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Abstract

Quantity-based regulation with banking allows reged firms to shift obligations across time in
response to periods of unexpectedly high or longmat costs. Despite its wide prevalance in
existing and proposed emission trading programskibg has received limited attention in past
welfare analyses of policy choice under uncertainje address this gap with a model of
banking behavior that captures two key constraintscertainty about the future from the firm’s
perspective and a limit on negative bank valuas,(borrowing). We show conditions where
banking provisions reduce price volatility and lowe&pected costs compared to quantity
policies without banking. For plausible parametgues related to U.S. climate change policy,
we find that bankable quantities produce behavistecsimilar to price policies for about two
decades and, during this period, improve welfaralimyut a $1 billion per year over fixed
guantities.
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Prices ver sus Quantities ver sus Bankable Quantities
Harrison Fell, lan A. MacKenzie, and William A. iz

1. Introduction

Under the presence of uncertainty, welfare compas®f regulatory instruments have
typically focused on price versus temporally fixgdantity instruments. Yet a common trend is
for policies to allow regulated quantities to beked—that is, tradable permits can either be
saved for future use or possibly borrowed fromfeifperiods. This is true for the majority of
existing and proposed tradable permit marké&thile the early motivation for banking
provisions was to allow firms to smooth the traosito more stringent future limits through
early reductions, more recent debates in th& Tidngress focused on accommodating
uncertainty and the risk of unexpectedly high costany argued that an expanded banking and
borrowing system to regulate U.S. greenhouse gass@mns could alleviate concerns about
uncertain costs in a manner similar to a price rapgm?

But can banking and borrowing provisions reallyanmodate cost shocks in a way that
resembles a price mechanism? To answer this qoestedevelop a model of optimal firm
behavior with a quantitative, periodic emissionitiover an arbitrarily long horizon, the

flexibility to bank (and possibly borrow within liitis) allowances, and cost uncertainty that is

UColorado School of Mines, Swiss Federal Instinft&echnology (ETH) Zurich, and Duke University,
respectively.

1 See http://www.epa.gov/airmarkets/basic.html, :Htkpvw.rggi.org/,
http://ec.europa.eu/environment/climat/emission, end

http://unfccc.int/essential_background/kyoto protbtems/1678.php (article 3, paragraph 13) fooinfation on
the U.S. S@and NQ programs, the Regional Greenhouse Gas InitiatieEU ETS, and the Kyoto Protocol,
respectively.

2 See Murray et al (2009). The reality of the ppliebate in the U.S. is evidenced by the evoluidegislative
proposals. The first time cap-and-trade legistati@s seriously proposed in 2003, it included gkrbanking
provision comparable to the sulfur dioxide tradprggram. By the time legislation passed the U.&ud¢ of
Representatives in 2009, it included borrowing giows, a price floor, and a quantity-limited prieling.
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potentially correlated over time and never compyetesolved. We show banking allows shocks
to be spread over time as long as the banking i@nsts not expected to bind. When the
constraint is expected to bind, banking offergeliftractical flexibility. This highlights an
important connection between banking with and withancertainty: it is the banking behavior
driven by deterministic features — what we couldl daterministidbanking — that creates the
window for uncertain shocks to be spread efficientter time.

In order to quantify these effects and compareavelbutcomes with ordinary price and
guantity controls, we must numerically solve fotiofal firm banking behavior. For plausible
parameters related to U.S. climate change polieyfimd bankable quantity regulation improves
welfare over a non-bankable system, but does rfoéae welfare improvements over a price
policy, which represents an upper bound given ekogéy flat marginal benefits. In the early
years of the policy, when the banking constraimasexpected to bind for more than two
decades, bankable quantities behave like price=mns of emissions and welfare but gradually
transition to behave like non-bankable quantitygie$. The welfare improvement over non-
bankable quantity policies averages about a billiolars per year — more than 80 percent of the
welfare improvement from prices — during the fixgenty years but with little improvement
thereafter. While tighter banking constraints aigher discount rates reduce the ability to
match the welfare associated with prices, loosekipg constraints and lower correlation of cost
shocks increase it.

The paper is organized as follows. Section 2 wesithe existing literature, highlighting
the gap between discussions of welfare differeacesng policies and banking behavior with

relevant constraints and information assumptid®sction 3 introduces the banking problem and



discusses the solution. Section 4 outlines thefiteamodel and provides intuition about welfare
effects. Section 5 presents the numerical analgs@d Section 6 concludes.
2. Background and Existing Literature

This paper draws from two important strands ofdbenomics literature, one looking at
the welfare differences among policy choices thi&dunder uncertainty about costs but are
otherwise equivalent, and one looking at behaxaad(sometimes welfare) associated with the
ability to bank allowances in a more limited unaerty environmeng. The first strand has
developed a well-known distinction between pricesus non-bankable quantity policies
(Weitzman, 1974):the net welfare effect of pricesraquantities hinges on the relative slopes of
marginal costs and benefits.

Papers on banking first emerged after the 1990rCAeéaAct Amendments created the
SO, trading program with an unlimited banking provisioThese studies ignored uncertainty
and focused on how banking shifts emissions tdiuthee to equalize otherwise unequal (and
higher) discounted marginal costs in the futuresdong total discounted costs (e.g. Cronshaw
and Kruse (1996), Rubin (1996), Kling and Rubin9Zp and Leiby and Rubin (2001)).
Analysis of banking with uncertainty followed buashbeen relatively limited. A number of
authors suggested that banking can reduce permoé yolatility in the face of uncertain cost
shocks (e.g. Godby et al (1997), Jacoby and Eller{d@04), and Ellerman (2005)). Yates and

Cronshaw (2001), Yates (2002), and Feng and Zha@6{Znvestigate when banking and

3 Uncertainty in both damage and abatement costalbaseen considered. In particular, Stavins (1996
investigated correlated uncertainty between daraageabatement costs and found that in many casedityu
regulation was desirable. However, as our motigadipplication is global climate change, where thmithant
sources of uncertainty are uncorrelated and madrgarsefits exceeding flat, we do not focus on #spect of the
problem.

4 These results were later extended by Hoel and K091, 2002) and Newell and Pizer (2003) to caersitock
externalities (pollutants).
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borrowing improve welfare, with results that sugpdieitzman’s original intuition about the
importance of the relative slopes of marginal casis benefits. However, their models have
quite stylized features — two time periods and owdwing constraints —that make it difficult to
assess real-world programs.

Schennach (2000) is the first (and perhaps onlfhauo build a theoretical model with
banking, banking constraints, multiple (even irtBhiperiods, and uncertainty, in order to study
the U.S. S@market. She focuses on qualitatively understanttiegptimal price and emissions
paths (but not welfare) with and without cost uteiaty when emission targets feature a step-
wise decline. Our analytical discussion of banKkmetyavior draws heavily from her work.

A study by Williams (2002) mirrors the welfare-fead spirit of our paper. Williams
analyzes regulation under prices, quantities aamhtrle quantities and extends this framework to
include banking and borrowing. An important conitibn is his intuition that banking and
borrowing effectively flatten marginal costs comgxato earlier analyses that ignored banking
and borrowing (Hoel & Karp, 2002; Newell & PizeQ@3), consistent with our own results.
However, while he goes on to draw a stronger canafuthat banking does not affect the
expected benefits from stock pollutants, we relaxiaber of his assumptions (e.g., no
constraints on negative banking) and are more egalya point we return to below.

Currently, there exists no welfare analysis of lzdo quantities capturirigpth
uncertainty about the future from the firms’ peidpe as well as the regulatoed constraints
on banking (e.g., that borrowing is constrainedame way, to zero or to a small, limited
amount). Our contribution, therefore, is to provadmore realistic model of banking behavior
under uncertainty that lends itself to quantitaawalysis, to develop a welfare framework for

comparing that policy to fixed quantity and priadigies, and to then use these tools to look at



the choice among these policies for the partigutablem of controlling greenhouse gas
emission to address climate change.
3. The Banking Problem

We begin by looking at how otherwise equivaleni@es$ — prices, quantities, and
guantity controls that allow banking — lead to elifnt optimal emission and marginal cost
behavior when uncertainty arises. Ordinary pricé guantity controls pose a relatively simple
behavioral problem for the firm to solve and thgulator to understand. Consider the quadratic
cost function in Newell and Pizer (2003), hereald®x (in turn, a multi-period extension of

Weitzman (1974)):

Ce(qe, 0:) = 0:(q; — qp) + % (q: — Gp)? (1)
The variableg; is the chosen emission levgljs the average, cost-minimizing level of emissions
in the absence of regulation (i.e., the expecteselbze or “uncontrolled” emissions levet)> O
describes the slope of marginal costs, @nsd a current-period shock to marginal costs olesirv
by firms (but not by the regulator). Potential cbes inc; and g, allow for cost reductions and

growth in uncontrolled emissions over time. We vidyas an aggregate, representative firm’s
cost function arising from a competitive within-mer emissions trading market (Rubin, 1996).
How do various policies differ in their emissiondamarginal cost outcomes? First

consider non-banking regulation. In the case aingity controlsg;, the regulated firm actually

5 As shown in Rubin (1996) in a model without unagrty, the decentralized firm behavior in a cap-trade
program with banking leads to the same emission asthat of a cost-minimizing social planner. Uritie
assumption that all regulated firms have the saxpectations about future shocks, we can therefseeau
representative firm framework to describe aggrebatevior.
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faces no choice: it simply emits the regulatediwad of emissions, setting = g;.6 Marginal

costs are given by

9C(q:, 6r)

3 =0t +ct(qe — ) = 0+ ¢c(q7 — qr) (2)
4t

ac=qz

Note that as we regulate to reduce emissiQhs; g;, So marginal costs @missionare
negative — which makes sense because emissjoase a negative externality. In the case of
price controls (e.g., taxeg);, the firm will want to reduce emissions until magg abatement
costs (0C,/dq;) equal the regulated price each period, solpihe —0; — c;(q; — q;) for q.
Assuming the price policy is set to match the ginapblicy in expectation, we can write the

emission outcome under a price policy as:

-pi 0 . 0
Geprice(02) = — L+ G — C—t =q; —— 3)

t t Ct

The opportunity to bank (and borrow) emission aloges poses a trickier challenge for
deriving optimal firm behavior. To be specificetregulator gives the firm a pre-specified
emission allocation each period, which we lahelThe firm also starts each period with a bank
B; of unused allowances from the end of the prevpmigod. The firm is free to use the sum of
these allowanceg + B; to cover emissiong this period, but any leftover allowances can, in
turn, be saved for use in future periods. That is,

Bey1 =B +y: —q¢ (4)
becomes the starting point for next period’s eroissiecisior. It may even be possible to leave

a negative bank for the next period; generally fittme is told that the start-of-periag 1 bank,

6 To be precise, the regulated firm can choosegqany q;.Firms will choosej, = g; so long as costshocks are
small compared to expected marginal costs, whittuésin our eventual parameterization. We adopgéneral
assumption thag, = g;, consistent with Weitzman and NP, as it does ratenmally affect our results and simplifies
exposition by allowing[q;] = q;.
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Bw.1, must be equal to or greater tBap,, which is a constraint limiting the minimum leaf|
banking (borrowing). Heres,,,is typically zero but could be negative when a tation allows
limited borrowing. The firm now has the flexibylibf choosing emissiorgg anywhere between
0 andy; + B{— B,,,. Finally, the firm needs to make an assumptiasusithe evolution of cost
shockst:. For simplicity, we assume a simple autoregressiodel.

We can summarize the firm’s optimization problendema bankable quantity policy as
an effort to minimize discounted expected cost$ gariod,

q: =0
Biy1 =2 Bryg

Biy1 =B+ Y — q¢
O = pOi—q + €

[oe)

Z B (et(qt — qt) +%(Qt - C_It)z)]} subject to

t=0

(5)

minJE,
qt

wheref = 1/(1+) is the discount factor artel[ ] is the expected value given all the information
known at timet. As noted) follows a stationary autoregressive process, withv (0, o3) and
lpo] <18 Given the ability to picky each period based on new information at tintemakes

sense to rewrite this problem (5) in the form &edlman equation,

c
V(B 6,) = min {et(qt —qe) + _t(q,: - ‘7t)2+Et [V(Bts1, 9t+1)]}
qt,Bt+1 2
qe = 9 (6)
Biy1 2 Bryq

Biy1 =B+ Yy —q¢
O = pb_q + €

subject to

7 A more general banking relationship would allowfion-unitary and even non-uniform trading ratiowasen
periods, sd; . 1= R(B; +y; — ) andR( ) is some monotonically increasing function. ésgngR(x) =X, as we do
and consistent with actual emission trading programplies that whenever banking occurs, pricesaisthe
interest rate.

8 The cost shock variance at timesar(9,) is therefore given byar(8,) = o2 = ¢ (1 — p?")/(1 — p?) , assuming
thatﬁt <0 = 0.
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The value functiovy(B,8) is defined recursively as the minimized expectetipresent value of
costs, conditional on the current badkand baseline cost shoék and assuming similarly
optimal behavior in every future period. The swlntto this problem (6), an optimal decision
rule q; (B, 8;)andB;,(B;, 8;), requires a numerical approach, to which we reitui®ection 5.
However, as shown in the appendix, the necessatydider conditions for the problem (6) are
given by:

—0; —ct(qe — Q) + pe = 1¢ (7)

Ty = BE[mesa] +ve (8)
wherem, ui, andy, all> 0, are the Lagrange multipliers on the allowarmestraint (4), non-
negative emissions constraint, and the minimum lzamistraint, respectivefy.While not
revealing the exact solution path, these first-ombaditions provide useful intuition about
optimal banking behavior under uncertainty, patidy how banking can smooth out cost
shocks and, as we will see in Section 4, affectarel
First note that, from Equation (7, is the shadow price of allowances and equals the

marginal abatement cost, so long as emissiongraetyspositive ang; = 010 The Euler
equation (8) displays the traditional Hotellingerthat expected allowance prices rise at discount
rater = (1/8) — 1 each period when the minimum bank constiainbt binding, e.g., when =
0.11 That is, firms will try to minimize costs acrgssriodst andt+1 by shifting emissions to

equalize discounted marginal costs. If they ré&ich= B,,, and discounted expected future

9 Note that we associate the Lagrange multiplieith the constrainB,,>B,,,. We chose this specification
because the bank at the start of next period, B, is fully defined by the current state and the current emission
decision in period £ making the Lagrange multiplier on the minimum bank constraint for next period a
current period variable.

10 Compare to Equation (9) in Rubin (1996), whereghad; are comparable to ogf andz;.
11 Compare to Rubin (1996) Equation (22) or Schenia@h0) Equation (1).
9



marginal costs are still lower than current marbousts, they would prefer to bank even less
thanB,.,, for next period, but cannot. In that cage, 0 in order to balance Equation (8).

The preceding results have been described by RuBB6) and others for the case
without uncertainty. In particular, they distinghithose time intervals where the minimum bank
constraint is not binding and discounted allowameees are equalized over the interval, versus
those time intervals where the minimum bank condtia binding and discounted allowance
prices are falling. Schennach (2000) looks atphidblem with uncertainty and describes a third
type of interval that literally connects the othep. That is, uncertainty implies transition
periods where it is unknown today whether the gaigtis binding or not. Uncertainty tends to
smear the exact point envisioned by Rubin wheremmim bank constraint begins to bind and
changes from zero to positive. For example, thestraint might bind early if costs are
unexpectedly high, or late if costs are unexpegtkxil.

These different types of banking intervals turn toube important for our intuition about
emissions, prices, and ultimately welfare outcorneser different policies. In particular, we can
look at how prices respond to shoékduring different banking intervals and contrastitth
behavior under price and non-bankable quantitycpedi Consider, for example, a perturbation
06:to a realized);, and how the perturbation affects prices unddeiht policies. Under a price
policy, prices are fixed and there is no price genUnder a non-bankable quantity poligy=

qi, we can work out the perturbation in price based2) and the assumption that price is the

ace

negative marginal cost of emissions: naméy= —4& (6q
t

):ﬂset.

With banking, if we begin in a period where thenimmum bank constraint is not binding,
and we assume we know with certainty that the igknstrained bB.s+1> B¢+, beginning

s periods in the future, but not before, we showhmappendix that
10



p
S, = —56 1+Z i Z 9)
‘ ‘ = Ct+j = ,B]Ct+j

Here,or; is the change in allowance price arising fré# p is the correlation among cost
shocksg; is the slope of marginal costs in peripdndf is the discount factor. With no
correlation, no discounting, and constarthis simplifies tot2

_68t
1+s

(10)

67-[1\: =

In other words, the price incread is spread over however many periods the bank is
unconstrained. That is, optimal behavior consitleissperiod of unconstrained banking to be a
single pool of emission reduction effort, with amguired increase or decrease in effort spread
evenly throughout the pool. If the unconstraingeérval is quite long (e.gs,approaches
infinity, as in Newell, Pizer, and Zhang (2005} fprice increase is spread so thinly so as to be
imperceptible and behavior will be very similaragrice policy.

On the other hand, witherfectauto-correlation and no discounting (9) simplifie$z; =
—06:. In this case, there is no reason to spread thiesbock because we now expect future cost
shocks to be the same as today; behavior will g sienilar to a non-bankable quantity policy.
This behavioral difference between high and lowelation cost shocks is analogous to the
difference between of high and low correlation meoshocks for the resulting effect on
consumption (Friedman, 1957).

Even without autocorrelation, $fis zero and we are instead in an interval whenkibpg
is constrained, there is little flexibility to s the price increas®; and behavior will be very

similar to a non-bankable quantity policy. It wilbt beexactlythe same because it is always

12 This is implied by equation (13) in Schennach @0Bough it is not discussed.
11



possible that a particularly favorable shock wilbetaneously create a brief period of banking (a
point ignored in (9-10) by the simplifying assunggtithats is known and fixed). That is, a
favorable cost shock creates a bounty of unexpexisisavings that can be used today or
spread over several periods. When discounted medrgosts are lower in the future, as occurs
when banking is constrained, the discounted cashga from spreading this bounty to the
future will generally be less than using it allayd However, if the bounty is large and today’s
marginal cost is otherwise depressed by a favo@sdeshock below the discounted value of
future marginal costs, it will make sense to bamke of it for the future.

This leads us to the following summary of bankietpd&vior under uncertainty:

When deterministic trends in baseline emissionsywance allocation, and costs lead to
a period of certain banking activity unrelated st shocks and where we do not expect the
minimum bank constraint to bind, bankable quargitiader uncertainty lead to behavior that is
similar to price regulation so long as the endlabtperiod is sufficiently far in the future.
During periods when we do expect the minimum banktcaint is expected to bind, bankable
guantities lead to behavior that is similar to nbankable quantity regulation. As we approach
the end of a period of unconstrained banking, aule® under bankable quantity policies will
transition from price-like to non-bankable-quantitiye behavior.

Much of this discussion and the expression (Qrassfirms always know the exact
future moment+s+1 when the minimum bank constraint becomes bindgrgring the
uncertain transition interval created by cost utaety. This creates ambiguity about exactly
what is meant by “the end of a period of unconstrdibanking” and makes it impossible to
derive analytically exactly how prices,respond to cost shocks. While we expect the

aforementioned intuition will continue to hold, weist ultimately turn to numerical analyses to
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guantify the results, which we do after rounding @ur model of costs and firm behavior with a
model of pollution impacts, mitigation benefits danelfare.
4. Welfare

So far we have focused on mitigation costs and tiéierent price, quantity, and
bankable quantity policies lead to different enaasand marginal cost outcomes in the face of
uncertain cost shocks. To understand the welfansexjuences of these outcomes, we need to
add a model of mitigation benefits and evaluateettygected net benefits across alternative
policies. We continue to use the basic framewnrkP to do this.

First, we allow for emissions to accumulate in ¢n@ironment

S=@1-9)8,+ ¢ (11)

whereS§ is the accumulated stock of emissions at tinveghich accumulates with decay raie
The decay rate can take on values representing casging from a “pure stock externality” that
persists foreverd= 0) to a “flow externality” § = 1) that replicates the traditionally analyzed

case. “Benefits” associated with the stock of eipiss are then given by
__ b oy
B(R)=-5(%- 9 (12)

whereS, represents a benefit maximizing level of the stgussibly zero, possibly a

background level) anbl > 0. The latter assumption implies that pollutinrekcess of,faces
increasing marginal damages (e.g., increasinglatnegmarginal benefits).

The above relations (11-12) and results from tleipus section are sufficient to solve
the firm’s cost-minimization problem numericallyyailate outcomes under uncertainty, and
compute expected net benefits under bankable digagrdind alternate policies. However, we

can also use the model to derive more refined ssprs for comparing welfare that provide
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intuition for our results. In the spirit of Weitam (1974) and NP, we can derive the welfare
differenceA; between alternate policies and a benchmark ofb@kable quantity controls in a
given period. That is, we can derive an expression for

Af = EO[NBt,policyx] - E[NBI,quantit)], (13)
where E[NBaicy ] is the expected net benefits under pokey price controls or a system of
bankable permits in our case — in peripand E[NB quantit] iS the expected net benefits of a
(non-bankable) quantity policy in period Here, the quantity control is set at the samis&on
level as the expected emissions under poli&y

As we show in the appendix, we can use our modebsts and benefits to write

. Of var(p;) var(S,)
g —r((l -2 (e )) 9

where varf) and var§) are the variance in allowance prices and theraatated emission

stock, respectively, under poligy To understand this expression, first note tsateafrom the
time subscripts and factors multiplyiogandb;, Equation (14) appears remarkably similar to
Weitzman’s (1974) expression comparing welfare vatternate price and quantity controls in a

simpler one-period model,

a=Z (c—p) (15)
2c

The intuition in his simpler model and policy sceosa is straightforward: prices offer a cost
savings over quantities, given by/2)(a?/c?)c, by trading off high marginal cost emissions

for low marginal cost emissions in different statéshe world. This goes along with a loss in

13Note that in a comparison of bankable to non-balekgbantity policies, fixing non-bankable quanstiat the
expected emission levEp[q] will not be the same as fixing them at the altomalevely,. Fixing emissions at the
allocation level would conflate advantages of bagkinrelated to uncertainty.
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expected benefits associated with price§l/2)(a2/c?)b, stemming from the induced variance
in quantities coupled with concave benefits.

Second, our more general model reduces to Weitamwasult when policy represents
price regulation and we consider a flow pollutahieveS = ¢:. In this case by construction
var(p,) = 0 and, from (3) and the assumption that g;, we have vaf) = var(;) and var¢) =
o?/c?. Thatis, the Weitzman price-versus-quantity eselfcomparison is a special case of (14).

More generally, these factors multiplyiogandb; in Equation (14) provide intuition
about how expected costs and benefits change basadnore general set of policies. The first
factor shows that cost savings relative to a narkbhble quantity policy has everything to do
with reducing price (or marginal cost) variance ema given emission response function. Price
variance represents missed opportunities to tréidagh price emission reductions for low price
emission reductions while maintaining the same etgaeemission level. Under a quantity
policy, varf) = o2 based on (2) and there is no cost savings by mmtism. Under a price
policy, varfyx) = 0 and cost savings is maximized. Other reasienpolicies will generally fall
somewhere in between.

The second factor shows that benefit losses reléiva non-bankable quantity policy are
related to variance in the accumulated pollutiatlst which is in turn driven by variance in
emissions. Under a quantity policy, &y var@;) = 0 and there is no benefit loss by
construction. Under a price policy, v(= o?/c? based on (3). However, except in the case of
a flow pollutant, where va¥) = var(;), translating this emission variation into accuateit!
stock variation is non-trivial. Calculating v&j(is even more problematic under bankable
guantities, where emissions are path-, as welhasks, dependent and must be numerically
derived. While we know there is a benefit lossifrpolicies that introduce emissions

15



uncertainty compared to a regulation that fixesaimession path, ultimately a numerical analysis
is required to quantify this loss.

We note these results generally are consistentWitlams (2002), who concludes that
banking and borrowing effectively reduce the slopaarginal costs when comparing prices
and quantities and offer welfare improvements ower-bankable quantity controls for stock
pollutants. His interpretation of flatter margiralsts when comparing prices to bankable rather
than non-bankable quantities is consistent withfactor (<1) multiplyingc; term in (1434
Going further, certain assumptions in his analgéiminate (or minimize) the loss of expected
benefits under bankable versus non-bankable gieantdr a stock pollutant. In our approach,
we relax his assumptions (e.g., no banking comgtraifixed banking horizon, no correlation of
shocks, full knowledge of all shocks in all peripdad leave to a numerical analysis a
determination about the magnitude of expected litdns$, a task to which we now turn.

5. Numerical Analysis

To parameterize the problem, we consider setslokgsaelated to an emissions control
policy implemented in the U.S. This allows us tewer the question of whether banking
significantly reduce price volatility, and conseqtlg expected costs, in an immediately relevant
context!> Table 1 presents our benchmark parameter vahlesse cost-related parameters are
based largely on recent estimates of U.S. commiansts with H.R. 2454 (Waxman-Markey)
given in (EPA, 2009) and benefit-related parameders/e from NP. Additional detail on the

rationale and data sources can be found in thenaippe

14 Thec, term in a price-to-bankable-quantity comparistfi® — AP™"* 7 would be (vang)/s®)c,, where vang,)

<o would be measured for bankable quantitites. &b $kense, the effective marginal cost slope, the.entirec,
term including the pre-multiplying factor, is flattfor the price-to-bankable-quantity comparisorsus the
effective marginal cost slope in a price-to-non#adre quantity comparisoiay).

15 For reference, we also compare our results teethoslP who consider a global policy in footnote 20
16



The numerical approach is relatively straightforvawe take a finite-horizon
approximation to (5), discretize the state spadé)jnand solve backwards from a final period
for the value functioV,(B;, 6;) and optimal decision rulg(B;, 6;) or Bi.1(B, 6;) each periodé
For this application, we allow both the shock stateabled; and the bank state varialBeto
take on 201 discrete values. Thus, ax201 grid can fully describe the range of possikd¢es
at any given period. Given the discretized shockktae assumed autoregressive process for the
shocks, we can also derive a transition probahhirix, P, that describes the probability of
moving from any of the 204; values to each.1 value. We consider a terminal periodrat 51,
allowing us to consider behavior through 2050 witthendpoint effectd’

With a chosen horizom, we can easily find the optimal rule fg#Br, 1) and value
functionV1(Br, 6y) in the final periodr, for all possible 201x201 states. We assumesttmeinal
conditions thaBr.1> 0, which implies that the representative firm maedtle all outstanding
allowance debts by the end of the finite horizord thatVr.1(Br+1, 67+1) = 0. For a given bank
Brat the beginning of period, the problem in period then simplifies to a fixed quantity
problem with an allocation d@r + yr that the firm can either use in peridar discard. Solving
this problem yields the functiov(Br,07); we can then recursively solve the problem adifig
the optimalq(B,&;) andV(By,6;)functions going from periodl —1back to 0 using (6).

The end result of this backward recursion processsgusT, 201x201 matrices of
optimalg; values for each possibIB;( 6;)state in each time period (i.e., the optimal potales).
Given the optimaty; matrices and starting ballg (=0), we can then run simulations given a set

of generated values. Each iteration provides a different mzdion of the shock seriés,... 07,

16 Discretizing the bank state variable implicitisdietizes the control variable, or vice versa, mitre bank
transition equation (4).

17 None of our results through 2050 change whenauistesseT = 101 or when we switch to a gridsize of 301 x.301
17



which we use to simulate the emission leyx@tom our optimalg matrices), banB.; (based on
(4)), and accumulated sto&(based on (11)), period by period. Assuming eimisallowance
prices equal marginal abatement costs (i.e., a etitiye allowance market), prices are
calculated using equation (2) evaluated at thearhesission leved; with banking.

We use this procedure to forward simulate bankeifgalior over 10,000 random
realizations of the cost shocks. This yields #rithistion of 10,000 emission levels, bank levels,
prices, and pollution stocks in each period, whighcan use to compute v&j(and varfy). We
then use these measures to calculate welfare@ies for banking compared to non-bankable
guantities given in (14%Welfare differenced, for multiple years are then discounted and
added together to calculate expected welfare @ifiegs over various horizons.

The results are summarized in TablfERom earlier work by NP and others, we know
that marginal benefits are exceedingly flat foregteouse gas emissions, so prices are close to
the first-best optimum. We therefore start witlcgs versus non-bankable quantities in column
2 as a benchmark. That column closely replicfésand reminds us the prices are
unambiguously better than non-bankable quan#figlse third column provides our central
estimates for the welfare gains from banking versusbankable quantities, which range from

under a billion dollars for one year to over $1lidn for 20years. Column 4 expresses this gain

18 A similar procedure can be used to simulate théavesadvantage of price policies compared to nankiable
quantities, replacing the recursively solved fumet(B,, 6;) with equation (3) in the simulation procedure.

19 These welfare comparisons are based on price amtbankable quantity policies determined by thecetgd
price and emission paths associated with the bamkalantity policy. In this way, the comparisoraimong
policies with the same expected outcomes.

20 NP report welfare gains for prices versus fixedmiiies of 0.52, 4.6, 11, 21, and 35 billion drdlaespectively,
over the 1, 5, 10, 20, and 40 year horizons. Whileestimates for prices versus fixed quantitrescaite similar,
they reflect cost shocks that are roughly one-thirdller and a marginal cost slope that is routgriytimes larger —
differences that cancel out in Equation (1). Tdifferences reflect not only global versus U.Sstdanctions but
also different data sources. For both marginal slepes and cost shock magnitudes, we use EPA)2dtile NP
use Weyant and Hill (1999).

18



as a share of the (essentially first-best) welémi@ from prices, and we see that bankable
guantities in the U.S. achieve almost all of thas#fare gains in the early periods of the
regulation. However, the relative advantage ofkiate quantities stops growing after 20 years
and prices begin to look much better. Why?

As described above, when deterministic trends selr@e emissions, allocation, and
costs create a long period of certain banking #gfittankable quantity policies lead to behavior
much like a price policy when the banking constraamains far in the future; e.g., based on
(10) and a large horizas) cost shocksé; do not translate into significant price changes
However, as time passes the expected horizon toahleing constraistfalls; in cases with more
adverse shocks it falls more quickly and in casils more favorable shocks it falls more
slowly. With a smalkin (10), costs shocks translate more directly prioe changes and a
bankable-quantity policy looks more like a non-ballke quantity policy.

To better understand the relationship between émgibg constraint and welfare, it is
useful to look at the path of relevant variablesraime. Figure 1 and Figure 2 show how the
banking constraints become binding over time. FEdushows the banking path (both the
median value and 95 percent simulation intervals)anFigure 2 shows the probability that the
banking constraint is binding. Both reflect a agnount of certain banking through 2030
driven by the deterministic trends in baseline aroiss, allocations, and costs, which would
arise even without uncertainty. By 2030, both feguindicate that the banking constraint begins
to bind with an observable probability even thougstill does not bind with certainty by the end
of our reporting horizon in 2050. This wide rargdgossible endpoints for the initial banking

period sharply contrasts with the Williams (20023@mption that the endpoint is known with
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certainty and is qualitatively different from Scinech (2000), where the transition interval is
relatively short.

Of particular interest to us, the effectivenesbariking as a cost control (and welfare
improving) mechanism begins to diminish long befive initial probability of a banking
constraint arises in 2030. As the horizon to 268€omes too short to adequately smooth out
shocks based on (9), particularly given the higio@arrelation in the benchmark scenayio=(
0.8), price variance increases. This can be deanlgin Figure 3, showing the path of
allowances prices (both the mean and 95 percentigiion intervals). Allowance price
volatility under bankable quantities starts veryafiraut increases steadily through 2035, by
which point it matches the variability under nomkable quantities. Thus, expected gains from
a bankable quantity policy relative to a non-bam&awantity policy diminish as we look over
longer horizons because in later periods the bdalq@iantity policy begins to resemble the non-
bankable quantity policy. This explains the restribm Table 2, where most welfare gains arise
in the first 10 years and none arise after 20 years

Sensitivity analysis in Table 3 confirms this i and provides additional insight into
what happens under a banking policy. The first repeats the 20-year results from Table 2,
labeled “benchmark,” followed by simulation resuitsh the noted parameter changes. All
other parameters are otherwise the same as tharbanc The second row of the table, labeled
“double shocks”, shows that doubling the standa&dation of cost shocks roughly quadruples
the welfare gain of both prices and banking over-nankable quantities (as we would expect
from (14)) with little relative change between @scand banking. For the “high discount rate”
case, where the discount rate is increased to¥é&fe is a significant drop in the welfare
advantage of both prices and banking, as the esept value of the sam¢ each period

20



declines. However, the banking advantage overbastkable quantities declines more
(indicated by the lower ratio of banking gain /garigain). Higher discount rates reduce
deterministic banking because the future is valaed. This means that the horizon for
unconstrained banking shrinks, and, consequemhidgyfléxibility and ultimate welfare advantage
gained through a bankable versus non-bankable iGganticy diminishes.

In the “flat allocation path” scenario we complgteliminate deterministic banking by
settingi; = 2.84 billion tons for alt (which has the same cumulative allocation and €ons as
the benchmark; compare to the benchmark initialcalions of 6 billion tons declining by -3.4
percent, given in Table 1). With such a low iniadibcation, there is no banking absent
uncertainty; prices start at over $35 per ton &eth trise at less than 1 percent per yearhe
firm would desperately prefer to do less abatememt and more in the future, but cannot do so
because of the borrowing constraint. Even witheutainty, there is little banking. Favorable
shocks have to drive down prices by more than 20gmé in order to encourage spontaneous
banking, which is unlikely because the shocks’déad deviation is barely 10 percent of the
initial price22 Correspondingly, the bankable-quantity policyeddflittle benefit over a fixed-
guantity policy.

While the high discount rate and flat allocatiosesshow why banking performance

might decline, the last two highlight why it mightprove. In the case where we relax the

21 |nitial abatement is 3.16 billion tons and theialiprice is $36 per ton. Prices then grow atgh@wth rate of
abatement. Given abatement equgls y;, y: is constant, andj, grows at 0.35 percent, the growth rate of
abatement is 0.35 percent divided by abatementhlegins at slightly more the 50 percent and groesnce
prices start growing at 0.70 percent and declirer time to 0.35 percent.

22 A favorable shock that drove down current pricg20 percent would also drive down expected prieeg
period by 16 percent, based on the correlation&f The improved expected return to banking of2®% = 4
percent, on top of the original expected returalmjut 1 percent, would just match the discount rere
favorable shocks would offer a return to bankingxeess of the discount rate, and therefore bankngd occur.
This would improve welfare compared to fixed quiedsi, but only in these limited states where ldey®rable
shocks occur.
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borrowing constraint t®,,,; = -4y:.+1 , four times the annual allowance allocation, ghebability
of a binding borrowing constraint decreases and#rkable-quantity policy mimics the price
policy for a much longer period of time. The adw® of a bankable-quantity policy under this
relaxed borrowing constraint therefore increaskgive to the benchmark almost matching the
price policy and similar to the results discussebtlewell, Pfizer, and Zhang (2005). In the last
row, we consider a no correlation cage=(0) and see that bankable quantities now neaakgim
prices. Absent correlation, it is considerably eath accommodate shocks with banking because
shocks are unlikely to build on one another. Teés pointed out analytically in equation (9)
where lower correlation reduces deviations in e a given cost shock and time horizon.
Summarizing, our results and sensitivity analysig®rt the intuition provided at the end
of Section 3: banking (and borrowing) providesflbgibility to spread cost shocks over time,
to emit less and save allowances when costs areclmvgequently emitting more and using
banked allowance when costs are high. Howevewndhee of this flexibility depends on the
horizon over which banking is already occurringalated to uncertainty, and shifting emissions
over time is costless. Such banking arises degpected trends in baseline emissions,
allocations, and costs — what we call deterministicking. Without deterministic banking,
when the banking constraint is binding, it is imgbge to borrow allowances in the face of an
adverse shock and, even with a favorable shoclartieunt of cost savings today typically does
not make it prudent to save allowances for ther&ufunless the shock is particularly large).
Higher discounting and lower initial allocations lading forward the likely time when
deterministic banking will end and the banking deaist will bind, lowering the benefits of

banking relative to fixed quantities. Looser bermg constraints clearly delay the onset of the
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banking constraint, while lower correlation makiesasier to accommodate shocks for a given
banking horizon.
6. Conclusion

Welfare comparisons between otherwise equivaleoe @nd quantity instruments have
long emphasized a basic difference. Price instrisn@ccommodate cost shocks and maintain
fixed prices; quantity instruments provide no sachommodation and maintain fixed quantities.
Yet most real quantity-based policies provide thé’ly not accounted for in this dichotomy,
namely the ability to bank (and sometimes borroggiast a multi-period quantitative constraint.
For example, the ability to over-comply with a tabte permit system and bank unused
allowances for future use is a central part of nobsterved emission trading systems.

Intuitively, this banking flexibility should leadtloerwise fixed quantities to behave more like
prices.

While many papers have looked at banking behawarway to smooth deterministic
costs over time, few have looked at banking behaasa way to smooth uncertain costs. Those
papers that have looked at banking under unceytdidtnot focus on welfare, did not consider
uncertainty about the future from the vantage pofrihe firm, and/or did not consider the
typical banking constraint (that borrowing is lied). These features are important if we are
interested in a normative analysis of realistiagye$ over a horizon where firms as well as
regulators have incomplete information.

Our results confirm the intuition that optimizingis would use banking to spread cost
shocks over time, lowering costs compared to figedntities. However, this tendency is limited
to periods where deterministic banking arises anthé horizon before which the banking

constraint is likely to bind. Once the banking swaint is binding, adverse shocks cannot be
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accommodated and even favorable shocks are unliékédad firms to save allowances unless
the shock is sufficient to reduce today’s margoast below expected future discounted
marginal costs (which are typically much lower thaday’s marginal costs when banking is
constrained). Based on the exceedingly flat matdgenefits associated with climate change
policies, we know that price policies representration how much costs can be lowered from
this kind of emission shifting, and the questiomans: how much can banking match the
performance of price policies?

Parameterizing our model based on recent U.S. gdgirade proposals, we find banking
improves welfare by about $1 billion per year conegao fixed quantities over a 20-year
horizon, but subsequently banking constraints inmplyurther gains. In relative terms, banking
achieves over 95 percent of the price advantagetbeanitial decade, and over 80 percent over
the first two decades. More expansive borrowiraysions can extend the banking gains, as
would lower correlation among cost shocks. Higliscount rates and lower initial allocations
(or more restrictive borrowing), however, would r@tuce the banking gains.

Given the observation that such policies frequergiyain fixed for a decade or two at
the most, limiting the relevant horizon for welfa@mparisons, these results provide strong
evidence that bankable quantity policies to addcéssate change can provide the bulk of the
welfare advantages previously afforded to priceqeed. Still, a number of interesting areas
remain for further work. Importantly, this analysias not examined how the likelihood of
policy adjustments might affect both banking bebagind the welfare analysis. Recent changes
in the regulation of sulfur dioxide, for examplaggest potential advantages and disadvantages

from banking in the face of policy changes. Iniadd, while we have sought to understand
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how bankingoughtto proceed, it remains for future work to moreetalty compare these

predictions to observed behavior.
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Tables and Figures

Table 1: Parameter Values

Parameter Value
Discount rater() 5.0%
Marginal cost slopec() 12 x 10” $/torf
Cost uncertaintydp) 4 $/ton
Correlation of shocksd) 0.8

Initial emissions §,) 6 billion tons
Baseline emissions growthy() 0.35%

Initial allocation 1) 6 billion tons
Allocation growth ¢) -3.4 %
Borrowing Limit (B, ) Yir1

Marginal benefit slopeb) 5.6 x 10" $/torf

Benefit growth rated) 2.5%

Note: $ refers to 2005 US dollars and tons refemaétric tons of carbon dioxide.

Table 2: Relative Welfare Advantages over Fixedr@@itaPolicy

Policy Horizon  Price Bankable Q Banking gain/Pigeen
1 0.67 0.66 0.98
5 5.7 5.6 0.98
10 12 11 0.96
20 21 17 0.83
40 29 17 0.58

Notes: Welfare advantages are the discounted esgbeoist differences between the policy
listed and a pure quantity policy over given poliwyrizon. Welfare advantages are in billions
of 2005 US dollars. Banking results are based g@QMsimulations.
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Table 3: 20-year Relative Welfare Advantages oweedrQuantity — Sensitivity Analysis

Sensitivity Price Bankable Q Banking gain/Pricengai
Benchmark 21 17 0.83

Double shocks 83 67 0.80

High Discount Rate 17 12 0.71

Flat Allocation Path 21 2.6 0.12

Unlimited Borrowing 21 19 0.93

No Correlation 8.6 8.4 0.97

Notes: Welfare advantages are given at a 20-ydanygworizon. Welfare advantages are in
billions of 2005 US dollars. Banking results basadl0,000 simulations. All parameters at
benchmark levels unless otherwise noted. Doublekshsets the cost uncertaingp) equal to
$8/ton. High Discount Rate sets 0.075. Flat allocation path sets= 2.84 billion tons for alt.

Unlimited borrowing set8,= -4y;. No correlation sets = 0.
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Figure 1: Bank Path
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Figure 2: Probability of a Binding Bank ConstramiEach Year
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Figure 3: Price Path with and without Banking
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Appendix
First-order conditions
We start by augmenting the Bellman equation (6hwhe specified optimization constraints:

_ Ct _
0:(q: — qp) + E(Qt — G)? + BE([Vis1(Bes1, O41)]
—1¢(Bt + Ve — q¢ — Bey1) — Ueq@e — Ve(Bryq — Et+1)

Vt(Btl Ht) = min

qe,Be+1

(A.1)

Here, = 1/(1+4) is the discount factoE; is the expectations operator given informationhraée
t, andm, 1, andy;, all> 0, are Lagrange multipliers on the allowance aainst (4), non-negative
emissions constraint, and the next-period minimamkiconstraint, respectivety. The first-

order conditions are then:

=0, — ce(qe — qp) + pe = 1y (A.2)
av, B,.,0
—ﬁEt[ t+1gBt+1 t+1)l by =, (A.3)
t+1

In addition the constraints noted in (6), we hawet¢omplementarity conditiopsq; = 0 and
Y¢(Bey1 — Bey1) = 0. Given the envelope condition result th&} /0B, = —m,, Equation (A.3)
can be rewritten as the following Euler equation:
My = BE[mera] +ve (A.4)
Derivation of price response t; with active banking for s periods
With banking active fos periods, but not longer, small quantity adjustraégt.j, 0<j <

s, can be made over the neqteriods but

> g, =0
i=0

23 See Section 3 and Appendix D of (Schennach, 2@0Gurther discussion. Her model is similar ta®u
(compare her Equation (16) withand/ to our Equation (A.4) witlr andy) but her discussion is focused on the
expected path rather than uncertainty and welfare.
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That is, the cumulative change must be zero. FEgoation (2) we know that

51, = —8 (act) = —86, — c,8q, andE,[6m4 ;| = —p/ 66, — ¢4 64, for s>j> 1. Solving for

0w and substituting into the above expression,

S . S
1 ] Ei|0msy;
so [ L+ YL )4y Ei[omer;] _
Co e=fCevj| 4= Crtj
Using equation (A.4), we can recursively solvedoy = S/E, [67ey ] orEt[SnHj]

Substituting again into the above expression,

Rearranging,

c.p’ c
51, = —56, 1+z P 1+Z .
= Ct+j j=1’8 Ctyj

Derivation of the relative advantage expressignn (14)

As noted in the text, the general policguantity welfare differencay can be

(A.5)

= B~ 6m,.

(A.6)

(A.7)

decomposed into effects on expected costs andefiacexpected benefits. That is, Equation

(13) can be rewritten:

Af = E[NBt,policyx] - E[NBt,quantit)} = (Bt,policyx - Bt,quantit;) - (Ct,policyx —Ct,quantitQ (A.8)

Starting with the change in expected costs, if @erite the cost function by completing the

square, we can express the cost function as

o 0\ 1,
Ce(qe, 0y) = 5( —q:+ c ) - _ZC ¢
t t
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(A.10

1 2 1 2
=—p:(q: 0:) — 2. ¢
Ct )

2¢,

where equilibrium price is defined by marginal abatement cos&C-/dq , and the second

line recognizes the squared expression in theliivstas p/c..  Taking expectations and

subtracting the case whege= q’ to determine cost savings relative to non-bankgbmtities

in (A.8), we have

1 1 e (A.11
EO [Ct,policyx - Ct,quantity] = EO [_ ptz (Qt' et)] - EO [_ etz] Y (qt - Qt)z
2¢; 2¢; 2
)
1 1 e . (A.12
=2 (Eo[pe]? + var(py)) — Z—Ctdtz — 5 (ai - qc)*
)

Here, o’ = var(@,) is the variation in prices under non-bankablentjtias, and varg) is the

variation in prices observed under a mean presg@lternative, policx.24 Note that by
constructing a mean preserving alternakivg,[p;] = Eo[—c:(q: — q:)] = Eol—c:(qf — @:)], a

result we used to simplify the final result:

2

_ ot (var(py)
Ey [Ct,policyx - Ct,quantity] = 2.2 Ct o2 -1 (A.13)
t t

Turning to the benefit expression in (A.8), we nibiat E,[S; ] under policyx equals
E,[S{], based on the linear stock accumulation (11) aaliplith the assumption that poligys

a mean preserving alternativeg Therefore,

24 Note that the abatement cost function does ndidiecadjustment costs. The inclusion of such oestgd reduce
the abatement cost advantage flexible quantitycjgslihave over fixed quantity policies.
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— bt 2 b . 2 _bt 2
EO[Bt,policyx_ Bt,quantity] - EO ?St _EO ?(St) - ?Var(st)
(A.14)
o?  var(S?)

=520t 2,2
2c; o /c

All of this leads to the generalized form giver(14):

o? var(p,) var(S,)
T((l ) (e >> (19

where varf) and var;) are measured for any mean-preserving alterntgiven-bankable
quantities and which simplifies back to (15) when= —c,(qf — G:), ¢ = ¢ -(8,/¢),d =1,
andS = g; under a price policy for a flow pollutant.
Parameterization

Our cost parameterization is based on recent etgtiod U.S. compliance costs with
H.R. 2454 (Waxman-Markey) given in (U.S. EnvironnaProtection Agency (EPA), 2009).

In particular, we assume initial baseline emissignf 6 billion tons CQ@e and initial
allocation of allowancey;, of 6 billion tons, withg, growing at 0.35% per yedg, =0.0035)

andy; declining at 3.4% per yeagy/(= -0.034). This parameterization is roughly irelinith
regulated abatement path of H.R. 2454 consider&dPiy (2009). Given this allocation path and
baseline emissions path, we parametesizich thaP;~ $13 per ton Ceunderbankable
quantities, the initial price estimate given in ER809)2> This leads ta; = $12 per ton per
billion tons, or $12 x 18 $/torf. We assume an initial standard error for costksiayo, of $4

per ton CQbased on the reported variation in EPA scen&fiasd a correlation of 0.8 based on

25 See slide 14 of (U.S. Environmental Protection dgye(EPA), 2009) for initial allowance price estites
26 See slide 12 of EPA (2009) for sensitivity anasyse
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NP. Consistent with Waxman-Markey, we assumeftiras can costlessly borrow from the
next period’s allocation, thus we &, ; = <127

On the benefit side, we start with the NP estinodite, 8.7 x 10" $/torf and multiply by
0.64 to convert from a price oftainedCQO, to a price okemittedCO,.28 This allows easier
comparison with conventional cost analyses baseghssions, such as EPA (2009), but
requires an adjustment to compare with the origifalresults. As in NP, we assume these
benefits grow at 2.5% and that the discount ra&84s Table 1 summarizes these benchmark

parameter values.

27 The Waxman-Markey legislation allows for borrowiingm allocations beyond the next period’s allocatbut
an eight percent interest charge is assessedde bwerowed allowances. Such a steep borrowinggehankes
borrowing from allocations beyond next year’s aditbian highly unlikely (see the “flat allocation patsensitivity
analysis). Thus, we omit this type of borrowingnfrour analysis.

28 Roughly 36 percent of G@missions decay within one year; see appendixNeinell and Pizer (1999).
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