2, . . . , pn)) to maximize his expected
surplus, taking the companies’ (interim) individual rationality (IR) and
incentive compatibility (IC) constraints into account. His problem is

max
(qp,(qg

1 ,qg
2 ,...,qg

n),(p1,p2,...,pn))

∫ n∑
i=1

[qp(xi)qg
i (x)v − pi(x)] dH(x)

s.t. (IR), (IC)

0 ≤ qp(xi) ≤ 1, 0 ≤ qg
i (x) ≤ 1 ∀i = 1, 2, . . . , n,

n∑
i=1

qg
i (x) ≤ k

where H(x) denotes the joint distribution of the individual cost distri-
butions, H(x) = Πn

i=1F (xi) and H−i(x−i) = Πj ̸=iF (xj).
A company i’s (interim) expected payoff from reporting xi when costs

are xi is

Πi(xi) =
∫

[pi(x) − qp(xi) (qg
i (x)xi + c)] dH−i(x−i) . (A.9)

The IR constraint and the IC constraint, which ensure truthful reporting
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of xi, are

Πi(xi) ≥ 0 ∀xi ∈ [x, x̄] (IR)
Πi(xi) ≥

∫
[pi(x′

i, x−i) − qp(x′
i) (qg

i (x′
i, x−i)xi + c)]dH−i(x−i)

∀xi, x′
i ∈ [x, x̄] . (IC)

Furthermore, define company i’s (interim) expected probability of get-
ting a good conditional on i’s participation

Qi(xi) :=
∫

qg
i (x)dH−i(x−i) .

Condition (IC) implies, for all xi and x′
i

Πi(xi) =
∫

[pi(xi, x−i) − qp(xi) (qg
i (xi, x−i)xi + c)] dH−i(x−i)

≥
∫

[pi(x′
i, x−i) − qp(x′

i) (qg
i (x′

i, x−i)xi + c)] dH−i(x−i)

=
∫

[pi(x′
i, x−i) − qp(x′

i) (qg
i (x′

i, x−i)x′
i + c)] dH−i(x−i)

+
∫

[qp(x′
i) qg

i (x′
i, x−i)(x′

i − xi)] dH−i(x−i)

= Πi(x′
i) + qp(x′

i)Qi(x′
i)(x′

i − xi) .

Thus, for xi > x′
i,

Πi(xi) − Πi(x′
i)

xi − x′
i

≥ −qp(x′
i)Qi(x′

i)

and for xi < x′
i,

Πi(xi) − Πi(x′
i)

xi − x′
i

≤ −qp(x′
i)Qi(x′

i) .

Therefore, (IC) implies that

dΠi(xi)
dxi

= −qp(xi)Qi(xi)
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and, by integration,

Πi(xi) = consti +
∫ x̄

xi

qp(z)Qi(z) dz. (A.10)

Using (A.9) and (A.10) we can rewrite the auctioneer’s expected surplus
with incentive compatible payoffs of companies as

Π0 =
∫ n∑

i=1
qp(xi)qg

i (x)v − pi(x) dH(x)

=
∫  n∑

i=1
qp(xi)qg

i (x)v − pi(x)

+
∫

pi(x) − qp(xi) (qg
i (x)xi + c) dH−i(x−i)

dH(x)

−
∫ n∑

i=1
Πi(xi) dH(x)

=
∫ n∑

i=1
qp(xi) [qg

i (x)(v − xi) − c] dH(x) −
n∑

i=1
consti

−
∫ n∑

i=1

∫ x̄

xi

qp(z)Qi(z) dz dH(x)

=
∫ n∑

i=1
qp(xi) [qg

i (x)(v − xi) − c] dH(x) −
n∑

i=1
consti

−
n∑

i=1

∫ F (xi)
f(xi)

qp(xi)Qi(xi) dH(x)

=
∫ n∑

i=1
qp(xi)

qg
i (x)

v − xi − F (xi)
f(xi)

 − c

 dH(x) −
n∑

i=1
consti ,

where in the next-to-last step we interchanged the order of integration
in the hindmost integral.2 To maximize his surplus, the auctioneer will
choose consti as low as possible, which is zero because (IC) (i.e., (A.10))
and (IR) bound consti to zero from below.

2∫ ∫ x̄

xi
qp(z)Qi(z) dz dH(x) =

∫ ∫ x̄

x

∫ x̄

xi
qp(z)Qi(z) dz dF (xi) dH−i(x−i) =∫ ∫ x̄

x

∫ z

x
qp(z)Qi(z)dF (xi) dz dH−i(x−i) =

∫ ∫ x̄

x
qp(z)Qi(z)F (z) dz dH−i(x−i) =

=
∫ ∫ x̄

x

qp(z)Qi(z)F (z)
f(z) dF (z) dH−i(x−i) =

∫
qp(xi)Qi(xi)F (xi)

f(xi) dH(x).
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Thus, the auctioneer’s problem can be written as

max
(qp,(qg

1 ,qg
2 ,...,qg

n),(p1,p2,...,pn))

∫ n∑
i=1

qp(xi)
qg

i (x)
v − xi − F (xi)

f(xi)

 − c

 dH(x)

s.t. 0 ≤ qp(xi) ≤ 1, 0 ≤ qg
i (x) ≤ 1 ∀i = 1, 2, . . . , n,

n∑
i=1

qg
i (x) ≤ k

We assume that xi + F (xi)
f(xi) is increasing in xi. Thus, either there exists a

unique x̃ < x̄ such that v − x̃ − F (x̃)
f(x̃) = 0 and v − xi − F (xi)

f(xi) ≥ 0 for all
xi ≤ x̃, or we have that v − xi − F (xi)

f(xi) ≥ 0 for all xi ∈ [x, x̄], in which
case x̃ = x̄. Conditional on participation, the auctioneer will choose
qg

i (x) = 1 for the at most min{n, k} companies with the lowest xi ≤ x̃,
and qg

i (x) = 0 for the remaining companies. Thus, for companies that
participate and have xi ≤ x̃, we get

Qi(xi) =
∫

qg
i (x)dH−i(x−i)

= Prob{xi is among the min{n, k} lowest costs}

=
min{k,n}−1∑

j=0

(
n−1

j

)
F (xi)j(1 − F (xi))n−j−1 .

The auctioneer maximizes

max
(qp,(p1,p2,...,pn))

n∑
i=1

∫
qp(xi)

Qi(xi)
v − xi − F (xi)

f(xi)

 − c

 dF (xi)

s.t. 0 ≤ qp(xi) ≤ 1

by choosing qp(xi) = 1 if Qi(xi)
(
v − xi − F (xi)

f(xi)

)
≥ c and qp(xi) = 0

if the inverse holds. Because xi + F (xi)
f(xi) and Qi(xi) are increasing in

xi for all xi < x̄, there exists a unique x̂ ≤ x̃ such that qp(xi) = 1
if xi ≤ x̂ and qp(xi) = 0 if xi > x̂. For n > k, x̂ is determined by
Qi(x̂)

(
v − x̂ − F (x̂)

f(x̂)

)
= c. For n ≤ k, Qi(xi) = 1 for all xi ∈ [x, x̄] (by the

binomial theorem (A.4)). Then, either x̂ is the solution of v−x̂−F (x̂)
f(x̂) = c,
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in which case x̂ ≤ x̄, or we have that v−x̄− 1
f(x̄) > c, in which case x̂ = x̄.

Summarizing, and, for convenience, setting Qi(xi) = 0 if qp(xi) = 0, we
have

qp(xi) =


0 if xi > x̂

1 if xi ≤ x̂
(A.11)

Qi(xi) =


0 if xi > x̂∑min{k,n}−1

j=0
(

n−1
j

)
F (xi)j(1 − F (xi))n−j−1 if xi ≤ x̂ .

(A.12)

It remains to determine payment functions p1, p2, . . . , pn such that the
payoff (A.9) satisfies incentive compatibility (A.10):

Πi(xi) =
∫

pi(x) − qp(xi) (qg
i (x)xi + c) dH−i(x−i) =

∫ x̄

xi

qp(z)Qi(z) dz .

Plugging in (A.11) and (A.12) gives

Πi(xi) =


∫

pi(x)dH−i(x−i) = 0 if xi > x̂∫
pi(x)dH−i(x−i) − Qi(xi)xi − c = ∫ x̂

xi
Qi(z) dz if xi ≤ x̂

and we get

∫
pi(x)dH−i(x−i) =


0 if xi > x̂∫ x̂
xi

Qi(z) dz + Qi(xi)xi + c if xi ≤ x̂ .
(A.13)

In the case of n > k, let y(k,n−1) denote the k-th lowest of i’s opponents’
realised costs x−i if k < n and let F(k,n−1) denote the distribution of
the random variable X(k,n−1). Note that F(k,n−1)(z) = 1 − Qi(z). (The
zero probability event y(k,n−1) = xi is ignored in what follows and can
be resolved by random tie-breaking.) In the case of n ≤ k, for ease
of notation define y(k,n−1) > x̂ and F(k,n−1)(z) = 1 − Qi(z) = 0 for all
z ∈ [x, x̄].
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Payment functions that fulfill (A.13) if x̂ < x̄ are, for all s ∈ [0, c],

pi(x) =



0 if xi > x̂

v − F (x̂)
f(x̂) − s

Qi(x̂) + s if xi ≤ x̂ < y(k,n−1)

y(k,n−1) + s if xi < y(k,n−1) ≤ x̂

s if y(k,n−1) < xi ≤ x̂

(A.14)

Obviously, (A.14) fulfills (A.13) for xi > x̂. For xi ≤ x̂ and (A.14),
we get
∫

pi(x)dH−i(x−i) =s + (1 − F(k,n−1)(x̂))
v − F (x̂)

f(x̂) − s

Qi(x̂)


+
∫ x̂

xi

zdF(k,n−1)(z)

=s + Qi(x̂)
v − F (x̂)

f(x̂) − s

Qi(x̂)

 +
[
zF(k,n−1)(z)

]x̂
xi

−
∫ x̂

xi

F(k,n−1)(z)dz

=Qi(x̂)
v − F (x̂)

f(x̂)

 − Qi(x̂)x̂ + Qi(xi)xi

+
∫ x̂

xi

Qi(z)dz

=c + xiQi(xi) +
∫ x̂

xi

Qi(z)dz .

According to Stegemann (1996, Lemma 1), every direct mechanism in
which each company announces its type is associated with an outcome-
equivalent semi-direct mechanism in which only participating companies
announce their type.

In the semi-direct mechanism associated with (A.14), companies par-
ticipate in the auction iff xi ≤ x̂, participating companies reveal their
true costs xi and receive a fixed payment of s, and the assignment and
payments are determined by a uniform-price rule with the ceiling price
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v − F (x̂)
f(x̂) − s

1−F(k,n−1)(x̂) . By independence of the bidding strategy from the
reimbursement and by payoff equivalence (Lemma 2), the pricing rule
could be replaced by any pricing rule with a monotonic symmetric equi-
librium, i.e., the uniform-price auction can be replaced by any standard
auction.

If x̂ = x̄, a payment function that fulfills (A.13) is pi(x) = c+x̄, which
can be implemented by a uniform-price auction with ceiling price c+x̄−s

and reimbursement s for s ∈ [0, c]. Then, all companies participate and
receive the ceiling price c + x̄ − s and the reimbursement s.

O2 Social welfare We first determine the socially optimal cutoff value x̂,
which by the assumption of symmetry is the same for all companies. Sec-
ond, we determine the ceiling price rs=0 in a uniform-price auction with-
out reimbursement that induces socially optimal participation. Third,
we describe auctions with a reimbursement s ∈ (0, c] that generate the
same expected welfare.

The expected social welfare S given a cutoff x̂ is

S = − ncF (x̂) − ∑min{k,n}
i=1 E[X(i,n)|X(i,n) ≤ x̂] F(i,n)(x̂)

+ v min{k, n}

− v
∑min{k,n}−1

i=0 (min{k, n} − i)
(

n
i

)
F (x̂)i(1 − F (x̂))n−i .

First, assume v ≥ x̄ + c and n ≤ k. Then, participation by all com-
panies is socially optimal and the auctioneer attracts participation by
all companies with a ceiling price rs=0 ≥ x̄ + c. The same participation
can be achieved by a ceiling price rs ≥ x̄ + c − s and a reimbursement
s ∈ (0, c] to all participants. The auctioneer’s payments are lowest with
the ceiling prices rs = x̄ + c − s for all s ∈ [0, c].

Second, assume v < x̄ + c or n > k. The first-order condition of the
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problem to maximize S is ∂S/∂x̂ = 0, where

∂S

∂x̂
= − ncf(x̂) −

min{k,n}∑
i=1

x̂f(i,n)(x̂) − vf(x̂)

·
min{k,n}−1∑

i=0

(
n
i

)
(min{k, n} − i)F (x̂)i−1(1 − F (x̂))n−i−1(i − nF (x̂)) ,

which with f(i,n)(x̂) = nf(x̂)
(

n−1
i−1

)
F (x̂)i−1(1 − F (x̂))n−i and Lemma 4

(A.2) and (A.3) leads to

(v − x̂)
min{k,n}∑

i=1

(
n−1
i−1

)
F (x̂)i−1(1 − F (x̂))n−i − c = 0 . (A.15)

For v = r, Condition (A.15) equals Condition (2.1) to determine the
cutoff costs x̂ of equilibrium participation. Thus, rO2

s=0 = v attracts the
participation that generates the social optimum. (Second-order condi-
tions can be straightforwardly checked.)

One socially optimal mechanism is therefore a uniform-price auction
with the ceiling price rs=0 = v. Other auctions that achieve socially
optimal participation of all types x ≤ x̂ are a uniform-price auction
with rs = v − s/(1 − F(k,n−1)(x̂)) and an additional payment of s to all
participants, where s ∈ (0, c]. In such an auction, type x̂’s expected
payoff is (v −s/(1−F(k,n−1)(x̂))− x̂)(1−F(k,n−1)(x̂))+s−c = (v − x̂)(1−
F(k,n−1)(x̂)) − c, which is zero by Condition (2.1). x̂ is thus indeed the
highest type that will participate.

O3 Number of goods allotted The maximum number of goods allotted is
k if n > k or n if n ≤ k. A mechanism that guarantees max{n, k}
participants, which with symmetric entry requires x̂ = x̄, is therefore
optimal. If n ≤ k, as with O1, full participation can be achieved by a
uniform-price auction with ceiling price rs ≥ x̄ + c − s and a reimburse-
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ment s ∈ (0, c] to all participants. Among these options, the one with
rs = x̄ + c − s has the lowest payments. If n > k and all companies par-
ticipate, type x̄ will not win in the auction. Thus, with a uniform-price
auction and reimbursement s ∈ [0, c), type x̄ will not participate, inde-
pendent of the ceiling price (Lemma 1). However, with a uniform-price
auction with r ≥ x̄ and a reimbursement c, the auctioneer achieves full
participation. Among these options, the one with rs = x̄ has the lowest
payments. ■

Proof of Corollary 1: The part on the case n ≤ k and v ≥ x̄+ 1
f(x̄) +c

follows directly from Proposition 2. The part on the case n > k or
v < x̄ + c follows from direct comparisons using the results in Proposi-
tion 2. The cutoff x̂O3 is equal to x̄, and x̄ > x̂O2 because x̄ violates the
equation to determine x̂O2: (v − x̄)(1 − F(k,n−1)(x̄)) = (v − x̄) · 0 < c.
Further, we have x̂O2 > x̂O1 because otherwise the equations to deter-
mine x̂O2 and x̂O1 are violated. Assume to the contrary that x̂O2 ≤ x̂O1.
Then 1 − F (x̂O2) ≥ 1 − F (x̂O1), and fulfilling (v − x̂O2)(1 − F (x̂O2)) =
c = (v − x̂O1 − F (x̂O1)/f(x̂O1))(1 − F (x̂O1)) requires (v − x̂O2) ≤ (v −
x̂O1 − F (x̂O1)/f(x̂O1)). This implies F (x̂O1)/f(x̂O1) ≤ x̂O2 − x̂O1 ≤ 0,
a contradiction. We get that rO2

s > rO1
s for all s ∈ [0, c) again from

the equations to determine x̂O2 and x̂O1. Assume to the contrary that
rO2

s ≤ rO1
s , i.e., v − s/(1 − F(k,n−1)(x̂O2)) ≤ v − F (x̂O1)/f(x̂O1) − s/(1 −

F(k,n−1)(x̂O1)). Replacing (1−F(k,n−1)(x̂O2)) and (1−F(k,n−1)(x̂O1)) using
the equations to determine the optimal cutoffs yields v − s(v − x̂O2)/c ≤
v − F (x̂O1)/f(x̂O1) − s(v − F (x̂O1)/f(x̂O1) − x̂O1)/c. Rearranging gives
(1 − s/c)F (x̂O1)/f(x̂O1) ≤ s(x̂O1 − x̂O2)/c < 0, a contradiction. Fi-
nally, rO3

s > rO2
s > rO1

s for s = c because in this case rOj
s = x̂Oj for all

j ∈ {1, 2, 3} and we have already proven the order of the cutoffs. ■
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Proof of Corollary 2: Let rOj
s denote the optimal ceiling price for

objective j when all participants receive a reimbursement s. The optimal
mechanism for Oj with j ∈ {1, 2} can be implemented (i) by a uniform-
price auction with a ceiling price rOj

w,s̃ = rOj
s=0 − s̃ and a reimbursement

s̃ ∈ [0, c] to all winning bidders; (ii) by a uniform-price auction with
a ceiling price rOj

l,s̃ = rOj
s=s̃ + s̃ and a reimbursement s̃ ∈ [0, c] to all

losing bidders. The optimal mechanism for O3 can be implemented by
an auction of type (ii) with s̃ = c. We show that with these auctions,
participating companies receive the same payments as with the optimal
auctions in Proposition 2.

In a uniform-price auction with a reimbursement s̃ only to winners,
the weakly dominant strategy is to bid xi − s̃, because at a price equal
to this bid, a company is indifferent between winning and losing. If the
ceiling price is rOj

w,s̃ = rOj
s=0 − s̃, then participating companies receive the

total payment rOj
s=0 if they win and the ceiling price determines the price,

y(k,n−1) if a competitor determines the price, and zero if they do not win.
These are the same payments as with rOj

s=0 and no reimbursement.
In a uniform-price auction with a reimbursement s̃ only to losers, the

weakly dominant strategy is to bid xi + s̃, because at a price equal to this
bid, a company is indifferent between winning and losing. If the ceiling
price is rOj

l,s̃ = rOj
s=s̃ + s̃, then participating companies receive the total

payment rOj
s=s̃ + s̃ if they win and the ceiling price determines the price,

y(k,n−1) + s̃ if a competitor determines the price, and s̃ if they do not win.
These are the same payments as with rOj

s=s̃ and a reimbursement s̃. ■

Proof of Proposition 3: Consider n > k, participation costs c, and a
standard auction with ceiling price r ≤ v. Note that x̂ < x̄ by Lemma 1
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and x̂ > x by property P2 of a standard auction (r > x + c). Therefore,
and by Lemma 1, x̂ strictly increases if c decreases to c′. Denote the
equilibrium cutoff costs associated with c′ by x̂′. Thus, the additional
types that participate with c′ are the types in (x̂, x̂′].

Consider any profile of types x. Given x, surplus is weakly higher
with c′ than with c because weakly more goods are allotted at a weakly
lower price. First, if with c we have that m ≤ k, then with c′ either the
same types participate and the price remains at level r or more types
enter, the number of allotted goods increases, and the price is weakly
below r (strictly below r if with c′ we have m′ > k). Second, if with c

we have that m > k, then with c′ we have the same allocation and price.
Taking the expectation over all profiles x, the cases with strict increase
of surplus have positive probability, and, thus, surplus is strictly higher
with c′.

Expected welfare is strictly higher with c′ than with c because all
companies have a weakly higher contribution to welfare and some have
a strictly higher contribution. First, types x ∈ (x̂, x̂′] contribute nothing
to welfare if participation costs are c. With c′ their expected payoff from
participation is positive and thus, with r ≤ v, their expected contribu-
tion to social welfare is positive. Second, types x ∈ [x, x̂] for a given
profile x either are auction winners both with c and with c′ or do not
win in the auction both with c and with c′. Thus, their contribution
to welfare after participation is either v − x or 0 before and after the
decrease in participation costs but their total contribution to welfare is
strictly higher after the decrease because their participation costs are
strictly lower.

Finally, the expected number of goods allotted increases strictly if c

decreases to c′ because the cutoff costs increase strictly. ■
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A.2 Endogenous ceiling price

ER cannot only be conducted by an endogenous auction volume (EAV)
also by an endogenous ceiling price (ECP), in which the submitted bids
determine a ceiling price below the original ceiling price such that there
is at least on unsuccessful bid. Only bids below the ECP are successful.
Variations differ in the way the bids determine the ECP, e.g., by the
bids’ mean or median. ECPs are applied in France (Ministre de l’Europe,
2019) and Peru (Comité, 2015).

An ECP is derived from the submitted bids. In the first step, the
companies decide about their participation. Then, participating compa-
nies submit their bids, which may not exceed the default ceiling price
r. The bids of the m ≤ n participating companies are denoted by
b = (b1, b2, . . . , bm). Next, the ECP ϱ(b) is calculated on the basis of
b, where mini∈{1,...,m}{bi} ≤ ϱ(b) ≤ maxi∈{1,...,m}{bi} and 1 ≥ ∂ϱ(b)

∂bi
≥ 0

for all i ∈ {1, . . . , m}. For the award, only bids b < ϱ(b) are taken into
consideration, or alternatively, b ≤ ϱ(b) and b < maxi∈{1,...,m}{bi}.3 We
call these accepted bids and denote their number by m′, m′ ≤ m. The
payment rule is applied as if only the accepted bids were submitted and
as if the ECP was the ceiling price.4

We complement the ECP rule by a floor µ and a ceiling µ̄, with
0 ≤ µ < k ≤ µ̄. (The case of no floor or ceiling is included by µ = 0
or µ̄ = ∞, respectively.) Floor and ceiling override rationing. If m ≥
µ > m′, then the µ lowest bids win (with random tie-breaking) and the
ceiling price equals the highest of the winning bids. If m ≤ µ or m > µ̄,

3To enforce rationing if n ≤ k or m ≤ k, the ECP winner-determination rule must prevent that all bids
win if all bidders bid the same, e.g., r. This is met by both forms of the ECP rule.

4That means, if m′ ≤ k, in the uniform-price auction, the price is equal to ϱ(b).
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all bids are accepted and the payment rule is applied with the ceiling
price maxi∈{1,...,m}{bi} or r, respectively.

We focus on ECP rules with the property that for all bi ∈ (x, x̄) there
exist combinations of the other bidders’ bids b−i such that ∂ϱ(b)

∂bi
> 0.

Examples for ECP rules ϱ(b) are the mean rules that determine the
ECP based on the mean of the submitted bids, ϱ(b) = α 1

m

∑m
i=1 bi with

α ∈ (0, 1], and the median rules that determine the ECP based on the
median of the submitted bids, ϱ(b) = α · median(b) with α ∈ (0, 1].5

With an ECP, it is not an equilibrium that all bidders bid r.6 There-
fore, we focus on symmetric and strictly increasing bidding functions
and assume the existence of an equilibrium in symmetric pure strategies
(5).

Proposition 5. In an auction with ECP ϱ(b), the cutoff costs x̂ and
the participants are the same as in a standard auction with the auction
volume k = µ.

A company î with the cutoff costs x̂ receives a good if and only if
the number of bidders m is µ or less. If m > µ, her bid will not win
because the other bidders submit lower bids, and thus, company î’s bid
bî = maxi∈{1,...,m}{bi} is not below ϱ(b). If m ≤ µ, company î’s bid
wins and, furthermore, determines ϱ(b) and, therefore, her payment.
Thus, company î participates and bids bî = r iff (2.2) holds. This proves
Proposition 5.

The fact that company î’s decision problem is the same in an EAV
5A different auction with median-price rule is the Medicare auction analysed by Cramton et al. (2015) and

widely criticised by auction experts (see http://www.cramton.umd.edu/papers2010-2014/further-comments-
of-concerned-auction-experts-on-medicare-bidding.pdf, accessed 09/16/2019). One of the reasons why the
Medicare auction was predicted to perform badly is that it is not ex post individually rational in that winning
bidders’ payments can be below their bids: the k lowest bids win and the median of the winning bids is the
payment to each winner. All auctions that we analyse are ex post individually rational. Further differences to
our setting are that in the Medicare auction bids are non-binding, bids have to be above a bid floor (assumed
to be below x and necessitated by the incentives evoked by the design), and participation costs are absent.

6Only if the bidders knew that m ≤ µ, all bidders bidding r would be an equilibrium.
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auction as in an ECP auction reveals a parallelism between the two
instruments. If µ > 0, then x̂ > x, and all companies with x̂ ≥ xi ≥ x

participate in the auction. If the ECP is a quantile of the bids, then there
is an EAV rule under which the same companies win and their payments
are the same. For example, the median rule for the ECP corresponds
to an EAV of 50 %.7 However, there are also differences, where the
ECP rules do not correspond to any EAV rule. Consider, for example,
the ECP that is equal to the mean. With this rule, adding a bid can
increase or decrease the number of winning bidders, which is impossible
under an EAV rule. Furthermore, in the uniform-price auction, bidders
have an incentive to bid above their costs because an increase in their
bid may increase the ECP and may therefore increase their payment.
In contrast, bidders cannot influence their payment in the uniform-price
EAV auction, in which it is optimal for the bidders to bid their costs.
Payoff equivalence does not hold for different auctions (e.g., pay-as-bid
vs. uniform pricing) with the same ECP rule because different payment
rules may determine different sets of winners due to the differences in
the bidding strategies.

Auctions with ER may also be plagued by strategic manipulations.
ECP auctions are susceptible to actions that artificially increase supply
in order to profit from a higher probability of award and higher prices. A
company may participate with a serious bid and with an additional bid
(either because multiple bids are feasible or under a different identity)
that equals the ceiling price to increase the probability of an award for
the serious bid. The participation costs reduce the attractiveness or
availability of such strategic supply expansion.

7Concretely, the median rule with α = 1 that chooses the higher of the two middle values in case of an
even number of bids as the ECP (i.e., ρ(b) = b(⌈0.5m⌉) where b(j) denotes the j-th lowest bid) corresponds
to the 50 %-EAV rule that rejects the bid at the 50 % boundary in case of an odd number of bids (i.e.,
κ(m) = ⌊0.5m⌋).
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Appendix to Chapter 3

B.1 Experimental instructions

Text in blue is displayed in the instructions of the EAV treatment only.
Text in red is displayed in the instructions of the Control treatment only.

Instructions

Welcome to the experiment!

In this experiment, you can earn money which will be paid to you at the
end of the experiment in cash and anonymously. In the experiment the
fictive currency “ExCU” will be used. 1 ExCU equals 50e-Cent. Your
payment at the end of the experiment is composed of a fixed amount of
8e and a variable amount, which you achieve owing to the experiment
and the subsequent task.

Conduction of the experiment

The experiment consists of 15 rounds. In each of the 15 rounds, out of
a group of 18 participants, where you belong to as well, two groups
of 9 participants each are formed randomly. Thus, in each round
you and 8 other participants form a group of 9. The composition of
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both groups of 9 is determined newly and randomly in each round. You
do not know who the other participants are and you have no means of
communication with them.
In each of the 15 rounds you participate in an award procedure within
your group of 9 to determine the realisation of projects.
You (and every other member of your group of 9) have one project
per round, which can be realized. If your project is realized or not is
determined in the award procedure of the round.

Realisation costs:1 The realisation costs of your project are individ-
ual and are drawn randomly at the beginning of the round and then
disclosed to you. Every value between 50 and 75 ExCU inclusive is
equally likely. The realisation costs accrue only if the project is realized.

Bid for your project: At first you decide if you want to participate
with your project in the award procedure, i.e., submit a bid. Submission
of a bid costs 5 ExCU. If you have decided in favor of submission, you
have to submit a bid for your project.

Award and realisation: If your project is awarded in the award pro-
cedure, it will be realized. In this case you receive your bid and pay
the realisation costs of the project. Your result of this round there-
fore is the difference between your bid for the project and its
total costs. The total costs of a realized project are the submission
costs plus the realisation costs.
If your bid is not awarded, you neither receive your bid nor you pay
the realisation costs, because your project will not be realized. The sub-
mission costs accrue nevertheless. Therefore, your result of a round in
which you submit a bid that is not awarded, is a loss of 5 ExCU.

1In the experiment, the potential bidders’ private costs are referred to as realisation costs.
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If you do not submit a bid, no costs accrue. Your result of this round is
therefore 0 ExCU.
Please notice that with the project that is available to you in a round
you can participate only once in the award procedure, namely in
this round. If your bid is not awarded or you do not participate in
the award procedure of this round by not submitting a bid, you
cannot participate again with this project in award procedures
of the following rounds.

The following rules apply in the award procedure of each round:
Submission of bid: You can submit for your project a bid with max-
imum two decimal places. A bid must be higher than or equal to
0 ExCU and lower than or equal to 77 ExCU. The submission of a
bid costs 5 ExCU.

Award rule: If 8 or 9 bids are submitted, the 6 lowest bids are
awarded. If 7 or fewer bids are submitted, 2 bids less than sub-
mitted are awarded. Thus, if 7 bids are submitted, the 5 lowest bids
are awarded; with 6 submitted bids, the 4 lowest bids are awarded, etc.
If 2 or 1 bids are submitted, no bid is awarded.

Award rule: Out of the submitted bids in your group of 9, the 6 lowest
bids are awarded. If 6 or fewer bids are submitted, all submitted
bids are awarded.

If several bids considered for award are equal, awards are selected
randomly.
Payment for an awarded bid: If your bid for your project is awarded,
you receive a payment in the amount of your bid.
Realisation costs: If your bid for a project is awarded, this project will
be realized. Therefore, the realisation costs of this project accrue. If a
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bid is not awarded, no realisation costs accrue.

Result of a round

The total costs of a realized project consist of the submission costs and
the realisation costs of the project:
Total costs of a realized project =
submission costs + realisation costs of the project

Your result of a round in which your project is realized is the difference
between the bid for the project and its total costs:
Round result = awarded bid of project − total costs of project

Payment

After the 15 rounds of the experiment, 5 rounds relevant for your
payment are randomly selected. Out of these results of the 5 rounds,
the mean is calculated. This mean is converted into Euro and results
together with the fixed payment and your payment from the subsequent
task in your total payment. This total payment will be paid out out you
in cash and anonymously directly after the end of the experiment.
Please notice that negative round results are possible, and thus, a nega-
tive mean out of the selected rounds is possible. In this case, the mean
will be subtracted from your fixed payment and the payment from the
subsequent task. A negative total payment is not possible. You cannot
lose money in this experiment.

Overview of the procedure of the experiment

The experiment consists of 15 rounds. Each round consists of 4 steps:

Step 1: You receive your randomly drawn realisation costs of your project
and decide whether you want to participate with this project in the
award procedure.
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Step 2: You can submit a bid for your project. Only when all partici-
pants carried out this step, the experiment continues.

Step 3: You receive information whether your project is awarded and
will thus be realized and what your round result is.

Step 4: You receive further information about the award procedure: the
number of submitted bids, the number of awarded bids, the lowest
bid, the highest bid, the mean submitted bid and the mean awarded
bid.

Information about the subsequent task

You receive an additional payment for the completion of the subsequent
task.
You will be presented 10 decisions on your monitor. Each of these deci-
sions consists of a choice between “Option A” and “Option B”. While the
amounts for payment in the two options are the same in each decision,
the probability to get the higher amount varies between decisions.
After you finished all decisions, one out of the 10 decisions is randomly
selected for your payment. For your choice of option “A” or “B” in this
decision and according to the respective probabilities, the higher or lower
amount is randomly selected for your payment.
Summary: You make 10 decisions; in each of these decisions you choose
between “Option A” and “Option B”. You can choose “A” in some rows,
and “B” in others. When you made all your decisions, one of the 10
decisions is randomly selected for your payment. Based on your choice
(“A” or “B”) a random selection decides if the higher or lower amount
is paid to you.
When you completed the task, the experiment is finished for you. Please
stay calmly in your cabin, until you are picked up by the experimenters.
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Please mute your phone now, if not already done. Do not use your phone
in the course of the experiment, and do not browse the internet.

Thank you for your participation in the experiment!

B.2 Experimental questionnaire

Text in blue is displayed in the instructions of the EAV treatment only.
Text in red is displayed in the instructions of the Control treatment only.

Note: The error message appears only if a wrong answer is chosen.
Question 1: How many rounds will be played in the experiment?
Options: All integers.
Error message: Your answer is wrong. 15 rounds will be played in the
experiment.
Question 2: How many other participants interact with you in each
round?
Options: All integers.
Error message: Your answer is wrong. 8 other participants interact
with you in each round.
Question 3: Which of the following statements is true?
Options:

• The composition of the group of 9 you belong to is the same in all 15
rounds. This means, you will interact with the same 8 participants
in each round.

• The composition of the group of 9 you belong to is newly and ran-
domly determined each round.

Error message: Your answer is wrong. The composition of the group
of 9 you belong to is newly and randomly determined each round.
Question 4: Which of the following statements is true?
Options:

• In every round you have exactly one project.
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• In every round you have several projects by default.
• From round 2 on, you also have your non-awarded projects from

previous rounds.
Error message: Your answer is wrong. In every round you have exactly
one project.
Question 5: Which of the following statements about the realisation
costs of your projects in the different rounds is true?
Options:

• The realisation costs of the projects are always 5 ExCU.
• The realisation costs of all projects of the 9 participants are equal

and are drawn randomly from the interval [50,75] at the beginning
of each round.

• The realisation costs of the project of each participant are drawn
independently and randomly from the interval [50,75] at the begin-
ning of each round. Thus, realisation costs of the 9 participants can
differ.

Error message: Your answer is wrong. The realisation costs of the
project of each participant are drawn independently and randomly from
the interval [50,75] at the beginning of each round. Thus, realisation
costs of the 9 participants can differ.
Question 6: What is the first decision you have to make in each of the
15 rounds?
Options:

• If you want to submit a bid for your project in the award procedure
in this round.

• What bid you submit for your project in the award procedure in
this round.

• If you realize your project.
Error message: Your answer is wrong. In each round, you first decide
if you want to submit a bid for your project in the award procedure in
this round.
Question 7: What are the costs of submitting a bid?
Options: All integers (in ExCU).
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Error message: Your answer is wrong. Submitting a bid always costs
5 ExCU.
Question 8: How many bids and thus, projects, are awarded at maxi-
mum in each round?
Options: All integers.
Error message: Your answer is wrong. In each round, at maximum
the 6 lowest bids are awarded.
Question 9: How many bids and thus, projects, are awarded, if 6 or
less bids are submitted?
Options:

• The number of awards is determined randomly.
• None of them.
• All of them.

Error message: Your answer is wrong. If 6 bids or less are submitted,
all bids are awarded.
Question 9: How many bids and thus, projects, are awarded, if 7 or
less bids are submitted?
Options:

• All of them.
• None of them.
• Two bids less than submitted are awarded.

Error message: Your answer is wrong. If 7 bids or less are submitted,
two bids less than submitted are awarded.
Question 10: Which bids and thus, projects, are awarded?
Options:

• The projects with the lowest bids are awarded.
• The projects with the highest bids are awarded.
• The awards are determined randomly.

Error message: Your answer is wrong. The projects with the lowest
bids are awarded.
Question 11: In one round, you submitted a bid for your project, which
has realisation costs of 60 ExCU. How high are the total costs in this
round, if your bid for this project is awarded?



B.2 Experimental questionnaire 165

Options: All integers (in ExCU).
Error message: Your answer is wrong. The participation costs for
submitting a bid are 5 ExCU. Together with the realisation costs of 60
ExCU, your total costs sum up to 5 ExCU + 60 ExCu = 65 ExCU.
Question 12: In one round, you submitted a bid for your project, which
has realisation costs of 60 ExCU. How high are the total costs in this
round, if your bid for this project is not awarded?
Options: All integers (in ExCU).
Error message: Your answer is wrong. As your bid for this project has
not been awarded, your project will not be realized and the realisation
costs do not accrue. Thus, only the participation costs for submitting a
bid accrue, which are 5 ExCU.
Question 13: In one round, you submitted a bid with 69 ExCU for
your project. This project has realisation costs of 60 ExCU. What is
your round result, if your bid for this project is awarded?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your total costs sum up to 65
ExCU (5 ExCU participation costs plus 60 ExCU realisation costs). As
your bid was awarded, you receive a payment in the amount of your bid,
69 ExCU. Thus, your round result is 69 ExCU − 65 ExCU = 4 ExCU.
Question 14: In one round, you submitted a bid with 69 ExCU for
your project. This project has realisation costs of 60 ExCU. What is
your round result, if your bid for this project is not awarded?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your total costs sum up to 5
ExCU (participation costs). As your bid was not awarded, you do not
have to pay the realisation costs. Also, you do not receive a payment.
Thus, your round result is −5 ExCU.
Question 15: You decide not to submit a bid. What is your round
result?
Options: All integers (in ExCU).
Error message: Your answer is wrong. As you did not submit a bid,
you do not have to pay the participation costs, but do not receive any
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payments. Thus, your round result is 0 ExCU.
Question 16: How is your payment for the 15 rounds at the end of the
experiment determined?
Options:

• You receive the sum of your 15 round results.
• You receive the mean of your 15 round results.
• You receive the mean of your round results of 5 randomly selected

rounds.
Error message: Your answer is wrong. You receive the mean of your
round results of 5 randomly selected rounds.
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Appendix to Chapter 5

C.1 Statistical analysis

Table C.1 shows the results of the linear-mixed models used to determine
whether the randomly assigned auction units of the separate auctions in
the experiment have an effect on the degrees of efficiency .1 For this
purpose, first the degrees of efficiency for both the original composition
as well as the new (artifical) composition were calculated. The original
composition here is that the three participants in group 1 (2) with role
A are in the same auction unit as participants in group 1 (2) with role
B. In the new composition, one auction unit consists of the participants
in group 1 (2) with role A, and participants in group 2 (1) with role
B. The vector of dependent variables y includes the three degrees of
efficiency. Parameters for the independent variable Composition as well
as the constant are denoted by βj, j ∈ {0, 1}. Further a random effect
to account for the session with parameter g was included in the model,
as well as the vector of residual errors ε:

y = β0 + β1 · Composition + g · Session + ε.

From the results, no statistical difference between the different ways of
composing auction units can be deduced for neither degree of efficiency.

Tables C.2 and C.3 show linear-mixed model results for tests whether
the sequence of auctions has any effect on the dependent variables intro-

1The joint auctions are a fixed auction unit, since all participant in this setting are competing in the same
auction.
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Table C.1: Linear-mixed model to test whether composition of auction unit has an effect on
degrees of efficiency in separate auctions (Standard errors in brackets)

Dependent variable:
Dbin

eff Drel
eff Drge

eff

New composition −0.010 −0.003 0.002
(0.015) (0.001) (0.006)

Constant 0.115∗ 0.576∗ 0.856 ∗

(0.019) (0.009) (0.002)

Observations 1600 1600 1600

Note: ∗p<0.05

duced in Section 5.3.2. Again, the model is of the form

y = β0 + β1 · Auctiontype + β2 · Pricingrule

+ β3 · Sequence + β4 · Biddertype + g · Session + ε,

where y is the vector of dependent variables, βj with j ∈ {0, 1, 2, 3, 4}
the parameter for the fixed effects, g the parameter for the random effect
as well as the vector of residual errors ε.

For all dependent variables, no statistical influence of the sequence of
auctions can be deduced.

Table C.4 shows the linear-mixed model results on the bid surcharge.
The linear-mixed model has the form

y = β0 + β1 · Auctiontype + β2 · Pricingrule + β3 · Round

+ β4 · Project1 + β5 · Project2 + β6 · Auctiontype : Pricingrule

+ g · Session + ε,

where y is the vector of dependent variables. The parameters βj with
j ∈ {0, . . . , 7} are the parameters for the constant, the explaining fixed
variables auction type, pricing rule, round, and project type, as well
as the interaction term auction type:pricing rule. The project type has
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Table C.2: Linear-mixed model to test whether sequence of auctions has an effect on different
dependent variables (Standard errors in brackets)

Dependent variable:
Bid Price Surcharge Surplus Welfare

Auction type 1.050 8.460∗ 1.265∗ −8.617∗ −12.114∗

separate (0.874) (1.316) (0.591) (1.029) (1.158)

Pricing rule −17.776∗ 7.380∗ −16.903∗ −7.490∗ 0.351
UP (3.354) (1.708) (3.202) (1.703) (1.097)

Sequence 0.344 −2.002 0.327 2.063 0.206
separate first (3.398) (1.730) (3.244) (1.729) (1.111)

Bidder type 1.602 4.839∗ 1.319 −4.961∗ −2.589∗

single-unit (3.415) (1.748) (3.269) (1.743) (1.122)

Constant 385.917∗ 351.227∗ 10.607∗ 149.025∗ 162.525∗

(3.678) (2.071) (3.513) (1.992) (1.430)

Observations 13440 2400 13440 2400 2400

Note: ∗p<0.05
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Table C.3: Linear-mixed model to test whether sequence of auctions has an effect on efficiency
in auction units (Standard errors in brackets)

Dependent variable:
Dbin

eff Drel
eff Drge

eff

Auction type −0.546∗ −0.285∗ −0.109∗

separate (0.020) (0.010) (0.005)

Pricing rule 0.002 0.005 −0.005
UP (0.026) (0.018) (0.010)

Sequence 0.022 0.015 0.006
separate first (0.027) (0.018) (0.010)

Bidder type 0.154∗ 0.016 −0.023∗

single-unit (0.027) (0.018) (0.010)

Constant 0.546∗ 0.861∗ 0.980∗

(0.031) (0.020) (0.011)

Observations 1600 1600 1600

Note: ∗p<0.05
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three different outcomes: a single project for single-supply bidders, and
Project 1 and Project 2 for multi-supply bidders. The parameters β4
und β5 refer to both projects of the multi-supply bidders. Further, a
parameter g for the fixed session effect and the vector of residual errors
ε is included.

Table C.4: Linear-mixed model to test of significant differences in bid surcharge (Standard
errors in brackets)

Dependent variable:
Surcharge

Auction type −0.848
separate (0.835)

Pricing rule −18.840∗

UP (3.149)

Round 0.049
(0.026)

Project 1 −1.307
((3.173)

Project 2 −1.249
(3.173)

Auction type: 3.943∗

Pricing rule (1.190)

Constant 14.140∗

(2.622)

Observations 13440

Note: ∗p<0.05

As seen in Table C.4, the hypotheses that surcharges do not differ
based on the project type cannot be rejected.
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C.2 Proof of Proposition

Proof of Proposition 4: Let Dbin
eff , Drel

eff and Drge
eff be defined as in

(5.3), (5.4)and (5.5). For simplicity assume m = 1, the argumentation
for m > 1 is identical.
Assume the auction is efficient. Thus, every project that should be
awarded is awarded. It follows

Dabs
eff = 1

k

k∑
i=1

1 = 1

Drel
eff =

k∏
i=1

1 = 1

Drge
eff = 1

k

k∑
i=1

1 − 0
x(n,n) − x(1,n)

= 1,

i.e., the highest possible value for all measures is 1. In this case Dbin
eff =

Drel
eff = Drge

eff = 1.
Assume the auction is inefficient. Then clearly Dabs

eff = 0. If there
is no project correctly awarded, Drel

eff = 0. For all other cases it holds:

• If a project is awarded correctly the term of the sum is 1 in both
Drel

eff > 0 and Drge
eff > 0.

• If a project is wrongly awarded, the term of the sum is smaller than
1, but larger than 0 in Drge

eff while it is surely equal to 0 in Drel
eff .

Thus, when the auction is inefficient, 0 = Dbin
eff ≤ Drel

eff ≤ Drge
eff < 1 where

Dbin
eff = Drel

eff only holds when there are no project correctly awarded, and
Drel

eff = Drge
eff only holds when there is just one project auctioned, and

the award is given to the project with the highest costs, since then the
sum is 0. This completes the proof. ■
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C.3 Experimental instructions

C.3.1 Single-supply bidders

Text in blue is displayed in the instructions of the DP treatments only.
Text in magenta is displayed in the instructions of the UP treatments
only. Text in green is displayed in the instructions of the joint first
treatments only. Text in red is displayed in the instructions of the sepa-
rate first treatments only.

Instructions

Welcome to the experiment!

In this experiment, you can earn money that will be paid to you at the
end of the experiment in cash and anonymously. In the experiment the
fictive currency “ExCU” will be used. 1 ExCU equals 1 e. Your pay-
ment at the end of the experiment is composed of a fixed amount of 5
e and a variable amount, which you achieve owing to the experiment.

Conduction of the Experiment
This experiment consists of two sections. Each of them consists of 20
rounds. You are a member of a group of 12 participants. You do not
know who the other participants are and you have no way to commu-
nicate with them. At the beginning of the experiment, all participants
of your group will be randomly assigned to types A and B: 6 par-
ticipants will be of type A while the other 6 participants will be of
type B. After 10 rounds each participant will change the type: A
participant of type A will be of type B for the next 10 rounds and vice
versa. Therefore, at the beginning of the second section, all participants
regain the type they had at the beginning of the experiment and after
10 rounds switch to the other type again.
In each of the 20 rounds in both sections, you will take part in an award
procedure for realisation of projects. You (as well as other 11 member
of your group of 12) will have one project in each round, which can be
realised. Whether your project will be realised or not, is decided by the
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award procedure in the round.
Realisation costs: The realisation costs of your project are individual
and will be drawn randomly at the beginning of each round and informed
to you. The realisation costs of a participant of type A will be drawn
randomly from the interval A = [300,400]. Any amount between 300
and 400 ExCU is equally likely. The realisation costs of a participant of
type B will be drawn randomly from the interval B = [350,450]. Any
amount between 350 and 450 ExCU is equally likely. The realisation
costs will be incurred if and only if the project is realised. In order to
realise the project, you have to submit a bid for this project. This bid
is used in the award procedure to decide whether your project will be
realised.
Award and realisation: If your project is awarded in the award pro-
cedure, it will be realised. In this case, you will receive your bid and pay
the project realisation costs. Therefore, your result of this round will be
the difference between your bid for the project and its realisation costs.
Award and realisation: If your project is awarded in the award pro-
cedure, it will be realised. In this case, you will receive the lowest non-
accepted bid from your competitors and pay the realisation costs of your
project. Therefore, your result of this round is the difference between
the lowest non-awarded bid from your competitors and the realisation
costs of your project.
If your bid is not awarded, then you will neither receive a payment nor
pay the realisation costs, since your project will not be realised. Thus,
your result of this round, in which your bid is not accepted, is 0 ExCU.
Please note that, you can participate with the project, which is available
to you in this round, only once in the award procedure. In the next
round a new project will be available to you, whose realisation costs will
be again determined randomly at the beginning of the next round.

The following rules will be applied to the award procedure in each round:

Submission of bid: You can submit a positive bid for your project
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with maximum two decimal places. A bid can be at most 500
ExCU.
1. Section of the experiment: In the first part of the experiment,
i.e. in the first 20 rounds, in each round, the 6 participants of the
same type will be randomly assigned into two groups. This means,
that in each round the 6 participants of type A will be assigned in two
group of three and at the same time, the 6 participants of type B will
be assigned in two group of three as well. As a result, you will always
interact with participants, who are of the same type as you during the
first 20 rounds. You will participate in the award procedure in one of
the groups of three of your own type. Only the lowest bid of all
bids, which are submitted in a round from your group of three, will be
awarded.
1. Section of the experiment: In the first part of the experiment, i.e.
in the first 20 rounds, in each round, the 12 participants in your group
will be randomly assigned in two groups of six. Exactly 3 partic-
ipants of type A and 3 participants of type B will be assigned to
each of these two groups. This means that in each group of six, there
are 3 participants of type A and 3 participants of type B. You will par-
ticipate in the award procedure in one of groups of six. The two lowest
bids of all bids, which are submitted in a round from your group of six,
will be awarded.
2. Section of the experiment: In the second part of the experiment,
i.e. in the second 20 rounds, in each round, the 6 participants of the
same type will be randomly assigned into two groups. This means,
that in each round the 6 participants of type A will be assigned in two
group of three and at the same time, the 6 participants of type B will
be assigned in two group of three as well. As a result, you will always
interact with participants, who are of the same type as you during the
first 20 rounds. You will participate in the award procedure in one of
the groups of three of your own type. Only the lowest bid of all
bids, which are submitted in a round from your group of three, will be
awarded.
2. Section of the experiment: In the second part of the experiment,
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i.e. in the second 20 rounds, in each round, the 12 participants in
your group will be randomly assigned in two groups of six. Ex-
actly 3 participants of type A and 3 participants of type B will
be assigned to each of these two groups. This means that in each group
of six, there are 3 participants of type A and 3 participants of type B.
You will participate in the award procedure in one of groups of six. The
two lowest bids of all bids, which are submitted in a round from your
group of six, will be awarded.
If several bids are equally relevant for being awarded, then the
award will be chosen randomly.
Payment for an accepted bid: If your bid is awarded for a prepared
project, then you will receive a payment in the amount of your bid.
Payment for an accepted bid: If your bid is awarded for a prepared
project, then you will receive a payment in the amount of the lowest
non-awarded bid from your competitors.
Realisation cost: If your bid is awarded for a project, then this project
will be realised, which will incur the realisation costs of this project to
you. If a project is not awarded and realised, then no costs will occur.
Result of a round:
Your result of a round, in which your bid is awarded and therefore
your project is realised, will be determined as the difference between
your bid for the project and its realisation costs.

Round result = awarded bid for the project − realisation cost
of the project

If your bid is not awarded, then your result of this round is zero.

Your result of a round, in which your bid is awarded and therefore
your project is realised, will be determined as the between the lowest
non-awarded bid and the realisation costs of your project.

Round result = lowest non-awarded bid − realisation cost of
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the project
If your bid is not awarded, then your result of this round is zero.

Payment
After completing the 20 rounds twice, from each of the 4 blocks with
10 rounds, 5 rounds will be selected randomly for your payment.
The mean of your results in these 20 chosen rounds will be converted
into Euros, and together with your fixed amount, form your total pay-
ment. This will be paid out to you in cash and anonymously after the
experiment. Please notice that negative round results are possible, and
thus, a negative mean out of the selected rounds is possible. In this case,
the mean of the 20 rounds will be deducted from your fixed payment.
A negative payment in total is not possible. You cannot lose money in
this experiment.

Overview of the procedure of the experiment
This experiment consists of two sections each with 20 rounds. Each
round consists of 3 steps:

• Step 1: You receive the randomly drawn realisation costs of your
project.

• Step 2: You have to submit a bid for your project. Only when all
participants carried out this step, the experiment continues.

• Step 3: You receive information whether your project is awarded
and therefore realised, as well as the round result you have achieved.
Besides, you receive further information about the bids from other
participants in your group, who have participated in the same award
procedure as you.

• Step 3: You receive information whether your project is awarded
and therefore realised, the payment you have received as well as
the round result you have achieved. Besides, you receive further
information about the bids from other participants in your group,
who have participated in the same award procedure as you.
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In each of the 20 rounds in the first section, you take part in the award
procedure with 2 other participants. In each of the 20 rounds in the
second section, you take part in the award procedure with 5 other par-
ticipants.
In each of the 20 rounds in the first section, you take part in the award
procedure with 5 other participants. In each of the 20 rounds in the
second section, you take part in the award procedure with 2 other par-
ticipants.
Your type (A or B) remains the same in the first 10 rounds in a section.
For the next 10 rounds in a section, your type switches (from A to B or
from B to A) and remains the same during these 10 rounds.
When the last round is finished, you have finished this experiment.
Please remain seated in your cabin quietly until you are picked up by
the experimenters.
Please turn your mobile phone on silent mode. Please do not use your
mobile phone during the experiment and do not surf the Internet.

Thank you for your participation in this experiment!
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C.3.2 Multi-supply bidders

Text in blue is displayed in the instructions of the DP treatments only.
Text in magenta is displayed in the instructions of the UP treatments
only. Text in green is displayed in the instructions of the joint first
treatments only. Text in red is displayed in the instructions of the sepa-
rate first treatments only.

Instructions

Welcome to the experiment!

In this experiment, you can earn money that will be paid to you at the
end of the experiment anonymously. In the experiment the fictive cur-
rency “ExCU” will be used. 1 ExCU equals 1 e. Your payment at
the end of the experiment is composed of a fixed amount of 5 e and a
variable amount, which you achieve owing to the experiment.

Conduction of the experiment
This experiment consists of two sections. Each of them consists of 20
rounds. You are a member of a group of 12 participants. You do not
know who the other participants are and you have no way to commu-
nicate with them. At the beginning of the experiment, all participants
of your group will be randomly assigned to types A and B: 6 par-
ticipants will be of type A while the other 6 participants will be of
type B. After 10 rounds each participant will change the type: A
participant of type A will be of type B for the next 10 rounds and vice
versa. Therefore, at the beginning of the second section, all participants
regain the type they had at the beginning of the experiment and after
10 rounds switch to the other type again.
In each of the 20 rounds in both sections, you will take part in an award
procedure for realisation of projects. You (as well as other 11 member
of your group of 12) will have two projects in each round, which can
be realised. Whether your project will be realised or not, is decided by
the award procedure in the round.
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Realisation costs: The realisation costs of your projects are individual
and will be drawn randomly at the beginning of each round and informed
to you. The realisation costs of a participant of type A will be drawn
randomly from the interval A = [300,400]. Any amount between 300
and 400 ExCU is equally likely. The realisation costs of a participant of
type B will be drawn randomly from the interval B = [350,450]. Any
amount between 350 and 450 ExCU is equally likely. The realisation
costs will be incurred if and only if the project is realised. In order to
realise the project, you have to submit a bid for this project. This bid
is used in the award procedure to decide whether your project will be
realised. You have to submit one bid per project. Thus, you have to
submit two bids in the award procedure.
Award and realisation: None, one or both of your bids for your projects
can be awarded. If one of your projects is awarded in the award proce-
dure, it will be realised. In this case, you will receive your bid and pay
the project realisation costs. Therefore, your result of this round for this
projects will be the difference between your bid for the project and its
realisation costs.
Award and realisation: None, one or both of your bids for your projects
can be awarded. If one of your projects is awarded in the award proce-
dure, it will be realised. In this case, you will receive the lowest non-
accepted bid and pay the realisation costs of your project. The lowest
non-accepted bid can be from your competitors, or from you for your
other project, if that is not accepted. Therefore, your result of this
round for this project is the difference between the lowest non-awarded
bid and the realisation costs of your project.
If your bid is not awarded, then you will neither receive a payment nor
pay the realisation costs, since your project will not be realised. Thus,
your result of this round, in which your bid is not awarded, is 0 ExCU.
If your bid is not awarded, then you will neither receive a payment nor
pay the realisation costs, since your project will not be realised. Thus,
your result of this round, in which your bid is not awarded, is 0 ExCU.
Your total round result is the sum of the single results of both of
your projects. Please note that, you can participate with the projects,
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which are available to you in this round, only once in the award pro-
cedure. In the next round new projects will be available to you, whose
realisation costs will be again determined randomly at the beginning of
the next round.

The following rules will be applied to the award procedure in each round:
Submission of bid: You can submit a positive bid for your projects
with maximum two decimal places. A bid can be at most 500
ExCU.
1. Section of the experiment: In the first part of the experiment,
i.e. in the first 20 rounds, in each round, the 6 participants of the
same type will be randomly assigned into two groups. This means,
that in each round the 6 participants of type A will be assigned in two
group of three and at the same time, the 6 participants of type B will
be assigned in two group of three as well. As a result, you will always
interact with participants, who are of the same type as you during the
first 20 rounds. You will participate in the award procedure in one of
the groups of three of your own type. Only the two lowest bids of
all bids, which are submitted in a round from your group of three, will
be awarded.
1. Section of the experiment: In the first part of the experiment, i.e.
in the first 20 rounds, in each round, the 12 participants in your group
will be randomly assigned in two groups of six. Exactly 3 partic-
ipants of type A and 3 participants of type B will be assigned to
each of these two groups. This means that in each group of six, there are
3 participants of type A and 3 participants of type B. You will partici-
pate in the award procedure in one of groups of six. The four lowest
bids of all bids, which are submitted in a round from your group of six,
will be awarded.
2. Section of the experiment: In the second part of the experiment,
i.e. in the second 20 rounds, in each round, the 12 participants in
your group will be randomly assigned in two groups of six. Ex-
actly 3 participants of type A and 3 participants of type B will
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be assigned to each of these two groups. This means that in each group
of six, there are 3 participants of type A and 3 participants of type B.
You will participate in the award procedure in one of groups of six. The
two lowest bids of all bids, which are submitted in a round from your
group of six, will be awarded.
2. Section of the experiment: In the second part of the experiment,
i.e. in the second 20 rounds, in each round, the 6 participants of the
same type will be randomly assigned into two groups. This means,
that in each round the 6 participants of type A will be assigned in two
group of three and at the same time, the 6 participants of type B will
be assigned in two group of three as well. As a result, you will always
interact with participants, who are of the same type as you during the
first 20 rounds. You will participate in the award procedure in one of
the groups of three of your own type. Only the two lowest bid of all
bids, which are submitted in a round from your group of three, will be
awarded.
If several bids are equally relevant for being awarded, then the
award will be chosen randomly.
Payment for an awarded bid: If your bid is awarded for a prepared
project, then you will receive a payment in the amount of your bid.
Payment for an awarded bid: If your bid is awarded for a prepared
project, then you will receive a payment in the amount of the lowest
non-awarded bid from your competitors or from you for your other bid.
Realisation cost: If your bid is awarded for a project, then this project
will be realised, which will incur the realisation costs of this project to
you. If a project is not awarded and realised, then no costs will occur.
Result of a round:
Your result of a round, in which your bid is awarded and therefore
your project is realised, will be determined as the difference between
your bid for the project and its realisation costs.

Round result = awarded bid for the project - realisation cost
of the project
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If your bid is not awarded, then your result of this round is zero.

Your result of a round, in which your bid is awarded and therefore
your project is realised, will be determined as the between the lowest
non-awarded bid and the realisation costs of your project.

Round result = lowest non-awarded bid - realisation cost of

the project
If your bid is not awarded, then your result of this round is zero.

Your total round result is the sum of the single round results
of both of your projects.
Total Round result = Round result for project 1 + Round re-
sult for project 2

Payoff
After completing the 20 rounds twice, from each of the 4 blocks with
10 rounds, 5 rounds will be selected randomly for your payment.
The mean of your results in these 20 chosen rounds will be converted
into Euros, and together with your fixed amount, form your total payoff.
This will be paid out to you in cash anonymously after the experiment.
Please note that, negative round results are possible, and thus, a nega-
tive mean of the selected rounds is possible. In this case, the mean of
the 20 rounds will be set to 0.

Overview of the procedure of the experiment
This experiment consists of two sections each with 20 rounds. Each
round consists of 3 steps:

• Step 1: You receive the randomly drawn realisation costs of your
projects.

• Step 2: You have to submit a bid for each of your projects. Only
when all participants carried out this step, the experiment continues.
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• Step 3: You receive information whether your projects are awarded
and therefore realised, as well as the round results you have achieved.
Besides, you receive further information about the bids from other
participants in your group, who have participated in the same award
procedure as you.

• Step 3: You receive information whether your projects are awarded
and therefore realised, the payment you have received as well as
the round results you have achieved. Besides, you receive further
information about the bids from other participants in your group,
who have participated in the same award procedure as you.

In each of the 20 rounds in the first section, you take part in the award
procedure with 2 other participants. In each of the 20 rounds in the
second section, you take part in the award procedure with 5 other par-
ticipants.
In each of the 20 rounds in the first section, you take part in the award
procedure with 5 other participants. In each of the 20 rounds in the
second section, you take part in the award procedure with 2 other par-
ticipants.
Your type (A or B) remains the same in the first 10 rounds in a section.
For the next 10 rounds in a section, your type switches (from A to B or
from B to A) and remains the same during these 10 rounds.
When the last round is finished, you have finished this experiment. Once
you see the end screen, you can leave the experiment. Please enter the
token you received at the beginning of the experiment and then your
bank details under the link displayed. Failure to do so will result in our
inability to complete your payment.
Please turn your mobile phone on silent mode. Please do not use your
mobile phone during the experiment and do not surf the Internet.

Thank you for your participation in this experiment!
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C.4 Experimental questionnaire

C.4.1 Single-supply bidders

Text in blue is displayed in the quiz pages of the DP treatments only. Text
in magenta is displayed in the quiz pages of the UP treatments only. Text
in green is displayed in the quiz pages of the joint first treatments only.
Text in red is displayed in the quiz pages of the separate first treatments
only.

Note: the respective error message will certainly only appear, if the
correct answer was not selected.
Question 1: How many rounds does each of the two sections of this
experiment consist of?
Options: All integers.
Error message: Your answer is wrong. Each of the two sections of this
experiment consist of 20 rounds.
Question 2: How many other participants will you interact with in
each round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 2 other
participants in each round in the first section.
Question 2:
How many other participants will you interact with in each round in the
first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 5 other
participants in each round in the first section.
Question 3: How many other participants will you interact with in
each round in the second section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 5 other
participants in each round in the second section.
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Question 3: How many other participants will you interact with in
each round in the second section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 2 other
participants in each round in the second section.
[1ex] Question 4: Which of the following statements is correct?
Options:

• The composition of the group in the award procedure, to which you
belong, is the same in all 20 rounds. In other words, you will interact
with the same participants in each of the 20 rounds.

• The composition of the group in the award procedure, to which you
belong, will be randomly redetermined in each round.

Error message: Your answer is wrong. The composition of the group
in the award procedure, to which you belong, will be randomly redeter-
mined in each round.
Question 5: Which of the following statements is correct?
Options:

• In each round you will have exactly one project.
• In each round you will have several project in principle.
• From the second round onwards, you will have the non-awarded

projects from the previous rounds as well.
Error message: Your answer is wrong. In each round you will have
exactly one project.
Question 6: Which of the following statements is correct?
Options:

• The types (A or B) of a participant will not change during the
experiment.

• The types (A or B) of a participant will remain the same in the first
section and switch in the second section.

• The types (A or B) of a participant will switch after every 10 rounds,
not only in the first section but also in the second section of the
experiment.

Error message: Your answer is wrong. The types (A or B) of a partic-
ipant will switch after every 10 rounds, not only in the first section but
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also in the second section of the experiment.
Question 7: At the beginning of the experiment you are of type A.
Which of the following statements about the realisation costs of the
project, which is available to you in one of the first 10 rounds of the
experiment, is correct?
Options:

• The realisation costs of your project will always be 300 ExCU.
• In each round, the realisation costs of the project will be the same

for all 3 participants in your group and drawn randomly from the
interval A = [300,400] at the beginning of the round.

• The realisation costs of the project of a participant will be drawn
individually randomly from the interval A = [300,400] at the begin-
ning of the round. Thus, the realisation costs of the 3 participants
may differ.

Error message: Your answer is wrong. The realisation costs of the
project of a participant will be drawn individually randomly from the
interval A = [300,400] at the beginning of the round. Thus, the realisa-
tion costs of the 3 participants may differ.
Question 7: At the beginning of the experiment you are of type A.
Which of the following statements about the realisation costs of the
project, which is available to you in one of the first 10 rounds of the
experiment, is correct?
Options:

• The realisation costs of your project will always be 300.
• In each round, the realisation costs of the project will be the same

for all 5 participants in your group and drawn randomly from the
interval [300,400] at the beginning of the round.

• The realisation costs of the project of a participant will be drawn
individually randomly from the interval A = [300,400] at the begin-
ning of the round. Thus, the realisation costs of the 5 participants
may differ.

Error message: Your answer is wrong. The realisation costs of the
project of a participant will be drawn individually randomly from the
interval A = [300,400] at the beginning of the round. Thus, the realisa-
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tion costs of the 5 participants may differ.
Question 8: From which interval will the realisation cost of a partici-
pant of type B be drawn?
Options:

• B = [350,450]
• B = [300,400]
• B = [350,400]

Error message: Your answer is wrong. The realisation costs of a par-
ticipant of type B will be drawn from the interval B = [350,450].
Question 9: How many bids will be accepted (and therefore the projects
will be awarded) per round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. In each round in the first sec-
tion, only the lowest bid will be accepted.
Question 9: How many bids will be accepted (and therefore the projects
will be awarded) per round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. In each round in the first sec-
tion, the two lowest bids will be accepted.
Question 10: How many bids will be accepted (and therefore the
projects will be awarded) per round in the second section of the ex-
periment?
Options: All integers.
Error message: Your answer is wrong. In each round in the second
section, the two lowest bids will be accepted.
Question 10: How many bids will be accepted (and therefore the
projects will be awarded) per round in the second section of the ex-
periment?
Options: All integers.
Error message: Your answer is wrong. In each round in the second
section, only the lowest bid will be accepted.
Question 11: Which bid will be accepted and which project will be
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awarded?
Options:

• The project with the highest bid will be awarded.
• The project with the lowest bid will be awarded.
• The acceptance of the bid and the awarding of the project will be

chosen randomly.
Error message: Your answer is wrong. The project with the lowest
bid will be awarded.
Question 12: You have submitted a bid in the amount of 369 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
accepted?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your realisation costs are 360
ExCU. Since your bid has been accepted, you will receive your bid in
the amount of 369 ExCU. Thus, your round outcome is 369 ExCU - 360
ExCU = 9 ExCU.
Question 12: You have submitted a bid in the amount of 365 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
accepted and the lowest non-accepted bid from your 5 competitors is 369
ExCU?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your realisation costs are 360
ExCU. Since your bid has been accepted, you will receive a payment
in the amount of the lowest non-accepted bid from your competitors,
namely 369 ExCU. Thus, your round outcome is 369 ExCU - 360 ExCU
= 9 ExCU.
Question 13: You have submitted a bid in the amount of 369 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
not accepted?
Options: All integers (in ExCU).
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Error message: Your answer is wrong. Since your bid has not been
accepted, no realisation costs will incur and you will not receive your
bid. Thus, your round outcome is 0 ExCU.
Question 13: You have submitted a bid in the amount of 370 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
not accepted and the lowest non-accepted bid from your 5 competitors
is 369 ExCU?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Since your bid has not been
accepted, no realisation costs will incur and you will not receive any
payment. Thus, your round outcome is 0 ExCU.
Question 14: How will your payoff be calculated from the two times
20 rounds of the experiment?
Options:

• You will receive the sum of all round outcomes in the two times 20
rounds.

• You will receive the average of all round outcomes in the two times
20 rounds.

• You will receive the average of your round outcomes in the first
section of the experiment.

• You will receive the average of your round outcomes in 20 randomly
chosen rounds, whereby every 5 rounds are chosen from 10 consec-
utive rounds.

Error message: Your answer is wrong. You will receive the average
of your round outcomes in 20 randomly chosen rounds, whereby every 5
rounds are chosen from 10 consecutive rounds.

C.4.2 Multi-supply bidders

Text in blue is displayed in the quiz pages of the DP treatments only. Text
in magenta is displayed in the quiz pages of the UP treatments only. Text
in green is displayed in the quiz pages of the joint first treatments only.
Text in red is displayed in the quiz pages of the separate first treatments
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only.

Note: the respective error message will certainly only appear, if the
correct answer was not selected.

Question 1: How many rounds does each of the two sections of this
experiment consist of?
Options: All integers.
Error message: Your answer is wrong. Each of the two sections of this
experiment consist of 20 rounds.
Question 2: How many other participants will you interact with in
each round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 2 other
participants in each round in the first section.
Question 2: How many other participants will you interact with in
each round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 5 other
participants in each round in the first section.
Question 3: How many other participants will you interact with in
each round in the second section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 5 other
participants in each round in the second section.
Question 3: How many other participants will you interact with in
each round in the second section of the experiment?
Options: All integers.
Error message: Your answer is wrong. You will interact with 2 other
participants in each round in the second section.
Question 4: Which of the following statements is correct?
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Options:
• The composition of the group in the award procedure, to which you

belong, is the same in all 20 rounds. In other words, you will interact
with the same participants in each of the 20 rounds.

• The composition of the group in the award procedure, to which you
belong, will be randomly redetermined in each round.

Error message: Your answer is wrong. The composition of the group
in the award procedure, to which you belong, will be randomly redeter-
mined in each round.
Question 5: Which of the following statements is correct?
Options:

• In each round you will have exactly one project.
• In each round you will have exactly two projects.
• From the second round onwards, you will have projects from the

previous rounds as well.
Error message: Your answer is wrong. In each round you will have
exactly two projects.
Question 6: Which of the following statements is correct?
Options:

• The types (A or B) of a participant will not change during the
experiment.

• The types (A or B) of a participant will remain the same in the first
section and switch in the second section.

• The types (A or B) of a participant will switch after every 10 rounds,
not only in the first section but also in the second section of the
experiment.

Error message: Your answer is wrong. The types (A or B) of a partic-
ipant will switch after every 10 rounds, not only in the first section but
also in the second section of the experiment.
Question 7: At the beginning of the experiment you are of type A.
Which of the following statements about the realisation costs of the
project, which is available to you in one of the first 10 rounds of the
experiment, is correct?
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Options:
• The realisation costs of your projects will always be 300 ExCU.
• In each round, the realisation costs of the projects will be the same

for all 3 participants in your group and drawn randomly from the
interval A = [300,400] at the beginning of the round.

• The realisation costs of the project of a participant will be drawn
individually randomly from the interval A = [300,400] at the begin-
ning of the round. Thus, the realisation costs of the 3 participants
may differ. Also, the realisation costs of the the projects of one
participant may differ.

Error message: Your answer is wrong. The realisation costs of the
project of a participant will be drawn individually randomly from the
interval A = [300,400] at the beginning of the round. Thus, the realisa-
tion costs of the 3 participants may differ. Also, the realisation costs of
the the projects of one participant may differ.
Question 7: At the beginning of the experiment you are of type A.
Which of the following statements about the realisation costs of the
project, which is available to you in one of the first 10 rounds of the
experiment, is correct?
Options:

• The realisation costs of your projects will always be 300.
• In each round, the realisation costs of the projects will be the same

for all 5 participants in your group and drawn randomly from the
interval [300,400] at the beginning of the round.

• The realisation costs of the projects of a participant will be drawn
individually randomly from the interval A = [300,400] at the begin-
ning of the round. Thus, the realisation costs of the 5 participants
may differ. Also, the realisation costs of the the projects of one
participant may differ.

Error message: Your answer is wrong. The realisation costs of the
project of a participant will be drawn individually randomly from the
interval A = [300,400] at the beginning of the round. Thus, the realisa-
tion costs of the 5 participants may differ. Also, the realisation costs of
the the projects of one participant may differ.
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Question 8: From which interval will the realisation cost of a partici-
pant of type B be drawn?
Options:

• B = [350,450]
• B = [300,400]
• B = [350,400]

Error message: Your answer is wrong. The realisation costs of a par-
ticipant of type B will be drawn from the interval B = [350,450].
Question 9: How many bids will be accepted (and therefore the projects
will be awarded) per round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. In each round in the first sec-
tion, only the two lowest bids will be accepted.
Question 9: How many bids will be accepted (and therefore the projects
will be awarded) per round in the first section of the experiment?
Options: All integers.
Error message: Your answer is wrong. In each round in the first sec-
tion, the four lowest bids will be accepted.
Question 10: How many bids will be accepted (and therefore the
projects will be awarded) per round in the second section of the ex-
periment?
Options: All integers.
Error message: Your answer is wrong. In each round in the second
section, the four lowest bids will be accepted.
Question 10: How many bids will be accepted (and therefore the
projects will be awarded) per round in the second section of the ex-
periment?
Options: All integers.
Error message: Your answer is wrong. In each round in the second
section, only the two lowest bids will be accepted.
Question 11: Which bids will be accepted and which projects will be
awarded?
Options:
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• The projects with the highest bids will be awarded.
• The projects with the lowest bids will be awarded.
• The acceptance of the bids and the awarding of the projects will be

chosen randomly.
Error message: Your answer is wrong. The projects with the lowest
bids will be awarded.
Question 12: You have submitted a bid in the amount of 369 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
accepted?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your realisation costs are 360
ExCU. Since your bid has been accepted, you will receive your bid in
the amount of 369 ExCU. Thus, your round outcome is 369 ExCU - 360
ExCU = 9 ExCU.
Question 12: You have submitted a bid in the amount of 365 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
accepted and the lowest non-accepted bid from your 5 competitors is 369
ExCU?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your realisation costs are 360
ExCU. Since your bid has been accepted, you will receive a payment
in the amount of the lowest non-accepted bid from your competitors,
namely 369 ExCU. Thus, your round outcome is 369 ExCU - 360 ExCU
= 9 ExCU.
Question 13: You have submitted a bid in the amount of 369 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
not accepted?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Since your bid has not been
accepted, no realisation costs will incur and you will not receive your
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bid. Thus, your round outcome is 0 ExCU.
Question 13: You have submitted a bid in the amount of 370 ExCU
for your project in one round. The realisation costs of this project are
360 ExCU. What is your round outcome, if your bid for this project is
not accepted and the lowest non-accepted bid from your 5 competitors
is 369 ExCU?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Since your bid has not been
accepted, no realisation costs will incur and you will not receive any
payment. Thus, your round outcome is 0 ExCU.
Question 14: You have submitted a bid in the amount of 369 ExCU
for your first project and a bid of 380 ExCU for your second project in
one round. The realisation costs of the first project are 360 ExCU and
the realisation costs of the second project are 370 ExCU. What is your
total round outcome, if both of your bids are accepted?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your realisation costs of the
first project are 360 ExCU. Since your bid has been accepted, you will
receive your bid in the amount of 365 ExCU. Thus, your round outcome
for the first project is 365 ExCU - 360 ExCU = 5 ExCU. Your realisa-
tion costs of the second project are 370 ExCU. Since your bid has been
accepted, you will receive your bid in the amount of 380 ExCU. Thus,
your round outcome for the second project is 380 ExCU - 370 ExCU =
10 ExCU. Thus, your total round outcome is the sum of the individual
round outcomes, which are 5 ExCU + 10 ExCU = 15 ExCU.
Question 14: You have submitted a bid in the amount of 365 ExCU
for your first project and a bid of 380 ExCU for your second project in
one round. The realisation costs of the first project are 360 ExCU and
the realisation costs of the second project are 370 ExCU. The lowest
non-accepted bid is 382 ExCU. What is your total round outcome, if
both of your bids are accepted?
Options: All integers (in ExCU).
Error message: Your answer is wrong. Your realisation costs of the
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first project are 360 ExCU. Since your bid has been accepted, you will
receive the lowest non-accepted bid in the amount of 382 ExCU. Thus,
your round outcome for the first project is 382 ExCU - 360 ExCU = 22
ExCU. Your realisation costs of the second project are 370 ExCU. Since
your bid has been accepted, you will receive the lowest non-accepted
bid in the amount of 382 ExCU. Thus, your round outcome for the sec-
ond project is 382 ExCU - 370 ExCU = 12 ExCU. Thus, your total
round outcome is the sum of the individual round outcomes, which are
22 ExCU + 12 ExCU = 34 ExCU.
Question 15: How will your payoff be calculated from the two times
20 rounds of the experiment?
Options:

• You will receive the sum of all round outcomes in the two times 20
rounds.

• You will receive the average of all round outcomes in the two times
20 rounds.

• You will receive the average of your round outcomes in the first
section of the experiment.

• You will receive the average of your round outcomes in 20 randomly
chosen rounds, whereby every 5 rounds are chosen from 10 consec-
utive rounds.

Error message: Your answer is wrong. You will receive the average
of your round outcomes in 20 randomly chosen rounds, whereby every 5
rounds are chosen from 10 consecutive rounds.
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