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ABSTRACT

Tradable performance standards are widely used sectoral regulatory policies. Examples include
the US lead phasedown, fuel economy standards for automobiles, renewable portfolio standards,
low carbon fuel standards, and—most recently—China’s new national carbon market. At the
same time, theory and experience with traditional cap-and-trade programs suggests an important
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analytical model to derive the welfare comparison between tradable performance standards and a
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prices-versus-quantities result. We use this result to show that substantial gains could arise from
shifting two programs, China’s new national carbon market (~60% gain) and the California Low
Carbon Fuel Standard (~20% gain), to a price mechanism. This will generally be true when the
coefficient of variation in the price under a TPS is larger than 50%. We end with a discussion of
implementation issues, including full and partial consignment auctions based on actual and
expected output.
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1. Introduction

Tradable performance standards (TPS) are a popular form of sectoral market-based
regulation that require regulated polluters to meet an emission-per-unit-of-output
performance standard on average across the sector. Regulated polluters earn emission
permits, denoted in tons of emissions, based on their level of output multiplied by the
performance standard, while acquiring obligations based on their actual emissions. When
their emissions rate is below the standard they end up with a surplus and when their
emissions rate exceeds the standard they end up with a deficit. Those with a surplus can
sell to those with a deficit (trading) or hold them for use in the future (banking). TPSs can
be conceptualized as a rate-based version of a “mass”-based emissions trading systems
(ETS). That is, under an ETS the aggregate mass of emissions is fixed; under a TPS the
aggregate emission rate (emissions per output) is fixed. There are many examples of TPSs
including the US lead phasedown, fuel economy standards for automobiles, renewable
portfolio standards, low carbon fuel standards, and China’s new national carbon market
(Newell and Rogers 2003; Farrell and Sperling 2007; Pizer and Zhang 2018; Goulder et al.
2019; Yeh et al. 2020). Most recently, legislative proposals in the US Congress and
President Biden’s climate plan feature a TPS for the power sector.

Despite the prevalence of TPSs, most of the economic literature focuses on the
design of ETSs. An important conclusion in that literature is that managing permit prices
(either by enforcing minimum or maximum prices) increases welfare and other benefits by
reducing expected compliance costs for regulated polluters (Pizer 2002; Murray, Newell,
and Pizer 2009; Burtraw, Palmer, and Kahn 2010; Newell, Pizer, and Zhang 2005; Wood
and Jotzo 2011; Roberts and Spence 1976). However, this idea has been rarely discussed
in the context of a TPS.

We address this gap in the literature by considering price limits in the context of a
TPS, resulting in a hybrid TPS. We first develop a simple analytical model to compare the
welfare between a TPS and a comparable price-based alternative, the feebate. A feebate can
be viewed as a tax on emissions coupled with a revenue neutral rebate on output—
essentially fixing the emission price rather than the emissions rate.! Focusing on sectoral
level policy, we modify the traditional Weitzman (1974) prices-versus-quantities
framework by adopting an alternative unit cost function.. We find that with unit cost shocks,
the Weitzman’s comparative advantage expression continues to hold with a minor
adjustment to the marginal benefit slope. In particular, the slope of the marginal benefit
schedule increases based on the coefficient of variation in output.

We apply our simple comparative expression to two current TPSs, the new Chinese
national carbon market and California’s Low Carbon Fuel Standard (LCFS). Using recent
cost estimates for both programs along with other data to calibrate the parameters, we
estimate large welfare advantages from using a feebate rather than using a TPS. These

1 We discuss and compare a TPS and feebate in Appendix A.
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relative gains are on the order of 60 percent for the Chinese program and 20 percent in the
California program based on central cases. The more general result is that this relative gain
will be large when the coefficient of variation in under the TPS is large (for example,
greater than one-half).

Finally, we discuss practical issues regarding the implementation of a price floor in
the context of our hybrid TPS. We the first introduce the idea of a consignment auction
with a minimum reserve price that mimics a feebate when the market price reaches the
reserve price. We then consider additional issues including full or partial consignment,
treatment of unsold permits, and advanced allocation of permits.

The widespread and growing use of sectoral TPSs coupled with the demonstrated
advantages of price limits in ETSs motivate this paper. The first large-scale TPS, the US
lead phasedown, required refineries to decrease the average lead content of all gasoline to
10 percent of its original level (lead/gallon). A trading program related to the standard was
launched in 1982 to allow inter-refinery trading. In 1987, by the time the system terminated,
the phasedown successfully met the target and was considered highly cost-effective
(Newell and Rogers 2003; Schmalensee and Stavins 2017).

In another example, the early US Corporate Average Fuel Economy (CAFE)
standards were updated to allow permit trading in 2012. This program can be thought of as
regulating the lifetime greenhouse gas emissions per car sold, assuming every car is driven
the same number of miles over its lifetime. The accounting is complicated, but effectively
allows for trading and banking of permits. The program also includes a maximum price in
the form of a per unit compliance penalty when a manufacturer knowingly or unknowingly
exceeds the standard (Klier and Linn 2011; Leard and McConnell 2017).

In the power sector, renewable portfolio standards are a widely used example of
TPSs. They set obligations on electricity sellers to acquire a certain proportion of their
electricity from renewable energy (denoted as renewable kilowatt-hours as a share of total
kilowatt-hours sold). Tradable permits (referred to as Renewable Energy Certificates in the
United States or Green Certificates in the European Union) are then generated from eligible
renewable energy sources and used for compliance. Such trading programs have been
implemented widely in around half of the United States as well as in the United Kingdom
and several other European countries (Barbose 2019). Some of these programs include an
alternative compliance payment that functions as a maximum price.

The California low carbon fuel standard and China’s new national carbon market
are two recent TPS examples that we discuss at length later in the paper as numerical
applications of our theoretical results. On the horizon, several policy proposals in the
United States have featured a clean energy standard, which require a certain percentage of
retail electricity sales comes from zero or low emitting sources. For example, H.R. 7516
would transition the United States electric sector to one hundred percent clean energy by
2050 (DeGette 2020). Even more ambitiously, President Biden’s climate plan features a
clean energy standard that achieves carbon-pollution free energy in electricity generation
by 2035 (Biden 2020).



It is worth noting that with the exception of fuel economy standards, we are unaware
of any work comparing sectoral TPSs to feebates. Nor has there been any discussion of
how a price floor might be implemented in conjunction with a TPS, despite the importance
of price floors in ETSs. This paper aims to contribute in both regards.

The remainder of this paper is organized as follows. Section 2 reviews the existing
literature comparing price and quantity market-based policies in the context of rate-based
instruments (e.g., feebates and TPSs). Section 3 develops our model and derives the
comparative advantage expression for feebates versus TPSs. Section 4 estimates welfare
gains earned by switching from a TPS to a feebate in the context of California’s low carbon
fuel standard and China’s new carbon trading program. Section 5 presents consignment
auctions as a way to integrate price floors into a TPS and discusses associated design
choices. Section 6 concludes.

2. Literature Review

There is a considerable volume of theoretical work comparing price-based taxes
and quantity-based policies such as ETSs. This begins with Weitzman’s (1974) seminal
result that price-based instruments have higher expected net benefits than quantity-based
instruments when marginal benefits are flatter than marginal costs and marginal costs are
uncertain. This basic finding has been extended widely by considering alternative versions
of uncertainty, different cost and benefit functions, and with applications to stock pollutants
and dynamic settings (Fishelson 1976; Stavins 1996; Yohe 1978; Hoel and Karp 2002;
Newell and Pizer 2003; Weitzman 2018; Pizer and Prest 2020).

As most pollution externalities have relatively flat benefits, price instruments tend
to outperform quantity instruments (Pizer 2002). Therefore, ETSs can enhance their
welfare by imposing price controls. Such a policy represents a hybrid price-quantity system
first proposed by Roberts and Spence (1976). They model an ETS with minimum and
maximum prices, showing that by nesting strict price and quantity controls as special cases,
the hybrid policy offers an improvement. Pizer (2002) elaborates on the implementation of
price controls, articulating the idea of a “safety valve” whereby a regulator sells an
unlimited number of additional permits at a specified trigger price.

Burtraw et al. (2010) combine the safety valve, fixing a maximum price, with a
reserve-price permit auction to enforce a minimum price. This symmetric price corridor
protects against potential price spikes as well as potential price lulls. Murray et al. (2009)
elaborate further upon the implementation of a maximum price, proposing an allowance
reserve mechanism. Rather than selling an unlimited number of additional allowances at a
single trigger price, multiple fixed-volume tranches of permits can be introduced via
auction at multiple trigger prices. In addition to the expected welfare benefits from hybrid
mechanisms, Grill and Taschini (2011) discuss additional economic advantages for
regulated polluters.



Beyond economic considerations, price controls in an ETS can lead to stronger
stakeholder support. Typically, environmental advocates support the addition of a
minimum price to an ETS to achieve higher levels of ambition. Meanwhile, business
interests favor the introduction of a maximum price to an ETS to protect against excessive
compliance costs (Aldy 2017). In recent years, as most ETSs have experienced relatively
low prices, calls for price minimums have increased (Wood and Jotzo 2011). For example,
the European Union Emissions Trading Scheme (EU ETS) has suffered from low
allowances prices since the 2009 economic crisis. They recently completed structural
reforms that have significantly increased allowance prices. Partly based on the early
experiences in the EU ETS, many ETSs—including the Regional Greenhouse Gas
Initiative and the California cap and trade program in the United States—chose to set price
minimums via reserve prices at allowance auctions (Hepburn et al. 2016; Schmalensee and
Stavins 2017). In practice, price controls for ETSs have been important for policy
performance and political durability.

Price controls applied to a TPS have received less attention in the literature
compared to price controls applied to an ETS. Moreover, TPSs generally have received less
attention than ETSs. One line of work has focused on the choice between a TPS and ETS
(Fischer 2003; Fischer and Springborn 2011; Zhang, Chen, and Tanaka 2018; Ellerman and
Wing 2003; Kolstad 2005; Jotzo and Pezzey 2007a; Marschinski and Edenhofer 2010a;
Webster, Sue Wing, and Jakobovits 2010; Lemoine 2017). Davis and Knittel (2018)
compare a TPS to a non-tradable performance standard with special attention to
distributional effects. Other papers consider the effect of market power, productivity,
dynamic contexts, and other sector-based features on TPS outcomes (Rubin, Leiby, and
Greene 2009; Tombe and Winter 2015; Becker 2020).

The price-based alternative to a TPS, a feebate, has been largely discussed as an
alternative to fuel economy standards for motor vehicles (D. L. Greene 1990; D. L. Greene
et al. 2005; Johnson 2006; Dumas, Greene, and Bourbeau 2007; Bunch et al. 2011; Adamou,
Clerides, and Zachariadis 2014; Durrmeyer 2018). Bernard et al (2007) focus on whether
a rebate is really necessary in the feebate. Other studies provide an empirical evaluation of
feebates in different countries (D’Haultfeeuille, Givord, and Boutin 2014; Konishi and
Zhao 2017; Yan and Eskeland 2018).

A few papers do compare taxes or feebates to a TPS. For example, Gillingham
(2013) use a numerical simulation to find that welfare is similar for a TPS or feebate when
applied to US fuel economy standards, and argues that the final welfare effect is dependent
on implementation. Durrmeyer and Samano (2018) simulate non-tradable fuel economy
standards and the feebate policies in France and the US, finding that feebates have smaller
negative welfare effects. Caparros et al (2016) compare pollution taxes to equipment
standards, both varying over time and set to achieve a fixed emission outcome. Holland
(2012) compares TPS and taxes when there is leakage. None of these four papers model
focus on welfare outcomes when there is cost and output uncertainty, as we do in this paper.

Kellogg (2018) is the one paper in this literature that develops and applies a
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comparative advantage expression for a TPS versus feebate like ours. Moreover, he
concludes that more price volatility under a TPS reduces its welfare improvement. This is
analogous to our conclusion that the welfare gain from a feebate is largest when the
coefficient of variation in prices under a TPS is large. Our paper seeks to generalize his
work in a number of ways, including abstracting from the fuel-economy application and
allowing both quadratic (rather than linear) benefits as well as correlation between output
and cost uncertainty. We note that Kellogg (2020) uses a similar model but focused on the
TPS versus ETS question (or another type of indexed emission limit).

Quirion (2005), Newell and Pizer (2008), Branger and Quirion (2014) and Zhao
(2018) are similar in spirit to our paper. They focus on deriving general policy comparisons,
including TPSs and feebates, though they focus on a national rather than sectoral level.
They also all focus on ranking policies rather than estimating the welfare gain from
switching policies as we do in Section 4. Quirion (2005) takes this ranking idea as far as
possible based on theory. Zhao (2018), Branger and Quirion (2014) and Newell and Pizer
(2008) provide welfare expressions but again focus on numerical applications that rank
policies, rather than estimating the actual welfare difference.

The welfare expressions in these last three papers comparing a TPS versus a feebate
are complicated (Equation (27) in Zhao, Equations (E.3) in Branger and Quirion, and (23)
in Newell and Pizer). As we describe below, their cost model is not well-suited to compare
TPS and feebate policies, resulting in more complex and less interpretable results. More
importantly, the model may be less appropriate for capturing sectoral (versus economy-
wide) cost uncertainty. We turn to these modeling choices in the section that follows as well
as how our results compare to all of these more closely related papers.

3. Welfare analysis of TPS versus Feebate

In this section we build a model of mitigation costs and benefits to derive the
welfare advantage of feebates compared to TPSs. We build this model in unit-cost space
where the cost per unit of output depends on the reductions per unit of output. This
contrasts with most of the preceding literature (except the Kellogg papers and the early
Quirion paper) which focus on total costs and total emissions. This matters when we
consider uncertainty about output as well as costs.

We consider the unit-cost, rather than the total-cost, formulation to be a more natural
formulation for modeling TPSs and feebates. As we show, this approach leads to a simple
adjustment to Weitzman’s results. We also believe unit costs and unit-cost shocks may be
a more sensible model, which we now discuss.

3.1. Unit cost function and cost shocks

We begin with our cost function, given by



@ =c(r)=co+ (c; +6,)(r —71%) +%2(r —7r*)2 (1)

where ¢ is emissions, x is output, v = q/x is the emissions rate per unit of output x, the
parameters ¢, are a quadratic approximation around an arbitrary emissions rate r*, and
0. introduces uncertainty. We assume convex costs so ¢, = 0. 6, is mean-zero with
variance o2 . A positive value of 6, raises the marginal (unit) cost schedule for
“producing” r. We assume output has mean ¥ and variance ¢ and, for the moment,
ignore possible correlation between x and ..

Meanwhile, the Weitzman (1974) cost function is given by

w
C¥(@) = e + (¥ +0¢)(a—a) + = (g — g @)

where all variables are as before but the approximation is now around an arbitrary emission
level g* and we use superscripts W to denote the Weitzman formulation.

An important distinction arises when we consider marginal costs and the emissions
response functions. In particular, marginal costs under models (2) and (1) are given by

dacv

TSI))=—C{”+92”)—C§”(Q-Q")- 3)
dC(q) B dc(r) dr B dc(r) B i
o=@ @ = e =@t —ar-r. @

Here, we have taken derivatives with respect to reducing emissions, —q, to highlight our
focus on pollution mitigation. That is, marginal costs rise as we move to increasingly lower
levels of pollution. Therefore, when we construct figures, marginal costs will be downward
sloping in emissions as ¢, = 0. Consider now the emissions response functions, where
prices are fixed at p and firms respond by setting marginal cost equal to the price. The
respective response functions are given by

eV
q" =q - —— (5)
¢
ci+0
q=x(r*— : C) (6)
&)

Herein lies an important difference. Using our unit cost function with unit-cost
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shocks, emissions for a given price and value of 6 will scale with output. Put another way,
the emissions rate will remain fixed as x varies. Under a Weitzman-style cost function with
total costs shocks, however, the emission level for a given price and value of 6. remain
fixed as output fluctuates—and, in turn, the emissions rate will vary as x varies. Even with
correlation between x and 6. in Equation (5), it is impossible for the emissions rate to
remain fixed as x varies because of the fixed g* term.

This finding has implications for the comparative advantage of feebates versus TPS.
Using our cost function and absent correlation with 6, variation in x will not affect the
emissions rate under either a TPS or a feebate that fixes the price. Intuitively, uncertainty
about 6. will then create the only difference between the feebate and a TPS. Using
Weitzman’s cost function, even if 6. is fixed at zero, a TPS and feebate will deliver different
outcomes as x varies.

There are a variety of reasons why cost shocks at the unit-cost level may be a more
sensible assumption in the real world. In most sectors, mitigation choices depend—at least
over the longer-term—on unit technology costs. For motor vehicles, there are choices of
adding technology to increase the fuel economy per car. For motor fuels, there are
blending and other choices that operate per gallon. For electricity, costs often rise with
higher shares of a particular technology (e.g., as an increased renewable share requires
more battery storage). In all of these cases, unexpected technological progress (or lack
thereof) will take the form of changes in unit mitigation cost. We therefore view shocks in
the marginal cost versus emissions-per-unit-output space, at least at the sectoral level, to
be equally if not more plausible than shocks in the marginal cost versus emissions space.

3.2. Unit benefit function and representation in unit-cost space

We follow Weitzman’s benefit function of emissions ¢, which is a local quadratic
approximation using parameters b, about an arbitrary quantity q*:

D2 \
B(q) = bo +b1(q —q) ——(a—q")* (7)
We abstract from the notion of benefit shocks because we know, from Weitzman’s work,
that they do not play a role in the comparative advantage expression. We assume concave
benefits such that b, > 0. This allows us to represent marginal benefits as

dB(q) \
r_q)——bﬁ‘bz(q—Q)

_ X—X q
:_b1+b2x<<1+ — )T_T>
X X

where we have again taken the derivative with respect to reducing emissions. As a negative
externality, mitigation benefits rise at higher ¢ (and ). Therefore, marginal benefits will be
upward sloping in our figures. Also, note that unlike marginal costs in Equation (4),
marginal benefits expressed in terms of the emissions rate » depends on output x.

(8)
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We graph expected marginal costs against expected marginal benefits (based on the
expectation of Equation (8)) in Figure 1. Without loss of generality, we have assumed
q" =7*x and b; = c;.Note b; = c¢; are negative, based on the idea that we are spending
resources to reduce emissions, and emission reductions are what create benefits. This
serves to identify the intersection of the expected schedules given by Equations (4) and (8)
as [r*,— by], but as we shall see, the only parameters that matter for the comparative
advantage are b2, c2, 62, ¥ and o,.

We note that graphing prices versus emissions rate (the “unit cost space”) is useful
for representing policies. A TPS fixes the emissions rate and emissions rate is represented
by a vertical line, while a feebate fixes marginal cost and is represented by a horizontal line.
As the marginal cost schedule (4) is realized based on values of 6., the outcomes can be
read off the actual (versus expected) marginal cost schedule in the figure.

We also note that equating these expected marginal costs and benefits does not
define the optimal TPS. That is because the vertical axis is the expected derivative of costs
and benefits with respect to emissions, plotted against the emissions rate. To determine the
optimal TPS, we want to consider the expected derivative of both costs and benefits with
respect to the emissions rate and then identify the emissions rate where those two
derivatives are equal, which we now do.

3.3. Optimal TPS Rate

We now find the social optimal TPS rate 7 by matching the marginal benefit of

decreasing » with the marginal cost. That is, we equate
dB dc

=F
d(-r) d(-r)
The expectation of the cost derivative is easily computed (recalling our assumption that x
and 6. are uncorrelated),

E

dc d N C2 o
E d(—r)]_E E[—x(co+(c1+96)(r—r)+?(r—r))]‘ o
= E[=x((c; + 60) + co(r —77))]
=X(—c; —c(r—7"))
The expectation of the benefit derivative is more complex,
dB dB dq
E[ =FE|—
d(=7) dq d(-r)
= E[—(by — by(rx — %) )x] (10)

= f(_bl + bz f(r(l + 17,?) - T*))
where v2 = g2 /%?. We can divide both expressions by ¥ and view them in Figure 1.
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In particular, the marginal cost schedule is the same, but the marginal benefit schedule
appropriate for determining the optimal TPS has a steep slope. Uncertainty about x
translates into variation in emissions uncertainty under a rate control that makes the
relevant marginal benefit schedule steeper. When » = 0, this effect vanishes; thus, the
vertical intercept of the two schedules is the same. Otherwise, expected marginal benefits
are higher at every level of mitigation, because raising 7 raises this variation.

Equating Equations (9) and (10) and recalling b; = ¢;, we can solve for the optimal
TPS rate:

_ (byx+cy)
Cbx(W2+ 1)+,

. (11)

rr

Note that r < r* so long as x is uncertain.

price 4
E[MB] based on (dB/dr) + x.
slope= b,%(1 + v2)

Optimal
~ E[MB] based on dB/dq

feebate rate slope = b,x

p=-b=—¢

E[MC]

i 4

Figure 1. Optimal Rate for Tradable Performance Standard

3.4. Feebates versus TPS

We now consider the response function for a feebate, in order to first understand
the optimum feebate and then to derive the comparative advantage relative to a TPS. A
feebate is based on a fee or rebate levied on emissions above or below a “pivot” point.

Letting 77 be the pivot point and P be the emission fee, the feebate equals p(r — rf)x. We

assume an aggregate firm facing this feebate alongside the unit cost function Equation (1).
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Minimizing costs, the firm will choose » to minimize p(r - rf)x + ¢(r)x, choosing

r=r"—m+c +6.)/c. (12)

To find the optimal feebate, we need to take the expectation of the derivative of net
benefits with respect to p and solve for that expected derivative being equal to zero. From
the intermediate steps in Equations (9) and (10), we know that

dNB
e (by — by(rx — 1)) x — x((cy + 6.) + c,(r — 7))

=—b,(rx —r*'x)x —x60, — xc,(r —r*)

(13)

(using by = c¢1). We can then substitute (12) into this expression for », multiply by dr/dp

= —1/c2, and take expectations, yielding
[dNB dr

dr%

-5 [_bz((r* —(+c+6)/c))x — r*f)x —x0. —xc(=p—c; —6.)/c;

flbﬂ((r* —u)(1+v§) —r*> _C2P+C1l
C2

C2

C2

Setting this equal to zero solving for pr, we have
bzfvgr*
=—c1 +¢; X = =—c+c(r'—r
Pr 1 2 & + byi(1 + v2) 1 2( T)

This shows that the optimal feebate is simply the price that corresponds to 77 along the
marginal cost schedule in Figure 1.

At this point, it should become more apparent that our model mimics Weitzman’s
model but in unit cost space, with a marginal cost slope c2 and marginal benefit slope given
by

b,x(1 + v?)
With that in mind, we posit our final result, that the comparative advantage (expected
welfare difference) between feebates and TPS is given by

O-CZJZ[CZ - bzx_(v% + 1)]
2¢2

. (14)

Ap_r =

This mimics Weitzman’s results with (a) our modified benefit slope, where more output
variations favors TPS, and (b) multiplying Weitzman’s expression by X to obtain the total
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welfare difference (rather than the per-unit welfare difference). A detailed derivation is
given in Appendix B.

Our results in the rate-based context are straightforward and can be viewed as
analogous to Weitzman’s finding: if the marginal costs curve is steeper than the expected
marginal benefit curve, then feebates outperform TPS, and vice versa (Figure 2).

price 4
TPS

Expected MB
slope = b,x(v2 + 1)

Feebate | = = = = = = = = = = = AT = = = = = = Feebate

Expected MC
slope = ¢,

Actual MC with 6, >0

»
>

0 TR rr T

Figure 2. Feebates versus TPS

Our results appear most similar to Quirion’s (2005) Equation (14).2 That equation
suggests TPS (“relative cap” in his terminology) is preferred to a price policy when
marginal benefits are steeper than marginal costs, multiplied by an adjustment related to
output variation (“baseline emissions” in his formulation). In turn, we both find that
increased output variation tilts the expression towards TPS so long as b2 > 0. However, he
does not provide expressions for the actual comparative advantage, like our Equation (14),
making it more difficult to compute dollar gains for different applications as we do in
Section 4. We are also interested in how the results change when cost and output shocks
are correlated, which we now discuss.

As hinted earlier, if we allow for correlation between 6. and x, g, positive
correlation will always tilt the expression (14) towards a TPS and negative correlation will
generally tilt it towards a feebate. In particular, we derive the following expanded result in
Appendix B

2 When b; = 0, focusing on the unit case (¥ = 1) , our Equation (14) also matches Kellogg’s (2018) Equation (35). His
Bee equals our ¢z and his B.co. equals our oc.
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To understand this result, consider that a feebate introduces variance in the emissions rate
based on Equation (6), versus a TPS that fixes the rate. Based on the convexity of costs and
concavity of benefits, the direct effect is to raise costs and lower benefits. Positive
correlation between x and . exacerbates this effect, worsening expected welfare under the
feebate. Meanwhile, negative correlation ameliorates the effect raising expected welfare
under a feebate. When cost variation is large enough, particularly when the standard
deviation of shocks in rate space (oc/c2) is larger than twice the TPS rate 77, even negative
correlation can eventually hurt feebates relative to TPS (a condition discussed in more
detail in the appendix).

Finally, we note that expression (14) and (15) appear quite different compared to
Zhao’s Equation (27), Newell and Pizer’s Equation (23) and Branger and Quirion’s
Equation (E.3). All three are more complicated expression for the comparative advantage
of prices versus indexed, intensity, or relative quantities (their equivalent of feebate versus
TPS).® The main reason is the difference in the response function under price policies,
noted above. Our expression for emissions under a given price is given by Equation (6) and
theirs by Equation (5) (or a close variation). In particular, our cost model and response
function implies behavior under a price policy that is much closer to a TPS. The only
difference between TPS and feebate policy outcomes in our model is the cost shock .
shifting either the emissions rate or the price holding the other constant. Meanwhile, under
the other three cost models and response functions, TPS and price policy outcomes differ
based on both cost shocks 6. and x variation. For this reason, our comparative advantage
simplifies and theirs does not.* As we argue in Section 3.1, not only does our approach
make the algebra simpler, it also corresponds to a natural way to think about technology
uncertainty in a sectoral context.

4. Applying the model: the case of ETS of China’s Power Sector and

California LCFS

We now apply our analytical model to calculate the welfare advantage of a feebate
over a TPS in two cases: China’s national carbon market and California’s low carbon fuel
standard.

3 Zhao (2018) does not present a comparative advantage expression

4 Indeed, the papers draw different conclusions regarding the effect of higher output variability. For example, n Newell
and Pizer, such variability is ultimately bad for a TPS because it introduces variability in emissions, lowering welfare;
there is no comparable effect for a price policy. In our expression (14), this unambiguously will favor a TPS. The
adverse effect in Newell and Pizer similarly affects both a TPS and the price policy.
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4.1. China s national carbon market

China announced its launch of a national carbon market on December 19, 2017.
The market will start with the power sector. Generators whose annual emissions are greater
than 26 thousand tons of COze (or whose annual energy consumption is greater than 10
thousand tce) are required to comply with the regulation. Over 2000 coal-fired generators,
which collectively emit about one-third of the country’s CO2 emissions, will be regulated.

The new carbon market in China is a tradable performance standard (Goulder et al.
2017; Pizer and Zhang 2018; Goulder and Morgenstern 2018; Goulder et al. 2019). It
allocates allowances according to a rate (benchmark) and the actual output (power
generation) in that year (Ministry of Ecology and Environment, P. R. China 2020).
Therefore, the realized emissions vary with the realized output level. While the benchmark
standard will be achieved in the aggregate, individual plants and firms may emit above or
below the standard. The national market is considering managing allowance prices in the
form of a hybrid system.

Here we estimate the welfare gain if China used a feebate rather than a TPS,
providing a bounding estimate of the potential gains from limiting allowance price
variability. Assuming b, is essentially zero (Newell and Pizer 2003), the parameters
needed in Equation (14) are the slope of marginal cost (c2), the standard error of unit cost
shocks (oc), and the average output (X).

We use two cost models of China’s power sector to calibrate our model: (1) the
GCAM model from the Pacific Northwest National Lab’s Joint Global Change Research
Institute (Yu et al. 2019), and (2) the Earth DNE-21+ model from the Research Institute of
Innovative Technologies. We use two scenarios for each model giving emissions, electricity
output and the corresponding CO: price in the year 2030, and compute emissions rate. We
do a simple regression of carbon price against emissions rate for the four data points and
find ¢, =130 $-MWh/tons® and o, = 22 $/ton. Figure 3 plots the marginal cost
curves for these two models alongside the fitted line and +/— two standard deviations.
Finally, the average output level given by the two models is X = 8,282 TWh. Therefore,
the welfare gain if a feebate were applied instead of a TPS for China’s power sector carbon
market would be:

02X _ 22%-8,282

= = $15 billi
20, 5130 $15 billion

Ap_r =
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Figure 3. Marginal Cost Curves of China’s Power Sector

This is the annual dollar gain for any feebate and TPS designed to achieve the same
target on average in the Chinese power market. To put this into context, we compare this
dollar value to estimates of the baseline, expected total abatement cost under different TPS
scenarios. Note that there is no change in benefits moving from a TPS to feebate, given our
assumption that b> = 0. Both have the same expected emissions and expected benefits
depend only on expected emissions, not variation in emissions, when b2 = 0. Thus, expected
TPS costs are a reasonable way to normalize the feebate savings.

The total abatement cost for a TPS in a linear marginal cost model is given by

E [y000] = B[ w7 = 5o 5B W7 = s sEDP 10D (o)

where £ = Arx = Aq is the amount of reduction in emissions as we move from a

C2
(unregulated) price of zero to a TPS price p in order to achieve r = ry. The cost function
variance o2 equals the difference E[p?] — E[p]?>. We show this in more detail in
Appendix C.1.

To obtain price estimates, we turn to both China’s pilot carbon trading experiences in
the past few years as well as recent studies of price expectations for the future national
market. China has operated seven regional trading experiments in five cities (Beijing,
Shanghai, Shenzhen, Tianjin, Chongqing) and two provinces (Guangdong, Hubei) since
2013. The average price of these pilots is about 5 $/ton (35 CNY/ton, assuming 1
CNY=0.15 USD). According to one recent study™>°, the average expectation of China’s

5 http://www.chinacarbon.info.
6 The respondents of the survey include professionals from industry, consultancies, academia, carbon finance, NGO,
carbon exchanges and industry associations.
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Table 1 Percentage Welfare Gains of Feebate of China’s National Carbon Market

Expected price under TPS E[p] ($/ton) 5 14 25
(1) Total cost (E[p])%x/2c, (billion $) 0.8 6.2 20
(2) Maximum positive shock, G4y 0.2270. 0.6360. 1.140.
(3) E[(68[)?] with truncated normal ($/ton)* 124 286 400
(4) Total expected cost E[p?]x/2c, (billion $) 4.8 15.3 32.6
(5) Ap_r (billion $) (no truncation) 15 15 15
(6) Ap_r (billion $) (truncated) 4.0 9.1 13
(7) Savings 83% 59% 39%

carbon price in 2025, 2030 and 2050 are 11, 14 and 25 $/ton respectively (71, 93 and 167
CNY/ton) (Slater et al. 2020). Therefore, we calculate the percentage saving from
switching to a feebate under three price scenarios: 5$/ton (current average price in pilots),
14$/ton (2030 expected price), and 25%/ton (2050 expected price) (Table 1).

An immediate complication arises as we think about price variation under a TPS in
this example. Namely, the indicated variation coupled with the expected price level would
suggest negative prices. That is, with expected prices of 5, 14, and 25 $/ton under a TPS
and cost shocks whose standard deviation is 22 $/ton, a shock that lowers costs by one
standard deviation would drive prices below zero in two of the three scenarios unless we
impose a non-negativity constraint in the model.

In order to work around this, we replace the error, 8.~N (0, g,.), with an alternative
error 6.. In particular, we assume 6. = —c; — o1 = G0 (Where p = 0 based on (4))
with probability 7 and, with probability (1 — ), 6. is distributed as a N(0,0,) upper-
tail-truncated at 6. < 0,,,,,. We choose 7 such that E[6.] = 0. This allows us to continue
to use all of our earlier results, which assume E[6.] = 0 but otherwise did not require
distributional assumptions. However, this switch to 6. changes the variance ¢2 in
Equation (14) to E[(6))?]. Meanwhile, E[p?] in Equation (16) becomes (E[p])? +
E[(8))?]. 1In Appendix C.2, we derive an expression for E[(6))?] in terms of
E[pl/o. = Omax/0:, the maximum error (before prices are negative under the TPS)
expressed as a multiple of oe.

Turning to the results in Table 1, row (1) uses the simpler, % x(E[p])? formula to
2

compute the cost at the expected price. Row (2) indicates the number of standard deviations
where the positive shock is truncated; e.g., 0,4, = —C; — o717 from above. Row (3)
indicates the variance of the new 6. error. Row (4) then includes this in the expected
cost cacluation. Row (6) adjusts the comparative advantage in row (5) based on this new
variance. Finaly Row (7) shows the savings from using feebates over TPS (line 6) as
percentage of expected TPS costs (row (6) +~ row (4)).

At these low prices, given the considerable uncertainty about costs and TPS price,
a price-based approach that targets the same expected emissions rate offers a very
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significant improvement in expeted welfare.

4.2. California low carbon fuel standard

California’s Low Carbon Fuel Standard (LCFS) is a program that aims to reduce
California’s greenhouse gas emissions in the transportation sector. The program is
implemented under California Assembly Bill AB 32 and is under the administration of
California Air Resources Board (CARB). The program started on January 1, 2011. The
LCEFS sets decreasing standards on fuel suppliers denoted in terms of carbon intensity
(gC0O2e/MJ) of transportation fuels. Regulated polluters include oil refineries and fuel
distributors that typically incur debits, while alternative fuel suppliers typically create
credits. The carbon intensity of all fuels are based on lifecycle analyses of their carbon
content. Regulated polluters accumulate LCFS credits if their own intensities are lower
than the standards and accumulate deficits otherwise. LCFS credits can be traded or banked,
thereby constituting a TPS.

We estimate the potential gain for the LCFS program if feebates were applied
instead of a TPS. First, we obtain estimates of marginal cost and the average output from
Holland et al. (2015), who estimate the marginal cost of an LCFS for a broad range of
targets (Holland et al. 2015). Using that range of estimates we fit a marginal cost schedule
in terms of carbon emissions intensity. This yields ¢, = 238 ($- (thousand gallons/ton?)
and x¥ = 140 billion gallons of gasoline equivalent (gge). Next, we calculate the variance
of cost shock from the market price of California’s LCFS trading market (Figure 4), which
gives o, = 33 ($/ton). Therefore, for the California LCFS:

2% 332140

= = $32 illi
20, 5338 $320 million

Ap_r =

e
o N
S o

80 \
60

average price ($/ton)

40
20

0
Dec-13 Dec-14 Dec-15 Dec-16 Dec-17

Figure 4. Market Price of California Low Carbon Fuel Standard
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We again compare this welfare gain to the total abatement cost using the above
parameters and a number of baseline carbon prices. In particular, we consider 20, 70 and
140 $/ton, approximately the lower, average and higher level of the CA LCFS market prices
in the above figure. As before, we compute costs under the marginal abatement cost curve

as E [i fpz], where we also include uncertainty about p in the calculation (and use a
2

truncated normal to deal with the possibility of uncertainty driving the price to zero).
Table 2 presents these calculations, analogous to Table 1. At the central value of $70/ton, a
feebate would offer a nearly 20% improvement in expected net benefits.

We can look across these two examples, as well as comparing the comparative

advantage formula when b> =~ 0, ifacz, and the total cost formula, E [%fpz] =
2 2

% x(E[p]? + ¢2), to derive additional intuition. This ratio, row (7) in both tables, is given
2

by
2 U2
=2 (17)

c
[p]? + 02 1+ 02

Ap_ 1 1
= — 5ot 3 (Elp) + o) = ——
E[Cr] — E[Cpmo] 262"/ 2¢, E

When the cost uncertainty, expressed as a coefficient of variation of prices under a
TPS, v, is large, the comparative advantage of a feebate (“savings” in the above tables)
will be large compared to the expected TPS cost. For example, when v, = 50% we have
vg = 0.25 and this savings ratio will be 20%.

5. Price limits in a tradable performance standard

In context of climate change, feebates and taxes are preferred over TPSs and ETSs
in terms of welfare due to flat marginal benefits. Therefore, adding price elements to an

Table 2 Percentage Welfare Gains of Feebate of CA LCFS

Expected price under TPS E[p] ($/ton) 20 70 140
(1)  Total cost (E[p])?x/2c, (billion $) 0.12 1.4 5.8
(2) Maximum positive shock, 6,4, 0.610. 2.120. 4240
(3) E[(62)?] with truncated normal ($/ton) 6219 1,067 1,08
(4) Total expected cost E[p?]x/2c, (billion $) 0.26 1.8 6.1
(5) Ap_r (billion $) (no truncation) 0.32 0.32 0.32
(6) Ap_r (billion $) (truncated) 0.18 0.31 0.32
(7)  Savings 60% 18% 5.3%
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ETS or TPS will improve welfare. In recent years, price elements have seen increasing
importance, particularly in ETSs. In practice, this is implemented through a minimum
auction price (to create a price floor) and adding an alternative, fixed $/ton compliance
mechanism (to create a price ceiling). The price ceiling has also seen considerable use in
TPSs. However, the mechanical implementation of a price floor within a TPS is not as
straightforward. In fact, price floors have not been implemented alongside a TPS to our
knowledge. In this section, we discuss the practical issues associated with implementing a
price floor in a TPS through with consignment auctions. This hybrid policy mimicks
feebates when market prices reach the floor price and therefore offers welfare
improvements.

5.1. Consignment auctions

Here we discuss one method of implementing a price floor in a TPS: a reserve price
implemented via a consignment auction. Other options include government buybacks
(which have not been used widely to date) or imposing a regularly updated fee that makes
up the difference between a low permit price and the price floor. Such a fee is currently
used in the United Kingdom (Aldy 2017). Meanwhile, the consignment approach is used
in ETSs in both California’s ETS and the Regional Greenhouse Gas Initiative.

Under a consignment mechanism, recipients of allocated permits are required to
submit them to an auction and, in turn, receive a share of the auction revenue based on their
share of consigned permits. The consignment auction has many advantages compared to
alternatives. The approach is revenue neutral, and therefore would not create major
financial burdens to governments or firms. The idea of buying back allowances to raise
prices requires spending government revenue; the United Kingdom fee approach leads to
additional government revenue. The mechanism is automatic as well. Other than holding
the prescribed auctions intermittently, no other action is required. Finally, auctions
generally have the advantage of ensuring that part or potentially all allowances enter the
market, improving transparency, and motivating price discovery compared to a free
allocation of allowances (Burtraw and McCormack 2017). However, some authors
suggest that this method may not guarantee a clear price signal (Khezr and MacKenzie
2018).

We now turn to some of the implementation choices that arise when using a
consignment auction in a TPS rather than an ETS.

5.2. Implementing the price floor in TPS with full consignment auctions

To implement the price floor in a TPS with consignment auctions, we require firms
to consign their allocated permits to an auction with a price floor. We then distribute the
auction revenue based on each firms’ share of the total consignment auction.

Formally, we consider a representative firm i in the regulated sector. Firm i will be

allocated allowances equal to the product of the performance standard and its output, given
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by a; = rrx;. Subscript i now indicates individual firms versus the aggregate. As before,
the firm will also accumulate obligations equal to its emissions, which are a product of its
own emissions rate and output: q; s = 7; sx;. Here, we add a second subscript s, to reflect
uncertain states that we will discuss below.

Unlike a typical TPS, however, firms do not receive allocation directly. Instead, the
government auctions those allowances on behalf of firms, giving them the auction proceeds.
This is referred to as a consignment auction.

We allow a reserve price, Pm,in, in the auction to maintain the floor price. There
will be two possible outcomes/states, indicated by MC1 and MC: in Figure 5. The first is
that the auction is fully covered and clears at p > p,,,;,,. This is indicated by MCi. Firm i
receives revenue equaling its allocation times the market price a; - p.

We next imagine a function ¢;;(r;) to be the unit cost function for firm i in case I,
analogous to Equation (1) but for a single firm and with uncertain outcomes now indexed
by a subscript. Recall that we are working to reduce 7, therefore firms take the cost function
derivative with respect to reducing r and set it equal to the market price in order to
determine their emissions rate. That is, firms solve dc;1(r;)/d(—r) =p for r to
calculate their cost minimizing emissions rate; we label this inverse relation 7; 4 (p).

Firms buy permits in the same auction with the clearing price for compliance with
expenditure. We can therefore define the firm’s gross auction expenditure to be 1; 1 (p)X;p.
Recall that consignment auctions are revenue neutral. That is, the total revenue from
auction equals the total expenditure of firms that buy allowances in the auction, ), a;p =
LrTXP = X qisp = LTi1x;p. Therefore, (dividing both sides by pXx;) we have the
following result ex post:

171 = T'T, (18)

where 73 = Xr;,x;/Zx;, the average emissions rate of regulated polluters in case 1. The
TPS rate rris exactly maintained when the clearing price is higher than the minimum. Note

that each regulated firm’s net expenditures are (Ti,1 — rT)xip and the outcome is the same

as a TPS.

The second possibility is that the auction is not fully covered and clears at p =
Pmin- indicated by MC> in Figure 5. In particular, let 7;,(p) be firm #'s response function
in case 2. Moreover, let 7,(p) = X; 71,(p)x;/ X X;, the aggregate emissions rate at price
p averaged across all firms in case 2. From the figure, we know that a p such that 7,(p) =
rr  would require p < pmin (Where the red schedule intersects the vertical line of the supply
schedule). Instead, we have p = pmin and 7, (Ppmin) = 72 < rp.  Supply is reduced until
the aggregate demand supports the minimum price. In this case, firm i’s gross
expenditures will be 7;,X;Pmin and its gross revenue @gy;a;Pmin, Where agyy; is the
reduction in the auction volume for full consignment (here, as,y; = 7»/7r). Each regulated
firm’s net expenditures at the minimum price is (r; — 72) X; Dmin-
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Figure 5. Floor price in a TPS with full consignment

5.3. Implementing price floor with partial consignment auction

Policy makers can instead conduct partial consignment auctions to reduce the
capital burden on regulated polluters (e.g., that they must first buy allowances in the auction
before receiving their auction revenue). The downside is that whatever allocation is not
consigned sacrifices some of the policymakers’ ability to maintain the floor price.

In this case, a firm will be allocated some allowances directly according to its output
and a standard 77 ,,;, lower than the established performance standard r7; e.g., 77 pmin <
rr. The firm is not required to consign these allowances. The remainder of the allocated
permits, equal to the difference between the two standards, multiplied by the firms’ output,
(rT — rT’min)xl—, are then consigned. The rest is almost as before—except there is a third
case as shown in Figure 6 and gross expenditures are smaller in all cases.

In the first case, as before, the clearing price is higher than the floor. We can show
the firm has the same net permit expenditure (r; — rp)x;p and again + = 1y, so the
regulated rate is maintained. However, firm i's gross expenditure in the auction has
declined from rx;p to (ri — T min )xip thanks to a portion of allowances being
allocated directly.

In the second case when the market hits the floor price, we again have net
expenditures (ri,z —fz)xl-pmin and again 7, = 7(P,;,) . But like the first case, the
auction itself is smaller and gross expenditures in (and revenues from) the auction are
reduced. Gross expenditures are reduced, from 7;,X;Pmin t0 (Ti2 — "7 min)XiPmin -
Meanwhile, gross revenue declines from apy7rXiPmin to apart(rT —rT,min)xipmin.
Here, apart = (T2 — Trmin)/("'r — Trmin) is the coverage rate in the partial consignment
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auction in case 2. It is straightforward to see that apqre < @y

The advantage of the partial consignment auction comes from the 77 ;X
reduction in gross expenditures. The disadvantage arises when 7(Pyin) < r'rmin- Even
without selling any permits in the consignment auction, the price cannot be maintained at
pmin. This gives rise to case 3, where 73 = 7y, and p < pmin.  This is illustrated by the
intersection of MCs and the vertical line at 77 ,,;,, in Figure 6. This finding is essentially

the rate-based variant of the permit reserve and price ceiling approach proposed by Murray
et al. (2009) for ETSs.

»
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Figure 6. Floor price in a TPS with partial consignment

It is worth noting that the problem with the partial consignment auction arises when
there is a reasonable likelihood that 75(pmin) < 77 min for some uncertain state s. By
setting 17 in < E[F(Pmin)] — 2(0c/cz), for example, one can be assured that the
minimum price will be maintained 97.5% of the time (assuming normally distributed cost
shocks).

For example, in the $70 LCFS case, if we sought a $50 price floor, we would want
to set 17 min < E[7($70/ton)] — 2(33$/ton + 238 ($ - 1000 gge/ton”2). We did not
provide this information above, but the baseline emissions rate we derive from Holland et
al (2015) is 11.16 (tons/1000 gge). So ($70/ton) = 11.16 (tons/1000 gge) - $70/
ton + 238 ($-1000 gge/ton”2) or 10.87 (tons/1000 gge). Subtracting 2(33$/
ton + 238 ($-1000 gge/ton”2) = 0.28, we have 77, < 10.59 (tons/1000gge).
Thus, the consignment auction would not need to be that large, compared to the volume of
direct allocation, in the LCFS case.

22



5.4. Options for unsold permits

We discuss several options for dealing with unsold permits arising in a consignment
auction with a minimum price. We have in mind a multi-period setting where unsold
permits might or might not be considered as a part of a cumulative budget or target.

First, unsold permits can simply be confiscated and retired by the government. At
the floor price, the market behaves as a price tool and the rate (as well as associated
emissions) is adjusted instead. Therefore, retiring the unsold allowances is a direct way to
adjust the quantity given a fixed price. However, this approach may be unappealing to
participating firms, who view the consigned allowances as their property based on the
allowed emissions rate and their indicated production level.

Second, unsold permits could be carried over and added to the consignment auction
in the next period. If permit demand in the second period is high enough, all the consigned
allowances (including the unsold permits from period one) are auctioned. Firms with
unsold consigned allowances from the first period now receive additional revenue. If the
demand is not sufficiently high to exceed the minimum price in the second period, the
system still maintains the second period minimum price and now generates new unsold
permits in period two. Figure 7 shows this possibility of additional unsold allowances in
period two (parenthetical superscripts indicate time period).

Period 1 Period 2

MC’ \
Pmin Pmin MC

N
N MC N -

0 FO g r 0 FO e rx@ 4 (rp — FO)x®
x(2)

v

Figure 7. Unsold permits auctioned at minimum price

There are two further options in the next-period-auction: the unsold permits from
period one can be prioritized for sale over the newer consigned allowances or vice-versa.
If newer consigned allowances are prioritized, the consigners in the second period will get
the auction revenue first, and then those in the first period. However, if the unsold permits
from period one are prioritized, the consigners from the first period acquire the revenue
first (and paid by those in the second period). One downside to this approach is that
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participants in the current period are not paying for their own consigned permits. Instead,
they are always paying consigners from previous periods.

A third option is to put unsold permits into a pool for sale at a maximum price, if
there is a symmetric, maximum price or high-price permit reserve. In the case of a reserve,
this approach could expand the reserve and increase the ability to maintain the price ceiling.
If a price ceiling binds, then this approach would redirect what otherwise would be
government revenue to the consigners of unsold permits. Figure 8 shows the former
example, of an enlarged high-price reserve.

P A Period 1 P A Period 2
Supply
Pmax F------=-=-=--=-=-=-+ SquIy Pmax| - - oo __
MC
Pmin Pmin
e i
0 Tr r 0 Tr T

Figure 8. Unsold permits auctioned as part of a high-price reserve

5.5. Timing issues

Generally, the allowances need to be auctioned after emissions occur, and more
particularly after output is measured, in order to precisely determine the volume of permits
to auction based on the established emissions rate. However, most ETS programs issue or
auction allowances before or during the period when obligations are entered. For example,
in 2020 RGGI held quarterly auctions for its 2020 allowances in March, June, September,
and December. In 2020 California held quarterly for both 2020 and a portion of 2023
allowances in February, May, August, and November. If ex-ante allocation is desirable,
then one could instead issue or auction allowances based on expected output.

If periodic auctions are allowed during compliance periods, the allocation of
auction revenue needs adjustment as the government only knows the exact allocation once
the period ends. For example, imagine the above 2020 RGGI auctions where the

government only knows output levels for the first quarter in April, the second quarter in
July, etc. For the March auction, the government sell TTJ?S), where f,gl) is the expected

first quarter output level. For the June auction, the government then auctions based on
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expected second quarter output and an adjustment for the first quarter, rT(féz) +

xW — fél)). The same process then repeats.

It is worth noting that this same issue arises even without auctions. The government
may want to provide permits under a TPS before output is exactly known. Indeed, the
Chinese government has taken exactly this approach. They make an initial distribution of
allowances based on expected production and then make adjustments in the next period
(Munnings et al. 2016).

With consignment auctions, the government has the additional burden of managing
not just the volume of allowances but also the return of the allowance proceeds to firms.
This might be accomplished by waiting until the second quarter to return proceeds from

first quarter allowances. At that point, the actual average price received (p(l)fél) +

i .

p®@ (f(l) — f,gl))) /%D is known and can be paid out to each firm based on x”

6. Conclusion

Tradable performance standards have earned increasing popularity as a regulatory
tool, especially at the sectoral level. However, the use of a price-based alternative (the
feebate), the introduction of price controls to a TPS, and features of the TPS policy itself
have been less frequently studied compared to their ETS counterparts. Moreover, the idea
of a price floor to establish a lower bound on prices has yet to be introduced in a real-world
TPS. This is true despite the recent trend of introducing minimum prices in carbon dioxide
ETSs. Here, theory suggests expected welfare improvements based on the relatively
constant marginal benefits associated with greenhouse gas pollution.

In this paper, we develop a simple analytic model to compare the expected welfare
of a TPS and a feebate under cost uncertainty. We employ a unit cost function where the
schedule of marginal abatement cost is linear in the emissions rate (emissions per unit
output) with additive uncertain shocks. With this formulation, the Weitzman comparative
advantage expression continues to hold with a simple adjustment to the marginal benefit
slope based on output variation. Moreover, we show that the comparative advantage
expression varies almost monotonically with any correlation between output and the cost
shock (the exception occurring with negative correlation when the uncertainty in emission
rates under a feebate is large compared to the expected emission rate).

We apply the model to two cases: the Chinese national carbon market and the
California Low Carbon Fuel Standard. In both cases we find relatively large gains
associated with switching from a TPS to a feebate, a savings of roughly 60 and 20 percent,
respectively, expressed as a share of total expected costs under the TPS. We argue this is a
general result when the coefficient of variation in emission price under at TPS is larger than
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roughly one-half.

We also discuss implementation choices related to establishing a price floor for a
TPS. Price floors are typically implemented in emission trading programs through
establishing a reserve price in a permit auction. Because of the direct allocation of permits
under a TPS based on output, such an approach is not immediately available. We therefore
discuss the possibility of full or partial consignment auctions as well as advance auctions
based on expected output, which serve as a practical path forward for incorporating price
floors into TPSs.
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Appendix

A. Comparison and Notions of TPS and Feebate

We start by showing that feebate and TPS is analog to the prices versus quantities
problem in the context of a rate-based cap-and-trade system.

A.1l. Tradable performance Standard

First, considering the tradable performance standard policy. TPS is also known as
rate-based regulation, intensity targets, or indexed regulation. It has become an option when
emissions are highly related to output levels. Theoretical studies show that it may be
preferable to absolute standard if emissions and activities level are highly related (Fischer
and Springborn 2011; Jotzo and Pezzey 2007b; Marschinski and Edenhofer 2010b; Sue
Wing, Ellerman, and Song 2006).

Under TPS, the policy maker sets an emission limit or target, but it is continuously
scaled to some output measure or index, x. Therefore, the emission limit or target equals
rr - x,where 1y is the standard / rate / intensity. In practice for a set of firms i € {1, ..., I},
policy maker allocates allowances based on the firm’s output x;; that is, a representative
firm’s allocation is given by a; = ry - x;. It 1s also required to surrender allowances equal
to its emissions, q;. Therefore, firms will buy q; — a; allowances if q; > a; orsell a; —
q; allowances if q; < a;, forming a price p. In aggregate, Y.q; = Y.a; = rr - ).x;, that is,
the average emissions rate is exactly the standard.

A.2. Feebate

The corresponding price version of TPS is feebates. A typical feebate policy is a
system combining a fixed fee levying on emissions and a revenue neutral rebate on output.
The instrument has been applied in countries such as France, Denmark, Norway, Canada,
etc. for low carbon regulation in transportation sector (Bunch et al. 2011).

For a representative firm, if its production has an emissions rate r; above a
standard 77, it pays a “fee” equal to p(r; —ry), where p is a fixed price. When its
production has an emissions rate 7; below the standard 7, it receives a re-“bate” equal to
p(rp — 1;). This is equivalent to a tax on emission p - 7; and a subsidy to output equal to
p - rr. In aggregation, feebate is revenue neutral, that is Y, p(r; — 1) x; =p X1 X; —
p Y rrx; = 0. It implies that a revenue neutral feebate can achieve emission standard on
average.

A.3. Equivalent outcomes under a TPS and feebate

Under TPS, policy maker sets emissions standard 7r; markets establish a price p
for allowances. Firms have unit production cost functions c¢;(r;) in terms of their unit
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emissions 7; = q;/x;. Moreover, ¢;(r;) < 0 as we require firms to reduce emissions and
¢;'(r;) > 0.

With the TPS, firm’s unit costs are c¢;(1;) +p -1, —p -7 as they buy or sell
allowances. Allowances price p adjusts to balance permit supply and demand. Firms
choose 7; to minimize unit costs, so ¢; = —p.

Given the standard is met on average, the aggregate unit costs are given by c(7),
where c¢(r) is the unit production cost function averaged across firms, and average
emissions rate equals the standard.

Under feebate, instead of setting target and allowing trade, policy maker tax
emissions at p and subsidize output at p - rr. With feebate tax/subsidy, firm’s unit costs
are also ¢;(r;) + p - r; — p - 7. Firms choose r; to minimize unit cots, so ¢; = —p.

Given this corresponds to the TPS outcome at the firm level, feebate have the same
outcome in the aggregate: unit costs are given by c¢(ry) under assumption that we know
what price p corresponds to rate 7.

Note that compared to an emission tax, the feebate generates the same marginal cost,
but higher emissions averagely. Compare an emission tax at level p to a feebate that taxes
emissions at level p but also subsidizes output at level pry. At the firm level, both will
set marginal cost equal to the emission tax or fee. However, the (re)bate part of the feebate
lowers unit costs to c;(1;) + pr; — pry relative to c(r;) + pr; under a tax. In the
aggregate averaging over all firms, this leads to lower product prices under a feebate
compared to a tax equal to the fee, that is, c(ry) versus c(ry) + pry. With a non-zero
demand elasticity, output (and emissions) will be higher under a feebate compared to a tax
equal to the fee. Nevertheless, feebate and TPS would have the same output effect.

rice 4
P TPS

Feebate

c'(r)

n
>

0 r* Emissions rate r

Figure Al. Feebate versus TPS
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B. Calculating comparative advantage

Write the net benefit function:

b
NB = by + by (rx — r*x) — ?2 (rx —r*x)?

* Cz *\ 2
—Ccox —(c1 +0)(r—71 )x—?(r—r )x

Substitute r = r, take expectation, and set b; = c; Yields the expected net benefit under
TPS at optimal standard:

b
E[NB;] = by + by (rp — %)% — ?2 (r2(2? + o) — 2rpr* %% + 1°%%2) — co% — (1%

N ) N2 =
+ch)(TT—T )—?(T‘T—T‘ ) ve

b c b
= by — coX — (rp — 1) 04 — (7 — 1%)? (EZJEZ + ;;2) — ?Zr%cr,?

C

Now redo for the feebate, subsitituting the response function r = ry — % in the above net

C2

benefit expression and taking expectations:

ec * = bZ ec * = ?
NBr = by + by (rT——>x—rx -— (TT——>X—TX — CoX
cy 2 cy

— (¢, +6,) (rT f—:—r*>x—cz—2(rT —%—r*)zx
E[NBg] = by + by (rp — r*)% — blcic"
— bz—2<<r% + a—f) (X2 + 02) — 2rpr 22 +17%%% + a—czzx g 2 r*f)
) 5 Cy
— &% = (1% + o) (ry =) + Z—ff + oo~ (rp — ) %‘Z_Z :
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Now we can compute the compariative advantage, subtracting E[NB;] from

E[NBg]:
E[NBr] — E[NB;]
by ([0, , b | 200 ol d¢
=——=||=5|CG*+dd)+—=+ |+ —x——%
2 <<c§>(x 9% c2 ) 4 sz Zsz
+ (rr —77)0cx
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Or, when there is no correlation,
02x _ 5
Ap_r = 202 (Cz — byx(1+ Vx))
2

And, when there is correlation,
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We can rewrite this as
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Therefore, for some neighborhood |o.,| < €, % < 0 and positive correlation will
cxX
favor TPS while negative correlation will favor feebates.
Looking at the second term, it is easy to show 0 < v, /(1 + v2) < 1/2 (given
v, > 0 since output > 0). So we can write,
vxo-c < &
(1+v2)c, 2
Therefore, a sufficient condition for this derivative to remain negative, regardless of ocx,
Is 2rp > o./c,. That is, the same conclusion about correlation continues to hold so long
as the standard deviation of the cost shock, expressed in terms of the standard deviation of
the shift in the rate of emissions at a given price (e.g., the “horizontal shock™) is less than
twice the TPS standard rr.  When this is violated, specifically,

o, 1+ v2
=>1r B
C Uy

a sufficiently large negative correlation can tilt the comparative advantage towards TPS.

Note that a positive correlation always tilts towards TPS.

C. Cost calculations

C.1. Calculating the baseline expected TPS cost.

To compute the expected cost of a TPS relative to a no-policy baseline, we compare
the expected TPS cost from the calculation of E[NBz]| in Appendix B and subtract the no
policy expected cost, which we define as the expected cost when the price (marginal cost)
is fixed at zero. We might imagine that the expected cost ought to be zero when the price
is zero, but we have not yet set the parameters to ensure that assumption. In particular, the
cost and benefit function have been defined as approximations around a point q* = r*/x,
later assumed to be the benefit maximizing value of ¢ when x is certain.

From Appendix B, we have
Ca _

7 x
where we have dropped the benefit terms and terms related to the covariance of x and 6,
which we assume is zero for this exercise.

To compute the expected cost when p = 0, we first solve the marginal cost equation
(4) when marginal cost = 0, yielding

E[Cr] = E[c(rp)x] = coX + ¢, X(rp — 1) + (7 — 17)?

¢+ 6,
C2
We substitute this into the expression for costs yielding:

r=r*—
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Simplifying

c;+86 c 1+ 6,\°
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2

And taking expectations

__ctal  Gfcdtol
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Cy 2 5
__ctal
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We now subtract this from the expected TPS cost yielding:

c ct + o,
ElCr] - E[CP=0] = coX + e X(rp —77) + (rp — T‘*)Z?Z’Z B (Cof - 12c - f)
2

c + o? c
=2 Cxtaxr—1)+ O —1) 2%
2c, 2

Without loss of generality, we have assumed —c; is the expected price r = r*, call this
E[p,+]. And from (4), we know that —c,(rr — ") is the expected TPS price difference

between a TPW with r =7, and a TPS with r =r*. Call this E[p, | — E[p,-] =

E[AP,_._,+]. Thus we can rewrite

E[Cr] = E[Cpe0] = (UC + El[py]* + 2E[pr-1E[AP, ] + E[APTT_T*]Z)

= ZLCZ (O’C + E[prT]Z)

C.2. Calculating the expected variance of our truncated normal distribution
coupled with a discrete value at the truncation point
When prices are low relative to the variation in cost shocks, a TPS may not bind.

That is, a favorable cost shock will reduce compliance costs to the point that the marginal
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cost with our linear schedule appears less than zero at the TPS rate 7.  This is illustrated
in Figure 9. In reality, the price will be zero.
One way to address this without affecting our results is to change the assumed

distribution of .. In particular, if 6,4, = —¢; — c;(rp — ") = E[p] then we can define
a new error,
, { TN(O0, 0., =0, 0,4x) with probability 1-m
0.~ . .
Omax with probability s

where TN(w,0,b) is a upper-tail truncated normal distribution with mean u, standard
deviation ¢, and maximum b. In particular, we choose 7 such that E[6;] = 0. In this way,
all of our previous results continue to hold, except that 2 needs to be replaced with
E[(682)?] (in Equation (14), for example). Greene (2017) derives the mean and variance of
the one-sided truncated normal to be

)
L7 %)

o) (B
o (1 REON (cb(ﬁ)) )

Where f = (b —w)/o = Opax/0:. = E[p]/o,, €.g., the number of standard deviations o
between the expected price and zero, and ¢(z) and ®(z) and the standard normal PDF
and CDF respectively. Once we know f in our applications, it is easy show that choosing

And

) )]
‘DB _ BB

2B 2B

bmax + 908y P a(p)

In other words, as f becomes large (>2), = will be negligible as ¢ =~ 0.05 and ® = 1. If
S were 0.5, however, m = 0.5. Letting VTN be the variance of the truncated normal
distribution given above, with o = g, and f = E[p]/o., we have

N1 o o @)2 ~ ¢(ﬁ)_<¢(ﬁ)>2
E[(82)?] = m030x + (1 — m)0? ((w) +1-b5m~ lom

()

We use this expression to make calculations of E[(6))?] in Table 1 and Table 2.

=102, + (1 —m)o? <1
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Figure 9. Favorable cost shock when expected prices are low.

D. Calculating full and partial consignment auctions

D.1. Full consignment auctions

With full consignment, a firm will be allocated allowances for consignment auction
according to the rate . The firm’s allocaiton is rrx; and emissions (obligations) are 7;x;.
Introduce a floor price p,,i, in the acution. Therefore, the total revenue of consignment
auction would be:

{ Zrrxip, if P > Pmin
afulerzxipmin- if P = Pmin

Each firm’s revenue would be:

y={ X, if P > Pmin
Aruu’rXiPmins if P = Pmin

They are output shares of the total revenue no matter whether market hits the
minimum price.

Firms can buy allowances in the same auction with the clearing price for
compliance. The total expenditure of all regulated firms would be:
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A= { L1XiD, if P > Pmin
X1iXiPmin if P = Pmin

And because of the revenue neutral nature of consignment auctions, the total
auction revenue equals the total expenditure I' = A. It is easy to show that:
(1) If the clearing price is greater than the floor, the ex post average intensity among
firms equals the target rate:
T =Tr.
(2) If the market hits the floor, the minimum price maintained, while only g,
fraction of allowances sold at auction, and
3

Ay = >
Tt

which is below 1 (and greater than 0) because in this case the ex post average
intensity is smaller than the original standard due to demand shocks.
Therefore, each regulated firm’s net expenditures with full consignment are:

_ { (ri - f)xip' if P > Pmin
€= _ .
(1i — P)XiPmins if P = Pmin
D.2. Partial consignment auctions
With partial consignment, a firm will be immediately allocated some free

allowances according to its output and a standard lower than the performance standard
Tt min- The rest part of free allowances which equals to the difference between the two

standard and the firms’ output (rT — rT,min)xi, are then allocated for consignment auction.

Therefore, the total revenue of consignment auction with a minimum price would
be:

{ Z(T'T - TT,min)xip; if P > Pmin

2:(7"T - T'T,min)xipminapart- if P = Pmin

Each firm’s revenue would be:

Yy = { (rT - rT,miTL)xip' if P > Pmin

(rT - rT,min)xipminapartf if P = Pmin

which are also the output share of the total revenue no matter whether market hits
the minimum price.
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The total expenditure of firms to fulfill their obligation is:

A= { Z(Ti - rT,min)xip: if P > Dmin
2:(ri - rT,min)xipmin' if P = Pmin

Given the revenue neutral condition, I' = A, it is also easily shown that:
(1) If the clearing price is higher than the price floor, the rate holds:

F=rr, if p>pnn

(2) If the market hits the price floor, the minimum price holds, and the fraction of
allowances that would be sold is:

Py _f_rT,min if P =D
part Tr — Tr.min ’ min
(3) It is obvious that a,4,+ would only be greater than 0 if 7 > 77 ;. That is, if
the demand is too low, the mechanism maintains the lower rate 7y ,,;, instead of the price

floor.
Each regulated firm’s net expenditures with partial consignment are the same with

that with full consignment:

_ { (ri - f)xip' if P > Pmin
E = _ .
(ri - r)xipmin' if P = Pmin
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