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Abstract 
Many climate solutions including carbon dioxide removal (CDR) technologies require investments 
in capital intensive technologies that require large capacity investments and exhibit modest unit 
costs. Governments seeking to achieve net zero goals may invest directly in CDR to procure 
negative emissions credits to offset emissions in hard-to-abate sectors such as agriculture. In a 
procurement auction for a declining cost industry, the optimal allocation will generally require all 
winning bidders operating at full capacity. Because of the lumpy nature of investments, this may 
not fit within the government’s budget, leaving one or more winning bidders at the margin, 
operating at less than full capacity, and consequently with higher average costs. Protection can be 
provided to the marginal bidder by letting bids specify a range of acceptable quantities up to full 
capacity. The auction can be executed with sealed bids (specifying prices with associated 
minimum quantities) or by having the proposed bid price be lowered sequentially in a “clock 
auction” with quantity intervals specified by bidders at the current clock price. We consider the 
performance of sealed bid and clock auctions, in the presence of 1) a fixed government 
procurement budget, 2) “common value” uncertainty about the true per-unit production cost, and 
3) the presence of a large, fixed cost. Laboratory experiment simulations with financially 
motivated human subjects are valuable for testing and developing auction designs that have never 
been used before, without relying on theoretical properties that depend on strong assumptions of 
perfect cost information and “truthful bidding.” Preliminary experiment results indicate that 
winner’s curse effects (bidder losses) are infrequent in both auction formats (clock and sealed bid), 
but the clock tends to restrict bidder profits in a manner that reduces the average cost for the buyer 
of the “units” representing CDR.  Our experiments are informed by the projected use of auctions 
by the government of Sweden to procure carbon capture and sequestration from its domestic wood 
products and energy industry.  
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Introduction 
 

Pledges to achieve climate goals by jurisdictions and corporations describe a net zero 

outcome where greenhouse gas emissions fall substantially but typically remain at 10-15 percent 

of 2005 levels by 2050. Many of the residual emissions will be associated with the industrial sector, 

where process changes and other technologies that can reduce emissions are unable to practically 

achieve absolute zero emissions (Lamb et al. 2021; Rissman et al. 2020). To halt greenhouse gas 

accumulation, these remaining emissions must be balanced by carbon dioxide removal (CDR) 

achieved through managed natural processes (e.g., forests, enhanced rock weathering, ocean 

uptake), or mechanical means (e.g., carbon capture coupled with utilization or geologic 

sequestration).1 Global modeling exercises suggest substantial gains from implementing a variety 

of approaches (Fuhrman et al., 2020, 2023). Nations and other actors wishing to meet climate 

pledges are looking to industrial scale projects using direct air capture (DAC) and carbon capture 

and storage at bioenergy facilities (bioenergy with carbon capture and storage, or Bio-CCS) as 

approaches to achieve negative emissions.2 For bioenergy, if the life cycle emissions of biofuels 

are small, then the capture and storage of carbon that is released during their combustion results in 

net-negative emissions while providing useful energy at an industrial scale.  

This paper will use laboratory simulations to generate insights about effective auction 

procedures for procurement of carbon reduction credits. In the early stages of the development of 

the new CDR industry, government efforts to procure CDR will have a dual goal of inducing early 

investments in a risky new technology but also purchasing CO2 sequestration at the lowest feasible 

subsidy price, which helps the government meet its international obligations for emission 

reductions, but where the procurement agency is not able to observe ex ante the cost function of 

the competing firms and, in particular, the risk of non-performance should a firm’s costs be higher 

than anticipated. Given the risky nature of investment in novel production technologies, low per 

unit subsidies may be associated with the higher risk that winning bidders in an auction will face 

 
1 Carbon dioxide removal is often referred to as “negative emissions.” We will use these terms interchangeably. 
2 The label Bio-CCS may also be used to include biomass carbon removal and storage (BiCRS) without its use for 
combustion as an energy source. 
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losses (the “winner’s curse”) and decide ex post to accept penalties for non-performance. For this 

reason, a procurement strategy needs to balance the short-run, per-unit cost of sequestration against 

the likelihood of default should costs be too high to support production at the winning procurement 

price. 

The ability to achieve internationally agreed climate targets will depend critically on early 

investments in this new industrial infrastructure so that CDR can contribute meaningfully to mid-

century decarbonization goals (Nemet et al., 2023). While the individual elements of the 

industrial-scale production of net-negative emissions are proven technologies, their coordination 

and application at a commercial scale remains a monumental task with substantial investment risk 

regarding cost and performance (Lackner & Azarabadi, 2021). Achieving sufficiently rapid 

scaling of these new, risky technologies will require government incentive payments including 

investment and production subsidies and risk sharing in some form.  

At least in the near term, the technologies for capturing and sequestering carbon are likely 

to be highly capital intensive and hence to exhibit increasing returns (concave costs) in 

concentrated, capital-intensive industries. In industries with concave costs, aggregate production 

costs are minimized with a few large firms operating at high capacity levels and with product 

prices above marginal cost to remain profitable (Arthur, 1994). The large, risky investments 

required give first-movers a leg up in capturing supply chains and realizing network economies in 

system operations, contracting, and access to markets. Technological learning, which is essential 

for the success of the CDR industry, may, at least in the short run, offer an additional advantage 

that amplifies with scale, creating barriers to entry that enable oligopolistic behavior and 

operational inefficiency (Kearns & Consoli, 2021). The prospect of extra-normal profits in the 

product market creates incentives for anti-competitive behavior that may propagate back and 

motivate collusion in an auction for CDR subsidies. However, over time, as the technology 

matures, entry costs can be expected to fall. 

A useful example is the Swedish Government's initiative, led by the Swedish Energy 

Agency, which aims to allocate approximately 3.2 billion euros to support the development of Bio-

CCS technologies in the domestic energy and wood products industries for the period 2026-2046. 

Sweden has recognized significant potential for achieving negative emissions through Bio-CCS, 

largely due to the presence of several major point sources of biogenic carbon emissions. These 

sources are primarily concentrated in the pulp and paper industry, as well as the energy sector, 
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where biofuels and residual products from the wood industry are utilized, alongside biogenic 

waste. The CDR credits (tons) associated with carbon captured at a Bio-CCS facility depend on 

the capture rate, parasitic energy losses associated with compression, transportation, and storage 

of carbon, the lifecycle timing of biological removal of carbon from the atmosphere, and other 

factors. We abstract from this calculation and refer to the CDR credits that are earned at the Bio-

CCS installation net of these factors. Sweden’s support for Bio-CCS is being allocated through a 

reverse auction that seeks to maximize the emissions sequestered given the fixed procurement 

budget. Due to the large fixed costs (Beiron et al., 2022; Kearns & Consoli, 2021), for any price 

per ton of sequestered carbon, in order to avoid losses the bidding firms would have to sell enough 

CDR credits to cover their average cost of carbon capture and storage. The minimum profitable 

quantity will rise at lower auction prices, but the maximum potential capacity will likely not 

change, since the CDR will involve retrofits to existing industrial facilities. The procuring agency 

will wish to cover average costs to avoid default but by the lowest margin that would induce firms 

to participate. In the case of Sweden, financial support will only be disbursed once firms 

demonstrate successful carbon storage. A default in this context would occur if firms failed to meet 

their initial commitments or deliver significantly lower amounts than pledged. In this case, the 

procuring agency will suffer a foregone opportunity due to delay and unspent budget allocation. It 

is worth noting that, in the case of Sweden, the procurement agency allows some flexibility if new 

circumstances arise during the project. This includes options such as extending the construction 

period by up to two years or permitting delayed or reduced storage. If the realized costs are 

significantly lower than those stated in the bid (by more than 20 percent), adjustments to the project 

budget will be made. Further, as in the case of Sweden, it will often be the case that, in the early-

stage procurement of sequestration services, a small number of large firms will be well-positioned 

to bid for payments to capture emissions. For example, in Sweden, six firms participated in the 

first round of the reverse auction. This implies that any procurement procedure must be robust 

against collusive behavior by participating firms, even though such behavior is explicitly 

prohibited by regulation.  

This research has broad relevance to industrial decarbonization. It is likely that many 

opportunities for carbon capture in industrial processes such as cement or petrochemicals will 

share the key characteristics of increasing returns and small numbers of participating producers. 
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Developing reliable mechanisms for inducing emission reductions will become increasingly 

important in these otherwise recalcitrant sectors.  

 

The importance of institutional context 
Important to the overall policy design is the government’s motivation for support of CDR. 

In Sweden the state is motivated to procure CDR to comply with its national climate goals and 

international commitments by offsetting emissions in hard-to-abate sectors like agriculture.3 

Sweden is also motivated to develop a skill base and technological capability that could support 

investments by domestic enterprise and “promote the uptake of the technology, making Sweden a 

leading nation in the field of Bio-CCS” (SEA, 2021). In general, countries have an interest in 

promoting economic development within their borders where Bio-CCS activities may be 

concentrated. Within an EU context, doing so requires compliance with the European 

Commissions’ guidelines on state aid, which are generally restrictive in order to promote 

competitive markets, but which allow for aid to promote the long-term objectives of a low-

emission economy.4 These motivations align with a primary goal of achieving as many in-country 

emissions reductions as possible for a given level of state support. Whether these motivations are 

best addressed solely through the direct procurement of CDR credits by the government or by 

using such state support to also leverage private investments in CDR depends critically on the 

accounting and ownership of CDR credits. 

The accounting for CDR credits is the subject of negotiations around Article 6 of the Paris 

Agreement, which allows for voluntary cooperation between nations to achieve national mitigation 

targets. The rules of Article 6 are relevant, for example, to a situation in which Country A provides 

financing towards Bio-CCS in Sweden and Country A wants to claim the associated CDR toward 

its national target (Möllersten & Zetterberg, 2023). To avoid double counting, Article 6 requires 

that “corresponding adjustments” be made between national accounts so that credit accruing to 

Country A would be deducted from Sweden’s emission balance. 

 
3 Offsetting refers to the use of credits resulting from emissions reductions or removals outside an actors’ value 
chain to count against the carbon footprint of the actor’s activity or use of its product. 
4 Guidelines on State aid for environmental protection and energy for 2014 - [2020] (2014/C 200/01), OJ C 200, 
28.6.2014, Section 3.6, as cited in SEA (2021, p. 52). It can be noted that the EU Commission accepted the Swedish 
support to Bio-CCS on July 2, 2024. 
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Voluntary transactions in CDR credits are expanding to record levels, not due to demand 

from nations, but due to demand from non-state actors (primarily international corporations) 

seeking to satisfy climate commitments. If a non-state CDR owner that developed or purchased 

CDR has operations in the host country of the CDR activity, it might use its CDR credits to offset 

emissions and meet its national compliance obligations in that country; but to avoid double 

counting, those credits could not be used to offset other emissions from other sources such as 

agriculture in the host country. Similarly, if the CDR owner used the credits to offset emissions in 

other countries to meet its global commitments, then a corresponding adjustment would be made, 

and those credits could not be used in the host country.5  

Hence, an important influence on bidder behavior in a CDR auction will be the 

determination of ownership rights for the carbon sequestration credits that are produced. If the host 

nation were motivated only by achieving emissions outcomes consistent with its Paris 

commitments and not by other economic development goals, then the existence of a private market 

for CDR credits should place a ceiling on the subsidy that the procuring agency needs to pay for 

credits because, subject to ongoing international negotiations, the procuring agency could simply 

purchase credits rather than invest in CDR.6  

The outcome of ongoing Article 6 negotiations regarding the voluntary market will give 

shape to a potentially complex strategy space affecting incentives for government and firms. For 

instance, if an investing firm can claim ownership of private sector carbon removal credits and can 

use the credits to meet corporate commitments or sell them at the market price, then the subsidy 

necessary to initiate an investment is the difference between the current expected market price and 

cost of the target Bio-CCS. Sweden’s auction allows private actors to co-fund Bio-CCS projects 

but requires that such financing, along with other public support (e.g., from the EU Innovation 

Fund), be reported and included in the bid. Costs are reported to the regulatory agency and total 

project financing—comprising public support and 90 percent of private contributions—cannot 

exceed the costs of sequestration, transport, and storage and requires payback from the investor of 

 
5 Remaining at issue in negotiations under the Paris agreement and within the EU, and subject to varying rules in 
programs internationally, is whether and how the CDR owner could use the credits to comply with obligations 
including emissions caps or taxes in other countries. 
6 The European Commission has suggested to allow Article 6 credits in the EU’s 2040 climate target proposal (EU 
considers looser 2040 climate target amid political pushback -media « Carbon Pulse) but doing so remains 
controversial and opposed by some Swedish policy makers (INTERVIEW: EU’s 2040 climate target must be met 
domestically – without Article 6 credits, MEP says « Carbon Pulse).  
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90 percent of the revenue received from an independent buyer of CDR credits.   

Alternatively, if Article 6 (or Sweden in particular) did not allow private firms to claim 

credit for carbon removal cofinanced by government subsidies, or vice versa, if the firm could 

claim the removal credits and Sweden was unable to apply credits toward its national emissions 

targets, then the incentive to invest would be greatly altered. An intermediate outcome might allow 

a private firm to claim removal credits in proportion to the share of total costs borne by the firm.  

Stockholm Exergi, a Swedish energy company that operates one of the country’s largest 

district heating networks using primarily renewable sources such as biomass, biofuels, and waste 

incineration, won the first round of the reversed auction (decision was announced in January 2025). 

The energy company was granted 20 billion SEK (approximately 2 billion dollars) to permanently 

store 11 million tons of carbon dioxide. Before the finalization of the auction, Stockholm Exergi 

had already signed an agreement with Microsoft to provide 3.33 million tons of permanently stored 

negative carbon emissions, starting in 2028. Due to business confidentiality, the payment from 

Microsoft is not publicly disclosed, making it impossible to assess the price per ton of CO2. The 

same applies to the agreement Stockholm Exergi announced in June 2024, where the energy 

company agreed to sell negative emissions to private companies, including Stripe, Alphabet, 

Shopify, Meta, JP Morgan Chase & Co., H&M, and McKinsey Sustainability.  

While there appears to be a market for CDR even while the Article 6 protocols are not fully 

resolved, clarity would likely help the market to expand. In particular, the consequence of a 

winning bidder’s failure to perform would likely vary because the costs of nonperformance would 

fall differently among market actors under different scenarios. In this paper, we focus on the 

question of procurement auction design in an industry with declining average costs. We leave for 

future work the question of how the effects of CDR procurement efforts will interact with CDR 

accounting rules and external market conditions in inducing technological development and 

aggregate CO2 emissions.  

 

Designing a practical procurement auction for CDR 
The objective of this research is to use laboratory experiments to develop effective auction 

procedures for use in procuring carbon capture services. To focus on auction design, we exclude 

consideration of private investments by third parties and shared ownership of CDR credits with 
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private investors, and assume the government seeks to acquire all CDR credits at the subsidized 

facility.  

Laboratory experiments have been used extensively to design and adjust auctions for 

environmental goods, especially for procedures that have not been used previously (Cummings et 

al., 2004; C. Holt & Shobe, 2016; C. Holt et al., 2007).  

In the present context, a government agency with a fixed budget for the purchase of CDR 

credits seeks to procure credits from a small group of incumbent domestic firms, each with a 

capacity constraint on the CDR production based on prior investment decisions in the production 

facility. Sellers would have to make major investments after winning contracts.7  

Concave costs present a key difficulty in procuring CDR. Because of declining average 

costs, the procuring agency would minimize costs by having any producing firms operating at full 

capacity. But with a limited budget and only a few relatively large suppliers, having one firm drop 

out of a procurement auction may leave a significant portion of the procurement agency’s budget 

unspent. In this case there may not be an opportunity for holding subsequent auctions for the 

residual budget. The agency, then, will have as a secondary goal, using most of its procurement 

budget in the single auction, since not spending its budget may leave the agency far short of its 

procurement goal. To accomplish this, the agency may wish to pay a marginal firm to operate at 

something less than full capacity, even though this firm’s average costs will be higher than those 

of the firms operating at full capacity. A similar case was analyzed in (Baranov et al., 2017). 

Default by a winning bidder is costly to the agency. The agency does not know the 

probability of default by bidders but needs to choose an auction design that does not encourage 

overly aggressive bidding, which would increase the probability of default by a winning bidder. 

Overly aggressive bidding is a common feature in auctions where there is uncertainty over factors 

that are common to the profitability of all bidders. The common value uncertainty is known to lead 

to the “winner’s curse” where the participants with the lowest bids are likely to lose money, which, 

in this case, also increases the potential of a costly default in contract performance. 

Auction outcomes can be highly sensitive to contextual details (Fabra et al., 2006; Kremer 

& Nyborg, 2004). Several attributes of this procurement context, as outlined above, make it 

challenging to predict bidder behavior and hence an effective auction design. These challenges 

 
7 It is not essential that the buyer be a government agency. Private firms may have incentive to procure CDR 
services and may choose to use an auction to purchase them. 
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include concave cost structures, a small number of potential bidders, correlated common-value 

risks, a fixed (capped) budget but variable quantity to purchase, and a high cost to the agency in 

the event of performance default. Commonly used procurement auction designs are not likely to 

work well in this context. In this study we use simulated laboratory auctions with financially 

motivated human subjects to develop and stress test auction designs that can be used by 

government agencies to procure sequestration of CO2 or other environmental services within this 

context. The auction design applies to more than procurement of CDR and is relevant for any 

procurement characterized by risky investment in industries with concave costs. We examine bid 

structures in the discriminatory price, sealed bid (static) and dynamic auction formats, with 

information treatments that may affect the possibility for collusion. We also test a set of 

modifications suggested by the Baranov et al. (2017) design along with elements that reduce the 

likelihood of collusion among the small number of participating bidders. 

Relevant auction design literature 
 

Summing up, we concern ourselves with the problem of procuring multiple, divisible goods 

in an auction process from a relatively small number of bidders with concave costs and individual 

capacity constraints. The bidder benefits of winning have a positively correlated uncertainty 

because the realization of uncertain costs will affect winning bidders in a similar way. The buyer 

has a fixed budget for the auction procurement, so the quantity procured will depend on the auction 

outcome. For our purposes, the fixed budget has a use it or lose it character; that is, there is only 

one auction. No further auctions can be held to spend any balances. We do not directly address the 

question of default by successful bidders in our current experiments, but we tally outcomes with 

zero and negative profits as a proxy for possible default and consider this a fruitful area of future 

research. 

 

Sealed-bid auction formats for procurement 

The taxonomy of auction formats often begins with the distinction between dynamic and 

sealed-bid (static) designs. A dynamic auction provides a bidder the opportunity to revise one’s 

bid in response to information contained in the bids observed from others. This process continues 

until the auction clears, for example supply is equal to demand. By contrast, in a sealed bid auction, 
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binding bids are accepted until auction closing, and bidders do not receive any information about 

the number or distribution of bids while the auction is open. The settlement price in a sealed bid 

auction could discriminate with bidders receiving their own bid price (“first price”), or the 

settlement price can be uniform across all bidders. In the procurement of a single good in an 

idealized competitive auction setting, a uniform price auction settlement price equal to the highest 

rejected bid (“second price”) will provide the incentive for the truthful revelation from bidders of 

their willingness to accept. The analogy in the procurement of multiple units in a uniform price 

auction is a settlement price equal to the highest rejected bid; however, the incentive for bidding 

equal to one’s true willingness to accept is not guaranteed in a multiple unit auction (L M Ausubel 

et al., 2014) and (Kremer & Nyborg, 2004) . 

The choice among auction formats for buying and selling multiple, identical units of a good 

is idiosyncratic, depending on many specific features of the buyers, sellers and markets in which 

they are embedded (Burtraw et al., 2009). The format most frequently observed in both public and 

private procurement contracts is the sealed-bid, discriminatory (first) price auction (pay as bid). 

Sealed-bid, second price (highest rejected bid) auctions or dynamic (descending price) uniform 

price auctions are rarely used in public procurement. In the small number of bidders case, there is 

reason to expect that, for risk averse bidders, discriminatory price auctions can produce lower 

prices in the procurement auction (Holt, 1980). The lower prices might be due to increased 

uncertainty over rival bids or increased entry in the auction by smaller competitors (i.e., bidders 

with less production capacity). But this conclusion is not robust. The seller’s choice between 

discriminatory and uniform price auctions depends on many specific characteristics of the goods 

being procured and the participants in the market. 

Multiple lines of evidence suggest that first-price sealed bid auctions may, under many 

circumstances, lower procurement costs relative to second-price sealed bid auctions and that this 

may explain why sealed bid tenders are so common in public and private procurement. While 

second price sealed-bid uniform price auctions have the attractive property that they encourage 

truthful bidding in ideal circumstances for the sale of a single good, experimental studies suggest 

that first-price (discriminatory price) auctions encourage more aggressive bidding in the sale of 

multiple identical goods, with the effect of lowering procurement costs, although potentially 

raising the default cost (winner’s curse) for buyers (Aloysius et al., 2016; Katok, 2013). Decarolis 

(2014, 2018) empirically evaluated first-price versus average bid auction formats, showing that 
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first price procurement auctions result in lower prices but may induce a “perverse” tradeoff 

between low prices at auction and poor ex post performance because overly aggressive bidding 

may cause an increase in costly performance default. First price auctions can result in better 

outcomes but only if accompanied by effective methods to reduce default risk by winning bidders. 

This explains why many private procurement processes use an auction as a price-setting first stage 

followed by a “bid quality” evaluation stage after the low-price bidders are determined (Katok, 

2013). For procurement auctions where contract performance can be well-specified ex ante, first 

price auctions, often with pre-specified payment to the procurer for default, can be optimal. This 

format is widely observed in public procurement contracting (Birulin, 2020).  

 

Sealed bid versus open (dynamic) auction formats 

In the multiple unit procurement of identical goods, theory suggests that there may be 

strong incentives for bidders in sealed-bid uniform price auctions to shade their marginal bids in 

order to increase the price paid for all units (Wilson, 1979). For instance, numerous authors have 

made a case for the empirical relevance of the incentive to reduce demand in uniform price auctions 

to procure at a lower price (L M Ausubel et al., 2014). As in the case of other auction design 

elements, the importance of this theoretical observation in practice depends on many details of the 

procurement auction context.  

Athey and Levin (2001) compare bidding patterns in sealed-bid and open-bid dynamic 

auctions with heterogeneous bidders for the case of U.S. Forest Service timber sales. They find 

that sealed-bid auctions attract more small bidders, award more sales to smaller bidders, and can 

also generate higher revenues. In open-bid dynamic auctions, strong bidders may shade their bids 

to effectively shut-out weaker bidders. Haruvy and Katok (2013) find experimental evidence that 

the sealed-bid format generates higher buyer surplus than does the open-bid dynamic format. In 

electricity procurement, where sealed-bid auctions are prevalent but where the auction is repeated 

daily or hourly, the effects on both prices and efficiency are sensitive to specifics of the market 

including the elasticity of demand and the symmetry of bidders (Fabra et al., 2006).  

The tendency for bid shading in uniform price auctions (thus raising procurement prices) 

is attenuated by the level of competition, by introducing uncertainty in the quantity sold (LiCalzi 

& Pavan, 2005; McAdams, 2007), and by changing details of the lot size or bid price intervals 

(Kremer & Nyborg, 2004).  
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Dynamic auctions are not used with any frequency in the procurement setting, where 

sealed-bid auctions dominate (Birulin, 2020). But Ausubel and Cramton (2006) suggest that one 

persuasive argument for open-bid dynamic auction formats is when bidder costs are uncertain and 

positively correlated. In this circumstance, in an open-bid dynamic auction, bidders will tend to 

observe other bidders’ withdrawals and bid more aggressively because of the lower probability of 

experiencing the winner’s curse. The sequential decision-making structure of an open-bid dynamic 

auction gives bidders better information about other bidders’ valuations and can induce more 

aggressive bidding.8 

 

Procurement when suppliers have concave costs and capacity constraints 

The case we analyze in this paper is one where there are likely only a few qualified bidders, 

and each potential bidder must make a large (uncertain) investment to produce, at relatively low 

marginal cost, the good desired by the procurement agency. Each bidder has a known capacity 

limit, since the investment involves retrofits on existing capital stock. A similar situation has been 

analyzed in some detail in Baranov et al. (2017) where a procurement agency needs to buy a fixed 

quantity of vaccines from a small set of existing, qualified pharmaceutical firms. The production 

of the vaccines by each firm is subject to concave costs due to the large investment and relatively 

low marginal cost of vaccine production, and each firm has a limited capacity.  

To minimize costs, the agency will generally want the firms operating at capacity, but this 

may leave a marginal firm operating at less than capacity. To be competitive, each firm would bid 

the price assuming that it is operating at full capacity. But to choose a marginal firm that will 

operate at less than full capacity, the auctioneer needs to know what firms would need to be paid 

to operate at less than full capacity, which would be higher than the full capacity price. This 

information would not normally be available to the auctioneer who takes a single price bid from 

each bidder. To reveal information about firm willingness to supply goods at less than full capacity, 

the authors propose a dynamic descending clock auction where bidders are asked to specify a range 

of production that they would be willing to provide at each announced price and the announced 

price is decreased until the auction clears (supply equals demand). To recover fixed costs, the 

minimum profitable quantity will rise as the announced clock price falls.  

 
8 Holt and Sprott (2022) investigate the effects of the winner’s curse in the context of U.S. offshore wind auctions. 
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Since our case is also one of declining average costs with capacity constraints, we use the 

insights of Baranov et al. and apply them to the case of procurement of CDR where it is the budget 

that is fixed rather than the quantity purchased. They advocate using an open-bid dynamic 

declining price (reverse) “clock” auction in which bidders can stipulate a minimum acceptable sale 

quantity associated with each full-capacity bid at the going clock price. They derive attractive 

theoretical properties of the proposed procedure, under which bidders will “truthfully” reveal the 

range of sale quantities that would provide positive profits at the current clock price. But our case 

differs from theirs due to incomplete information about both production costs and the number of 

units that will be sold. In contrast, we focus on a “common-value” auction-- that is where the value 

of each unit is subject to common distribution-- and in which each bidder receives a noisy signal 

about the underlying cost. The presence of cost uncertainty raises the specter of a winner’s curse, 

in which the low bidder is likely to have underestimated the cost and may lose money if their low 

bid is accepted. 

Our case differs from the Baranov et al. paper in another key respect. There will be a very 

limited number of potential suppliers and only one auction is likely to be held to spend the available 

budget. This implies that the agency has two criteria for success, maximizing the tons of 

sequestration purchased while not leaving a large share of the budget unspent. 

 

Experimental Design 
 
Procedures 

In our experimental test, we retained a version of the minimum quantity bid provision 

suggested by Baranov et al. (2017) and adapted it for both the dynamic declining clock and sealed bid 

discriminatory price (pay as bid) auction formats. In the clock auction, the seller’s minimum sale 

quantity can be raised by the bidder as the clock price falls, to ensure coverage of fixed costs at a 

lower sale price. Because, in prior work, we have found clock auctions to be susceptible to collusion 

(Burtraw et al., 2009), we also considered discriminatory price auctions with a single round of sealed 

bids with the added option for the bidder to specify a minimum price for operating at a level less than 

full capacity.9  

 
9 This is not a feature of the Swedish proposal. 
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We focus on a “common value” cost structure under which realized costs are common across 

producers, but ex ante each bidder receives a noisy signal about the underlying cost drawn from a 

commonly observed distribution of potential costs. This is particularly relevant in the case of CDR 

procurement, as the technology is immature. We directly compare the performance of the clock 

auction with a single round “discriminatory” price (pay as bid) sealed bid auction across several 

metrics. The presence of cost uncertainty raises the specter of a winner’s curse, in which the low 

bidder is likely to have underestimated the cost and may lose money if their low bid is accepted. 

Where winners do not observe actual costs until after the auction, the winner’s curse can lead to non-

performance (default) by a winning bidder wherein no production occurs. Negative or zero earnings 

by experiment participants serve as a signal for potential performance failure.  

For each auction design (multi-round clock and single-round sealed bid), we develop a 

mechanism for a minimum quantity bid provision as suggested by Baranov, et al (2017). In doing so, 

we identified implementation issues in pilot experiments that required procedural adjustments to 

improve performance. In the clock auction, the bid is a minimum acceptable sale quantity at the 

currently announced price. This quantity bid is expected to increase as the clock price falls to ensure 

coverage of fixed costs at a lower sale price.  

Recall that the clock auction price is lowered from round to round until the total sales offers 

from bidders fall below the government purchase budget due to bidders withdrawing from the auction 

when the price is too low to cover costs at capacity. At this point the auction is expected to identify 

the least per unit cost array of surviving bids.  However, one tendency that showed up in tests of the 

declining clock auction was that the simultaneous withdrawal of multiple bidders in the same round 

would leave a large fraction of the purchase budget unused, resulting in a low procurement quantity 

for the auction (analogous to low purchases of CDR credits). Such low sales would be undesirable 

for a government agency aiming to purchase and dispose of captured carbon. To address this, we 

implemented a 'lookback' feature, which retrieves the previous period’s bid from participants who 

exited just prior to the final round of bidding. After the purchase budget is allocated to bidders who 

remained active, the prior round bids of those who dropped out are considered to determine if any can 

be accepted at the higher clock price from that round, subject to the minimum quantity specified by 

the bidder in the previous round. This lookback procedure resulted in high sales quantities overall, 

and a high proportion of the auction budget being used. 
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By analogy, in the discriminatory sealed bid auction, the bidder submits a price bid for a 

quantity associated with its full potential capacity and a second bid associated with half capacity, 

effectively submitting a two-part, quantity-price bid schedule in the auction. The secondary bid price 

may be used if the bidder’s full capacity bid is not accepted. The two-part bid in the discriminatory 

price sealed-bid procedure represents a parallel modification to the clock auction; bidders specify a 

price at which they would be willing to operate somewhere between full capacity and half capacity. 

Such secondary bids must be higher than the primary bid to help cover the fixed cost in the event of 

less than full capacity sales. 

We evaluate auction results according to the following performance metrics. 

• Average cost per ton procured 

• Bidder earnings  

• The frequency of negative earnings foreshadowing performance failures (default) 

• The full use of the government budget 

• Potentially collusive outcomes 

 

The experimental setup 
 The experiment involved performance comparisons between two auction procedures: the 

sealed bid discriminatory price auction and the declining price clock auction.  A “session” involved a 

set of 6 separate auctions (rounds), with the same auction procedure, sealed bid discriminatory or 

clock in all auctions for that session. To examine the possible effects of the number of bidders on 

auction outcomes, we tested each of these auction types in 6-bidder sessions and 3-bidder sessions. 

We ran 26 sessions. For the two auction types, there were 6 sessions each with 6 bidders and 7 sessions 

each with 3 bidders.10 

Participants (bidders) had the role of “producers” of a commodity to be purchased at auction 

by the auctioneer. Each bidder had a known capacity limit of 6 “units,” and the purchaser (auctioneer) 

had a budget of $168 (6-person sessions) or $84 (3-person sessions) to spend in each auction. In each 

auction round, subjects earned the difference between auction payments and the realized production 

costs. 

 
10 The summary results by session and treatment are provided in Tables 2 and 3. 
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The bidders faced a “fixed startup cost” of $6 to be incurred and subtracted from earnings if 

any units are sold, zero otherwise. The bidder’s variable cost is an unknown common production cost 

per “unit” determined randomly. At the start of the round, each bidder was given a private “signal” of 

$3, $4, or $5, each with equal probability. The common production cost for all participants in the 

auction was then determined to be the average of the bidders’ signals, so this common cost was 

between $3 and $5. Hence, before the auction each bidder could observe a part of the unknown 

distribution of per-unit production cost, which was revealed after the auction.  

To ensure that the participants felt comfortable with the auction setup, each session started 

with a practice round where the participants had a chance to go through the auction procedure one 

time. Participants were paid for their results in the practice round, but the results were not included in 

the statistical analysis. 

The experimental sessions were carried out at the University of Virginia using the VEconLab 

software environment. Participants, who were all students at the university, received an initial $20 

endowment, and all experimental earnings were divided by 2 to determine actual cash payments, 

which were added to the earnings from the practice round and the initial $10 payment made on arrival. 

These earnings were structured to yield average earnings of about $30 per person for a session lasting 

at most 90 minutes.   

The sealed bid auctions were executed with two bids, a primary price bid per unit for a full 

capacity award (6 units), and a secondary (higher) price bid per unit if the firm operates at least half 

capacity but less than full capacity, that is, 3, 4, or 5 units. The clock auctions allowed bidders to 

specify the minimum sale quantities given the current round’s announced price, with the clock price 

starting at $8 and declining in $0.50 cent increments in each subsequent round. Analogously, the 

permissible bid amounts in the sealed bid auctions were constrained to be in $0.50 cent increments 

on a range from $4 to $8. See Appendix 1 for the instructions used in the sealed-bid, discriminatory 

sessions, and Appendix 2 for those used in the clock sessions. 

Results 
 
In our laboratory setting, the clock auction has a lower average cost per unit procured in both 

the 6 bidder and 3 bidder sessions (p>0.01 combined). The procurement costs are lower for two 

distinct reasons, lower production costs and lower margins for producers. The clock auction resulted 

in somewhat greater (although not statistically significant) average levels of production, which in our 
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concave costs environment, translates into both lower average production costs. 11 At the same time, 

the clock auction appears to have induced more aggressive bidding, with lower average net earnings 

per unit sold (p<0.01).  As a result of the higher production costs and the higher bidder margins, the 

sealed bid auction has higher total budget expenditures (p=0.05).   

The secondary bid procedures, that is, the half-capacity bids in the sealed bid auctions and the 

minimum capacity lookback in the clock auctions both had a substantial influence on outcomes. Table 

1 shows the number of times that these supplemental auction procedures were used to increase the 

procurement relative to what would have occurred without them. Sales were around 2% higher in the 

sealed bid sessions and 4% higher in clock sessions. In both specifications, the ability to use more 

than one signal about the bidders’ cost function allowed the agency to procure additional units in the 

auctions, while still having most bidders operate at high capacity levels. 

Average bidder earnings (see Table 2 and Table 3) were about 33% lower for the clock than 

for the sealed bid in 6 bidder sessions and 95% lower in the 3 bidder sessions.  There appears to be a 

general tendency for bidders to bid more aggressively in the clock auction. For each 6 bidder 

treatment, there were 216 earnings amounts (6 sessions with 6 auctions and 6 bidders). Losses 

(negative earnings) occurred in less than ten percent of the cases, including 17 cases with sealed bids 

(7.9%) and 14 cases with the clock (6.5%). The difference in negative earnings is not statistically 

significant. However, the clock auction resulted in a much higher frequency of bidders making “zero 

profits”, that is, just breaking even in an auction where the bidder “wins” a share of the production. 

This occurred an average of 11 times per session (5.1%) in the sealed bid auction and 33 times in the 

clock (15.3%).  

 

 
11 The lack of significance is due to sealed bid session #4, which is something of an outlier in our sessions, with 
extremely low bidder earnings and, by far, the lowest average unit cost. In the 6-bidder sessions, the amount 
procured was higher for the clock than for the sealed bid in all but session #4.  The participants in this session had 
the lowest score on the three-question cognitive test held at the end of each session.  
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Table 1. Frequency of supplemental auction procedure use 
(Secondary bid is for producing at less than full capacity) 

Session Secondary 
bids used 

Secondary 
sales 

Percent 
secondary sales 

Discriminatory 2nd bid, 6 bidders 

Session 1 (rffa20) 2 9 5.3  
Session 2 (rffa21) 5 25 14.3  
Session 3 (rffa24) 5 21 12.4  
Session 4 (rffa25) 2 9 4.3  
Session 5 (rffa28) 6 19 11.6  
Session 6 (rffa29) 1 5 2.9  
Average 3.5 14.7 8.5  
Clock Look Back, 6 bidders    

Session 7 (rffb7) 6 36 20.0  
Session 8 (rffb8) 6 36 20.0  
Session 9 (rffb11) 12 72 40.0  
Session 10 (rffb13)  6 36 20.0  
Session 11 (rffb15) 2 12 6.7  
Session 12 (rffb17) 1 6 3.3  
Average 5.5 33 18.3  
Discriminatory 2nd bid, 3 bidders 

Session 1 (rffb21) 3 10 10.8  
Session 2 (rffb23) 2 7 7.5  
Session 3 (rffb25) 3 10 10.8  
Session 4 (rffc2) 1 3 3.3  
Session 5 (rffc4) 5 17 18.3  
Session 6 (rffc6) 1 3 3.3  
Session 7 (rffc8) 0 0 - 
Average 2.14 7.1 7.7  
Clock Look Back, 3 bidders    

Session 8 (rffb19) 0 0 - 
Session 9 (rffb27) 5 30 31.2  
Session 10 (rffb29) 1 6 6.2  
Session 11 (rffc10)  4 21 28.0  
Session 12 (rffc12 ) 1 6 7.7  
Session 13 (rffc14) 2 12 14.3  
Session 14 (rffc16) 3 18 25.0  
Average 2.29 13.3 16.1  
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It is interesting to note that, in the 3 bidder sessions, negative profits occurred more frequently 

than zero profits for both the sealed bid and clock auctions. However, if we combine the cases where 

winning bidders had either zero or negative profits, we see a significantly larger number of zero or 

negative profits with the clock than with the sealed bid auction (p<0.01). The higher prevalence of 

low or negative profits among winning bidders for the clock is true for both the 3 and 6 bidder 

sessions. Again, this pattern is indicative of more aggressive bidding in the clock than in the sealed 

bid auction. 

These initial results offer some support for the approach suggested in Baranov et al (2017). 

When selling to bidders with concave costs, obtaining a modest additional amount of information 

about the bidders’ costs can allow the procurement agency to purchase units from infra-marginal 

bidders with only modest complication in the auction procedures. Our results also provide tentative 

support for the use of a dynamic auction such as a descending clock in a common value setting. The 

clock appears to encourage more aggressive bidding, lowering procurement costs overall, but bidders 

less often falling prey to the winner’s curse as indicated by less prevalence of negative earnings.  
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Table 2: Results By Session (6 Subjects, 6 Auctions per Session) 

  

Average 
Bidder 
Earnings ($) 

Total  
Units 
Procured 

Average 
Auction 
Expenditure ($) 

Average 
Cost per 
Unit ($) 

Discriminatory 2nd-Bid        
Session 1 (rffa20) 3.43  29.50  166.75  5.65 

Session 2 (rffa21) 3.59  29.17  166.50  5.71 

Session 3 (rffa24) 3.81  28.50  165.42  5.80 

Session 4 (rffa25) 1.01  31.50  161.75  5.14 

Session 5 (rffa28) 4.4  27.17  163.58  6.02 

Session 6 (rffa29) 2.72  29.83  164.00  5.50 

Average 3.16  29.28  164.67  5.64 

Clock with Lookback        
Session 7 (rffb7) 1.19  30.00  155.50  5.18 

Session 8 (rffb8) 2.03  30.00  160.50  5.35 

Session 9 (rffb11) 0.86  30.00  153.50  5.12 

Session 10 (rffb13)  2.03  30.00  160.50  5.35 

Session 11 (rffb15) 2.94  30.00  166.00  5.53 

Session 12 (rffb17) 2.86  30.00  165.50  5.52 

Average 1.99  30.00  160.25  5.34 
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Table 3:  Results By Session (3 Subjects, 6 Auctions per Session) 

  

Average 
Bidder 
Earnings ($) 

Total  
Units 
Procured 

Average 
Auction 
Expenditure ($) 

Average 
Cost per 
Unit ($) 

Discriminatory 2nd-Bid        
Session 1 (rffb21) 0.87  14.7  77.5  5.28 

Session 2 (rffb23) 1.92  13.2  72.75  5.53 

Session 3 (rffb25) 0.72  14.7  77  5.25 

Session 4 (rffc2) 2.2  12.5  70.25  5.62 

Session 5 (rffc4) 0.96  14.8  79.75  5.38 

Session 6 (rffc6) 0.75  14.5  72.25  5.19 

Session 7 (rffc8) 3.95  12.0  72.5  6.04 

Average 1.62  13.8  74.57  5.47 

Clock with Lookback        
Session 8 (rffb19) -0.77  16  78  4.88 

Session 9 (rffb27) -1.28  16  77.5  4.84 

Session 10 (rffb29) -1.5  16  75.5  4.72 

Session 11 (rffc10)  3.06  12.5  72.5  5.80 

Session 12 (rffc12 ) 1  13  69  5.31 

Session 13 (rffc14) 0.11  14  70  5.00 

Session 14 (rffc16) -0.05  12  60.5  5.04 

Average 0.08  14.2  71.86  5.08 
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Concluding discussion 
 

There is increased policy interest in advancing new technologies for reducing the carbon 

intensity of the economy. Several governments and corporations have already announced efforts to 

procure either low carbon industrial technologies or technologies for removing CO2 from the 

atmosphere. Sweden, among other countries, has make initial efforts to procure Bio-CCS from its 

domestic industry to help it meet its emission reduction commitment under the Paris Climate accord.  

Many new low carbon technologies are capital intensive but with moderate marginal costs of 

operation, exhibiting concave costs over the relevant anticipated range of operation. This feature of 

the technologies that are the subject of public procurement efforts presents interesting challenges in 

the design of procurement auctions. Because of the concave costs, the procurement agency will, other 

things equal, prefer to have fewer firms operating at high-capacity levels to keep average production 

(and procurement) costs low. Because of the expectation that a few, large capacity producers will 

enter and ultimately win bids in the procurement auction, there is a “lumpiness” in auction outcomes. 

At the margin, bidders operating at full capacity might submit lower bids, but at the price level when 

one bidder drops out, the number of units of good procured could fall substantially, leaving the 

procurement agency falling short of procurement goals. 

Banarov et al. (2017) suggest an auction strategy where the auctioneer can obtain more than 

one data point on the firm’s willingness-to-supply schedule. This information can be used to fill 

possible gaps in the quantity procured by selecting inframarginal bidders willing to supply lesser 

quantities but at a potentially higher price. This procedure allows the auctioneer to minimize any 

increase in average procurement costs required for the agency to meet its procurement goal. 

Following this suggestion, we test two potential auction designs for procuring multiple units 

of a common value good from a small number of firms with concave costs. We test novel versions of 

both sealed bid and English clock auctions. Both auctions give bidders a chance to specify an 

inframarginal bid that the auctioneer may use to better fill its procurement portfolio. In the sealed bid 

auction, bidders specify two prices, one for operating at full capacity and one (presumably higher 

price) for operating at half capacity. In the English clock, we follow the suggestion in Banarov et 

al. by allowing bidders to specify, at each announced clock price, a minimum level of production 
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that the bidder would be willing to supply at that price, in which case, the auctioneer can accept 

quantities anywhere between the minimum amount specified and full capacity.  

We show that the secondary bid feature of both auction designs allows the auctioneer to 

increase the amount procured. In our stylized laboratory experiments, we found that there were 

substantial differences between the sealed bid and clock auction designs. While both allowed for 

increased procurement, the clock auction elicited more aggressive bids lowering the net earnings 

of bidders and lowering procurement costs. Interestingly, the clock auction also resulted in 

significantly lower production costs along with lower net earnings by bidders. A related concern 

is that aggressive bidding could lead to a greater likelihood of the winners’ curse involving 

negative earnings and failure of the winning bidder to perform (default). We find the negative 

earnings are statistically equivalent across the two treatments; however, there is significantly 

greater likelihood of zero profits in the English clock format, which might manifest as default 

depending on assignment of risk in contracts and other factors. A greater consideration of potential 

default and measures to mitigate that is an important question for future research.   

We tested these auction designs in both 6 person and 3 person sessions, since we expect 

that many cases, as is true in the Swedish Bio-CCS auctions, the agency can often expect relatively 

low levels of participation. In our tests, the patterns we observed in auction performance were 

similar in the sessions with different numbers of bidders and we did not find evidence of collusion.  

These initial tests demonstrate the feasibility of implementing the enhanced bidding 

mechanism for procurement in declining cost industries. The secondary bid mechanism allows the 

procurement agency to achieve a closer match between its procurement goals and the auction 

outcomes even in environments where the bidders have concave production costs. Additional 

exploration of the inframarginal bid strategies tested here should be expected to further improve 

their performance in procuring low and negative carbon production using innovative, capital-

intensive technologies. 

Finally, we note that state procurement of a specified number of removal tons might leave 

producers with the opportunity to sell additional units of removal tons in the private market. The 

procurement price required in this case might differ from the average cost at a different quantity 

of procurement which might be enabled by sales to the private market. In Figure 1, with declining 

average costs and economies of scale, assuming a competitive procurement process, a purchase 
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agreement might only require a subsidy equal to long-run average costs for a quantity less than 

long-run capacity. Other reasons the state might offer a minimum procurement agreement (rather 

than procurement of all capacity at a facility) could be to spread its subsidies across multiple 

facilities to drive innovation, develop technological capability, and to reduce the potential market 

power that can be expected in the emerging capital-intensive, declining cost industry. These 

considerations that may influence policy outcomes also invite further investigation. 

 

 
Figure 1: Minimum procurement commitment for a quantity less than long run quantity 

that yields minimum average cost. 
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Appendix 1: Experiment instructions for sealed bid, discriminatory 
sessions 
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Appendix 2: Experiment instructions for English clock sessions 
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