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Abstract: Concerns about cost containment and price volatility have led regulators to
include price controls in many cap-and-trade markets. We study how these controls
affect firms’ incentives to invest in the adoption of abatement technologies in a model
with abatement cost uncertainty. Price floors increase investment incentives because
they raise the expected benefits from lowering abatement costs. We also report a mar-
ket experiment that features abatement cost uncertainty and the opportunity for cost-
reducing investment, with and without a price floor. Consistent with the theoretical
model, investment is significantly greater with the price floor in place. Emissions permit
prices also respond as predicted to abatement investments and emissions shocks. In par-
ticular, prices are only responsive to investment and shocks when the price floor is not
implemented.
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A FUNDAMENTAL ISSUE IN MARKET-BASED environmental policy is the extent
to which tradable emissions markets can steer investment toward energy-saving and
advanced abatement technology in the long run. In the context of climate change,
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for instance, investment in developing and adopting low-carbon technologies is crucial
to reducing the cost of climate mitigation. Some carbon permit markets, however, have
experienced considerable price volatility, particularly some extremely low prices. For
example, allowance prices in the European Union Emissions Trading System (EU
ETS) were below €10 per ton from November 2011 to February 2018. (Current prices
are significantly higher.) Allowance auction clearing prices in the Regional Greenhouse
Gas Initiative (RGGI) were at the very low reserve price (set at $1.86 per ton in 2008,
increasing slowly to $2.26 in June 2019) for auctions conducted between June 2010
and December 2012, and have only recently exceeded $10.00 per ton (US Congres-
sional Research Service 2019). Similarly, in California’s cap-and-trade market for
greenhouse gases (GHG), auction prices and secondary market prices have been at or
close to the auction reserve price throughout the program’s history (California Air Re-
sources Board 2021).1 Lower-than-expected prices can undermine investors’ confidence
in future market conditions, adversely affecting the expected rewards from investment
strategies (Burtraw et al. 2010) and resulting in reduced investment in environmental
innovation (Taylor 2012). Introducing price floors can guard against the threat of (too)
low allowance prices, and the potential for underinvestment in abatement technology
(Philibert 2009; Wood and Jotzo 2011).2

However, the theoretical and empirical literature concerning the effects of price
floors on investment in abatement technologies is limited. In particular, to our knowl-
edge the literature does not include a positive model of how price controls in emissions
markets affect the incentives to adopt new cost-saving abatement technologies with
empirical tests of the results of such a model. Our paper tries to fill this gap. First,
we develop a formal, tractable model of an emissions trading market comprising het-
erogeneous firms that allows us to make theoretical predictions about the firms’ invest-
ment decisions, with and without a price floor. Second, we test this model’s predictions
1. Burtraw and Keyes (2018, 212–14) discuss a number of factors that have led to low prices
in several programs. These include, but are not limited to, the oversupply of emissions allow-
ances, source efforts to reduce abatement costs, competition among abatement options, and the
existence of related and sometimes overlapping policies that reduce allowance demand.

2. Incorporating price controls in emissions markets was first suggested by Roberts and Spence
(1976). Although they considered implementing both price ceilings and price floors, the first rec-
ommendations for controlling abatement cost uncertainty in carbon markets focused on price ceil-
ings (Pizer 2002; Jacoby and Ellerman 2004). However, a price ceiling cannot address the problem
of low-side abatement cost risk, and it has become evident that emissions markets are more often
plagued by (too) low prices rather than price spikes (Burtraw et al. 2010).
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in a market experiment, providing empirical evidence on investment behavior in such
market conditions.3 Our main research question is: how does the introduction of a price
floor in emissions trading markets affect firms’ incentives to invest in the adoption of cost-
saving abatement technologies?

Our theoretical model suggests that in a market with a mix of firms that invest and
do not invest in a cost-reducing technology, only firms with high abatement costs will
invest in the technology. The introduction of a price floor expands the set of investors
to include medium-cost firms that would not invest in the absence of the price floor.
The results of our experiment are consistent with these hypotheses. The main policy
lesson is clear: a price floor in an emissions market can motivate increased investment
in technologies that reduce firms’ abatement costs. Although outside the scope of our
analysis, a logical conjecture is that this additional demand for cost-reducing technologies
can spur additional innovation in abatement technologies. Indeed, as a recent IMF report
by Parry et al. (2021, 5) proposes, an international carbon price floor may act as a means
to focus coordination on a transparent and “essential price signal for redirecting new in-
vestment to clean technologies.”

Our work contributes to the theoretical and experimental literature on price con-
trols in emissions markets. In the last decade or so, the theoretical literature expanded
to include analyses of alternative price stabilization schemes (Grüll and Taschini 2011;
Fell et al. 2012), the relationship between price controls and banking (Fell and
Morgenstern 2010), and the optimal design of emissions markets with price controls
accounting for enforcement (Stranlund and Moffitt 2014) and copollutants (Stran-
lund and Son 2019). The study by Borenstein et al. (2019) highlights the continuing
importance of analyzing the design and effects of implementing price controls, because
their work reveals that relatively large uncertainty in business-as-usual emissions im-
plies that permit prices are likely to be determined by price floors and ceilings rather
than permit supplies. Recently, Salant et al. (2022a) theoretically show that the intro-
duction of price floors in emissions trading markets (as well as other “storable” markets)
raises the current and expected future price, where the new equilibrium price can exceed
the floor level.

The experimental literature addressing price controls and other price stabilization
policies is more limited than the theoretical literature. Building on the seminal work of
Isaac and Plott (1981) and Smith and Williams (1981), who examined price controls
in laboratory settings, the more recent experimental literature related to the design of
3. We restrict our attention to the implementation of price floors in existing tradable emis-
sions markets and their effects on investment in abatement technology. Our experimental evi-
dence is unique for such settings but complements empirical research on feed-in tariffs and in-
vestment in renewable energy technologies (e.g., Johnstone et al. 2010). Feed-in tariffs tend to
be long-term contracts for renewable energy at minimum prices above market prices to encour-
age adoption of renewable energy (e.g., Tanaka et al. 2017). In this respect, feed-in tariffs act
like the price floors in our model.
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emissions markets has mainly focused on comparing alternative schemes in terms of
their ability to limit permit price risk. For example, Stranlund et al. (2014) studied
the effects of price controls and banking, separately and together. Holt and Shobe
(2016) examined alternative price and quantity controls motivated by the market sta-
bility reserve of the EU ETS. Perkis et al. (2016) examined hard and soft price ceil-
ings, while Friesen et al. (2019) examined soft price ceilings with an alternative design
for auctioned permits. Here we examine a hard price floor, which entails a lower ab-
solute limit on the permit price. This can be implemented in markets where allowances
are distributed for free and where the government commits to buy back any unused
allowances at the floor price.4 Friesen et al. (2022) investigated the use of dual allow-
ance reserves and trigger prices. Finally, Salant et al. (2022b) studied the impact of non-
binding hard and soft floors on permit prices in a dynamic setting with permit banking.
In contrast to these studies of alternative mechanisms to stabilize permit prices, we ex-
amine the effects of a hard price floor on investments in a cost-saving abatement tech-
nology under uncertainty.5

None of the aforementioned papers is concerned with the effects of price controls
on investments in cost-reducing abatement technologies. To our knowledge, onlyWe-
ber and Neuhoff (2010) and Brauneis et al. (2013) addressed technology investments
and price controls in emissions markets. In particular, Weber and Neuhoff (2010) is a
normative theoretical study of the optimal design of an emissions market with price
controls; however, they do not address how price controls affect firms’ investments in
reducing their abatement costs. Brauneis et al. (2013) employ a simulation model in
conjunction with a real options approach to determine the optimal carbon price floor
and its effect on the timing of investment in low-carbon technology in the electricity
sector. In contrast to these two papers, our contribution is a positive study that exam-
ines how a price floor affects the adoption of a cost-saving abatement technology, both
theoretically and experimentally.

In this respect, our paper also adds to the literature on environmental policy in-
duced technology adoption (for a survey, see Requate 2005).6 Under certainty about
a firm’s abatement costs, Requate and Unold (2003) argued that a fixed emissions tax
provides a greater incentive for firms to adopt a cost-saving technology than a compet-
itive emissions market with a fixed number of emissions permits. The reason is that a
4. In contrast, in emissions markets where allowances are auctioned, a soft price floor can be
implemented through a minimum reserve price for newly auctioned permits (see Murray et al.
2009).

5. Vidal-Meliá et al. (2022) experimentally examined technology adoption incentives under
emissions taxes and tradable permits, but their focus is on (imperfect) compliance without con-
sideration of price controls.

6. Generally, our work fits into a broader literature that studies how market design can affect
market performance by affecting investment decisions (Fabra et al. 2011).
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significant number of adopters will lower the permit price in a market, which in turn
reduces the adoption incentive and the number of adopters. We show, both theoret-
ically and experimentally, that adding a price floor to an emissions market under un-
certainty about firms’ abatement costs can increase the adoption incentives in the mar-
ket and increase the number of adopters of a new technology. This occurs because the
price floor truncates the lower range of potential permit prices when abatement costs
are uncertain.

The paper is structured as follows. In section 1, we develop the theory and derive
the main propositions. The experimental design, implementation, and hypotheses are
described in section 2, followed by the analyses and discussion of results in section 3.
Conclusions are drawn in section 4.

1. THEORETICAL FRAMEWORK

Our experiment is based on a theoretical model of n heterogeneous risk-neutral
competitive firms that participate in a market to control a uniformly mixed pollutant.
Firm i in the market has a linear marginal abatement cost function

mi(qi, xi, u) 5 bi(1 – βxi) 1 u – cqi, (1)

where qi is the firm’s emissions and bi, c, and β are positive constants. The random
variable u affects the abatement costs of all firms and is distributed on support [_u,
�u] with probability density function g(u) and zero expectation.7 The firm can invest
in an existing technology that reduces its marginal and total abatement costs.8 Specif-
ically, xi 5 f0, 1g is the firm’s irreversible dichotomous adoption choice. If the firm
7. The firm’s marginal abatement cost function is linear with uncertainty in the intercepts,
which is frequently assumed in the theoretical and experimental literature on emissions control
instrument choice, including policies involving price controls (e.g., Weitzman 1974; Weber and
Neuhoff 2010; Fell et al. 2012; Stranlund et al. 2014; Stranlund and Son 2019). Due to the
way in which this common shock u enters the abatement cost function, it could also be thought
of as a common shock to emissions, given an emissions price. This could arise, for example,
through regional weather variation or macroeconomic shocks (such as, most dramatically, a
global pandemic).

8. Our research question is focused on the incentives to invest in the adoption of an existing
cost-saving abatement technology. This is different from innovation in terms of investment in
R&D with the aim of developing more advanced abatement technologies. The literature that dis-
tinguishes between technology adoption (i.e., deployment) and innovation suggests that there is no
consistent welfare ranking of emissions taxes, auctioned emissions permits, and grandfathered per-
mits when innovation is endogenous (e.g., Fischer et al. 2003). An alternative design could relate
to investment in R&D and feature stochastic investment success (see Cason and de Vries 2019).
This would, however, imply a random shock at the firm level in addition to the common shock
that affects the abatement costs of all firms as in our current setup. We leave investigation of this
more complex design allowing for endogenous innovation for future research.
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chooses to adopt the technology so that xi 5 1, the intercept of its marginal abate-
ment cost function, bi, is reduced by a constant percentage β ∈ (0, 1). Firms are only
distinguished from one another by the parameter bi, which varies across firms on the
interval [bmin, bmax]. We will sometimes refer to bi as firm i’s “type.”9

Given a realization of u and an investment choice xi, a firm’s total abatement cost is
minimized at qi0(x

i, u), the solution to mi(qi, xi, u) 5 0; that is,

qi0(x
i, u) 5

bi(1 – βxi) 1 u
c

: (2)

We assume that bi(1 – βxi) 1 u > 0 for every firm and their investment choices, and
every realization of u. An emissions market will motivate the firm to reduce its emis-
sions to some qi < qi0(x

i, u). In doing so it will incur total abatement cost

ai(qi, xi, u) 5
ðqi0(xi ,u)
qi

(bi(1 – βxi) 1 u – cqi)dqi,

5
(bi(1 – βxi) 1 u)2

2c
– (bi(1 – βxi) 1 u)qi 1

c(qi)2

2
:

(3)

We analyze an emissions trading program with and without a price floor with the
following features. A total of L permits are distributed to the firms (free of charge),
and firm i receives li0 permits from this initial distribution.10 Each permit confers
the legal right to emit one unit of emissions, and enforcement is assumed to be perfect,
implying that firms’ final permit holdings are equal to their emissions. Emissions per-
mits trade at a competitive price p. When the market includes a price floor the gov-
ernment commits to buying back unused permits at a fixed price s. For the market to
9. Our assumption that the slope of firms’ marginal abatement cost functions, c, does not
vary across firms is not essential. All of our theoretical results hold if we assume heterogeneous
slope parameters instead (the proofs of these results are available from the authors upon re-
quest). Assuming that the slope parameter does not vary across firms simplifies the implemen-
tation of our experiment.

10. While we model a free initial allocation of permits, which is a feature of many existing
emissions markets, over time there has been a shift toward allocating more allowances via auc-
tions. See MacKenzie (2022) for a review of the auctions used in the EU ETS, RGGI, and
California markets for greenhouse gas emissions. The auctions in these programs are uniform-
price auctions with features that allow flexible allowance supplies, including reserve (minimum)
prices that work like the price floor in our analysis. Uniform-price multi-unit auctions are prone
to demand reduction as firms are motivated to shade their bids for allowances. Price floors can
mitigate some of this demand reduction, but we are not aware of theoretical or empirical work
that examines technology adoption under auctioned permits with flexible allowance supplies. This
seems to be a worthwhile topic for future study.
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clear we must have s ≤ p. Throughout we assume that the price floor has a strictly
positive probability of binding.

The timing of events in our model is as follows. Given the elements of the market
policy, in the first stage all firms choose whether to make their irreversible investments
in reducing their abatement costs. In the second stage the value of u is revealed and,
given u, firms choose their emissions, trade in the permit market (including potential
sales to the government), the market clears, and the firms release their allowed levels of
emissions.11

1.1. A Pure Market without Price Controls

In this subsection, we specify the equilibrium for a market without a price floor, start-
ing with the second stage. Given the realization of u, a permit price (to be determined)
and investments from the first stage, a firm chooses its emissions to minimize its com-
pliance cost, consisting of its abatement cost and the value of its permit transactions:

ci(qi, xi, u) 5 ai(qi, xi, u) 1 p(qi – li0)

5
(bi(1 – βxi) 1 u)2

2c
– (bi(1 – βxi) 1 u)qi 1

c(qi)2

2
1 p(qi – li0):

(4)

The familiar rule of equalizing marginal abatement cost and the permit price gives us
the firm’s choice of emissions,

qi(xi, p, u) 5
bi(1 – βxi) 1 u – p

c
: (5)

Using (5) to solve the market clearing condition, on
i51qi(xi, p, u) 5 L, the equilibrium

permit price is

p(x, u) 5 on
i51b

i(1 – βxi) – cL
n

1 u, (6)

where x 5 (x1, ::: , xn) is the vector of individual investments in abatement cost reduc-
tions. Clearly the permit price is lower when the random variable u is lower and when
more firms invest in reducing their abatement costs. (Throughout we ignore the fact
that the permit price also depends on the supply of permits.)

It is convenient to write (6) as

p(x, u) 5 p(x) 1 u, (7)
11. The model is static, which precludes a real options approach to analyzing investments
under uncertainty. Zhao (2003) takes a real options approach to show how abatement cost un-
certainty affects irreversible investments in abatement capital or technologies under emissions
markets and emissions taxes. To our knowledge there is no published work that extends this
approach to consider investments under emissions markets with price controls.
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where p(x) is the expected permit price (i.e., when u 5 0), given investments x. Sub-
stitute (5) and (7) into (4) to obtain a firm’s equilibrium compliance cost in the second
stage as a function of the first-stage investment

ci(x, u) 5 p(x) 1 uð Þ bi(1 – βxi) 1 u
c

–
p(x) 1 u

2c
– l0

i
� �

: (8)

Having characterized the second-stage equilibrium emissions, permit price, and
firms’ compliance costs, we are now in a position to consider a firm’s choice of invest-
ment in reducing its abatement cost in the first stage. We begin by calculating a firm’s
expected benefit of investment, given the investment choices of the other firms. Given
a realization of u, the change in firm i’s compliance cost if it invests in the first stage is

Dci(x, u) 5 ci(xi 5 1, x–i, u) – ci(xi 5 0, x–i, u), (9)

where x–i 5 xn(xi). Define a firm’s expected reduction in its compliance cost from its
investment in the first stage as

ri(x) 5 – E Dci(x, u)
� �

, (10)

where E denotes the expectation operator. Under perfect competition a single firm’s
adoption of the abatement technology does not affect the equilibrium permit price.12

Under this assumption, in appendix A we show that

ri(x) 5
p(xi 5 1, x–i)biβ

c
: (11)

We are now able to characterize a firm’s investment choice. Suppose that the cost of
the investment is f, which does not vary across firms. We assume that if a firm is indif-
ferent about making the investment in reducing its abatement cost then it chooses to
make the investment. The firm then invests in reducing its abatement cost if and only if

f ≤ ri(x); (12)

that is, the firm invests if and only if the cost of the investment is not greater than the
expected reduction in its compliance cost. Given an equilibrium vector of investments
x* that includes xi 5 1,
12.With a small number of polluters it is possible that a single firm’s investment in reducing its
abatement cost in the first stage can influence the equilibrium permit price in the second stage.
Firms could also have market power in the permit market, in contrast with our simplifying as-
sumption that the permit market is perfectly competitive. For example, permit markets for effluent
emissions to waterways sometimes have a small number of large emitters, as discussed in Cason
et al. (2003). Our model is more appropriate for competitive markets with a large number of reg-
ulated sources, such as the greenhouse gas markets discussed in the introduction.
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ri(x＊) 5 r(bi, x＊) 5
biβp(x＊)

c
, (13)

where p(x*) is the expected equilibrium permit price.Wewrite ri(x＊) 5 r(bi, x＊) to rec-
ognize that, given x*, ri(x*) differs over firms only as bi varies. The following proposition
tells us which firmswill invest in reducing their abatement cost. All proposition proofs are
in appendix A.

Proposition 1: Under a competitive emissions market without a price floor, there
exists a unique firm type, b*, defined by

f 5
b＊βp(x＊)

c
, (14)

such that if b＊ ∈ ½bmin, bmax�, then firm types bi ∈ ½b＊, bmax� invest in reducing
their abatement costs and firm types bi ∈ ½bmin, b＊) do not. No firm invests if b＊ >
bmax, and every firm invests if b＊ < bmin.

Proposition 1 indicates that a cut-off firm type, b*, typically separates the investors
who have higher abatement costs (i.e., bi ≥ b＊) from the noninvestors who have lower
abatement costs (i.e., bi < b＊). The reason for this pattern of investment is that the
expected value of investing in reducing abatement costs is higher for firms with higher
abatement costs. To be complete, proposition 1 also characterizes corner solutions at
which all firms invest or no firm invests.

1.2. A Market with a Price Floor

To set up the investment objective for a firm when a price floor is placed on a market
we first need to specify the value of the random variable u at which the price floor and
the permit market bind together. This value of u is us, the solution to p(x) 1 u 5 s;
that is,

us 5 s – p(x) : (15)

To make sure that the price floor has a strictly positive probability of binding, we re-
strict ourselves to values of s such that us ∈ ( _u, �u). For realizations of u > us the per-
mit cap binds, each firm chooses emissions equal to qi(xi, p, u) from (5) and the permit
market clears at price p(x, u) from (6). For u < us the price floor binds so that p 5 s.
In this case, from (5) a firm chooses emissions

qi(xi, s, u) 5
bi(1 – βxi) 1 u – s

c
:

Moreover, we can modify (8) to write the firm’s compliance cost when the price floor
binds as
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ci(x, s, u) 5 s
bi(1 – βxi) 1 u

c
–

s
2c

– li0

� �
: (16)

From the perspective of the first-stage investment, a firm’s expected compliance
cost when it faces a price floor isð us

_u
ci(x, s, u)g(u)du 1

ð�u
us
ci(x, u)g(u)du,

and the firm’s expected reduction in its compliance cost from investing in reducing its
abatement cost is

ri(x, s) 5 –

ð
_u

us

Dci(x, s, u)g(u)du –
ð�u
us
Dci(x, u)g(u)du: (17)

In appendix A, we show that

ri(x, s) 5
biβ
c

ð
_u

us

sg(u)du 1
ð�u
us

p(xi 5 1, x–i) 1 u
� �

g(u)du

� �
: (18)

As usual, the firm invests in reducing its abatement cost if and only if

f ≤ ri(x, s), (19)

and does not invest otherwise. Given an equilibrium vector of investments x** that
includes xi 5 1,

ri(x＊＊, s) 5 r(bi, x＊＊, s) 5
biβ
c

ð
_u

us＊＊

sg(u)du 1
ð�u
us＊＊

(p(x＊＊) 1 u)g(u)du

� �
, (20)

where us＊＊ 5 s – p(x＊＊) from (15). As with (13), we write ri(x＊＊, s) 5 r(bi, x＊＊, s), be-
cause, given x**, ri(x**, s) varies across firms only as bi varies across firms. In addition, we
note that the bracketed term on the right side of (20) is the equilibrium expected permit
price under the price floor, given investments x**. Tomake this explicit, denote the expected
equilibrium permit price under the price floor as E(p(x＊＊, s)) and rewrite (20) as

r(bi, x＊＊, s) 5
biβ E(p(x＊＊, s))

c
: (21)

The following proposition, which is the analogue to proposition 1, characterizes
equilibrium investment decisions in the case of a market with a price floor and a large
number of firms.

Proposition 2: Under a competitive emissions market with a price floor that has a
strictly positive probability of binding, there exists a firm type, b**, defined by
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f 5
b＊＊β E(p(x＊＊, s)

c
, (22)

such that if b＊＊ ∈ ½bmin, bmax�, then firm types bi ∈ ½b＊＊, bmax� invest in reducing
their abatement costs and firm types bi ∈ ½bmin, b＊＊) do not. No firm invests if b＊＊ >
bmax, and every firm invests if b＊＊ < bmin.

As in proposition 1, when there is a mix of investing and noninvesting firms, only
high-abatement-cost firms make the first-stage investment in reducing their abatement
costs. However, the cut-off firm type under proposition 2 is likely different from the
cut-off firm type in proposition 1, so it remains to be seen whether the price floor ex-
pands or contracts the set of firms that invest in reducing their abatement costs.

1.3. Investment with and without a Price Floor

We are now ready to show how the set of firms that invest in reducing their abatement
costs changes with the implementation of a price floor. Our results are contained in the
following proposition.

Proposition 3: Assume that the cut-off firm types b* and b** in propositions 1 and
2, respectively, are contained in the interval [bmin, bmax]. Then:
(1) b＊＊ < b＊.
(2) The price floor causes the set of firms that invest in reducing their

abatement costs to expand to include firm types in the interval [b**,
b*), provided that there are firm types in this interval.
Proposition 3 is the main result of our analysis, because it gives us a prediction
about how a price floor affects the pattern of investment in a technology to reduce abate-
ment costs in a competitive emissions market with a relatively large number of firms. In
cases in which there is a mix of investors and noninvestors, only high-abatement-cost
firms invest whether an emissions market includes a price floor or not. However, a price
floor will expand the set of investors (except in a special case) so that there are “inter-
mediate” abatement-cost firms that invest when a price floor is in place but would not
invest in the absence of the price floor.

Figure 1 illustrates the main results of propositions 1–3. We have graphed r(bi,
x*) from (13), noting that it is a linearly increasing function of the firm types, given
the equilibrium investments in the absence of a price floor, x*. In an equilibrium out-
come with a mix of investors and noninvestors, there is a firm type, b*, such that firm
types at b* and above are the investors, and firm types below b* do not invest in the
new technology. Thus, as revealed by proposition 1, only the high-abatement-cost
firms invest in the new technology. We have also graphed r(bi, x**, s) from (20). This
function is also linearly increasing in the firm types, given the equilibrium investments
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x** in the presence of a price floor. Again, as revealed by proposition 2, in an equilib-
rium with a mix of investors and noninvestors, there is a cut-off firm type b** that
separates the investors with higher abatement costs from the noninvestors with the
lower abatement costs.

Proposition 3 reveals that b＊＊ < b＊ so that a price floor can expand the set of investors
to include those firm types in the interval [b**, b*). The proof of proposition 3 rests on
showing that the expected permit price with a price floor that has a nonzero chance of
binding is strictly greater than the expected permit price without the price floor. In fact,
using (13) and (21), r(bi, x＊＊, s) > r(bi, x＊) as shown in figure 1 is implied by
E(p(x＊＊, s)) > p(x＊). There are two effects at work here. The first is that the price floor
truncates the lower part of the distribution of potential prices. Holding investments in
the new abatement technology constant, truncating the lower part of the price distribu-
tion increases the expected permit price. However, increased investments in reducing
abatement costs push the expected permit price down. This countervailing effect is not
large enough to offset the effect of truncating the price distribution, so the expected per-
mit price is higher with the price floor and, in turn, the set of investors is larger.

2. EXPERIMENTAL DESIGN AND HYPOTHESES

2.1. Experimental Parameterization and Trading Institution

The experimental implementation of the preceding model of abatement and invest-
ment with and without price controls required several simplifications. The quantity of
emissions (q) was discretized, since emission permits are typically traded in discrete units
Figure 1. Impact of price floor on firms’ investments in reducing abatement costs
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(of, e.g., tons of CO2 equivalent). The random variable affecting abatement costs (u) was
also simplified to take on a limited set of five equiprobable values. In this description the
“firms” who make investment, abatement, and trading choices were human subjects re-
cruited to the laboratory. Their investments, abatement, and permit trading decisions
determined their monetary payments, which were distributed in cash at the conclusion
of each experimental session.

Each market included eight heterogeneous firms. Although it may seem relatively
thin, this market size is common in laboratory studies and can result in relatively com-
petitive pricing when trade is organized using continuous double auction rules (Smith
1982). The double auction market used in the experiment provides a competitive en-
vironment where traders are free to submit public offers to purchase and sell permits
at any prices. Firms could choose whether to take the buying or selling side of a trans-
action—a so-called trader setting (Kotani et al. 2019; Sherstyuk et al. 2021). Those
wishing to buy permits can submit bid prices to buy or accept sellers’ offer prices in
continuous time. Symmetrically, those wishing to sell permits can submit offer prices
to sell or accept buyers’ bid prices at any time.13 This creates a centralized, multilateral
negotiation process that is relatively competitive even with a small number of traders.

Firm heterogeneity arises from differences in bi, which take on values of 100, 200, . . . ,
800 for the eight different firms. The discrete shift in abatement costs due to cost-
reducing investment is β 5 0:252 and parameter is c 5 15 for all firms. Abatement
cost uncertainty, the motivation for the implementation of price controls, is modeled
through the mean zero random variable u, which is drawn each period from the set
{–40, –20, 0, 20, 40} with all values equally likely. A total of 184 emission permits
are distributed equally to the eight firms, so that each begins the trading period holding
23 permits. The heterogeneity in abatement costs creates gains from trading permits.
It also leads the investment incentives to differ across firms, as characterized in propo-
sitions 1 and 2. The firms with the highest bi have the greatest incentive to invest to re-
duce costs. The investment cost f was fixed at 200 experimental dollars for all firms.

2.2. Period Timing and Equilibrium Prices

The experiment employs stationary repetition. This means that firms make similar
investment and trading decisions in a stable environment across 16 consecutive periods
with firm type being fixed.14 Such repetition is commonly employed in market exper-
iments to allow participants to gain experience and to provide more opportunity for
13. Throughout the trading period, firms can adjust their offers, but new offers must be an
improvement over previous offers. That is, any new buy offers must be higher than the current
highest buy offer and any new sell offers must be lower than the current lowest sell offer.

14. One session with two markets conducted for the no-control baseline had to be restarted
due to a configuration error, so these two markets were terminated after 13 rather than the full
16 periods.
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prices to converge to (or at least approach) equilibrium levels. New random draws oc-
cur each period for the variable affecting abatement costs (u), however, and these
draws affect the equilibrium price.15 Therefore, the equilibrium price is not stationary.

At the start of each period, traders receive fixed revenues and permits. Those firms
with greater abatement costs receive greater revenues to roughly equate the equilibrium
distribution of net profits across firm types. This allowed different subjects to earn
similar amounts of cash earnings regardless of their random type assignment. Follow-
ing this allocation of fixed revenues and permits, traders make (binary) investment de-
cisions. They make this investment decision in each of the 16 cycles of stationary rep-
etition, in order to maximize the number of observations collected for this focus of our
study. Consistent with the theoretical model developed in section 1, this investment
lowers the marginal cost for each unit abated but does not affect the slope of the mar-
ginal abatement cost function. Firms make this decision simultaneously, and they never
learn the investment decisions of others. (Individual firms’ marginal abatement costs
are always their own private information.) Firms then learn the realization of the ran-
dom variable affecting abatement costs (u).16 Traders’ investment decisions and this
realization of u lead to a new abatement cost profile across traders of each type. Equi-
librium permit prices therefore depend on investment choices and random factors af-
fecting abatement costs, as summarized in table 1. Equilibrium prices are a multiple of
15 due to the marginal cost parameter choice of c 5 15.

Trading periods lasted for three minutes until period 6, when the length was re-
duced to two minutes. Prior to these 16 periods of stationary repetition, subjects first
participated in eight (paid) training periods to familiarize them with the mechanics of
continuous double auction trading through the computer interface. These training pe-
riods also included an investment stage, but they employed different abatement cost
parameters and permit allocations so that transaction prices were very different from
the prices in the main experiment.17 The training periods never employed price con-
trols. The training periods and the main periods each began with one practice period
without financial stakes.
15. Recall that the u draw each period affects all firms identically. Two sequences of u re-
alizations were drawn before the first sessions, and these specific drawn sequences were re-used
for all subsequent sessions, equally allocated across markets in both treatments. This reduces
the between-session and between-treatment variability arising from the differing realizations
of the random shocks.

16. This random shock to abatement costs effectively shifted traders along their marginal
abatement cost function, so it was easiest to describe to subjects as an allocation of additional
permits that they all received before trading opened for the period.

17. Equilibrium prices in the training periods ranged between 120 and 300 and had virtually
no overlap with the prices shown in table 1 for the main periods.
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2.3. Price Floor

The treatment variable in the experiment is the price floor, imposed for this chosen
parameterization at 70. This particular level of 70 is not set at an optimal (or second-
best) level, which is not defined as we leave the marginal environmental damages unspec-
ified. To implement the floor no offers or transactions were allowed at prices below 70;
they were automatically disallowed by the market software. Obviously, this led to an
excess supply of permits at the floor price when the floor was binding. Consistent with
the implementation of hard price floors in emissions permit markets in practice, firms
wishing to sell these excess permits were able to sell them to “the computer,” analogous
to the regulator standing ready to buy excess permits at the floor. In order to create a
marginal incentive to sell to actual traders wishing to buy at the floor during the trad-
ing period, the computer made these purchases at the close of trading and at a price of
69. Firms decided how many permits to sell at this price floor.18

2.4. Laboratory Procedures and Power Analysis

In order to determine subjects’ understanding of the investment decisions and differ-
ent ways of implementing the price floor, we initially ran three pilot sessions.19 These
pilots generated realized effect sizes and variance estimates that were used in a power
Table 1. Equilibrium Permit Prices by Abatement Cost Shock and Number of Investors

Abatement Cost Shock (u)

No. of Investors –40 –20 0 20 40

(0) None 75 90 105 135 150
(1) bi 5 800 45 60 75 105 120
(2) bi 5 800, 700 30 45 60 90 105
(3) bi 5 800, 700, 600 15 30 45 75 90
(4) bi 5 800, 700, 600, 500 0 15 30 60 75
(5) bi 5 800, 700, 600, 500, 400 0 0 15 45 60
(6) bi 5 800, 700, 600, 500, 400, 300 0 0 0 30 45
(7) bi 5 800, 700, 600, 500, 400, 300, 200 0 0 0 30 45
(8) bi 5 800, 700, 600, 500, 400, 300, 200, 100 0 0 0 30 45
18. Firms could sell as many permits at the floor as
a decision aid on the screen, which indicated the num
i.e., the number of currently held permits that corre
than the price floor.
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analysis to design the main experiment. These power calculations led to the conclusion
that 11 markets would be sufficient to detect a difference in investment rates with
power 0.80 and significance level .05. The power analysis also prescribed a greater al-
location of markets to the price control condition due to a higher variance observed in
this treatment for the pilot sessions.

We therefore collected data from a total of 11 markets, with the price floor treatment
implemented in six markets and the no-control baseline in the other five markets. Each
market included eight traders as described above. The subjects were all undergraduate
students at Purdue University, recruited from a database of approximately 3,000 volun-
teers drawn across a wide range of academic disciplines and randomly allocated to treat-
ment conditions using ORSEE (Greiner 2015). The z-Tree program (Fischbacher
2007) was used for the implementation of the experiment. For the purpose of maintain-
ing as much experimental control as possible, we used neutral framing in the experiment
and did not refer to the specific environmental economics setting explicitly, since envi-
ronmental framing could affect subjects’ preferences differently (Cason and Raymond
2011). In particular, tradable emission permits were referred to as “coupons” and abate-
ment and marginal abatement cost were referred to as “production” and “production
costs,” respectively, that firms could avoid by holding more coupons. Details are provided
in the written instructions given to subjects (see app. B, available online).

Each session lasted about two hours, and after each session earnings were paid out
privately in cash at a pre-announced conversion rate from the experimental dollars
earned across all (nonpractice) periods. On average, subjects earned $33.47 per person.

2.5. Testable Hypotheses

The implications of the theoretical model and corresponding experimental design al-
low us to test several hypotheses. We first consider the impact of price controls on
investment levels. As described earlier, all eight firms make their investment choice
simultaneously. The competitive equilibrium permit prices shown in table 1 indicate
that the price floor of 70 is often binding. This was a deliberate design choice so that
the differences in investment incentives would be large enough to substantially change
the number of equilibrium investors. As noted earlier, analysis of costs and prices in
large emissions trading markets such as California’s GHG market has concluded that
market prices are very likely to be limited by administrative price floors or ceilings
(Borenstein et al. 2019).

Those firms with the highest abatement costs have the greatest incentive to invest
to reduce their abatement costs, as indicated by the cutoff firm types as derived in
propositions 1 and 2. For the experimental parameterization, the highest cost types
(i.e., those with the greatest bi) always have the incentive to invest and the lowest cost
types never have the incentive to invest, regardless whether a price floor exists. The
price floor affects the investment decision of the intermediate-cost firms. Table 2
shows that in equilibrium four firms have an incentive to invest without a price floor
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but seven firms would invest with the price floor. This leads to our primary hypothesis
in connection to proposition 3.

Hypothesis 1 (Investment): In a competitive permit market,
(a) a price floor increases the total number of firms investing in reducing
their abatement costs, and

(b) the change in investment frequency is greatest for firms with inter-
mediate abatement costs.
The investment incentives arise through the price implications on the permit mar-
ket, so a necessary condition for support of hypothesis 1 is a correlation between prices
and abatement shocks and investment. This is summarized by the second hypothesis:

Hypothesis 2 (Prices): Emission permit prices are
(a) lower on average without the price floor than with the price floor in
place,

(b) lower in periods with favorable shocks that lower abatement costs
for all firms, and

(c) lower in periods in which a greater number of firms invest in reduc-
ing abatement costs.
Hypothesis 2a is based on the primary implication of a price floor that has a non-
zero chance of binding, since it truncates the lower part of the distribution of potential
prices. For the other two parts of this hypothesis, table 1 illustrates the specific
Table 2. Increase in Expected Profits from Investing
in Abatement Cost Reductions, Gross of Investment Cost

Firm Investor Type No Price Floor Price Floor 5 70

bi 5 800 1,788 1,706

bi 5 700 1,077 1,105

bi 5 600 720 834

bi 5 500 408 600

bi 5 400 192 492

bi 5 300 48 350

bi 5 200 45 210

bi 5 100 30 140
Note. Amounts shown in experimental dollars, based on equiprobable likeli-
hood of the five abatement cost shocks. Entries in bold indicate firms with incentive
to invest for the investment cost used in experiment (200).
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amounts in equilibrium that prices change due to investment and cost shocks without
the price floor. Of course, these price differences are limited by the price floor when it
is imposed. When investment is sufficiently high or the abatement cost shock is favor-
able, the price floor will bind, and parts b and c of hypothesis 2 will not apply.

3. EXPERIMENTAL RESULTS

This section is divided into two subsections, corresponding to the two hypotheses
regarding cost-reducing investment and emission permit prices.

3.1. Cost-Reducing Investment

The price floor theoretically increases the number of investing firms because it helps to
preserve the benefits of lower abatement costs even when favorable cost shocks cause
prices to fall to low levels. For the parameters used in the experiment, seven of the eight
firms can profitably invest in the price floor treatment, while only four firms can invest
profitably without the price floor. Figure 2 displays the average number of investing
firms across periods, pooling over all 11 markets. Although the difference in the invest-
ment frequency is similar for the first few periods, a persistent gap across treatments
emerges over time. The difference is in the direction predicted in hypothesis 1a.

The most conservative statistical test of this hypothesis is a nonparametric test that
requires no assumptions on the underlying distribution or error structure. The only re-
quirement is that observations in the test be statistically independent, which is the case for
our 11 different markets. Figure 3 illustrates that only one market in the price floor treat-
ment has a lower investment frequency than any market in the treatment without the
Figure 2. Mean number of investors, by period. Color version available as an online
enhancement.
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price control. Since the distributions are nearly nonoverlapping, a nonparametric Mann-
Whitney test strongly rejects the null hypothesis of no treatment effect in favor of the
directional prediction in hypothesis 1a (one-tailed p-value 5 :004, n 5 11).20 The
number of investors without the price control ranges mostly between four and five, mod-
estly exceeding the predicted number of four investors. The deviation below the predic-
tion of seven is larger for the price floor treatment, so the realized average treatment effect
is smaller than the predicted level.

Hypothesis 1b concerns which specific firm types should change their investment
choice due to the price floor. The lowest cost type (bi 5 100) should never invest, and
the highest cost types (bi ≥ 500) should always invest. Only the intermediate-cost
firms should change their investment decision due to the price floor.

Figure 4 shows that investment patterns are broadly consistent with this predic-
tion. The lowest cost type invests less than 10% of the time, and the highest four types
invest more than 90% of the time. The figure displays p-values from one-tailed non-
parametric Mann-Whitney tests comparing average investments for the three firm
types where the model predicts that the price floor increases investment incentives.
Differences are statistically significant at conventional levels for two of these three
Figure 3. Mean number of investors, by market (periods 6–16 only). Color version available
as an online enhancement.
20. Figure 3 and this test are based on periods 6–16, after dropping the initial periods 1–5.
The significance level is similar when including all periods, with a one-tailed p-value 5 :008.
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types. None of the other five types have significantly different investment rates.21 The
variance within individual firm types across periods is not systematically different
across treatments, except that type bi 5 400 has lower variation in investment fre-
quency in the price floor treatment (Mann-Whitney p-value 5 :004).

3.2. Emissions Permit Prices

The first and prerequisite implication of the price floor is that it raises transaction prices
on average (hypothesis 2a). Pooling across all periods and markets, the mean transaction
price is 49.7 (SE 5 0:58) without the price floor and is 81.7 (SE 5 0:46) with the
price floor. A nonparametric Mann-Whitney test strongly rejects the null hypothesis
of no treatment effect in favor of the directional prediction in hypothesis 2a (one-tailed
p-value 5 :002, n 5 11). Similar conclusions obtain when considering only the later
market periods or the later transaction prices within a period. The price floor limits
downward price movements, as expected.

The stronger incentives that firms have for investment in the presence of a price
floor stem from the limitations imposed on price variability arising from changes in
marginal abatement costs. Prices are predicted to decrease following favorable shocks
Figure 4. Mean investment rate, across firm types (periods 6–16 only); p-values shown for
key firm types bi 5 200, 300, 400 where hypothesis 1b predicts a significant difference. Color
version available as an online enhancement.
21. These tests employ only one observation per market (n 5 11 for each test). They are
based on periods 6–16, after dropping the initial periods 1–5. Results are similar based on all
16 periods, except that investment rates are significantly different for type bi 5 700 because the
investment rate is exactly 100% in the price floor treatment.
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to abatement costs or when additional firms invest in lowering their costs. The pre-
vious subsection provides support for these hypothesized differences in investment,
which suggests that prices also vary as expected.

Realized prices in these types of experimental markets vary considerably over time.
Price variation is large even within trading periods when the abatement costs are fixed
and competitive equilibrium prices are unchanging. Previous experiments using this con-
tinuous double auction trading institution show that prices converge eventually when
the competitive equilibrium is stable across periods. Not surprisingly, however, prices
do not converge to equilibrium in an environment like this one where prices change ran-
domly due to cost shocks and through firm-specific, cost-reducing investments.

Table 1 indicates that equilibrium prices typically decline by 15 experimental dol-
lars for each additional shift down to a more favorable cost shock or when an additional
firm invests in cost reduction.22 We summarized these directional predictions above in
hypothesis 2. These price reductions are limited by the zero lower bound on prices or
limited by the price floor (70). Due to their already low abatement costs, cost reductions
by firm types bi ≤ 200 do not impact equilibrium prices.

The early trades in each period are especially volatile and often occur far from equi-
librium levels. As trades occur within a period, however, the market conveys informa-
tion about underlying abatement costs (which are, recall, firms’ private information).
The later trading prices therefore reveal more about market conditions and become
closer to equilibrium levels. For this reason we focus our analysis of the transaction
prices to the later trades that occur each period.

Figure 5 displays themean transaction prices for the baseline treatment without a price
control, considering only the final five trades each period. Each bar corresponds to a dif-
ferent combination of a number of investors and abatement cost shock. Only the most
common number of investors (four, five, and six) are displayed. Although in equilibrium
prices should be 0 or 15 in nearly half of these cases (cf. rows 4–6 of table 1), the displayed
average prices are always 20 or greater. Average prices nevertheless tend to rise, as predicted,
for more unfavorable cost shocks. The decrease in prices due to an increase in investment,
moving rightward across blocks of similarly colored bars, is less systematic.

The impact of the price floor on transaction prices is substantial, as expected. Fig-
ure 5 shows that average late period prices are always below 70 without the price floor;
by contrast, figure 6 indicates that prices are usually constrained by the floor. Average
prices typically range between 70 and 80 in this treatment, and they are less sensitive
to changes in cost shocks and investment choices than are prices in the treatment with-
out the price floor.23
22. The price difference is larger (30) between the 0 and 20 cost shock due to rounding.
23. The within-period standard deviation in individual transaction prices is about 50% higher

without the price control (9.46) than with the price floor (6.14). Although the difference is large, it
is not statistically significant (Mann-Whitney test p-value 5 :329).
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To formalize these observations, table 3 reports a set of regressions to test hypothe-
sis 2. The dependent variable is the mean price across the final five transactions of each
period (cols. 1 and 3) or across the final three transactions of each period (cols. 2 and 4).
Columns 1 and 2 use data from the markets without a price control, and columns 3 and
4 are based on the price floor treatment. Panel A uses data from all periods, and panel B
Figure 5. Mean transaction prices for baseline (no price control) treatment, final five trades
each period, by cost shock and number of investors. Error bars indicate standard errors. Color
version available as an online enhancement.
Figure 6. Mean transaction prices for price floor treatment, final five trades each period, by
cost shock and number of investors. Error bars indicate standard errors. Color version available
as an online enhancement.
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excludes the initial five periods that exhibit greater noise as traders initially trade at higher
prices before later negotiating lower prices closer to equilibrium. This downward trend is
reflected in the negative and significant period number time trend in panel A. This time
trend is completely nonexistent when restricting analysis to the later periods in panel B.

The cost shock coefficient is predicted to be positive, and the estimates indicate
that it is usually significantly greater than zero. This provides support for hypoth-
esis 2b. The estimates are much larger in the baseline treatment without the price
Table 3. Emission Permit Prices and Abatement Cost Shocks

No Price Control Price Floor Treatment

Mean Price in:

Final 5
Transactions

Final 3
Transactions

Final 5
Transactions

Final 3
Transactions

(1) (2) (3) (4)

A. All Periods 1–16

Cost shock (–40 to 40) .34** .40** .07** .05
(.05) (.05) (.03) (.04)

Number of investors (0 to 8) –2.13 –2.73* –.74 –.10
(1.62) (1.61) (1.00) (1.46)

Period number (1 to 16) –.89** –.73* –.77** –.80**
(.32) (.32) (.15) (.23)

Constant 52.96** 52.96** 85.38** 82.04**
(9.04) (8.97) (6.10) (8.73)

R-squared .409 .464 .234 .125
Observations 74 74 96 96

B. Periods 6–16 Only

Cost shock (–40 to 40) .37** .41** .04** .04**
(.07) (.07) (.01) (.02)

Number of investors (0 to 8) –3.37* –3.86* –.70 –.34
(2.03) (2.05) (.52) (.57)

Period number (6 to 16) –.10 –.11 –.09 –.10
(.53) (.53) (.10) (.11)

Constant 48.55** 50.52** 76.77** 74.76**
(10.21) (10.27) (3.33) (3.62)

R-squared .426 .477 .051 .074
Observations 49 49 66 66
Note. Panel regression models with market random effects. Standard errors shown in parentheses.
* Significantly different from 0 at the 5% level (one-tailed tests for only cost shock and the number

of investors).
** Significantly different from 0 at the 1% level (one-tailed tests for only cost shock and the number

of investors).
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control, but even in this case they are still far below the predicted level of 15/20 5
0:75 (cf. table 1).24 The coefficient on the number of investors should be negative,
but it is only significantly less than zero for markets without the price control and par-
ticularly when excluding the initial five periods (panel B). The evidence for hypothesis 2c
is therefore weak and is only seen without the price floor. These transaction price regres-
sions establish that prices are much more sensitive to changes in abatement costs (either
through the cost shock or due to investment) in the treatment without the price control.
In the treatment with the price floor (cols. 3 and 4), figure 6 illustrates that the floor is
usually binding and so prices change little as costs shift.

3.3. Emissions and Social Costs

By design, emissions are limited by the total supply of permits, and the experimental
environment imposed perfect compliance so the “cap” is always binding. Additional
reductions below the permit supply cap do occur in the experiment, however, for a
couple of reasons. First, the hard price control requires permits to be purchased by
the regulator to support the price floor. This encourages abatement up to the marginal
cost level of the floor, and the unused permits are not used to cover emissions. Thus,
the price floor mechanically reduces emissions when it binds. A second reason why
emissions can fall below the cap is that (low cost) sellers do not sell excess permits
when prices are very low. This can occur especially in the treatment without price con-
trols, where prices sometimes fell below the lowest marginal cost of abatement. These
unused permits also lead to lower emissions.

On balance, the reduction of emissions due to the price control incentivizing greater
abatement is stronger empirically for our experimental parameterization. The maximum
level of emissions is 184, as 23 permits were allocated to each of the eight firms. The
unused permits in the no control treatment result in an emissions average of 177.6
(SE 5 0:60), compared to 153.9 (SE 5 1:11) for the price floor treatment. This dif-
ference is highly significant (Mann-Whitney p-value 5 :004). The price floor therefore
leads to greater investment, lower price volatility, more abatement, and less emissions.

However, we cannot say whether the additional investments in abatement costs
and the reduction in emissions results in a welfare gain unless we are willing to specify
an ad hoc marginal damage function. We can, however, derive a range of marginal
damages that would imply that the price floor in our experiment lowers expected social
costs. To do so, suppose that marginal damage is a constant, d, which is close to reality
if we are considering carbon emissions (Pizer 2002). Let observed aggregate emissions
with the price floor and without the price floor be Qs and Qns, respectively. Likewise,
24. Technically this simple linear function is misspecified, as the precise equilibrium impact
on prices depends on the specific investors and cost shock. A full series of interactions between
cost shock and investor identities would “consume” many degrees of freedom, however, so we
limit ourselves to this more parsimonious approximation.
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let As and Ans denote the firms’ aggregate abatement costs plus their aggregate invest-
ments in reducing their abatement costs, with and without the price floor. Finally, de-
fine expected social costs to be SCk 5 Ak 1 dQk, k 5 fs, nsg. We do not include
government’s expenditure on buying unused permits under the price floor, because this
is a simple transfer from one part of society to another. However, there is likely a cost to
generate these funds in the first place, so we acknowledge that a fuller accounting of the
social costs would include the deadweight cost of an additional dollar of government rev-
enue times the government’s expenditure on buying permits.

Calculate SCns – SCs 5 Ans – As 1 d(Qns – Qs). GivenQns – Qs > 0 as we observe
in our experiment, there exists a cut-off value of d,

�d 5
As – Ans

Qns – Qs
,

for which d > (<)�d implies SCns > (<)SCs. That is, if actual marginal damage is greater
than (less than) �d then the price floor reduces (increases) expected social costs.

We noted above that over all 16 periods of our experiment the mean observed
levels of aggregate emissions are Qs 5 153:9 and Qns 5 177:6. The mean observed
levels of aggregate abatement costs plus investment costs are As 5 2,864:4 and
Ans 5 1,905:7. Thus, the firms’ costs of reducing their emissions under the price floor
increased despite the significant increase in investments to reduce their abatement
costs. With these emissions and cost values, �d 5 40:45. This implies that the price
floor in our experiment would lead to an increase in social welfare if marginal damage ex-
ceeds this value. (This value is only a bit higher at 43.05 if we consider only periods 6–16.)
Note that this value is below our price floor of 70. Actual price floors in existing markets
tend to be well below estimates of the marginal damage from greenhouse gas emissions.
If that was also true in our experimental markets then we would conclude that the hard
price floor we consider leads to lower social costs.

One final note is warranted. The cut-off value �d would be higher if we included the
social costs of the government’s purchases of unused permits under the price floor.
Typical corrections for the marginal excess burden of taxation (i.e., the deadweight
costs of raising an additional dollar of government revenue) are less than 50% (Bos
et al. 2019). Even if we assumed a 100% correction, �d would only increase from 40.45
to 41.72.
4. CONCLUSION

This paper develops a theoretical model that identifies firms’ investment incentives in
abatement technology for emissions trading markets characterized by cost uncertainty
and regulated by price floors. The establishment of a price floor is pivotal in mitigating
permit price uncertainty and limits market prices from becoming too low, which im-
pedes investment and undermines the dynamic efficiency of markets. A price floor acts
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as an implicit subsidy for firms, as it increases the expected benefits from investment in
lower abatement cost technology.

In a model featuring abatement cost uncertainty and a set of heterogeneous firms
that interact in a competitive emissions trading market, our model reveals that, com-
pared to an unregulated market, investment incentives are stronger when price floors
are in place. In a market with a mix of investors and noninvestors, the price floor ex-
pands the number of investors in equilibrium. This key result is also supported em-
pirically in a laboratory market experiment, which also indicates how transaction prices
are sensitive to cost shocks and the number of investors. The policy lesson to be drawn
from this is that additional investments in cost-saving technologies can be achieved
through the implementation of a price floor; ultimately, this has the potential to pro-
mote innovation and development of advanced abatement technology.

The experiment, of course, must impose a specific numerical parameterization for
the laboratory market, and so we do not claim to provide broad empirical conclusions
that can apply generally to the wide range of current and potential markets for emis-
sions permits in the field. The experiment’s structure is guided closely by the theoret-
ical model, however, and we believe it captures the important economic forces that
cause price floors to promote abatement-cost-reducing investment. The identification
of clear causal channels with direct theoretical support helps promote confidence in
external validity. When the price floor has a positive probability of binding, which is
commonly the case for many emissions markets in practice (discussed in the introduc-
tory section), investment is likely to increase when the market is composed of a mixture
of heterogeneous firms that invest at different levels.

Finally, for the purpose of the experiment we studied the effect of a price floor in a
single emissions trading market in isolation, without consideration of endogenous pol-
icy choices that could arise in the field. Markets in the field are subject to multiple inter-
acting policies that influence investment decisions. For instance, price floors may differ
across nations for political economy reasons. Individual countries in the EU ETS with
more ambitious climate targets may prefer to enhance market signals by implementing
a relatively high price floor domestically. As a result, asymmetric price controls across
nations may undermine the harmonization of international emissions trading markets.
However, Newbery et al. (2019) argue that domestic and EU-wide price floors could
be mutually enhancing. Either way, it is important to assess how price floors shape and
affect the functioning of emissions markets. While our paper has shed light on the im-
pacts of price floors on investments in abatement technology, future research could in-
corporate adjusting permit supply, for instance, through the lens of the Market Stability
Reserve in the EU ETS, complemented with a price floor (e.g., Flachsland et al. 2020).
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APPENDIX A

MODEL DERIVATIONS AND PROOFS

Derivation of Equation (11)

Start with

Dci(x, u) 5 ci(xi 5 1, x–i, u) – ci(xi 5 0, x–i, u):

To conserve notation, let p(1) 5 p(xi 5 1, x–i) and p(0) 5 p(xi 5 0, x–i). More-
over, define Dip 5 (p(1) 1 u) – (p(0) 1 u). Then, using equation (8),

Dci(x, u) 5 p(1) 1 uð Þ bi(1 – β) 1 u
c

–
p(1) 1 u

2c
– li0

� �

– p(0) 1 uð Þ bi 1 u
c

–
p(0) 1 u

2c
– li0

� �

5 Dip
bi

c
– li0 –

p(1) 1 p(0)
2c

� �
–
(p(1) 1 u)biβ

c
:

Under perfect competition a single firm’s adoption of the abatement technology does
not affect the equilibrium permit price, so we set Dip 5 0. Then,

Dci(x, u) 5 –
(p(1) 1 u)biβ

c
: (A1)

Taking the expectation of Dci(x, u) and multiplying by –1 gives us equation (11).
Derivation of Equation (18)

From equation (16), Dci(x, s, u) 5 –sbiβ/c, and from (A1), Dci(x, u) 5 –(p(xi 5
1, x–i)1 u)biβ/c. Substitute Δci(x, s, u) and Δci(x, u) into (17) to obtain equation (18).

Proposition 1

Proof. Note that r(bi, x*), given by (13), is linearly increasing in bi. Therefore, b* de-
fined by (14) is unique. Moreover, f ≤ r(bi, x＊) and xi 5 1 for firm types bi ≥ b＊, and
f > r(bi, x＊) and xi 5 0 for firm types bi < b＊. If b＊ ∈ ½bmin, bmax�, then f ≤ r(bi, x＊)
and xi 5 1 for firm types bi ∈ ½b＊, bmax�, and f > r(bi, x＊) and xi 5 0 for firm types
bi ∈ ½bmin, b＊�. If b＊ > bmax, then f < r(bi, x＊) and xi 5 1 for all firms; if b＊ < bmin,
then f > r(bi, x＊) and xi 5 0 for all firms. QED

Proposition 2

Proof. Proposition 2 is proved in the same way as proposition 1. First note that r(bi, x**,
s), given by (20), is linearly increasing in bi. Therefore, b** defined by (22) is unique.
Moreover, f ≤ r(bi, x＊＊, s) and xi 5 1 for firm types bi ≥ b＊＊, and f > r(bi, x＊＊, s)
and xi 5 0 for firm types bi < b＊＊. If b＊＊ ∈ ½bmin, bmax�, then f ≤ r(bi, x＊＊, s) and
xi 5 1 for firm types bi ∈ ½b＊＊, bmax�, and f > r(bi, x＊＊, s) and xi 5 0 for firm types
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bi ∈ ½bmin, b＊＊). If b＊＊ > bmax, then f < r(bi, x＊＊, s) and xi 5 1 for all firms; if
b＊＊ < bmin, then f > r(bi, x＊＊, s) and xi 5 0 for all firms. QED

Proposition 3

Proof. To prove part 1 of the proposition, first note that (14) and (22) imply

b＊p(x＊) 5 b＊＊ E(p(x＊＊, s)) : (A2)

Subtracting b**p(x*) from both sides of (A2) allows us to obtain

sgn(b＊ – b＊＊) 5 sgn E(p(x＊＊, s)) – p(x＊)f g: (A3)

Thus, what happens to the equilibrium set of investors when a price floor is imposed
depends on what happens to the expected permit price.

We have

E(p(x＊＊, s)) 5
ð
_u

us＊＊

sg(u)du 1
ð�u
us＊＊

(p(x＊＊) 1 u)g(u)du: (A4)

From (15), s 5 p(x＊＊) 1 us＊＊. Substitute this into (A4) to obtain

E(p(x＊＊, s)) 5 p(x＊＊) 1 us＊＊
ð
_u

us＊＊

g(u)du 1
ð�u
us＊＊

ug(u)du : (A5)

Note that p(x*) can be written as

p(x＊) 5
ð
_u

us＊＊

(p(x＊) 1 u)g(u)du 1
ð�u
us＊＊

(p(x＊) 1 u)g(u)du:

5 p(x＊) 1
ð
_u

us＊＊

ug(u)du 1
ð�u
us＊＊

ug(u)du:

Subtract (A6) from (A5) to obtain

E(p(x＊＊, s) – p(x＊) 5 p(x＊＊) – p(x＊) 1
ð
_u

us＊＊

(us＊＊ – u)g(u)du: (A7)

Toward signing (A7), first note that our assumption that there is a strictly positive
probability that the price floor will bind implies us＊＊ > u, which in turn implies

ð
_u

us＊＊

(us＊＊ – u)g(u)du > 0: (A8)

To determine the relationship between p(x**) and p(x*), use the price equation (6) to
write

(A6)
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p(x＊＊) – p(x＊) 5 on
j51b

j(1 – βx j＊＊) – cL

n
–o

n
j51b

j(1 – βx j＊) – cL

n

5
1
n

� �
o
n

j51
b jβx j＊ – o

n

j51
b jβx j＊＊

 !
,

(A9)

where x j** and x j* are equilibrium investment choices by firm j, with and without a
price floor, respectively. Given b jβ > 0 for all firm types, (A9) implies

sgn p(x＊＊) – p(x＊)ð Þ 5 sgn o
n

j51
x j＊ – o

n

j51
x j＊＊

 !
: (A10)

Let the equilibrium set of investors in the absence of a price floor be I* and let the set
of investors with the price floor be I**. In addition, let FI*F and FI**F denote the car-
dinality (i.e., number of elements) of I* and I**, respectively. Note that���� I＊

���� 5 o
n

j51
x j＊ and 

���� I＊＊
���� 5 o

n

j51
x j＊＊:

Then,

sgn p(x＊＊) – p(x＊)ð Þ 5 sgn I＊j j – I＊＊j jð Þ: (A11)

Toward a contradiction of b＊ > b＊＊ in the proposition, suppose instead that b＊ ≤ b＊＊.
From (A3), this would imply E(p(x＊＊, s)) – p(x＊) ≤ 0. However, from (A7) and (A8),
E(p(x＊＊, s)) – p(x＊) ≤ 0 requires p(x＊＊) – p(x＊) < 0, which from (A11) implies
jI＊j < jI＊＊j. However, jI＊j < jI＊＊j requires b＊ > b＊＊, which contradicts b＊ ≤ b＊＊.
Since b＊ ≰ b＊＊, we have b＊ > b＊＊.

Part 2 of proposition 3 follows directly from propositions 1, 2, and part 1 of prop-
osition 3. QED
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