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Regulating greenhouse gas emissions by an
inter-temporal policy mix: an experimental

investigation*

Tiho Ancev , Rimvydas Baltaduonis and
Elizabeth Immer-Bernold†

Emissions taxes impose a fixed price on emissions, whereas under tradable permit
schemes prices emerge in the secondary permit market. The delayed price discovery
under tradable permits creates uncertainty about the future cost of compliance that
liable emitters face. To mitigate this uncertainty, some jurisdictions have designed
policies to regulate GHG with an emissions tax that is in force for several years,
subsequently transforming into a tradable permit scheme. This paper examines the
effects that this staged transition – from no regulation to a regulation by a tax, to a
regulation by tradable permits – has on abatement investment, quantity of emissions,
permit prices and overall regulation efficiency. The effects of the inter-temporal mix of
policy instruments are compared to the effects of single policy instrument: a tax-only,
and a tradable permit-only regulation. Our investigation relied on laboratory
economics methods to test economic behaviour under these three policy regimes.
We find that a staged transition from a tax to a tradable permit scheme results in more
socially desirable outcomes on a range of criteria when compared to a regulation
based solely on tradable permits, and specifically, it improves ability to make better
abatement investment decisions.

Key words: abatement investment, cap and trade, emission markets, emission taxes,
environmental policy, permit trading.
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1. Introduction

Incentive-based policies, such as emissions taxes and emissions permit trading
schemes, are increasingly used to regulate greenhouse gas (GHG) emissions in
many jurisdictions around the world (de Vries and Hanley 2016). Emissions
trading schemes have been implemented in the European Union in 2005 (Betz
and Sato 2006), in New Zealand in 2008 (Bullock 2012), in Northeast and
Mid-Atlantic US states (Ruth et al. 2008), and in California in 2013 (Schobe
et al. 2014). Emissions taxes are in place in Norway (Bruvoll and Larsen 2004),
in several Canadian provinces (Sawyer and Gass 2014), and in Ireland since
2010 (Conefrey et al. 2013). A contemporaneous policy mix (a hybrid of tax
and a tradable scheme existing at the same time) operates in Switzerland since
2008 (IETA 2013), and an inter-temporal policy mix with a staged transition
from an emissions tax to an emissions trading scheme was initiated in Quebec
in 2011 (Sawyer and Gass 2014) and in Australia in 2012 (Rootes 2014).
Although the desirability of incentive-based policy instruments is widely

documented (Downing and White 1986; Aldy and Stavins 2012; Keohane and
Olmstead 2016), the choice of which specific incentive-based policy instru-
ment to implement still generates significant debate (Goulder and Schein
2013). Recent literature shows that taxes perform better under a given set of
assumptions, while tradable permits might be preferred under an alternative
set of assumptions (Garcia et al. 2018). Tradable permit schemes are seen as
more popular and politically more palatable compared to a tax, largely due to
the business sector’s perception that the direct market-based nature of the
tradable permits imposes lower compliance costs on emitters compared to a
tax (Svendsen 1999). However, the literature does not provide unequivocal
evidence that this is so. In particular, the argument that tradable permit
schemes are cost-effective relative to taxes relies critically on the assumption
of the absence of transaction costs and market power, risk-neutrality among
market participants and availability of full information. It has been shown
that these assumptions are untenable, particularly because of the effects that
market uncertainty has on abatement investment decisions (Betz and
Gunnthorsdottir 2009; Hahn and Stavins 2011). Uncertainty about future
emissions permit prices can lead firms to invest more or less than the optimal
levels of abatement (Malueg 1989) thereby raising the total social cost of
regulation (Hahn and Stavins 2011; Aldy and Stavins 2012).
On the other hand, a tax presents itself as a simpler regulation for emissions

reduction. An emissions tax could be set at a rate that impels polluters to curb
emissions to the target level (Milliman and Prince 1989). The steady price
signal provided by a tax lends emitters greater certainty about future
compliance costs and the benefit of undertaking investment in abatement.
Under certain conditions, an appropriately set tax could result in the lowest
cost of compliance (Requate 2005). However, emission taxes on GHG are
sometimes extraordinarily unpopular, as testified by the political events in

© 2021 Australasian Agricultural and Resource Economics Society Inc.

Regulating GHG by an inter-temporal policy mix 513

 14678489, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12421 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Australia several years ago, where the parliamentary elections in 2013 revolved
heavily around the so called ‘Carbon Tax’, and the incumbent government that
instituted the tax was subsequently voted out (Rootes 2014).1

In light of the drawbacks associated both with emissions trading and with
taxing emissions, a mix of the two policies could be an attractive alternative.
While installing an ongoing tax on emissions in a previously unregulated
jurisdiction may be seen as a politically impractical venture, a temporary tax
that would subsequently convert to a tradable permit scheme at a pre-
specified time might pass more easily through a contentious political process.
Indeed, this type of transitional regulation did become law in Australia
(Rootes 2014 and Appendix S1). A key benefit of this policy design is that the
temporary emissions tax could reduce the uncertainty about future compli-
ance costs by providing a price signal during the initial stages of regulation
implementation. If set properly, this signal would conceivably lead to
production and abatement investment decisions on the part of emitters that
are in line with socially optimal outcomes. Once the tax stage expires, an
ongoing emissions trading scheme are implemented over the long-term.
Themainquestionpursued in this paper iswhether an inter-temporallymixed

regulation, comprised of an emissions tax temporarily enforced for several
periods prior to an implementation of a tradable permit scheme,would improve
the performance of emission regulation in comparison to an outright tradable
permit scheme. The performance of the regulation is evaluated along key
criteria of interest, such as optimality of investment in abatement technology
and emission permits prices. The overall performance of each regulation is
evaluated by its efficiency in relation to the theoretical optimum.
The use of a mix of policy instruments in a static sense is widely reported in

the literature (e.g. Roberts and Spence 1976; Pizer 2002; Liao 2007; Krysiak
and Oberauner 2010; also Shobe et al. 2014 write about a ‘hybrid approach’
implemented in California), but an inter-temporal mix, or an inter-temporal
hybrid of an emissions tax and a tradable permit scheme has not yet been
investigated in detail. This represents an important gap in our understanding
of how the combination of two or more policy instruments over time could
deliver improved outcomes in terms of lower cost GHG emissions abatement.
As far as the authors are aware, the present paper is the first study that
explicitly examines the inter-temporally hybridised policy design in which a
tradable permit scheme sequentially follows an emissions tax. Our findings
help to bridge the existing gap in the literature on the effects of such inter-
temporal hybrid policies.
This paper reports findings from a laboratory economics experiments

studying economic behaviour under three types of regulation: tax-only,
tradable permit scheme only, and an inter-temporal policy mix of a tax
followed by tradable permit scheme. Following Smith (1962) defining work

1 See Appendix S1 for a brief overview of the history of GHG emissions reduction policy
(and politics) in Australia.
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with laboratory experiments as useful test beds for market-based solutions as
policy alternatives, several experimental studies that focused specifically on
emissions regulation emerged in the 1990s (Cason and Plott 1996; Cronshaw
and Kruse 1999). Muller and Mestelman (1998) provide a comprehensive
review of the early experiments related to emissions regulations, which laid a
foundation for the contemporary work in the field. The more recent literature
reporting on experimental studies in the context of regulation of emissions is
reviewed by Cason (2010) and by Friesen and Gangadharan (2013). The work
presented in the current paper is most closely related to the experiment
reported by Camacho-Cuena et al. (2012), who focused directly on the effects
that permit allocation schemes have on participants’ decisions to abate. We
go beyond the work reported in Camacho-Cuena et al. (2012) by considering
alternative types of emission abatement regulations, including a hybrid inter-
temporal policy mix of a tax and a tradable permit scheme, as opposed to
considering alternative permit allocation schemes as in their work.
The paper is organised as follows: the next section outlines the theoretical

underpinnings of the experiment, which is followed by a description of the
experimental setup and procedures. The discussion proceeds with a section
that presents the results, and the final section concludes by offering some
policy implications of the findings and avenues for future research.

2. Conceptual framework

To set the stage for the experimental economics work presented in the
subsequent sections, we rely on a standard theoretical framework of
environmental economics. Let us assume that a benevolent regulator
representing societal preferences for environmental quality aims to regulate
emissions of GHGs. The regulator employs incentive-based regulations to
achieve the objective of effective emissions regulation at the lowest social cost.
The regulator could use a constant tax per unit of emissions imposed on
individual emitters; a tradable permit scheme, where an overall cap is
imposed on emissions and tradable permits are distributed among emitters in
some way;2 or a tax for a specified initial period followed by a tradable permit
scheme. We focus on these three specific regulations here because the
emissions taxes and tradable permits are the most widely used incentive-based

2 Initial distribution of permits can be conducted by ‘grandfathering’ or by auctioning
permits off in a primary auction market. Auctioning permits is likely to lead to a more efficient
outcome than grandfathering (e.g. Thaler 1980; Cramton and Kerr 2002; Camacho-Cuena
et al. 2012), in particular because it might provide the desired initial signal about abatement
costs of various emitters (Betz et al. 2010). However, auctioning of permits has not been very
popular in practice. In this paper, we implement proportional permit ‘grandfathering’ on
optimal pre-regulation production levels since many newly implemented emissions trading
schemes grandfather initial permit allocations. For example, California GHG emission
regulation allocates significant amount (but not all) of permits based on grandfathering (Shobe
et al. 2014).
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regulations for emissions control, whereas the inter-temporal hybrid between
them is of direct and specific interest to the current paper.
The ensuing empirical study focuses on the effects of alternative types of

regulation on optimality of production and investment decisions of emitters.
Each emitter is aiming to maximise their profit from producing goods/
services subject to the particular type of regulation on their GHG emissions:

maxπiðAi,qi,eiÞ¼ pqi�CiðAi,qi,eiÞ�kiðAiÞAi� tei (1)

where πi denotes profit to emitter i, Ai denotes a technology available to
emitter i that could be deployed in order to reduce emissions ei ; qi denotes the
level of output chosen by emitter i ; p is an exogenous output price, as it is
assumed that an emitter cannot influence the price in the output market; Ci

(Ai, qi, ei) is a joint cost of production and abatement cost function; the
product ki (Ai)Ai is the cost of investment in abatement technology, where k
denotes the marginal cost per unit of increment of deployed technology;3 t
denotes the ‘price’ on emissions, which is equivalent to the marginal tax rate
under an emissions taxation policy. In the case of a tax, the price on emissions
is completely exogenous to each emitter as it is set by the regulator. However,
when the policy is based on a tradable permit scheme, the price on emissions
is endogenous, in a sense that it is determined by the level of emissions by
individual emitters within the cap on emissions set by the regulator. The cap
is exogenous to the emitters, but the price on emissions is not. In the case of
tradable permits, the price on emissions is denoted as t(ej, Aj), where j = 1,
. . ., i, . . ., N, is an index of emitters.
The endogeneity/exogeneity of the price on emissions is a fundamental

difference between an emissions tax regulation, and a tradable permit scheme
regulation. Under a tax regulation, and given the tax rate is set exogenously
by the regulator, each emitter has an optimal response, which is to invest in
abatement technology and/or to adjust its production plan, up to the point
where the cost of reducing an additional unit of emission is just equal to the
tax rate. Moreover, this optimal response is independent of the actions of any
other emitters. Every individual emitter only interacts with the regulator, and
not with any of the other emitters.
Things are very different under a regulation based on a tradable permit

scheme. In this case, the price on emissions may appear exogenous to an
individual emitter, but in fact it is determined by the production choices and
investment in abatement technology of all emitters. Consequently, the
abatement decisions of each emitter under a tradable permit scheme have
bearing on the permit market price that affects all other emitters. This is

3 This expression models the possibility of varying levels of abatement technology being
deployed. The level of technology deployment can be continuous or discrete, as modelled in the
empirical work below. The cost varies with the increments of deployed technology.

© 2021 Australasian Agricultural and Resource Economics Society Inc.

516 T. Ancev et al.

 14678489, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12421 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



particularly significant when the emitters are heterogeneous in their produc-
tion and abatement cost structures, as is normally the case in practice. Given
this heterogeneity, it is difficult for an individual emitter to have a good ex
ante assessment of the abatement cost of others, and of the position of their
own abatement cost relative to those of others.
The conventionally advanced argument addressing this problem is that

permit markets are reasonably competitive and that over time participants in
an emissions trading scheme will gain some sense about the abatement cost
structure of others by observing the market price for permits. This will allow
them to adjust their own production and abatement decisions efficiently
without directly observing the production and abatement cost structures of
other emitters, but by making implicit inferences on the basis of the observed
permit prices.
This view that relies on the permit market as a signalling device ignores two

important features of actual markets. One is that for there to be a permit
market, some emitters have to make their abatement and production
decisions before they observe any market prices for permits. In other words,
there has to be a ‘first mover’. Unfortunately, there is no guarantee that this
first mover is going to be making optimal abatement and production
decisions, given that it has not observed any permit prices, and therefore
cannot accurately assess its own abatement cost structure relative to that of
others. Another feature is that abatement decisions are often irreversible and
cannot be reverted in response to the observed permit price. This means that
those ‘first movers’ that perhaps should have not invested in abatement are
likely to be stuck with an irreversible investment. The disadvantage for the
‘first mover’ in this context has been discussed in the literature (Moretto
2000).
When these two features of actual permit markets are taken into account, it

becomes likely that a socially optimal allocation of abatement across emitters
is not going to materialise. The reason is that abatement and production
decisions have to be made, by at least some emitters, prior to the market
prices of permits becoming observable. As there is no mechanism for an
individual emitter to recognise whether their own abatement costs are high or
low relative to the others, individual emitters are not able to correctly
calibrate their abatement decisions. Some emitters will invest in abatement
technology and undertake substantial abatement when they should not, and
others will not when they should.4 One way to rectify this problem is via
primary auction of permits, when the prices achieved in the primary market
for permits can provide signals about relative abatement costs of individual

4 Shobe et al. 2014 discuss the same phenomenon in the sense that inability to correctly
calibrate abatement investment decisions ‘. . .harms the market’s price discovery function’, and
sends ‘. . . incorrect signals about which units of abatement are worthwhile and which ones are
not.’ (p. 408).
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emitters (see footnote 2), and consequently help emitters to correctly calibrate
their decisions to invest in abatement technology.5

Another possible regulatory approach is to implement a temporary tax
prior to the implementation of a tradable permit scheme, to provide an initial
price signal to the emitters. Suppose that the regulator decides to use a mix of
instruments over time: start with a tax and after some time switch to a
tradable permit scheme. Let us assume that emitters only know their own cost
of abatement and have no knowledge of the abatement cost of others.
Further, assume that at the start of the temporary tax regulation prior to the
implementation of a tradable permit scheme, the regulator sets an initial tax
rate per unit of emissions. Under those circumstances, consider an individual
emitter who observes the tax rate, and has to decide what to do in response.
Given that they know their own abatement cost, their decision can be based
on that knowledge and on the knowledge of the tax rate, without explicitly
considering the expected effects of the switch to a tradable permit scheme in
the future. A temporary tax over a period prior to the implementation of the
tradable permit scheme can significantly lower the uncertainty about the
adequacy of investing in abatement. Given the knowledge of the tax rate and
their own abatement cost, emitters can optimally decide on the level of
abatement, if any, that they are going to undertake.
This is in contrast to a situation under an outright tradable permit scheme,

where no initial signal exists that can suggest to the emitters where they might
stand in terms of abatement costs relative to others, creating the ‘first mover
disadvantage’ as discussed above. Under a tradable permit scheme, an emitter
would know the quantity of emissions that they will be entitled to, and their
own abatement cost, but this is not sufficient information to make an optimal
decision about how much to abate, if any. Additional information about
where one’s own abatement costs stand relative to that of others is needed but
is not available ex ante. That information starts becoming available once
trading in permits commences. However, for trading to start, some emitters
must make abatement decisions in the first place, without having sufficient
information. Those decisions are not likely to be optimal.
A policy design consisting of an inter-temporal mix of a tax on emissions

followed by a tradable permit scheme is theoretically expected to provide the
needed additional information signal to emitters that should help induce
more optimal abatement decisions. This theoretical expectation has so far not
been tested empirically, and to fill this gap we conducted experimental
economics study in the laboratory to test it. The experimental treatments
were commensurate with the three types of regulations of interest: emissions
tax; tradable permit scheme; and an inter-temporally mixed regulation

5 Game theory literature has modelled situations similar to the one described here where
outcomes for individual players are dependent on the actions of other players in a coordination
game (Van Huyck et al. 1990; Nagel 1995). This literature has defined a notion of strategic
uncertainty, which in our case pertains to the tradable permit scheme regulation, in contrast to
a tax-based regulation where there is no such strategic uncertainty.
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comprising of an emissions tax followed by a tradable permit scheme. These
three regulations were compared in terms of optimality of decisions made by
emitters to invest in abatement technology and in terms of realised permit
prices in the experiment. They were also compared using an overall efficiency
metric articulated as an optimal surplus (S*), calculated as follows:

S∗¼∑iπ
∗
i þGR∗�MDC∑ie

∗
i (2)

where the first term on the right-hand side is the aggregate profitability across
all emitters, with πi defined in Equation 1; the second term accounts for the
government revenue, comprised of receipts from emissions taxes, or penalties
for insufficient permits, as applicable; and the last term represents the cost of
environmental damage, where MDC is the marginal damage cost. The
subscript i denotes an individual emitter. The asterisk denotes a theoretically
optimal level.
Based on Equation 2, and utilising the data obtained from the experiment,
the performance under each of the three tested regulations was compared
using the following total efficiency (TE) measure:

TEm ¼ ∑iπiþGR�MDC∑iei
∑iπ

∗
i þGR∗�MDC∑ie

∗
i

�100 (3)

where the superscript m is used to index the observed levels of production,
investment in abatement technology, and emissions for each of the three
regulations (m = 1, 2, 3) that were tested. The higher the observed value of
TEm, the closer the regulation m is to the theoretically optimal outcome.

3. Experimental design and procedures

The design of the study was motivated by the electricity sector, one of the
largest greenhouse gas emitting sectors in Australia and globally. However,
the experiments were conducted without a mention of this particular context.
Furthermore, the language used during the sessions was intentionally
decontextualised from typical environmental or regulatory vocabulary in
order to minimise the chance of association of the experimental environment
with the CO2 emissions regulation that was in place in Australia at the time.
Permits were referred to as inputs and the tax was framed as an input price.6

Technology upgrades were referred to as investments.
The experiment was designed around eight hypothetical heterogeneous

emitters. Each participant in the experiment was assigned a role of one of
those eight emitters. The tasks that participants faced were to make
production, investment, and permit buying/selling decisions so as to

6 The input price was set to an amount different from the carbon tax that was in place in
Australia at the time.
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maximise their profits (Equation 1) and accordingly their own actual payoff.
These decisions were to be made taking into account individual production
characteristics, possibilities to invest in abatement technology, and the
regulation that participants faced. Participants could form expectations
about the cost of complying with regulation based on a known marginal tax
rate or based on an expected price of a permit. In particular, and crucial for
the key research question of this study, in the inter-temporally mixed-
regulation treatment the tested hypothesis was whether the sequential
implementation of an emissions tax and a tradable permit scheme improved
participant’s ability to form more accurate expectations about future permit
prices relative to their own cost of abatement, as compared to an outright
tradable permit scheme treatment.
Each participant faced the same linear production function where a unit of

input could produce a unit of output and implicitly entailed emitting a unit of
emissions. The maximum quantity of output that could be produced by each
participant in any given period within a round of play was ten units.
Participants could invest into upgrades of their production technology in
order to reduce emissions. Generating emissions in this setup was articulated
as using required inputs, as in Gangadharan et al. (2005). Emitters can reduce
emissions either by cutting back production, by investing into a less emission-
intensive technology, or both.
Participants differed by their net revenues per unit of output and

consequently per unit of emission (Table 1). Based on these differences,
individual emitters were characterised as ‘producer types’. For any given
value of net revenue to be attained, producer types described on the left-hand
side of Table 1 had to produce more units of output and thereby more
emissions than the producer types on the right-hand side of Table 1. For
instance, to attain a net revenue of 100, producer type 2 had to emit 10 units
of emissions (corresponding to 10 units of output that requires 10 units of
inputs/permits), whereas producer type 8 would only need to emit 4 units of
emissions (corresponding to 4 units of output that requires 4 units of input/
permits). Based on this, we define emission intensity per unit of net revenue,
as displayed in the second row of Table 1. Producer types 1, 2 and 3 can be
consequently labelled as relatively high emission intensity producers,
producer types 4 and 5 as medium emission intensity, and producer types
6, 7 and 8 as low emission intensity per unit of net revenue.
Participants could invest in a single discrete unit of abatement technology

upgrade per period up to a maximum of four upgrades in a round (13
periods). Each unit of abatement technology upgrade reduces that partici-
pant’s emission intensity per unit of net revenue by 10 per cent. Participants
differed by their individual cost structures for abatement technology upgrades
(Table 1). The high emission intensity producer types (1, 2 and 3) had
relatively low nominal investment cost of technology upgrades. However,
given that each technology upgrade only reduces emissions per unit of net
revenue by 10 per cent, the investment cost per unit of emission intensity
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improvement was still high for these producer types. Consequently, it was
optimal for these producer types not to invest in abatement technology
upgrades (Table 1).7

Producer types 4 and 5 with medium emission intensity had low investment
costs for technology upgrades, especially for the higher level of upgrades (the
third and fourth upgrade). This makes them the lowest cost producer types in
terms of investment cost per unit of emission intensity improvement, which in
turn meant that they should invest the most in upgrades out of all producer
types, optimally at three technology upgrades each. By the same token,
producer type 6 should optimally invest in two technology upgrades, and
producer types 7 and 8 in a single upgrade each (Table 1).
The experiments were programmed in z-Tree (Fischbacher 2007) and

conducted in an experimental laboratory at the University of Sydney in the
period October 2012 to April 2013. All 144 participants (Eight participants
per session, six sessions per treatment and three treatments) that took part in
the experiment were students at the University of Sydney who were recruited
via the University’s ORSEE database of student volunteers (Greiner 2004).
Each of the three treatments was replicated in six experimental sessions; a
total of 18 experimental sessions were conducted. Each participant took part
in only one session. An experimental session consisted of four rounds. Each
of the 13 periods in a round consisted of a series of stages as summarised in
Table 2. All four rounds in a session were identical in that the same treatment
and producer characteristics were induced for the duration of the whole
experimental session. The reasons for conducting four identical rounds per
experimental session were to allow for sufficient time and repetition of tasks
so that participants become proficient in performing the tasks they were

Table 1 Production characteristics of participants and theoretically optimal number of
abatement technology upgrades

Producer type assigned to individual participants

1 2 3 4 5 6 7 8

Net revenue per unit of output
(or per unit of emissions)†

7.5 10 12.5 15 17.5 20 22.5 25

Emission intensity per unit of net
revenue

1/7.5 1/10 1/12.5 1/15 1/17.5 1/20 1/22.5 1/25

Cost of upgrade 1 12.5 12.5 12.5 25 25 50 75 125
Cost of upgrade 2 62.5 75 50 75 75 100 150 200
Cost of upgrade 3 112.5 137.5 150 125 125 200 225 250
Cost of upgrade 4 162.5 200 250 175 175 250 300 300
Optimal number of upgrades 0 0 0 3 3 2 1 1
Optimal expenditure on upgrades 0 0 0 225 225 150 75 125

Note: †Each unit of output requires using a unit of input, which is equivalent to a unit of emissions.

7 The theoretically optimal investment in abatement technology in terms of optimal number
of upgrades and optimal expenditure on upgrades is given in the last two rows of Table 1.
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required to perform. In addition, the repetition of four identical rounds
allowed the researchers to observe the effects of learning over consecutive
rounds and to discern these effects from the treatment effects. This is
discussed in more detail in section 4.4 below.
The first five periods of each round comprised a pre-liability phase in which

participants were free to choose a level of production without facing any costs
associated with emissions. Participants could also make investments in
technology upgrades in anticipation of regulation on emissions that takes
effect in subsequent stages of the experiment. This pre-liability phase was
designed so that participants can become familiarised with their production
and emissions characteristics (i.e. how much input is needed to produce
output) and with their investment options in abatement technology (i.e. how
much it costs them to undertake technology upgrades, and by how much
incremental upgrades reduce emissions). This allows participants to carefully
consider the decisions about production and investment in abatement
without the pressure of being exposed to a regulation. The experimental
environment was relatively complex, and these five ‘training’ periods were
introduced as a pre-liability phase in order to avoid participants making
erroneous decisions in the liability phases due to unfamiliarity with the
characteristics of the roles that they are playing.

Table 2 Description of the decision stages within a period in the experiment

Decision stage Procedures

Investment
stage
(60 seconds)

Each production level required a certain number of inputs. The inputs are
costless in the pre-regulation phase, and costly in the regulation phase. The
costs of these inputs represent a component of production costs attributable
to the cost of emissions.
At the start of the second period, and at the start of all subsequent periods,
producers could invest in a technological upgrade that would reduce their
emissions intensity by 10%.
Producers could select at most one incremental upgrade per period and up to
four upgrades in total per round. Choosing the maximum of four upgrades
would give a cumulative 40% reduction in required inputs. All upgrades
lasted for the remaining periods in the round and were irreversible.

Production
and trading
stage
(60 seconds)

Participants selected a production level between 0 and 10 each period.
Participants knew their input costs and revenues associated with each
production level.
In the treatments with trading, a single-unit double auction for inputs was
also active during this stage. Participants placed bids and asks, and transacted
within the trading period. Each bid or ask was for a single input. The best
current bid and ask were displayed on the screen at all times. To execute a
trade, buyers or sellers clicked on the bid or ask that they were willing to
transact for. A record of each transacted price from the current period was
displayed on participants’ screens.

Summary
stage
(15 seconds)

Participants were shown a summary of their personal performance for the
previous period and the cumulative number of upgrades undertaken by all
producers up to date.
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The emissions regulation was implemented from period 6 onwards in each
round (Table 3). In each of the 13 periods within a round, participants had
the task of selecting a production level in order to generate revenue.8 The
choice of production level directly implied a given level of emissions that was
articulated as an input (Appendix S3, Screenshot 1). In addition to the task of
choosing a production level, from period 2 onwards participants had an
opportunity to invest in abatement technology upgrades (Appendix S3,
Screenshot 2). At the end of each period they received information about the
total number of technology upgrades (investments) undertaken by all
participants in that round (Appendix S3, Screenshot 3). During the regulated
phase of the tax-only treatment (periods 6–13, Table 3), a tax on emissions
was applied, articulated as a ‘price for insufficient inputs’. Participants could
see this information and the corresponding reduction of their balance, but
there were no additional tasks that they could undertake in this regard. The
same occurred in the mixed-regulation treatment during the tax component
of the regulated phase (periods 6–8, Table 3). Participants faced an additional
task of trading permits (inputs) in the trade phase of the mixed-regulation
(periods 9–13, Table 3), and during the whole regulated phase of the trade-
only treatment (periods 6–13, Table 3). This task involved participating in the
single-unit double auction for permits by placing bids to buy permits or ask
price to sell permits (Appendix S3, Screenshot 4).
The information given to participants that described their own production

characteristics (net revenues, cost of investing in technology upgrades, and
their profits) was completely private. On the other hand, the information on
the total number of abatement technology upgrades undertaken by all
participants, and the information related to permit trading – such as the
highest current bid price and lowest current ask price – and the quantity and
price of traded permits, were provided publicly.
In the treatments with tax (tax-only and mixed regulation) the tax rate was

set at the level of E$16 to induce optimal emissions of 320 units on aggregate
over the periods 6–13 (eight periods). The optimal aggregate emissions were
computed at the point where the sum of the cost of reducing emissions and
the cost of environmental damages from emissions was minimised. The
environmental damage cost was modelled as a linear function of emissions,
ensuring ex-post optimality of the tax rate.
In the treatments with trading (trade-only and mixed regulation), five

emissions permits per period were allocated to each participant starting in the
initial period when trading of permits became active under the specific
regulation. This was commensurate with the theoretically optimal level of
emissions of 40 per period (eight participants times five permits), which was
the same under all three regulations considered. A single-unit double auction
was implemented as the permit trading mechanism due to its low transaction

8 Screenshots of computer screens as displayed by ZTree software that participants were
looking at can be found in the Appendix S3.
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costs and easily understood and utilised design, particularly the ease of
placing and accepting bids and asks.9 Figure 1 represents the theoretically
predicted permit equilibrium price under the optimal investment. Given that
a primary aim was to study the efficiency under alternative regulations for
controlling emissions, care was taken not to induce a narrow permit price
range, as it could result with inefficient outcomes occurring during the
emissions permit trading phases. Therefore, a relatively wide permit price
range was induced to facilitate efficient exchange of permits at a wide
spectrum of prices.
If a participant held less than the required number of permits at the end of

a period, a fine of E$32 was levied for each insufficient permit. This was
observed in 14 per cent of permit trading periods amounting to a shortage of
1.3 and 1 permits on average per period under the trade-only and mixed-
regulation treatments, respectively.
On entering the lab, each participant was randomly assigned a role of one

of the eight producer types (Table 1). Comprehensive experimental instruc-
tions were shown in a video and complemented by a hard copy.10 After
viewing the video, participants retained the written instructions and
completed a quiz to demonstrate their understanding of the tasks.
Participants’ earnings were calculated based on their performance in all

four rounds. Participants were privately informed of their personal exchange
rates before the beginning of the session. The Experimental dollars to
Australian dollars exchange rate was adjusted according to the characteristics
of a specific producer type of a participant, so that in equilibrium each
participant had equal opportunity to earn a A$30 performance-based
payout.11 In the actual experiment, participants earned an average of

Table 3 Description of experimental treatment

Treatment Non-liability phase
(Periods 1–5)

Regulated phase (Periods 6–13)

Tax-only Pre-liability Tax
Mixed (Staged
transition)

Pre-liability Tax (Periods 6–8) Trade (Periods 9–13)

Trade-only Pre-liability Trade

9 Smith (1962) provides extensive evidence that double auctions elicit best-possible market
results in experimental environments. However, Camacho-Cuena et al. (2012) suggest that the
type of auction used after an initial distribution of permits does not have a significant effect on
the pattern of technology adoption in an experimental environment similar to the one reported
in this paper.

10 The video instructions are available to view online: tax treatment (http://youtu.be/
zJvOwsEbuHo), emissions trading treatment (http://youtu.be/E8UdoCjbMTA), hybrid treat-
ment (http://youtu.be/o904wrJqBwo), input trading (http://youtu.be/XO09KoVHp2k). We
included the text of the instructions in Appendix S2.

11 Australian dollar to US dollar exchange rate at the time when the experiment was
conducted (i.e. late 2012, early 2013) was about 1:1.
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A$24.35 in addition to the A$10 participation fee for a total of A$35.35 over
a session that lasted one-and-a-half hours.

4. Results

This section reports the findings from the experimental sessions that are used
to compare the three alternative regulatory treatments: tax-only, tradable
permit scheme only, and inter-temporally mixed regulation (staged transition
from tax to tradable permits). Comparisons were conducted in terms of
optimality of investment in abatement technology, overall efficiency of
regulation, and in terms of observed market prices for emission permits. A
standard Wilcoxon–Mann–Whitney two-sample rank-sum test was used to
test the significance of the observed differences in these outcomes between
treatments. Significance of these results was double checked with a robust
Fligner-Policello (FP) test for differences in the medians of treatments
(Fligner and Policello 1981).12 P-values reported throughout this section are
based on the Wilcoxon-Mann-Whitney tests. Significance refers to P ≤ 0.05
as validated by the robust FP test unless otherwise noted. In addition, a
regression analysis was used to test whether there is a difference in the level of
departure from the theoretically optimal investment in abatement technology

Figure 1 Equilibrium in the permit market under the optimal investment scenario*. * The
market equilibrium price range is in the interval from E$12.50 to E$21.43. [Colour figure can
be viewed at wileyonlinelibrary.com]

12 Asymptotic p-value provided by the FP test may not be adequate when the sample size of
each treatment is less than 12. In this case, Fligner and Policello provide critical values of
significance. The asymptotic p-values generated in Stata 11 using the FPRank module
(Benmamoun (2006)) that are presented here have been cross-referenced with these small-
sample critical points. Actual values of the conducted Wilcoxon–Mann–Whitney tests are
available from the authors upon request.
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upgrades across the production types (high, medium, and low cost of
improving emission efficiency) and across the three tested regulations.

4.1 Investment in abatement

Comparisons along investment behaviour were particularly important for
this study, as the key effect from implementing a tax before rolling out a
tradable permit scheme is to induce emitters to more accurately determine
their optimal investment in abatement. The effectiveness of investing in
technology upgrades was evaluated via the difference between the observed
and the theoretically optimal level of investment in technology upgrades. As
described in Table 1, the theoretically optimal level of investment implied
that some participants – those with high cost of improving emission intensity
– should not invest in technology upgrades at all, while others – those with
low costs of improving emission intensity – should invest considerable
amounts. The theoretically optimal sets of investment levels, as given in
Table 1, were identical for all three treatments. The individual optimal levels
of investment for each producer type were also identical in all treatments
subject to optimal market prices of the traded permits.
The propensity of participants in economics experiments in a laboratory to

overact or over enter (in the present context, overinvest) as documented by
Gangadharan and Nemes (2005) and Camacho-Cuena et al. (2012) was also
observed in this experiment. This phenomenon of over entry has been
documented in market entry games (Rapoport 1995; Erev and Rapoport
1998) especially under certain parametrisations of the market characteristics
(Camerer and Lovallo 1999). In addition, experiments on auctions with
endogenous entry also exhibit over entrance as a commonly observed
outcome (Aycinena et al. 2016). In our case, this behaviour is exhibited by
participants who invested in aggregate abatement more than they should
have in all three treatments.
Aggregate number of, and expenditure on, abatement technology upgrades

were consistently higher and further away from the optimum under the trade-
only treatment than under the mixed-regulation or tax-only treatments
(Table 4 and Table 5). This implies that participants formed expectations for
higher permit prices under the trade-only treatment, compared to the
expectations formed under the mixed regulation. It is an indication that the
mixed regulation that starts with a tax and transforms into a tradable permit
scheme could help emitters form more accurate expectations about permit
prices, which in turn enables them to make better decisions about investment
in abatement technology upgrades.
The observed abatement technology upgrade decisions over the four

rounds of the experiment demonstrate that participants learn with experience.
Aggregate number of upgrades and investment expenditure move closer
towards the theoretically optimal level across the four rounds under all
treatments (Table 4 and Table 5). Nevertheless, the expenditures are
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considerably higher than the theoretical optimum even in the tax-only
treatment, which was closest to the optimum in the final round. As discussed
above, this can be attributed to the noted propensity of participants in
economics experiments in the lab to overact (Gangadharan and Nemes (2005)
and Camacho-Cuena et al. (2012)).
In light of the tendency for participants to overact, it is important to

consider the role that risk aversion and regret might play in decision making.
As we did not measure individual risk preferences in this study, it is not
possible to identify the effects of risk aversion, if they exist. However, we do
not believe that risk aversion can explain observed behaviour here. With risk-
averse participants, we would expect to observe underinvestment rather than
overinvestment. Given the framing of our experiment, it is straightforward
for participants to avoid losses from insufficient inputs, and we indeed
observe that the participants succeed in that. In the tax-only treatment, if the
net revenue per input is lower than the tax, one simply can choose not to
produce. In the trade-only treatment, one could easily avoid substantive
financial penalties for insufficient inputs since the production levels can be
adjusted until the very last second of each period. Such experimental framing
limits confounding effects due to uncertainty of compliance. Also, while the
participants are choosing production levels to maximise their net revenues, a

Table 4 Average aggregate expenditure on investment in abatement by round and treatment
(standard deviations in parentheses)

Treatment Round Optimal Overall average
by treatment

1 2 3 4

Tax-only 3042
(469)

2329
(726)

1819
(707)

1521
(422)

800 2178
(810)

Mixed (Staged
transition)

2979
(663)

2304
(358)

1738
(355)

1592
(553)

800 2153
(727)

Trade-only 2933
(649)

2373
(787)

1821
(750)

1667
(814)

800 2198
(868)

Table 5 Average number of aggregate technology upgrades by round and treatment
(standard deviations in parentheses)

Round Optimal Overall Average
by Treatment

Treatment

1 2 3 4

Tax-only 26
(2.9)

19.33
(5.4)

15.33
(3.4)

13.83
(1.5)

10 18.63
(5.9)

Mixed (Staged
transition)

25.67
(3.4)

19
(3.0)

14.83
(1.0)

14
(2.8)

10 18.38
(5.3)

Trade-only 25.83
(2.8)

21.83
(5.0)

18.83
(5.2)

17
(5.7)

10 20.88
(5.6)
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decision to invest introduces a risk of potential losses. A participant could
experience a loss if profits from additional production would not cover the
investment costs for technology upgrade. Therefore, if anything, our
experimental evidence implies that the participants who overinvest might
be risk takers.
We also find that ‘regret’ is nearly impossible to discern from ‘learning’

(section 4.4 below). Under the experimental setup, participants could easily
both under- or overinvest. Overinvestment can induce regret through the
realisation that one could have spent less on abatement. Underinvestment can
induce regret as the participant forgoes potential net revenues due to the lack
of inputs.
We find that as participants go through more rounds and gain more

experience along the way, they actually tend to invest less in abatement
technology (see Table 6, estimated coefficients on ‘Round’); that is, the
difference between observed and theoretically optimal abatement investment
decreases. This result could be interpreted as being consistent with both
learning and regret.
Looking at the individual level, participants with high costs of improving

emission intensity (those who should not have invested at all in order to
maximise their profits, i.e. producer types 1, 2 and 3 in Table 1) invested
significantly more in abatement technology upgrades under an outright
tradable permit regulation relative to the mixed regulation (two-tailed
P ≤ 0.01) (Figure 2). The investment decisions of participants with moderate
costs of improving emission intensity (producer types 6, 7 and 8 in Table 1)
did not vary significantly across treatments. Participants with the lowest cost
of improving emission intensity (producer types 4 and 5 in Table 1) invested
closest to the optimum, and their investment decisions did not vary
significantly across treatments. This is an important result as it indicates
that a tax predating a tradable permit scheme is particularly beneficial for
adjusting expectations of emitters with high emission intensity who face high
costs of improving that intensity, and less useful for those emitters who have
lower emission intensity and can improve that intensity at low cost. In
combination with the finding that overall investment activity is closer to the
optimum under the mixed regulation than under the trade-only regulation, it
suggests that the benefits to the high emission intensity emitters from the
extra information carried by the tax predating a tradable permit scheme could
be substantial.
In order to further examine this point, a regression analysis was conducted

to evaluate the effects of regulation on abatement investment decisions of
participants of particular type. The difference between the observed invest-
ment in abatement technology upgrades made by an individual participant
and the theoretically calculated optimal number of upgrades for the producer
type assigned to that participant (Table 1) was the dependent variable in the
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regression analysis.13 The dependent variable was regressed on the following
indicator variables: regulation type (tax-only, trade-only, and mixed regula-
tion); cost of improving emission intensity: high costs (producer type 1, 2 and 3),
low costs (producer type 4 and 5), and medium costs (producer type 6, 7 and 8); an
interaction term between these two indicator variables; and an experimental round
(round 1, 2, 3 and 4). The mixed regulation, the medium cost producer type
and round 1 were treated as baselines. The regression equation is specified as
follows:

ðAi,g�A∗
i,gÞ¼β0þβ1D1,i,gþβ2D2,i,gþβ3ðD1,i,gxD2,i,gÞþβ4D4,i,gþɛi,g (4)

where Ai denotes the observed investment in abatement technology upgrades
made by participant i, in experimental session g, and asterisk denotes the
optimal investment in technology upgrades. The betas are the coefficients to

Table 6 Results from a regression analysis (dependent variable: difference between observed
and theoretically optimal number of upgrades in abatement technology)

Estimated coefficients

Constant 1.90***
(0.22)

Regulation
Tax-only −0.23

(0.29)
Trade-only −0.25

(0.29)
Cost of improving emission intensity
High 0.55**

(0.26)
Low 0.60**

(0.26)
Cost × regulation
High cost
Tax-only −0.104

(0.37)
Trade-only 1.29***

(0.37)
Low cost
Tax-only 0.22

(0.37)
Trade-only 0.04

(0.37)
Round −0.35***

(0.03)
Log likelihood −826.7904
n 576

Note: Standard errors in parentheses. Significance is identified by asterisks: *indicates P < 0.1, **P < 0.05,
***P < 0.01.

13 Data for experimental periods 2 through to 13 were used in the regression analysis, as
participants could make abatement investment decisions in each of those periods.
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be estimated. D1,i,g is an indicator variable for the regulation type (tax-only,
trade-only, and mixed regulation), D2,i,g is an indicator variable for the costs
of improving emission intensity (high, low and medium), and D4,i,g is an
indicator variable for the experimental round (rounds 1, 2, 3 or 4). We
estimated the regression with a maximum likelihood estimation procedure
using clustered standard errors estimator (Cameron and Miller 2015). The
errors were clustered by an identifier for the experimental session (g), in order
to isolate any effects that might have occurred in individual sessions.
The results from the regression estimation are reported in Table 6. They are
in line with the findings reported above based on comparisons using the non-
parametric tests, confirming the previous finding that emitters who faced high
costs of improving emission intensity made investment decisions closer to the
optimum under the mixed regulation, as opposed to the trade-only
regulation. This is evidenced by the magnitude of the estimated coefficient
on the interaction term between the trade-only regulation and the high cost
indicator variable, which is also highly statistically significant (Table 6). This
result further strengthens the finding that implementing an inter-temporally
mixed regulation comprised of a tax followed by a tradable permit scheme is
likely to help high intensity emitters to better calibrate their expectations
about permit prices, and to consequently make more accurate abatement
technology investment decisions.

4.2 Overall efficiency

The efficiency measure presented in Equation 3 was computed using data
from the experimental treatments corresponding to the three regulations that

-2
-1

0
1

2
3

4
5

High Medium LowAc
tu

al
 -

leveL
ed argp

Ula
m itp

O

Cost of Improving Emission Intensity

Deviation from Optimal Investment
Means with Standard Deviations

Tax Only Staged Transition Trade Only

Figure 2 Difference between actual and theoretically predicted number of investment upgrades
for the three types of regulation. [Colour figure can be viewed at wileyonlinelibrary.com]
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were tested. A high efficiency score indicates an observed outcome that is
close to the theoretically optimal outcome and vice-verse for a low efficiency
score. Overall efficiency was consistently higher under the inter-temporally
mixed regulation than under trade-only regulation (Figure 3). These findings
conform well to the expectations and to the theoretical predictions that the
inter-temporally mixed regulation would be at least as efficient as an outright
tradable permit regulation.
In addition, under the tax-only treatment participants achieved signifi-

cantly higher efficiency levels than under the trade-only treatment (one-tailed
P ≤ 0.05 for rounds 1, 2, 3; P ≤ 0.1 for round 4) and marginally significantly
higher efficiency than under the mixed regulation (one-tailed P ≤ 0.1 for
rounds 2, 3 and 4) (Figure 3).

4.3 Permit prices

Mean transaction prices observed in the permit market (Table 7) were within
the theoretically predicted permit price range under both regulations that
involved permit trading. Average permit prices under the mixed regulation
and trade-only regulation were somewhat higher than the tax rate under the
tax-only regulation (E$16), whereas it is theoretically expected that permit
prices should converge to the tax rate given that all the parameters were the
same across the treatments. Indeed, we observe such convergence in round 4
of the mixed regulation, where the permit price is only marginally and not
statistically significantly higher than E$16 (Table 7).
However, transacted prices for permits were significantly higher on average

in the trade-only treatment than in the mixed-regulation treatment (one-tailed
P ≤ 0.05 for round 1) (Table 7). As is evident from Table 7, participants had
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O /laut cA
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Overall Efficiency
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Figure 3 Overall efficiency of the three types of regulation. [Colour figure can be viewed at wile
yonlinelibrary.com]
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formed expectations of significantly higher permit prices under the trade-only
regulation compared to the mixed regulation. This is most evident in round 1,
when the difference in permit prices between trade-only and mixed regulation
is some 3-4 experimental dollars. With participant learning, this difference
reduced to only one experimental dollar in round 4. This discrepancy
indicates that initial expectations about permit prices tend to be much more
inflated under the trade-only regulation. It also indicates that the tax
component of the mixed regulation helps participants to form more accurate
understanding about the relative position of their own costs of improving
emission intensity and the expected permit price.
To conduct further comparison on an even more ‘like-to-like’ basis

between the mixed regulation and trade-only regulation, we look only at the
first five trading periods under the trade-only regulation (Table 7, last row).
In this way, we can compare the observations on permit prices in the five
initial periods of trading under both mixed and trade-only regulation. For the
mixed regulation, those are periods 8–13, and for the trade-only regulation,
those are periods 6–10. This allows us to examine the effects of a tax
implemented prior to permit trading taking place as opposed to implementing
tradable permits outright. The results show that average permit prices tended
to be significantly higher (i.e. further away from the optimum) in the first five
trading periods of the trade-only treatment compared to the mixed-regulation
treatment. Moreover, the difference in average permit prices is much greater
between the first five trade-only periods and mixed regulation then the
difference between the first five trade-only periods and all trade-only periods
(Table 7). This is further evidence that the treatment that included a tax prior
to implementing a tradable permit scheme enabled the participants to make
decisions closer to the optimum, which resulted in lower permit prices
reflecting the overall lower abatement cost.

4.4 Learning

The experimental design provided ample opportunity for learning and
information gathering by participants over the four rounds of an experimen-
tal session. Learning, as measured by participants’ propensity to invest closer

Table 7 Average permit prices under the staged transition and trading only treatments by
round (standard deviations in parentheses)

Treatment Round Overall average
by treatment

1 2 3 4

Mixed (Staged transition) 17.71
(3.21)

17.29
(3.95)

17.04
(3.46)

16.74
(3.78)

17.20
(3.39)

Trade-only (All Periods) 21.69
(3.30)

19.97
(3.16)

19.15
(2.69)

17.79
(4.09)

19.65
(3.44)

Trade-only (first 5 trading
periods)

21.06
(3.60)

20.75
(3.70)

19.65
(2.59)

18.05
(3.85)

19.88
(3.45)
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to theoretically optimal predictions, occurred faster in the tax-only and mixed
regulation than in the trade-only treatment (Tables 4 and 5). This is
evidenced by the marginally significant difference in aggregate technology
upgrade expenditures between the first two rounds in the tax-only (two-tailed
P ≤ 0.1) and in the mixed regulation (P ≤ 0.1), but no significant reduction in
expenditure under the trade-only regulation (P ≥ 0.1) (Table 4). Similar
trends are observed between the second and third rounds and between the
third and fourth rounds (Table 4).
It was expected that learning would occur in all treatments, but the extent

and speed of learning was expected to vary across the three treatments. The
experimental results are in line with these expectations. Observed learning
occurred faster in the tax-only and mixed regulation than in the trade-only
regulation. Case in point is the aggregate number of average technology
upgrades (Table 5), where the observed behaviour was very similar in the first
round across all three treatments (investment in around 26 upgrades).
However, the behaviour changed sizably in magnitude, but without statistical
significance in the subsequent rounds for the tax-only and the mixed
regulation, moving quickly in the direction of the theoretically optimal
behaviour (i.e. investment in 10 upgrades). This change occurred much more
slowly under the trade-only regulation, where average aggregate number of
abatement technology upgrades remained high in the second and third
rounds and did not approach optimum even in the fourth round. Observing
these differential dynamics across treatments allows us to discern the effects
of learning from the treatment effects. Each experiment offered an equal
number of repeated rounds and thus equal opportunities for learning.
However, the learning outcomes are much poorer under the trade-only
regulation than under the other two regimes.
This is likely due to the limited capacity of participants to form accurate

expectations about permit prices in the trade-only regulation, and subse-
quently their inability to correctly calibrate investment decisions in abatement
technology under this regulation. This impedes and slows down their learning
process. The implication for actual permit markets is significant: the
argument that over time participants in emissions trading schemes will be
able to work out how their own abatement cost structure stands in relation to
others by observing the competitive market price for permits is supported by
the empirical evidence gathered here. However, the empirical evidence
suggests that this argument holds much more strongly for an inter temporally
mixed regulation where the exposure to a tax in the early stages of the
regulation allows participants to make adjustments much faster and with
much less variability compared to an outright tradable permit regulation.

5. Conclusion

In light of the potentially strong political backlash associated with an
emissions tax, and the uncertainty associated with tradable permit schemes, a

© 2021 Australasian Agricultural and Resource Economics Society Inc.

Regulating GHG by an inter-temporal policy mix 533

 14678489, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1467-8489.12421 by U

N
IV

E
R

SIT
Y

 O
F M

IN
N

E
SO

T
A

 170 W
IL

SO
N

 L
IB

R
A

R
Y

, W
iley O

nline L
ibrary on [16/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



new type of inter-temporally mixed GHG emissions regulation consisting of a
staged transition from a tax to a tradable permit scheme has been proposed
and indeed partially implemented in Australia. This paper evaluates this new
regulatory approach vis-a-vis the more traditional tax-only and tradable
permit-only regulations on a range of criteria of interest, including optimality
of investment in abatement technology, overall regulation efficiency, and
prices in permit markets. The comparisons were undertaken through
economics experiments conducted in a computer laboratory. The findings
indicate that a mixed regulation may enable emitters to make better
investment decisions in abatement technology and may bring about greater
overall efficiency and lower permit prices when compared to a tradable permit
scheme implemented outright.
The overall efficiency under the mixed regulation was greater than the

efficiency under the trade-only regulation. The key driver of this are the non-
optimal investments in abatement technology made by emitters. Emitters
with high costs of improving emission intensity were found to invest heavily
in abatement when they should not have, especially under the trade-only
regulation. This is adversely affecting the permit market, eliminating the
opportunities for low cost emitters to abate the most, as their abatement is
crowded out by the abatement carried by high abatement cost emitters. The
result is low overall efficiency realised under the trade-only regulation.
Findings from the mixed-regulation treatment were an improvement on the

trade-only regulation. The existence of an emission tax prior to the
introduction of a tradable permit scheme significantly improved the ability
of participants to make abatement investment decisions that were more in
line with the theoretical optimum. This subsequently resulted in lower permit
prices, and higher overall efficiency under the mixed regulation when
compared to the trade-only regulation. The mixed regulation is particularly
beneficial to those emitters that have relatively higher costs of improving
emission intensity, as it helps them to better calibrate their decisions about
investment in abatement technology. Under the trade-only regulation,
emitters with high costs of improving emission intensity tend to invest in
abatement much more than they should. The excess investment in high cost
abatement results with high cost of permits as permit prices reflect the
abatement costs, and subsequently with lower efficiency. The mixed regula-
tion rectifies this problem by incorporating a more accurate price-signalling
device (the tax rate) in the early stages of the regulation.
The fundamental reasons for this overall performance of the mixed

regulation relative to the trade-only regulation are more profound. They are
related to the differences between an emissions tax regulation and a tradable
permit scheme regulation in terms of the strategic interactions among
emitters. These differences are general and not specific to the experiment
reported in this paper. In general, under a tax regulation, there are no
strategic interactions among emitters – the behaviour of one emitter does not
affect the outcomes that other emitters face. From a perspective of an
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individual emitter the only strategic interaction is with a regulator. This is
very different under a tradable permit scheme regulation where non-optimal
decisions of some individual emitters prior to, or in the early stages of,
regulation’s implementation affect the outcomes for the other emitters
irrespective of the optimality of those emitters’ own actions. Put differently,
under a tradable permit scheme, emitters have to form expectations about
what other emitters will do, as everyone will be affected by everyone else’s
decisions via the permit price. Irreversibility of investment in abatement
technology makes this problem even more serious. This general situation is
also apparent in our experiment, where overinvestment in abatement by high
cost emitters significantly affects the outcomes for all. The strategic difference
between an emissions tax regulation and a tradable permit scheme in the
context of optimality of investment in abatement has not drawn much
attention in the literature thus far, but in the light of the findings of the
current paper, further investigations in this direction are warranted.
The findings in this paper suggest that the use of a fixed price instrument

such as an emissions tax, prior to the introduction of a tradable permit
scheme is likely to be a good policy, as it is likely to reduce the total social
costs of regulation. The benefits of this policy are particularly apparent in the
short run, as it provides signals to emitters about the adequacy of investment
in abatement technology and about expected permit prices in the future. In
the long run, a tradable permit scheme may well be a regulatory instrument of
choice, but the inefficiencies as a result of non-optimal decisions made prior
to, or in the early stages of its implementation could be alleviated by an
introductory emissions tax.
Like other empirical studies, and in particular experimental economics

studies, the present work has several limitations that should be taken into
account when interpreting the findings. Specifically, the results are derived
from experiments where there were only few market participants, which
might influence the results, even though the relatively large number of
replications of individual treatments (six replications) should mitigate this
issue to some extent. In addition, some of the design features (e.g. the discrete
nature of the abatement cost curve, or the absence of banking of permits) that
were implemented in order to simplify the experimental procedure might not
represent adequately situations in real markets. Also, the dynamics of the
global optimum outcomes are not further investigated in this paper. There
was a global optimum for the experiment ex ante. However, once participants
started to make decisions, some of which are clearly not optimal, there is a
new global optimum contingent on those past sub-optimal decisions. Taking
into account these iterative optima in a dynamic way would require further
careful and extensive modelling, which was well beyond the scope of this
paper, but it is something worth pursuing in future research.
Notwithstanding these limitations, this study provides useful findings that

can be drawn upon in practical applications by pollution regulating agencies,
legislators and businesses, as it sheds light on the benefits that a regulation
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based on an inter-temporal policy mix, consisting of an emissions tax
predating a tradable permit scheme, could bring to a wide swath of
stakeholders. Key benefits of the inter-temporal policy mix regulation are
that it allows achieving GHG abatement at lower costs compared to the
tradable permit regulation only and is more politically palatable than a tax-
only regulation. These benefits suggest that the policy mix regulation could
deliver significant reduction in GHG emissions in those jurisdictions that
apply it. Curbing GHG emissions effectively on a global scale requires
creative solutions: applications of innovative regulatory approaches, such as
the inter-temporally mixed regulation investigated here, may be a step
forward in that direction.

Data availability statement

Data available on request from the authors: The data that support the
findings of this study are available from the corresponding author upon
reasonable request.
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