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Abstract

We consider a Green Public Procurement setting where the procurer provides a bid discount

to environment-friendly technologies to foster their use. We assume that, before the auction,

firms may switch to green technology via a publicly observable costly investment. We show

that investment acts as a signaling device. This mitigates the effect of incomplete information

on firms’ costs, thereby triggering more competitive bidding, which results in lower prices for

the procurer. Therefore, even a procurer with no preference toward green technology can find

it optimal to use a discount. Our results challenge the common perception that Green Public

Procurement always implies a trade-off between environmental performance and purchasing

price.
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1 Introduction

In this paper, we challenge the common perception that a preferential procurement program for

green firms implies a trade-off between environmental performance and purchasing price. Unlike

other existing preferential programs, e.g., for domestic firms or small and medium-sized enter-

prises (SMEs), in green procurement, the eligibility to the preferential treatment is endogenous,

in the sense that all bidders can obtain it by investing in green technology. Using a theoretical

model where investment in green technology is observable, we find that preferential treatment of

environment-friendly firms in green public procurement may decrease rather than increase pro-

curement costs. The underlying mechanism is that investment by the most cost-efficient types
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acts as a signaling device that reduces informational asymmetry between firms and triggers more

competitive bidding.

Public procurement accounts for 12% of GDP in developed economies (OECD, 2019).1 Being the

largest buyers in several markets, governments, and other public authorities have the opportu-

nity to exploit their procurement decisions to pursue objectives beyond the best value for money.

Among these objectives, environmental protection and climate change mitigation enjoy particular

attention. By using procurement practices that value the environmental quality of bids in the

award of public contracts, so-called Green Public Procurement (GPP), public entities can reduce

the environmental impact of their economic activity. Using their sheer size, they can also leverage

public purchasing power to create demand and markets for environmentally-friendly products and

services, thereby incentivizing the production and consumption of green options. Existing environ-

mental policies struggle to generate these incentives in the short term.2 Such a potential market

pull role of GPP is especially relevant for sectors that both have a large environmental impact and

where public authorities command substantial shares of the market.3

Despite its potential as an environmental policy, GPP is overall moderately implemented so far

(UN, 2017; Chiappinelli and Zipperer, 2017). GPP is largely a voluntary instrument. In the

European Union, for example, a soft broad legal framework explicitly permits the use of GPP

without mandating it or setting binding targets, except for a few sectors.4 Therefore, the single

Member States, sub-national governments, and individual authorities are free to determine the

extent and mode of implementation. Beyond a few virtuous experiences in countries with high

levels of environmental commitment (e.g., Sweden, Netherlands, and the UK), the adoption rates

of GPP are generally low.5

Several survey studies highlight that a major barrier to broader implementation is the presumption

that the higher cost of green technologies inflates prices for the procurer (Geng and Doberstein,

2008; Varnäs et al., 2009; Brammer and Walker, 2011).6 The standard reasoning for the price-rising

effect of GPP is as follows. Green technology increases marginal costs of production. Suppliers

reflect this extra cost in their bids. To the extent that the GPP mechanism rewards environmen-

tal quality relative to price, the procurer may consequently face higher purchasing prices. This

argument relies on a static assessment of procurement policies that considers market structure as

fixed and where bidders are assumed to make a simultaneous choice of available technology and

price. However, the argument disregards that, by triggering investment in green technology, GPP

can change the relevant pool of suppliers, which might affect competition in procurement auctions

and, in turn, purchasing prices in a not-straightforward way.

Motivated by these considerations, this paper aims at providing a theoretical framework to assess

1This figure excludes procurement by state-owned enterprises.
2For example, the incentives provided through carbon pricing in emission trading systems have so far been

insufficient to trigger investment in clean production processes of materials or for material efficiency in construction
or manufacturing (Neuhoff et al., 2019).

3Defense, health, construction, and transportation are examples of sectors both responsible for large shares of
greenhouse gas (GHG) emissions and dominated by public buyers (see e.g., Wiedmann and Barrett (2011) and
Chiappinelli et al. (2019)).

4At the EU level procurement is regulated by Directives 2014/24/EU and 2014/25/EU. There are sector-specific
legal measures that require certain energy efficiency standards for office IT equipment (EU Regulation No 106/2008)
or road transport vehicles (EU Directive 2009/33/EC).

5See e.g., Kadefors et al. (2021) for a cross-country overview of best-practices in GPP of infrastructure works.
6Especially at the local level, where contracting authorities typically face tighter budget constraints, this can

be sufficient to deter implementation. See also Testa et al. (2012), Testa et al. (2016) and Rosell (2021) for other
empirical investigations of the determinants of and barriers to GPP adoption.
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the total effect of GPP on purchasing price and answer the following questions: Can GPP ever

reduce rather than increase the purchasing price? To what extent should a procurer implement

GPP? To answer these questions, we consider a dynamic game with the following characteristics.

Firms are ex-ante brown and have private information on their cost. The procurer announces a

GPP auction where green firms enjoy a bid discount. Before bidding, firms can undertake a publicly

observable costly investment to switch to green technology. Therefore, in our setting, higher costs

appear as a sunk-cost investment rather than higher marginal costs.7 Firms then participate in a

first-price sealed-bid reverse auction where green firms receive the bid discount.8

We find that investment triggered by the discount-based GPP mechanism acts as a signaling

device. In equilibrium, the most cost-efficient firms invest.9 Signaling efficiency through investment

reduces incomplete information on costs and increases competition between ex-post green firms,

which lowers the expected purchasing price. If the discount is not too large, this effect, which

we call the signaling effect, can dominate the price-increasing market-power effect of increasing

the dominance of green over brown firms in the auction. For higher levels of the discount, the

market-power effect dominates the signaling effect. Therefore, GPP does not necessarily imply a

trade-off between purchasing price and environmental performance.10 Consequently, we find that

even a procurer with weak, or even no, environmental preferences can be better off by choosing a

positive discount level to foster competition.

Insofar we model GPP as a procurement auction with preferential treatment (bid discount) for

green firms, we mostly contribute to the literature on preferential programs in procurement. This

literature extensively discusses the competition and price effects of these programs. McAfee and

McMillan (1989) study the competition effects of a preferential procurement program where do-

mestic firms are favored over foreign ones. They find that the optimal discount policy grants an

advantage to the more expensive bidder type: non-favored bidders bid more aggressively and com-

pensate for the positive effect on purchasing price due to favoritism, with the net effect depending

on cost asymmetries and the magnitude of the discount. Corns and Schotter (1999) provide ex-

perimental evidence supporting this. Krasnokutskaya and Seim (2011) consider a model of firms’

participation and bidding decisions in the presence of a bid discount in favor of SMEs. They ar-

gue that preferential programs also affect entry: non-favored firms might be deterred, which puts

additional upward pressure on the price. Hubbard and Paarsch (2009) also study a similar set-

ting with endogenous participation and find that, for some cost distributions, the price-increasing

preference and participation effects can be dominated by the price-decreasing competitive effect.

Hence, preferential policies can lead to cost savings for the government.11

7For example, a logistic service provider may replace its fleet equipped with internal combustion engines with
electric vehicles.

8The Dutch Infrastructure Authority (Rijkswaterstaat) adopted this approach for the procurement of low-carbon
infrastructure. The mechanism provides a bid discount proportional to GHG emission reduction relative to a baseline
(Kadefors et al., 2021).

9While we find a separating equilibrium, this is not necessarily the case for dynamic investment games. For
example, Aoki and Reitman (1992) consider an R&D game in which firms can invest in cost-reducing technology
before engaging in Cournot competition and find a partial pooling equilibrium.

10This effect is akin to results from the literature on bribe competition where the auctioneer favors the supplier
offering the highest bribe (Burguet et al., 2016). Lowest cost suppliers - the ones more able to bid lower - are
the ones in a better position to offer a larger bribe. The contract is awarded to the most efficient bidder, so that
corruption does not necessarily generate efficiency losses.

11Similarly, mixed evidence emerges from the analysis of preference programs in the form of set-asides rather
than bid discounts. On the one hand, set-asides can reduce competition by excluding incumbents (Athey et al.
(2013)). On the other hand, they can increase competition by inducing higher entry of targeted firms (Nakabayashi
(2013)). Jehiel and Lamy (2015) also consider the role of endogenous entry on optimal discrimination in auctions
with incumbents and entrants.
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Our contribution to this literature is that in our setting the eligibility for the advantage is endoge-

nous rather than exogenous, as brown firms can become green through investment. Our central

argument is that investment has a signaling effect as GPP triggers green investment by the most

cost-efficient bidders. This changes the relevant pool of suppliers, which affects competition in

procurement auctions and, in turn, purchasing price. GPP can, on the one hand, put upward

pressure on price, as green firms are given a competitive advantage and can inflate bids in the

auction, but, on the other hand, can also reduce the price, as most cost-efficient firms that invest

will bid more aggressively. We also show that this result is robust to an alternative implementation

of GPP in the form of a scoring auction rather than a bid-discount program.

Our paper, therefore, puts forward a positive argument favoring GPP. In this, we counteract the

relatively negative assessment provided by the so-far scarce theoretical economic literature on GPP.

Marron (1997) considers a quantity-based procurement policy (i.e., set-asides) in a full information

setting where the government buys through markets rather than competitive bidding and shows

that GPP is ineffective as an environmental policy due to a substitution effect between public

and private relative consumption of green and conventional goods. Lundberg et al. (2013) aims

at assessing GPP’s potential of achieving environmental objectives at the lowest cost to society.

They consider a setting with complete information where GPP is implemented in the form of

binding technical environmental requirements and where suppliers must adopt new technology to

fulfill them. They conclude that GPP is not cost-effective, as potential suppliers have different

marginal costs of adjusting their technology to the standard. These papers, therefore, suggest that

GPP does not live up to the expectations as an environmental policy and might perform worse

than other measures.12 Our contribution to this literature is to investigate the price effect of a

discount-based GPP mechanism in an auction theory setting with incomplete information.

The practical implication of our theoretical results is that even procurers with just a weak preference

for environmental quality should consider the adoption of a preferential program for green firms -

involving moderate degrees of preferential treatment - in contexts where the procurement timeline

allows for investment in quality to take place before the bidding stage, and to be observable. This

refers to a specific but relevant domain of procurement auctions and could apply to a number of

quality dimensions beyond environmental performance - which nonetheless stands out as a priority

one.

The rest of the paper is structured as follows. Section 2 presents the model. Section 3 provides the

equilibrium analysis and characterizes the solution for the procurer’s problem. Section 4 illustrates

the main results with numerical examples. Section 5 performs some robustness checks and discusses

the comparison with alternative GPP mechanisms. Last, Section 6 concludes the paper. Proofs

are relegated to the Appendix.

12Empirical papers reach more mixed conclusions. Simcoe and Toffel (2014) find that municipal policies in
California on the GPP of buildings triggered the adoption of a green building standard from the private sector.
Analyzing cleaning service data, Lundberg et al. (2015) find that green requirements only have a weak effect on the
participation decision and the aggregate number of bidders. Lindström et al. (2020) find that a Swedish organic
food procurement policy is associated with a significant positive impact on organic agricultural land.
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2 Model

We consider a setting where a procurer seeks to allocate an indivisible project to a supplier. The

contract can be awarded to one of n firms that enter a competitive auction, the rules of which we

describe below. Although we do not model the procured service or good explicitly, we focus on

markets in which bidders have sufficient time to undertake an investment after the announcement of

the auction but before submitting their bids.13 Therefore, we describe situations where undertaking

the investment is not prolonged or does not involve a large degree of uncertainty. In particular, we

exclude innovation procurement. In the following, we therefore model investment as the purchase

of a green certification or environmental standard, or a license for adopting a technology that is

already available in the market and can be acquired and implemented for a fixed charge or fee for

all bidders regardless of their operation.14

Firms have private information on their cost of implementing the contract. The cost type ci is

identically and independently drawn from a strictly positive compact support [c, c̄], c > 0, with

twice continuously differentiable log-concave cumulative density function F (ci), with derivative

f(ci), which we assume positive everywhere. Log-concavity implies that F (ci) meets the regularity

condition that 1−F (ci)
f(ci)

is monotonically decreasing (An, 1998). This is a weak standard assumption

implying that the winning bidder’s expected bid is increasing in their own cost (McAfee and

McMillan, 1989).15

Environmental technology is described by a firm-specific binary variable Ei ∈ {G,B}, which as-

sumes G if the technology is green or environment-friendly and B if it is brown or polluting at

the time of the auction. We assume that the technology type is initially brown for all firms and

the decision whether they invest or not in green technology is publicly observable.16 The players

participate in a dynamic game with the following stages.

t = 0 Firms learn their cost-types ci (private).

t = 1 The procurer announces to the firms the GPP auction and the extent of bid discount α ≥ 0.

t = 2 Firms may switch to green technology for a fixed cost T > 0 or remain brown for no additional

cost. The decisions are publicly observable.

t = 3 Firms participate in a first-price sealed-bid auction with preference given to green technol-

ogy.17 Each firm i submits a bid denoted by bi. Green firms receive a discount according to

parameter α. The winner of the auction is the one with the lowest score, where the score or

13This is plausible given the typically long timeline of procurement processes, due to both complexity and trans-
parency requirements. In the European Union, for example, the time span from the dispatch of an invitation to
tender to the award is of 108 days, on average across all procedures (EC, 2011).

14This latter interpretation is for example used in Laffont and Tirole (1996). See section 5.1 for a discussion.
15Log-concavity is satisfied by several distribution types that are frequently used in applied research, including

the (multivariate) normal, exponential, uniform, logistic, extreme value, Laplace, and Weibull distributions (Bagnoli
and Bergstrom, 2005).

16Although it is not legally mandated for not publicly traded companies to publicly disclose their investments,
firms have strong incentives to do so if this improves their environmental performance, as this has a value for
stakeholders.

17Our focus on a first-price sealed bid auction is reasonable in the context of public procurement, where the use
of this award mechanism has been fostered on the basis of transparency considerations. Another commonly used
mechanism is the scoring auction (Camboni et al., 2019)). While scoring auctions are being increasingly adopted,
the first price auction is still the most commonly used format in the European Union (EC, 2017). In section 5.2, we
discuss the comparison of our mechanism with scoring.
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“corrected bid” si is such that

si =

 bi
(1+α) , if Ei = G

bi, if Ei = B.
(1)

In this framework, α = 0 denotes a standard first-price auction with no discount, whereas α > 0

stands for preferential treatment of green firms. The winner is awarded her bid bi and pays the cost

of implementing the contract. Therefore, the winner’s payoff equals bi − ci whereas others receive

their outside option 0. That is, α influences the allocation of the good, but not the conditional

payoffs.

Players’ payoffs are as follows. Firm i’s profit equals

πi =



bi − ci, if i does not invest and wins,

bi − ci − T, if i invests and wins,

0, if i does not invest and loses,

−T, if i invests and loses.

(2)

As for the preferences of the procurer, we extend the standard setting of a cost-minimizing procurer

and allow him to also value environmental quality. We assume that the procurer has a generic two-

dimensional utility function over expected environmental quality e and expected price p, U(e, p),

where the expected environmental quality is the ex-ante probability of a green winning bidder. We

assume that the utility function U(e, p) is continuously differentiable with respect to p and that

the procurer has a strong preference for lower price: ∂U(e,p)
∂p < 0, while he has a weak preference

for a green winner: U(G, p) ≥ U(B, p) for all p ≥ 0. This modelling choice avoids restrictions of

the objective function while including the baseline cost-minimizing preferences.

Bidders as well as the procurer are risk-neutral and expected payoff-maximizing. As a tie-breaking

rule, firms indifferent between the two options in stage 2 invest. In the following, we focus on

pure-strategy weak perfect Bayesian equilibria.

3 Equilibrium Analysis

We proceed with the analysis in two steps. The first subsection characterizes the equilibrium of the

auction for a given discount parameter α. The second subsection addresses the procurer’s problem

of setting the discount level.

From the game structure, the subgame that follows the setting of the discount parameter α has

two stages, the investment stage and the bidding stage. Like Krasnokutskaya and Seim (2011), we

restrict attention to equilibrium bidding functions that are strictly increasing and differentiable in

cost, and in which a bidder that expects zero profit submits a bid equal to her cost.18

18The latter assumption is needed to exclude multiplicity of bidding equilibria.
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3.1 Equilibrium of the Auction Game

If α is set to zero, the setting is a symmetric first-price sealed-bid auction identical to the one

described by Myerson (1981). With n bidders, the unique bidding equilibrium is

b∗(ci, n) = ci +

∫ c̄

ci
[1− F (s)]n−1ds

[1− F (ci)]n−1
. (3)

Next, for α > 0, we characterize the following type of subgame: There is a cutoff value c∗ such

that bidders invest if and only if ci ≤ c∗ and all players in the bidding stage share this belief. After

characterizing the bidding stage, we show that this is the only subgame played in equilibrium if

there is any investing type.

If a cutoff-value exists and investment is observable, players update their beliefs about the condi-

tional cost distribution of their opponents based on the outcome of the investment stage. That is,

the cumulative distribution function of their cost-types becomes F̌ (ci) =
F (ci)−F (c)
F (c∗)−F (c) if they invest

and become green, as ci ≤ c∗ and F̂ (ci) = F (ci)−F (c∗)
F (c̄)−F (c∗) if they do not invest and stay brown, as

ci > c∗.

After the investment stage, we can distinguish the following subgames according to the number of

investing firms, which we denote by k: no firm invests (k = 0) i.e. all firms remain brown, only one

firm invests (k = 1) i.e. there is exactly one green firm ex-post, at least two firms invest (k ≥ 2)

i.e. there are at least two green firms ex-post.

We briefly characterize the solution for these bidding games. The bidding equilibria will be denoted

with b∗(ci, k, n).

Case 1: No firm invests (k = 0). If ci > c∗ for all i, the resulting auction stage is a symmetric

auction with a smaller type space according to distribution F̂ (ci) as all players have the same

interim type distribution conditionally on reaching that subgame. In this case the unique bidding

equilibrium is

b∗(ci, 0, n) = ci +

∫ c̄

ci
[1− F̂ (s)]n−1ds

[1− F̂ (ci)]n−1
. (4)

Case 2: Only one firm invests (k = 1). In this case, the auction is asymmetric and we prove that

the unique equilibrium of this bidding subgame is as follows:

b∗(ci, 1, n) =

ci, if Ei = B

c∗ · (1 + α), if Ei = G.
(5)

The non-investing types have zero probability of winning and, therefore, bid their cost, while the

investing type bids to ensure that it wins with certainty while taking into account that it enjoys

the discount. To prove that the one stated is the equilibrium, we note that F̂ (ci) and F̌ (ci) are

truncated distributions of F (ci), hence, log-concave as well (An, 1998). Therefore, the interim

distribution of the single investing bidder conditionally first-order stochastically dominates that of
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the opposing non-investing bidders and their virtual cost is increasing in their cost ci (Maskin and

Riley, 2000).19

Case 3: At least two firms invest (k ≥ 2). Similar to Case 2, brown firms have zero chance of win-

ning and bid their cost. The green firms enter the auction with symmetric type distribution F̌ (ci),

hence, they bid according to a symmetric bidding equilibrium. The unique bidding equilibrium in

this case is as follows:

b∗(ci, k, n) =

ci, if Ei = B

ci +

∫ c∗
ci

[1−F̌ (s)]k−1ds

[1−F̌ (ci)]k−1 , if Ei = G.
(6)

where k ≥ 2.

It is relevant to notice that disclosure of information through the investment decision can have a

very different impact on bidding behavior depending on whether it results in an ex-post symmetric

or asymmetric setting, which in turn depends on the number of investing firms. If only one firm

invests, an asymmetric subgame arises where a low-cost green firm strongly dominates over the

high-cost brown firms, so competition is soft. On the other hand, it is sufficient that two firms

invest to have a much more favorable outcome for competition: in this case, ex-post green firms

compete in a symmetric setting with a smaller type space, which reduces the room for cost-shading.

Next, we show that the more efficient types invest, i.e., there exists a unique cutoff value such

that a firm invests to become green if and only if its cost does not exceed that value. That is, the

subgames characterized above are reached in equilibrium.

Let us assume that there is a unique Bayesian equilibrium in the bidding stage in all subgames.

Consider a bidder i and denote all bidders other than i with −i. As the investment decision is

observable, it changes the distribution of opposing bids in the bidding stage as well as whether

i enjoys a discount. There are two different interim distributions of opposing equilibrium bids.

Let us define HEi
(s−i) as the distribution of the strongest opposing equilibrium score si after the

investment stage. Here, we consider discounted values so that HEi
(s−i) determines the chance of

winning. That is, for Ei = G,

sj =

(1 + α)bj , if j = B

bj , if j = G
(7)

while for Ei = B,

sj =

bj , if j = B

bj
1+α , if j = G

(8)

Bidder i compares the two expected payoffs from the two options of investing and not investing.

Let us define the conditional expected payoffs from the bidding stage in the two subgames with

investment and without investment as optima of the objective function of the following problem

19This ensures that the “strong” green player’s gain from bidding is large enough to be sure to outbid the “weak”
brown player.
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π(ci, HEi) = max
bi

(1−HEi(bi))(bi − ci) (9)

in which the right-hand side of the equation is the respective optimization problem. Therefore,

player i invests if and only if

π(ci, HG)− T ≥ π(ci, HB). (10)

A type such that ci ≤ c∗ needs to prefer investing over not investing so that condition (10) can be

explicitly written as,

n∑
k=2

(
n− 1

k − 1

)
F (c∗)k−1 · (1− F (c∗))n−k · (b∗(ci, k, n)− ci) · (1− F̌ (ci))

k−1+(
n− 1

0

)
F (c∗)0 · (1− F (c∗))n−1 · (b∗(ci, 1, n)− ci)− T ≥

(1− F (c∗))n−1 · (c∗ − ci) +

(
n− 1

1

)
F (c∗)1 · (1− F (c∗))n−1 · (c∗ − ci)+

n∑
k=2

(
n− 1

k

)
F (c∗)k−1 · (1− F (c∗))n−k−1(b0(ci, k, n)− ci) · [1−B(b)]k (11)

where the left-hand side is the expected payoff from investing - i.e., the weighted average of payoffs

from all the different subgames determined by the number of additional investing firms, minus the

investment cost. The right-hand side is the expected payoff from not investing - i.e., the weighted

average of payoffs from all the different subgames determined by the number of investing firms,

where b0(ci, k, n) = argmaxb[1−B(b)]k(b− ci) and B(·) is the cumulative distribution function of

bids of investing firms following (6). Notice that [1−B(b)]k > 0 if and only if ci < c∗/(1 + α).

On the other hand, for a type ci > c∗ investing must be less profitable than not investing:

(1− F (
b̃(ci, 1, n)

1 + α
))n−1 · (b̃(ci, 1, n)− ci)− T ≤

(1− F (ci))
n−1 · (b∗(ci, 0, n)− ci) (12)

where b̃(ci, 1, n) = argmaxb[1 − F (b/(1 + α))]n−1(b − ci) is the optimal bid if this bidder is the

only one investing - which is the only case where it has a positive chance of winning.

Proposition 1. For sufficiently low T (T ≤ T ∗(α, n)) or sufficiently large α (α ≥ α̂(n, T )), there

exists a type ci ≥ c that undertakes the investment in stage 1. In that case, there exists an unique

critical value c∗(α, n, T ) such that a brown firm of type ci finds it optimal to invest in period 2 if

and only ci ≤ c∗(α, n, T ).

Hence, this game has an equilibrium in which efficient firms with low costs invest in green technol-

ogy. This decision is fully described by a cutoff value c∗(α, n, T ). For the sake of understanding the
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role of the discount parameter, we must analyze how α affects the critical value, hence, investment

level.

Intuitively, firms have stronger incentives to invest if they expect a larger discount in the auction

stage. Based on Proposition 1, if there is any investment, efficient firms invest. Based on the

incentive compatibility constraint (10), the driving force behind this is that the discount increases

the chance of winning as investing firms can submit higher bids with the same chance of winning.

Next, we show that a higher discount α indeed increases incentives to invest i.e. attracts less

efficient brown firms to invest. Given T ≤ T ∗(α, n) (or α ≥ α̂(n, T )), the focus is on interesting

settings in which a separating equilibrium emerges, hence, at least some types invest.

Proposition 2. The share of investing brown firms is increasing in the discount parameter and

decreasing in the costs of investment: ∂c∗(α,n,T )
∂α > 0 and ∂c∗(α,n,T )

∂T < 0.

Here, the critical type c∗(α, n, T ) is implicitly defined by the indifference condition between un-

dertaking and abstaining from investment:

(
α · c∗(α, n, T )−

∫ c̄

c∗(α,n,T )

(1− F̂ (s))n−1ds
)
· (1− F (c∗(α, n, T )))n−1 − T = 0 (13)

A straightforward interpretation of Proposition 2 is that a higher discount parameter always at-

tracts more green investment, while a higher investment cost will reduce it. A procurer that

(weakly) prefers a green winner is better off with more green investment but it is unclear if that

results in higher purchasing prices. As we argue in the introduction, common wisdom suggests

a trade-off between fostering investment and prices. We scrutinize this notion in the following

section.

3.2 Optimal Discount Choice

The procurer’s problem is to choose a value of the discount parameter α ≥ 0 to maximize the

objective function

max
α

E[U(e(α, n, T ), p(α, n, T )]. (14)

Lemma 1. The total effect of the discount parameter on expected price p(α, n, T ) can be decomposed

as follows

dp(α, n, T )

dα
=

∂p(α, n, T )

∂c∗(α, n, T )
· dc

∗(α, n, T )

dα
+

∂p(α, n, T )

∂α
. (15)

1. a direct market-power effect ∂p(α,n,T )
∂α

2. an indirect signaling effect ∂p(α,n,T )
∂c∗(α,n,T ) ·

dc∗(α,n,T )
dα

if c∗(α, n, T ) exists, i.e. α is sufficiently high (α ≥ α̂(n, T )).

Lemma 1 shows that α has both a direct and an indirect effect on price. The direct effect - i.e.,

the market-power effect - is the effect the discount has in the auction by giving an advantage to

investing over non-investing firms. The indirect effect - i.e., the signalling effect - is the effect of α
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via investment and is made of two components: the effect of the discount on the investment thresh-

old (dc
∗(α,n,T )

dα ), and the effect that in turn investment has on bidders strategies via information

disclosure ( ∂p(α,n,T )
∂c∗(α,n,T ) ).

In the following, we show that the market power effect is non-negative whereas the signaling effect’s

sign is ambiguous.

Lemma 2. The market power effect is non-negative, ∂p(α,n,T )
∂α ≥ 0 and zero if and only if α ≤

α̂(n, T ).

Not surprisingly, a larger discount increases the extent to which the investing firm can inflate the

bid, which increases the price for the procurer.

Given Lemma 2, and as the sign of the term dc∗(α,n,T )
dα is positive by Proposition 2, we can also

state:

Corollary 1. If c∗(α, n, T ) = c, the sign of the total effect of the discount parameter α on the

expected price p(α, n, T ) is identical to the sign of the signaling effect.

Next, we assess the sign of the signaling effect at c∗(α, n, T ) = c, that is when α = α̂(n, T ).

Lemma 3. The signaling effect ∂p(α,n,T )
∂c∗(α,n,T ) is negative at c∗(α, n, T ) = c for n sufficiently low and

positive for n sufficiently high.

Lemma 3 points out two things. Either for sufficiently high number of firms n or investment cost

T , the signaling effect, and, therefore, the total effect, is positive at c∗(α, n, T ) = c. Nevertheless,

for sufficiently low values, the effect can be negative.

Next, we demonstrate what happens if α is large.

Lemma 4. A very high discount results in a higher price than no discount:

lim
α→∞

p(c∗(α, n, T ), n, T ) = n · T + n(n− 1)

∫ c̄

s=c

sf(s)F (s)(1− F (s))n−2ds (16)

It is interesting to note that in the limit the procurer pays a price premium equal to the total cost of

investment relative to the case α = 0, where the expected price equals n(n− 1)
∫ c̄

s=c
sf(s)F (s)(1−

F (s))n−2ds. This reflects the event - which happens at the limit with a very small probability -

that an investing bidder acts as a monopolist and charges a very high price, i.e., delegates the total

cost of investment to the procurer. The reason behind this is that high α eliminates the signaling

effect on price. As α increases, c∗(α, n, T ) converges to c̄ and there is very little to learn about

the competitors after the investment stage. On the other hand, the positive effect of the discount

on price persists. Therefore, it is worth noticing that while a very large discount would result in

the same allocation and investment level as imposing mandatory investment (e.g., via technical

requirements) the discount-based mechanism would result in a higher price. Notice, however, that

this result is conditional on assuming fixed entry.

In the following proposition, we state what the results of this section imply for the optimal choice

of the procurer.

Proposition 3. Provided the cost of investment T and the number of firms n are sufficiently low,

11



choosing α = 0 is never optimal as

U(e(α̂(n, T ) + ε, n, T ), p(α̂(n, T ) + ε, n, T )) > U(e(α, n, T ), p(α, n, T ))

if 0 ≤ α ≤ α̂(n, T ) and ε is an arbitrary small value.

Note that e(·) is increasing in α, which simply follows from Proposition 2, as the chance of invest-

ment for any firm is F (c∗(α, n, T )).

What is evident from the above results is that the discount parameter has different effects on

price. First, given the market structure, in the bidding game it increases the dominance of green

over brown firms. This is the common-wisdom market power effect : by increasing the market

power of green firms, GPP increases the price paid by the procurer. However, the discount has an

additional indirect effect insofar it also changes the market structure. A larger discount increases

the investment threshold by facilitating investment. This, in turn, can reduce the price for the

procurer. This is so because the threshold segments the market and allows competition between

more similar types, thus reducing room for bid-shading (the signaling effect). The price-decreasing

signaling effect can compensate for the price-increasing market power effect if the discount is not

too large. As a result, even a procurer with no or weak preference for environmental performance

can find it optimal to set positive values of the discount.

While GPP results in lower prices only for low enough values of the discount, environmental quality

is always increasing in the discount. This implies that when the discount is large enough the price

increases but the overall utility of the procurer does not necessarily decrease, as the utility loss

due to higher price can be more than compensated by the utility gain due to larger environmental

quality. A deep investigation of these effects is beyond the scope of the paper, the main objective

of which is to identify the sign of the price effect of the discount.

4 Examples

The previous section shows some ambiguity regarding the total effect of the discount parameter α

on the expected price. In this section we confirm with examples our main results. Consider bidders

whose cost type is drawn independently from a uniform distribution with closed support [0, 1]. They

face investment cost T if they choose a green technology. Figure 1 depicts the expected equilibrium

price p(α, n, T ) as a function of c∗(α, n, T ). Since the latter is a monotonic function of the discount

α, the figure can be interpreted as a proxy of the behavior of the price as a function of the discount.

There are four graphs with the following parameter configurations: 1.(a) has n = 2, T = 0.001, (b)

has n = 2, T = 0.12, (c) has n = 10, T = 0.001, and (d) has n = 10, T = 0.12.20

The examples highlight the main results of the previous section. First, a low discount parameter

α is not optimal for sufficiently low n and T . For all examples except for the case in Figure 1.(d),

there is always a range of values of c∗(α, n, T ) and, therefore, of α where the slope of the expected

price is negative; i.e., the total effect is negative, so that the procurer is better off increasing the

level of the discount. In particular, the slope of the expected price is negative at c∗(α, n, T ) = c

that is at α = α̂(n, T ). Thus, it is confirmed that α = 0 is not optimal. Second, for a very high

discount, the procurer pays a high price premium, so that high discounts are not optimal.

20The graphs were created in Wolfram Mathematica. The codes are available on request.
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Figure 1. Expected price as a function of c∗(α, n, T ). In all examples, cost types are drawn from
a uniform distribution with support [0, 1].

5 Discussion

In this section, we implement some robustness checks on our analysis as well as discuss the com-

parison of our discount-based mechanism with other GPP mechanisms adopted in practice.

5.1 Robustness

Our results do not serve as a general argument in favor of GPP. The overall incentive effect of a

discount depends on several factors that are relevant in an actual dynamic procurement market.

In the following, we discuss a number of these.

First, while we assumed that the investment cost T is independent from the cost of implementing

the contract ci, these are, in practice, likely correlated. For example, the investment to switch from

a combustion-engine transport fleet to an electric one will also change the cost of providing the

transportation service, as the cost of operating the two types of fleet will typically differ. However,

the sign of this correlation is not straightforward (e.g., conventional engines might be cheaper but

electric ones have a longer life cycle). Adding such complexity to the model is beyond the scope

of the analysis.

In addition, while we interpreted investment in green technology as the purchase of a certification

or a license for an existing technology, and assumed that the investment cost T is fixed, switching

to green technology often requires a more substantial restructuring of a firm’s production processes.

In a competitive market, this may lead to heterogeneity in the adaptation costs. There are few

studies on this and it is generally thought that firm size has a non-linear effect on adaptation costs
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(Camacho, 1991), making modeling difficult.

Note that we focus on a market with no ex-ante presence of green technology. This assumption

approximates well the current status of the relevant pool of suppliers bidding for public contracts,

a predominantly non-green market. However, it might be less so in a dynamic perspective where

the share of green suppliers increases. The benefit of the discount in terms of creating incentives

for investment might be lower in a setting where there are already green bidders.

Furthermore, we consider the environmental type of the firm to be binary. It remains an open ques-

tion how, in a more realistic scenario with a continuous environmental type, a discount parameter

changes incentives and which types of firms will be more inclined to improve their environmental

performance.21

5.2 Comparison with other GPP mechanisms

While our setting considers a first-price auction with bid discount, alternative mechanisms are

employed in practice for GPP implementation. These primarily include technical requirements,

where all bidders must comply with minimum environmental standards while bidding competition

is based on price only, and scoring auctions (Asker and Cantillon, 2008, 2010), where an explicit

weight is given to environmental quality relative to price. Finding an optimal mechanism requires

a range of assumptions, but the model allows for a comparison of the discount-based GPP with

these alternative methods.

5.2.1 Bid discount vs technical requirements

Our analysis reveals that a very large discount would result in the same allocation and investment

level of making investment mandatory (i.e., requiring an environmental standard) but at a higher

cost. This is the case as for high discounts, the price-decreasing signaling effect is strongly domi-

nated by the price-increasing market power effect, such that total investment costs are delegated to

the procurer. However, notice that we abstract from entry effects. In presence of costly technical

requirements that increase the compliance cost for bidders, entry in the procurement auction might

be discouraged, which might soften competition and increase price more than in a discount-based

mechanism.

5.2.2 Bid discount vs scoring

As the procurer’s objective function is two-dimensional and providing quality is costly, it is a natural

question to ask whether a scoring auction provides a higher payoff to the procurer. Asker and

Cantillon (2010) approach the problem by assuming that quality is chosen from qi ∈ [0,+∞). They

derive the optimal auction mechanism in which price pi and quality qi are chosen simultaneously

by the bidders. Here, the winning bidder’s profit is pi − ci − di · qi where di is the privately known

marginal cost of quality. In our model, the payoff function is a special case of this as we have

di = T and qi ∈ {0, 1}. There are two key differences, both related to the fact that in our model

quality is not a product characteristic, but an investment. First, the cost of providing quality is

21For example, different green technologies have different potentials to reduce emissions relative to a given con-
ventional technology benchmark (Bataille et al., 2018; Chiappinelli et al., 2021).
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also borne by the losing bidders. Second, the game is dynamic so that the quality is observable in

the bidding stage. In this respect, the two mechanisms are not comparable.

Nevertheless, it is natural to ask how a discount-based GPP compares to the widely used scoring

mechanism. Consider that the observability of investment is a technical feature of the market that

is determined mainly by the size of investment and the time necessary to implement it.

Consider a scoring auction in which the bidder with the lowest score wins. The score is bi − β for

investing and bi for non-investing firms. The timing of the game is identical to our model; hence,

at the time of submitting their bid, players know all investment decisions. Note that both the cost

and the quality score are binary. It is easy to see that the equilibrium will have a similar form to

that of a discount-based mechanism: For any n, β, T , there exists a critical value c∗(n, β, T ) such

that investment occurs in equilibrium if and only if ci ≤ c∗(n, β, T ). The proof is analogous to

that of Proposition 1. Analogously to (13), the critical type is indifferent between investing and

not investing:

(β −
∫ c̄

c∗(β,n,T )

(1− F̂ (s))n−1ds)(1− F (c∗(n, β, T )))n−1 − T = 0. (17)

The interesting finding from this is that under the assumption that the investment stage is observ-

able, the scoring mechanism and discount-based mechanism are isomorphic. To see this, consider

β = α · c∗(n, α, T ). In that case, c∗(n, β, T ) = c∗(n, α, T ) satisfies the equation, which means there

is a one-to-one correspondence between α and β. Moreover, this results in the same expected

payoff to the procurer as the discount-based mechanism. Revisiting the three different kinds of

subgames we discuss in Subsection 3.1 it is possible to note the following: If there are no or at least

two investing firms, the setting is symmetric and the discount plays no role. If there is exactly

one investing firm, this will submit a bid equal to c∗(n, β, T ) + β = (1 + α) · c∗(n, α, T ), which is

identical to the bid submitted in the same subgame of discount-based GPP (Case 2).

What follows from this is that our main results are preserved by modeling GPP as a standard

scoring auction, indicating that our findings are mostly driven by the dynamic nature of the game

and consequent information disclosure rather than the specific mechanism adopted at the bidding

stage.

6 Conclusion

In this paper, we challenge the perception that procurers face a trade-off between price and the

environmental performance of the purchased good or service. In doing so, we consider a theoretical

framework of Green Public Procurement (GPP) in which the procurer gives a bid discount to

environment-friendly (green) bidders.

In our setting, bidders participate in a standard first-price sealed-bid auction with identically and

independently drawn cost types. Our model assumes that bidders are ex-ante not environment-

friendly (brown) but can undertake a costly and publicly observable investment and become green

before the auction. We find that firms with lower costs invest, which acts as a signaling device.

Information disclosure allows competition between similar types, inducing them to bid more ag-

gressively, which puts downward pressure on price (the signaling effect). This can outweigh the

price-increasing effect of giving an advantage to green firms in the auction, which allows investing
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types to inflate the bid (the market power effect). We conclude that even a procurer with no

preference toward green technology will introduce a strictly positive discount at the optimum.

Therefore, inducing environmental performance via GPP does not necessarily come at the cost of

a higher purchasing price. Hence, even public buyers with a weak preference for environmental

protection should consider its implementation. This consideration might be especially relevant for

adoption at the local level, where contracting authorities typically face tighter budget constraints

and implement a large share of public procurement.

While GPP needs to be complemented by other environmental policies to create a sufficient scale

of incentives for suppliers to invest in environment-friendly options, it can play a crucial role in

the short-term as broader policies need consensus to be adopted and time to become effective

(Neuhoff et al. (2019)). It provides a flexible and tangible instrument for governments to reduce

their environmental impact and create lead markets for green options, which can also signal their

commitment to broader policies. Therefore, supporting the implementation of GPP is crucial and

a robust economic assessment of barriers and drivers for implementation is necessary. This paper

takes a step in this direction and suggests that financial constraints might be less relevant as a

barrier than what is commonly believed.

A final consideration is that the model is not specific to the subject of green technology in the

sense that the same model could be applied to any quality dimension included in procurement

that requires a costly publicly observable investment from firms. Nevertheless, current public

procurement regulations and practices only have a limited number of clearly defined objectives.

Environmental performance stands out in its role both as a priority quality dimension and as an

investment-induced factor. Therefore, green procurement seems to be well justified as the main

application of our model.

The primary focus of this paper is the assessment of the investment and the price effects of a

preferential GPP program. Follow-up research may extend the analysis in the direction of a more

detailed modelization of the environmental preferences of the procurer. Furthermore, analyzing the

dynamic effects of GPP may be valuable to derive implications for markets with a larger diffusion

of environmentally friendly technologies.
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Appendix

Proof of Proposition 1. We prove that there exists a unique cutoff value by showing that the de-

cision problem in (10) satisfies the single-crossing property (Milgrom and Shannon, 1994): Lower

(more efficient) types have more to gain from investment compared to the no-investment case. In

other words, the benefit of investment π(ci, HG)− π(ci, HB) is decreasing in ci.

Let us consider two types ci and c′i such that ci ≤ c′i.

π(ci, HG)− π(ci, HB) ≥ π(c′i, HG)− π(c′i, HB) (18)

where the investment cost T cancels out on both sides. Inequality (18) is satisfied if π(·) is convex
(Simchi-Levi et al., 2005). The second-stage objective functions in (9) are concave in bi; hence,

their upper contour set is convex. That is, π(ci, HG) and π(ci, HB) are convex.22

If a critical value c∗(α, n, T ) exists, the game proceeds as follows in equilibrium. In period 2, a

firm invest if and only if ci ≤ c∗(α, n, T ). In period 3, players face one of different subgames

depending on how many firms have invested. As period 2 decisions are observable, bidders update

their beliefs to a truncated type distribution of the cost type of an opposing bidder depending on

the investment decision.

In the bidding stage, there can be two kinds of bidders, non-investing firms with ci > c∗(α, n, T )

and investing firms that turn green with ci ≤ c∗(α, n, T ).

We show that a critical value c∗(α, n, T ) can exist only if T is sufficiently low or α is sufficiently

high, otherwise, no investment is undertaken by any type. That is, for any game parameters n, α,

there is a pooling equilibrium without investment if T is large. Analogously, for any n, T , there is

a pooling equilibrium without investment if α is low. In this case, investment is off the equilibrium

path. We narrow our focus on the system of beliefs in which other bidders believe that an investing

firm’s type is c with certainty. Given the single crossing property, it is sufficient to inspect the

most efficient type, i.e., ci = c. There is no investing firm if and only if this type is worse off

from investing. The proof is as follows. Firm i wins with certainty irrespective of the investment

decision. The critical T ∗ satisfies that type i is indifferent between investing or not as follows

(1 + α)b∗(c, 1, n)− c− T = b∗(c, 0, n)− c (19)

that is

T ∗(α, n) = α · b∗(c, 1, n)− b∗(c, 0, n). (20)

An equivalent threshold on α, α̂(n, T ) can be derived. Therefore c∗(α̂(·), n, T ) = c∗(α, n, T ∗(·)) =
c.

22Intuitively, the case where a less efficient type invests while a more efficient one does not cannot occur in equi-
librium, as given monotonicity the more efficient type has a larger probability of winning conditional on investment
and, therefore, can profitably deviate.

20



Proof of Proposition 2. We implicitly determine the threshold cost type c∗(α, n, T ) that is indiffer-

ent between investing and not investing. In order to do so, we solve the maximization problem of

that type in both subgames. Second, we use these solutions to characterize the indifference condi-

tion and apply the implicit function theorem to determine the comparative statics of the threshold

relative to the discount and the investment cost, i.e. the signs of ∂c∗(α,n,T )
∂α and ∂c∗(α,n,T )

∂T .

Consider the expected payoff for type c∗(α, n, T ) after undertaking and abstaining from investment.

An investing firm with c∗(α, n, T ) wins with certainty if and only if it is the only investing firm.

In that case, from (5) we have that its equilibrium bid is b∗(c∗(α, n, T ), 1, n) = c∗(α, n, T ) · (1+α)

and the payoff α · c∗(α, n, T ).

That i has the lowest cost c∗(α, n, T ) happens with probability (1− F (c∗(α, n, T )))n−1. Again, if

the firm does not invest, it only wins if the other firms also do not invest, so the chance of winning

is identical. Conditionally on not investing, there is a symmetric first-price auction in which the

critical type bids according to (4):

b(c∗(α, n, T ), 0, n) = c∗(α, n, T ) +

∫ c̄

c∗(α,n,T )
(1− F̂ (s))n−1ds

(1− F̂ (c∗(α, n, T )))n−1

= c∗(α, n, T ) +

∫ c̄

c∗(α,n,T )

(1− F̂ (s))n−1ds. (21)

From this, as the critical type is indifferent between undertaking and abstaining from investment:

(
α · c∗(α, n, T )−

∫ c̄

c∗(α,n,T )

(1− F̂ (s))n−1ds
)
· (1− F (c∗(α, n, T )))n−1 − T = 0 (22)

which implicitly defines the critical value c∗(α, n, T ). From (22), using the implicit function theo-

rem, we get

∂c∗(α, n, T )

∂α
= −

∂LHS
∂α

∂LHS
∂c∗(α,n,T )

= −c∗(α, n, T )
∂LHS

∂c∗(α,n,T )

> 0. (23)

where LHS is the left hand side of (22) which is positive as the denominator is negative due to the

single crossing property. It is straightforward to check that

∂c∗(α, n, T )

∂T
= −

∂LHS
∂T

∂LHS
∂c∗(α,n,T )

= − −1
∂LHS

∂c∗(α,n,T )

< 0. (24)

Proof of Lemma 2. The expected winning bid p(α, n, T ) can be rewritten as the weighted sum of

expected winning bids in the different subgames determined by the number of investing brown

firms. As we learn above, there are three distinct subcases. If there are at least two investing

firms (k ≥ 2), competition is between ex-post green firms with symmetric interim beliefs on type

distribution. If there is only one investing firm (k = 1), that firm wins with certainty. If none

of them invests (k = 0), brown firms compete again with symmetric interim beliefs on type
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distribution. That is (dropping the arguments of c∗ to lighten the notation),

p(α, n, T ) =

n∑
k=2

(
n

k

)
F (c∗)k · (1− F (c∗))n−k ·

∫ c∗

s=c

sk(k − 1)f(s)F (s)(1− F (s))k−2ds+(
n

1

)
F (c∗) · (1− F (c∗))n−1c∗(1 + α) +

(
n

0

)
F (c∗)0 · (1− F (c∗))n ·

∫ c̄

s=c∗
sn(n− 1)f(s)F (s)(1− F (s))n−2ds

(25)

which can be rewritten as

p(α, n, T ) =

n∑
k=2

(
n

k

)
F (c∗)k · (1− F (c∗))n−k · k(k − 1)

∫ c∗

s=c

sf(s)F (s)(1− F (s))k−2ds+

nF (c∗) · (1− F (c∗))n−1c∗(1 + α) + (1− F (c∗))n · n(n− 1)

∫ c̄

s=c∗
sf(s)F (s)(1− F (s))n−2ds (26)

By taking the relevant derivative of (26) it is straightforward that

∂p(α, n, T )

∂α
= nF (c∗) · (1− F (c∗))n−1c∗ ≥ 0 (27)

with ∂p(α,n,T )
∂α = 0 when c∗ = c.

Proof of Lemma 3. Using (13), we can express α as a function of c∗, which allows to rewrite (26)

as follows

p(c∗, n, T ) =

n∑
k=2

(
n

k

)
F (c∗)k · (1− F (c∗))n−k · k(k − 1)

∫ c∗

s=c

sf(s)F (s)(1− F (s))k−2ds+

nF (c∗) · (1− F (c∗))n−1c∗(1 +

T
(1−F (c∗))n−1 +

∫ c̄

c∗
(1− F̂ (s))n−1ds

c∗
)+

(1− F (c∗))n · n(n− 1)

∫ c̄

s=c∗
sf(s)F (s)(1− F (s))n−2ds (28)

Taking the relevant derivative of (28),

∂p(c∗, n, T )

∂c∗
=

n∑
k=2

(
n

k

)
k(k − 1)F (c∗)k−1f(c∗)(1− F (c∗))n−k−1·

[(k − F (c∗)n)

∫ c∗

s=c

sf(s)F (s)(1− F (s))k−2ds+ F (c∗)2(1− F (c∗))k−1c∗]+

n · f(c∗) · (1− F (c∗))n−2[1− F (c∗)n] · [c∗ + T

(1− F (c∗))n−1
+

∫ c̄

c∗
(1− F̂ (s))n−1ds]+

nF (c∗) · (1− F (c∗))n−1[1 +
T · (n− 1)(1− F (c∗))n−2f(c∗)

(1− F (c∗))n−1
− (1− F̂ (c∗))n−1]+

n(n− 1)f(c∗)(1− F (c∗))n−1·

[−n

∫ c̄

s=c∗
sf(s)F (s)(1− F (s))n−2ds− c∗F (c∗)(1− F (c∗))n−1] (29)
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Evaluating (29) at c∗ = c, we get

n · f(c) · [c+ T +

∫ c̄

c

(1− F (s))n−1ds− n(n− 1)

∫ c̄

c

sf(s)F (s)(1− F (s))n−2ds] (30)

Using that

T ∗(α, n) = α · b∗(c, k, n) = α · [c+
∫ c̄

c

[1− F (s)]n−1ds],

we know the maximum value that (30) can take is

n · f(c) · [(1 + α)(c+

∫ c̄

c

(1− F (s))n−1ds)− n(n− 1)

∫ c̄

c

sf(s)F (s)(1− F (s))n−2ds]. (31)

We show that

n · f(c) · [c+
∫ c̄

c

(1− F (s))n−1ds− n(n− 1)

∫ c̄

c

sf(s)F (s)(1− F (s))n−2ds] < 0 ⇐⇒

c+

∫ c̄

c

(1− F (s))n−1ds− n(n− 1)

∫ c̄

c

sf(s)F (s)(1− F (s))n−2ds < 0 (32)

Evaluating (32) at n = 2:

c+

∫ c̄

c

(1− F (s))ds− 2

∫ c̄

c

sf(s)F (s)ds < 0 ⇐⇒

c̄ <

∫ c̄

c

F (s) + 2sf(s)F (s)ds =

∫ c̄

c

F (s)[1 + 2sf(s)]ds (33)

Using integration by part, this is equivalent to

c+

∫ c̄

c

F (s)ds+ 2([
1

2
s · F (s)2]c̄c −

∫ c̄

c

1

2
F (c)2ds) = c̄+

∫ c̄

c

F (s)− F (s)2ds > c̄ (34)

which holds. Note that

lim
n→∞

[c+

∫ c̄

c

(1− F (s))n−1ds− n(n− 1)

∫ c̄

c

sf(s)F (s)(1− F (s))n−2ds] =

c+ lim
n→∞

∫ c̄

c

(1− F (s))n−1ds− n(n− 1)

∫ c̄

c

sf(s)F (s)(1− F (s))n−2ds = c > 0 (35)

Proof of Lemma 4. First, we show that

lim
α→∞

c∗(α, n, T ) = c̄ (36)

We prove this by contradiction. As c∗ is increasing in α and bounded from above, it is convergent.

Assume that the RHS of this equation is instead equal to c̃ < c̄. Using (13), we have that
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lim
α→∞

(
α · c∗(α, n, T )−

∫ c̄

c∗(α,n,T )

(1− F̂ (s))n−1ds
)
· (1− F (c∗(α, n, T )))n−1 − T =

lim
α→∞

α · c̃ · (1− F (c̃))n−1 − T > 0 (37)

as both c̃ and (1− F (c̃))n−1 are positive and finite, which is a contradiction.

Consider again the expression in (28) where α is expressed as a function of c∗,

p(c∗, n, T ) =

n∑
k=2

(
n

k

)
F (c∗)k · (1− F (c∗))n−k · k(k − 1)

∫ c∗

s=c

sf(s)F (s)(1− F (s))k−2ds+

nF (c∗) · (1− F (c∗))n−1c∗(1 +

T
(1−F (c∗))n−1 +

∫ c̄

c∗
(1− F̂ (s))n−1ds

c∗
)+

(1− F (c∗))n · n(n− 1)

∫ c̄

s=c∗
sf(s)F (s)(1− F (s))n−2ds (38)

Taking the relevant limit gives the result in (16).
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