Intertemporal Permit Trading for the Control of Greenhouse Gas Emissions

Abstract

This paper integrates two themes in the intertemporal permit literature through the construction of an
intertempora banking system for a pollutant that crestes both stock and flow damages. A permit
banking system for the specia case of a pollutant that only causes stock damages is dso devel oped.
This latter, smpler case corresponds roughly to the greenhouse gas emission reduction regime
proposed by the U.S. Department of State as a means of fulfilling the U.S. commitment to the
Framework Convention on Climate Change. This paper shows that environmenta regulators can
achieve the socidly optimd leve of emissons and output through time by setting the correct tota sum of
alowable emissons, and specifying the correct intertempora trading retio for banking and borrowing.
For the case of greenhouse gases, we show that the optima growth rate of permit prices, and therefore
the optima intertempord trading rate, has the closed-form solution equa to the ratio of current margina
stock damages to the discounted future vaue of margind stock damages less the decay rate of
emissonsin the amosphere. Given anon-optimal negotiated emisson path we then derive a permit
banking system that has the potentid to lower net socid costs by adjusting the intertempord trading
ratio taking into account the behavior of private agents. We use asmple numerical smulation model to
illugtrate the potentid gains from various possble banking sysems.
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Intertemporal Permit Trading for the Control of Greenhouse Gas Emissons

1.0 Introduction

The theoretica literature has established a number of important properties regarding the
efficiency and optimdity of marketable emission permits! One of the most important properties of
marketable emission permitsisthat, for any given emisson standard, a permit system can achieve that
standard at least abatement cost (Montgomery, 1972). When pollution damages are due to the pooled
effects of emissions from al firms, marketable permits can improve socid wefare relative to a sandard.
They achieve the same emission level, and therefore the same damages, at lower cost. The efficiency
gains arise because firms are dlowed to move permits between sources so that firms equate margina
abatement control costs.

Recent work has begun to investigate the properties of intertempora permit systems (Biglaiser
et a. (1995), Cronshaw and Kruse (1996), Rubin (1996), Kling and Rubin (1997)). Although
differing in their focus, these papers examine the gpplicability of permit sysemsto flow pollutants,
pollutants whose deleterious effects are solely afunction of the current flow rate. 1n examining flow
pollutants, these papers use intertempora models that alow firms to bank (Cronshaw and Kruse
(1996)) and bank and borrow (Rubin (1996)) emissions through time in addition to the inter-firm
trading that characterizes single-period permit systems. Kling and Rubin show that the unrestricted
banking and borrowing of flow pollutants is not necessarily socidly optimd. This arises because
unrestricted permit banking and borrowing causes present value permit prices and, therefore, present

vaue margina abatement costs to be equdized through intertempora arbitrage by private agents. At



the same time, however, there is no reason to presume that the resulting emissons path is socidly
optimal, since the socid optimum requires, for Sationary damage and costs functions, thet current value
margind abatement costs should be congtant acrosstime. However, as Kling and Rubin show, the
banning of flow permit banking and borrowing is aso not optimal.2

Permit systems that dlow banking and borrowing (hereafter bankable permits) are seeing
growing regulaory interest both nationaly and internationdly. The United States sulfur dioxide trading
program, authorized by the 1990 Clean Air Act Amendments, is the best known and most extensve
venture in marketable permitsto date® This program alows firms to bank, but not borrow, permits.
Another example from the United States is automotive fue economy regulaions that dlow vehicle
manufacturers to borrow and bank fuel economy credits for up to three years (49 USC 32903).

Certainly, however, the grandest use yet envisoned for marketable permitsis contained in the
draft proposa by the U.S. Department of State to alow nations of the world to trade, bank and
borrow greenhouse gas permits under the Framework Convention on Climate Change (USDOS,
1997). Despite the rductance of developing nations to dlow any form of emisson trading, the Kyoto
Protocol signed last year does dlow emission trading between Annex B (industridized) nations (United
Nation, Article 16bis 1997). The details on emisson trading are to be negotiated in the future.
Whether or not the banking and borrowing, in particular, of greenhouse gas permitswill be dlowed is
an open issue.

Mogt greenhouse gases are stock, rather than flow, pollutants since the damage caused by their
release is afunction of their accumulated stock in the environment. Following the Sgning of the 1992

Framework Convention on Climate Change, a number of researchers and policy makers have
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proposed permit trading systems in greenhouse gases (GHGs) (e.g., Falk and Mendelsohn (1993),
Hahn and Stavins (1993), Swart (1993), Kosobud et d. (1994), Jackson (1995)). While
gopropriately recognizing the stock nature of the problem, none of this research has investigated the
properties of intertempora GHG permit trading in a generd framework where permits may be traded,
banked and borrowed.

Sections 2 through 4 of this paper consolidate the intertempora permit literature by developing
and solving a generdized intertempord permit system for emissions that both cause damage
ingantaneoudy (e.g., flow pollutants), and aso accumulate in the environment such that damages aso
depend on the accumulated stock. Examples of thistype of pollutant include the criteria pollutants
carbon monoxide, nitrogen oxides, and nonmethane volatile organic compounds that can cause acute
hedth affects and can promote the atmospheric concentrations of greenhouse gases, including carbon
dioxide, methane, and ozone (EIA, pp. xiv, 61, 1995).* This generdized permit system contains the
results of Falk and Mendelsohn (1993), Rubin (1996), and Kling and Rubin (1997) as specia cases®

Weturnin Section 5 to a permit system for the special case of emissons that only cause stock
damages. This ampler case corresponds roughly to the greenhouse gas emission reduction regime
proposed by the U.S. Department of State. For this Smpler case we are able to derive a closed-form
solution for the intertempora permit trading ratio that induces decentralized agents to emit pollution a
the socidly optima rate through time. For greater generdity, but somewhat as an aside, in Section 6
we show theif private and socid discount rates differ by some percentage, then the efficient banking
rates should be increased by that percentage.

In addition, this paper examines intertempora permit trading in the policy-relevant Stuation
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where aparticular time path of permit dlocationsis dready in place, perhaps due to politica or
diplomatic negotiaions. In this gtuation, the time path islikdly to differ from the socid optimum. The
questions we address are: how can banking systems be used to improve net socid welfare (Section 7);
and, what are the magnitudes of potentia gains (Section 8)?

The prdiminary numerica estimate of potentid gains from permit banking in Section 8 considers
the particular case where greenhouse gas permits are alocated at the constant 1990 emission level for
the next 150 years. Thisisarough gpproximation of the recently negotiated Kyoto agreements,
extended over alonger horizon. Given plausible parameter estimates taken from the literature, we
compare the ability of various banking regimes with fixed and flexible trading rates to improve socid
wefare, for arange of sengtivity cases.

2.0 I ntertemporal Emission Allocation From the Per spective of Society
In the socid problem, the environmenta regulator's objective is to maximize consumer and

N
producer surplus less social damages from the good, y(t) * 3 y;(t) ,whose production causes
T 1

N
ingtantaneous emission flows, E(t) 'j E,(t), and cumulative emission stock S(t).° Unlike flow
"1
pollutants, stock pallutants accumulate in the environment because their rates of emisson into the
environment exceed the environment’ s assmilative capacity.

S(), we

-z
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Letting S(t) bethetotd stock of dl firms emissons at any point intime, St) *
see below in (1) that whenever the sum of dl firms emisson is greater than the natura decay of
emissons, ?St), then the stock of emission will beincreasing. Here, emissons are taken to decay a a

constant rate 2.’
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With flow pollutants, damages are soldy afunction of their instantaneous emission flows (rates). More
generdly, damages from stock pollutants are afunction, at each ingant in time, of the level of
accumulated pollution and possibly the contemporaneous flow.

Emissons are assumed to harm socid welfare as described by the convex damage function
D(E(t), St),t), where D(E,St) > 0, Dee(E,St) >0, DE,St) > 0, D(E,St) >0, and De4E,Stt) >O0.
With astock pollutant, damages do not stop at the end of the end of the regulatory program as denoted
by the end of the time horizon, T. Damages from the stock of pollution will continue until the stock
pollutant decaysto benign levels. Thefind-vaueterm F(ST)) captures the value of damagesfor all
time periods after T (measured in period T dallars).

Firms are assumed to produce a good, y;, and emissons, E;. There are N heterogeneous firms
who are price takers in their input and output markets® Firm i's minimum total cost of producing output
yi(t) and emisson leve E;(t) isCi(yi(t),E;(t),t). 1tisassumed that C;(yi(t),E;(t),t) isstrongly convex in
(y(t),E(t)) and with C, > 0, C,, >0, C¢ < 0, Cge >0 and Cy < 0.° Therefore, higher levels of emissions
are associated with lower production costs both total and at the margin.  Given this notation, margina
abatement costs are denoted as-C > 0.

In sum, the environmenta regulator's job isto baance output, control costs and pollution
damages through time. From amulti-year (continuous time, finite horizon) perspective, the welfare
maximization problem is given below. In addition to the terms dready defined, B(y) is the benefit of

consumption of goody, and €™ is the instantaneous socia (or collective) discount factor.X®
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y(t) $ 0, E(t)$ 0

The current vaue Hamiltonian and first order necessary conditions for this problem are given in the

appendix; rewritten first order conditions will be discussed below. Since damages depend on the total

current emissons e and stock Sfor dl firms, margind flow and stock damages are equal for dl i.
Solving the differentid equation (41)(c) (shown in the gppendix) with termind condition (41)(d)

yidds the current shadow cost of aunit of pollution stock, which we denote at timet as f4(t).

T

- %7 MD 2%? MF(T)
f(t e&('ﬁ/'))(t&t)_dt % e&( %7?)(T&t)
{H m NS MS )

Since our objective isto maximize output vaue net of codts, the current shadow vaue of a unit of
pollutant stock is negative. In fact, the current margind vaue of aunit of pollutant stock isequd to
minus the net present vaue of the future stream of induced margina damages, up to and including the
margind find damagesMF(T)MS. This stream of margind damagesis discounted & the socid rate ?
and decayed at rate ?, for acombined discount rate of ?+?. At thetermind timefy(T) = MF(T)MS

Note that f4(t) depends on the future time path of the stock, and we are interested in its vaue
dong the socidly optimd path.** Along the socidly optima path, then, the following conditions
(derived from the first order conditions) must be met:
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As expected, first order condition (a) requires that each firm's margind production costs equa
the margind vaue of output in every period. Firmswill assure this on their own, provided thet the price
of the output reflectsits socid vaue. First order condition (b) says that the regulator should choose an
emission path E;(t) for firm i such that a each ingtant over the planning horizon margina abatement
costs equd the margina (flow) damages plus the current shadow cost of another unit of pollutant stock.
Mathematically, one sees from (d) that the current shadow cost must be positive if margina stock
damages are poditive. Thismeansthat in the presence of stock damages, margina control costs should
be at least as great as margind flow damages from the current flow of emissons. From (c) we see that
the shadow cost of aunit of the stock pollutant may rise or fal through time.

Differentiating (b) with respect to time and subgtituting in (C) yidds arecursive or differentid

Satement of the optimal emissions control path

. ©)
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This form shows how current net margina costs and damages trade off with the present vaue of future

cogs and damages. The present value caculation is based on an infinitely lived annuity that declines &
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the decay rate ? and is discounted at rate ?. An interesting dternative form shows how abatement
costs are baanced againgt damages. Margina abatement costs minus the present vaue of changesin
margind abatement costs through time should be equd to margind damages from emissons plusthe

present value of margind damages from an increase in the stock of pollution.

(6)

Mc,¢ 1 dlemct] . wo< 1 (wp<. dfmp¢
5 X ME

& 3 &(?%?)dt( ME NE (2% 2\ NS dt
Thisresult is an extengon of the result in Falk and Mendd sohn (1993:78), to the case where damages
may depend on both emissons flows and stocks and the termind vaue of emissonsis consdered.
3.0 Regulation of Emisson Flow and Stocks Via Per mits
In principle, an agency (nationd or internationd) regulating a stock pollutant might only be
concerned that the integral of emissions -- less stock decay -- be less than a given standard St) at
each point intime't (e.g. equation (7)).2

t J—
SO T (EW & )t % SO # St )

0
Alternatively, as suggested by Kosobud et d. (1994), aregulatory agency could set a series of
maximum emisson rates, E(t), requiring E(t)#E_(t) a eechtimet. If the emisson limits were constant
through time thiswould assure (in the context of globa warming) that developed nations would freeze
their rates of emisson of greenhouse gases.
We address this potentid ambiguity in regulatory design by supposng that the environmenta
authority has a gandard for both the instantaneous emission flow and the cumulative stock of pollution

in the environment at any point in time. We consder both standards which are derived from the socid
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optima contral problem (Eg. 2) and standards which are “negotiated” or possbly arbitrary. Since
there need not be a unique relationship between a stock standard and a flow standard, an
environmentd authority could establish separate, independent sandards. By independent, we smply
mean that a any point in time one standard may bind while the other may not. Obvioudy though, the
two standards are not wholly unrelated to each other. For example, avery drict flow standard could
insure that the cumulative stock standard is never a binding congraint, while arelatively loose flow
standard would not. Regardless of the type of emission standard, be it based on a stock or aflow, the
regulatory agency may alow firmsto bank and borrow permits.23
Flow Permit Bank

Denating the flow emisson permits afirm purchases by x(t), we can define the flow permit
bank BEi(t), as the cumulative difference between afirm’s endowed emission flow limits, Ei(t) , and its
actud emisson flow level, E(t), plusany purchased flow permits, x;(t):

t_
B (1) m(Ei (t) & E(t) % x(t)dt % B (0)

0 ~ )
B.(t) " E(t) & E(t) % x(t)



Stock Permit Bank

Within this context, the stock pollution bank, Bsi(t), can dso be is defined asthe time-integrd
of the difference between the firm’s endowed stock standard, é(t) , and its actud stock level, S(t),
plus any stock permits, z(t), purchased or sold (9). In the most generd case, firms may not be
required to have sufficient permits a any point in time to cover their contemporaneous stocks, that is
they may borrow or bank permits that must later be repaid.

t
B (1) m(sTi ® & S % 70k % By(0)
0 9)
B0 " SO & S % ()
For concreteness, emission flows, E;, could be measured in tons per year; stocks, S, would thereby be
measured in tons. Accordingly, the flow bank account would then be measured in tons, and the stock
permit bank account in ton-years.

For the flow and stock permit banks defined here, the intertempord trading ratio (ITR) for
permitsis unitary: permits may be borrowed and saved fredly on a one-to-one basis. Another way of
saying thisisthat there is a zero banking “interest” rate offered for saving or charged for borrowing.
Wewill turn to adetermination of the socidly optima banking trading ratesin Section 4.

Flow and Stock Permit Banking and Borrowing With 1-to-1 Intertemporal Trading Ratio

Shown below in (10) is the firm’'s problem of maximizing profits subject to emisson and stock
condraints. At every point in time each firm is alocated emissions flow permitslgi and stock permits§.
These permits may be banked or borrowed at a 1-to-1 exchange ratio, subject to the bank equations

of motions and non-negativity condraints. Firms may aso purchase or sell permits for ether stock or
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flow pollution & the (market determined) prices Pg and Pg respectively. The bank balances must be
nonnegative a thetermind time T.

T
‘Ji(( *  Max me&?t{Pyi&Ci(yi,Ei,t)&PEXi&PsZi]dt
YiEi%z

st: 4 "E&s

B."S&S%z

§ 1 S 1 (10)
B " E &E % x

Xmini # Xi # Xmaxi

Zmini # Zi # Zmaxi
y$0, E$0, B_(T)$0, B (T)$0

Solving the firgt order necessary conditions (shown in the appendix) and rearranging as above

yidds the following expression:**
« «
NC, [&Mc
gL AT |- plly 1 [pcg dpeq (11)
ME, (WAt ME 2 % 2 dt

It isoptimd for the firm to expand emissions until the current margind abatement costs minus the
present value of changesin margind abatement costs are equd to the price of aflow pollution permit
plus the present value of a stock pollution permit and the present vaue in future changes in the price of
flow pollution permits. Here the present value caculaion is based on an infinitey lived annuity that
declines at the decay rate ? and is discounted at rate ?.

The private optimdity condition hasthe integral solution, which, for a permit program of finite
duration T, is:

« T

NG,
Ca') / &= " P % e " IOP(t)ck (12)

I t
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Thisreveds that private margind abatement cogts should equa current flow permit price plus the NPV
cost of stock permits needed to cover the resultant increment of pollutant stock asit decays over time
at rate ?.

Sincethereistrading in each period, dl firms face the same permit prices. Given intertempord
trading, however, the permit prices are not independent acrosstime. When firms have non-bounded
solutions, then the following market outcomes for permit price paths are necessary for market

equilibrium and can be derived from differentiating and manipulating the first order conditions.

BLC 2pl( PO oplC (13

We now see that when firms are dlowed to fredly borrow and bank stock and flow permits through
time, with aunitary ITR, market permit prices (and margina control costs) will rise at the rate of
discount. Thisis essentially apermit arhitrage condition. Substituting PS¢ = 2P£C into (11) we

derive the following result.

Mc« o 1 d{&Mc“ . 1
ME, (%) dt| ME, Mh?

(P % PSO) (14)

With flow and stock permits, the firm equatesits margina abatement costs less the present value of
changes in margind abatement costs to aweighted combination of flow and stock permit prices. The
combination reflects current and anticipated flow permit prices and the present value of induced future
stock permit costs. This result generdizes those of Rubin (1996) and Kling and Rubin (1997) by

including stock damages.
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4.0 Optimal Intertemporal Trading Rateswith Stock and Flow Permits
For the case of stock and flow permits, matching private abatement efforts (11) to the socialy

optimal abatement efforts (6) requires that permit prices satify:

( C (
PE((% 1 Pé(&EPE(( « D~y 1 (MD g AMD° | (15)
M’ ot ME — ?%?| MS  dt ME

The flow pollution permit price plus the present value of the stock pollution permit price equalsthe
weighted sum of stock and flow margina damages. The obvious solution would be to set each permit
price equd to the margind damage for the respective variable (flow or stock):

pCC MD (¢ pCC MD ¢

— 16
E E s S (16)

Unfortunately this effort will be frustrated by the market arbitrage outcome that requires permit prices to
rise a the discount rate, see (13). Alternatively, if banking and borrowing are prohibited, then permit
prices will fluctuate through time depending on the permit endowment at every point intime. These
permit price fluctuations will not, unless by accident, yied the correct intertempord paths for emissons
and stocks.

Congder now, that rather than alowing permits to trade on a one-to-one bass through time,
that some trading rate is applied whereby permits do not have the same value when used or saved at
different pointsin time. Altering the trading rate is equivaent to dtering the rate of change in discounted
permit prices for different pointsin time, and can, in principle, direct firmsto borrow and bank at a
socidly optimal rate. Of course the correct amount of permits must dso be issued to get the level of

permit prices correct. Since the number of permits alocated in each period is often a negotiated
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outcome, those permit dlocations may diverge subgtantidly from the socid optimum. By introducing a
banking regime and dtering the trading ratio, the regulatory authority can help correct for non-optimd
permit endowments over time.

The smplest way to adjust ITRsisto include "interest” on permit bank account balances. Since
bank account balances can be postive (saving) or negative (borrowing), a positive interest rate would
reward saving and discourage borrowing. It would also imply that one permit saved now could be
exchanged for more than one permit later. It is Smple to include the banking rates or “interest”

paymentsin the flow and stock permit bank account dynamic equations™

Be " E & E % x % rBg

— 17
8, 58S %% &0

These dterations of the bank accounts equations of motion lead to the same optimality conditions as the
even-exchange trading and banking case, except for those conditions related to the time-rate of change
of the shadow price of bank accounts. (That is, only the partia derivatives of the Hamiltonian with
respect to Bz and B, are changed.) This meansthat al the previous results for permit banking apply,
except the time path of market permit pricesis atered. The new percentage rates of change of the

permit prices (indicated by a"hat" (*)) symbol are now:

o, B

£ _E/P."28&r,

2. P

‘E E

o (19
.K. S ~ -

~

S

Here we see that for firms to have a non-bounded, interna solution permit prices must grow at

the rate of discount less the rate of interest charged or paid on borrowed or banked emissions. Thus,
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the effect of a poditive interest rate is to offset the discount rate and reduce the growth rate of market
permit prices.’® This meanstha present value margina abatement costs will dedline through time
relative to the zero-interest case. The only way for thisto happen, ceteris paribus, isfor emissonsto
increase through time faster than they would have with one-to-one intertempord permit trading. Thus,
an effect of paying pogtive “interes” on bank holding is, as one would suspect, to encourage extra
emisson reductions early inthe T period time horizon.

Socid optimality can be achieved under this system if, & every point in time, private emissions,
E.(C, (or marginal abatement costs) areidentically equal to the sodially optimal emissions, E¢,
(abatement cogts) for every firm. Thisistrue when the left-hand-sides of (11) and (6) are equd.
Accordingly, ther right-hand-sdes should be equa aswell. Thus, optimal permit prices should equd
optima margind damages and, by choosng the trading ratio correctly, the percentage change in permit

prices should equa the percentage change in margind damages.

(
PE( . MD
ME
(
Ps( « MD
NS -
X (
re = 2&P¢ - &_ﬂ:(e&?tpé) - &_(i;t” e&?t_“"MDE
X C
(< v e P &d'”(e&?tps() - g dnf (eaMD”

“dt it NS

This says that the optima interest rates on the dud flow and stock bank accounts are oppositein Sgn
and equd in magnitude to the time rate of change of the discounted margina flow and stock damages,
respectively. Theinterest rate of bank accounts ought to be positive when the time rate of change of

discounted damages is negative (i.e., when the present value of margind damages declines through
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time). Notethat if the socidly optima margind damages are congtant in discounted terms, then rz and
r, should beidenticdly zero, i.e., no interest should be yielded on bank accounts. If discounted
margina damages rise through time on the socidly optimad path, then the optimd interest rate on stock
bank accounts would be negative. For exampleif population increases cause optimal margina
damages to rise quickly, a negative interest rate would be desired to encourage firms to borrow,
emitting more now in exchange for paying back (emitting less) later.

An important congderation in implementing such a system is the amount of information that
must be known by the environmenta regulator. In order to set the permit prices and time rates of
change in permit prices optimaly, the environmentd regulator must know the margind damages and
time rates of change in margina damages from flows and stocks evauated & their optimal level. This
requires knowing aggregate margind abatement costs. Of course if the environmenta regulator knew
each firm’smargina abatement cods (as well as optima margind damages) then consstent with Stetic
andyds, permits, taxes and dandards are dl equivdent. Moreover (and again consstent with static
andyss) if the environmentd regulator is able to estimate aggregate margind abatement cost and
damage functions, then this optima permit system can be implemented without the detailed standard
setting required of command-and-control systems. On the other hand, the regulator may prefer to
amply issue the optima number of permitsin each period and not dlow banking and borrowing.

The case for intertempora permit systems that alow banking and borrowing is much stronger
when consdering non-optimal permit endowments asin the case of the globa warming treaty arisng
from the Kyoto convention. After describing how to set up a permit system for GHG emissions that

atains asocid optimum (Sections 5 and 6), we take up the potentialy more policy relevant issue of
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how to use a permit system for GHG emissons garting from a non-optima endowment (Sections 7 and
8).
5.0 Optimal Intertemporal Permit Trading Ratesfor Greenhouse Gas Emission Flows
Congder now the different case where the pollutant causes only stock-related damages, and
where the regulatory authority choosesto issue only flow permits. Banking in this case corresponds
well to the (draft) greenhouse gases emissions trading system previoudy proposed by the U.S.
Depatment of State as ameans of fulfilling the U.S. commitment to the Framework Convention on
Climate Change (USDOS, 1997). The question we would like to answer is, if flow permit banking and
borrowing is alowed, how should the interest rate on bank accounts be set? For a stock-only

pollutant, with no flow damages (D, = 0), the socidly optimal condition is:

&MCi(& 1 df&ICY) . 1 wD¢

. 20
NE, (2% 7) dtL ME ¢ (?%?) NS (20)
Thisimplies a control path solution of the form:
' C
gMCt « Le@aean MDIQM) y o oaaTey MEEST)) 1)

ME. rp MS MS

Inwords, this saysthat at any time in the planning horizon, the socidly optimal emisson leve is chosen
such that discounted margina abatement costs for each firm equals the present discounted vaue of dl
future margind stock damages over the planning horizon plus the present vaue of margind termind
stock damages that occur beyond the regulatory time horizon. Note that the “ discount” rate used is (?
+7?), thefinancid discount rate plus the stock decay rate.

In the case of flow-only permits, where the stock permits are essentidly unlimited, or Ps = 0,
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the market trading outcome would yield private abatement to the extent for each firm and time margind
abatement cogts equa the current market price of aflow permit:&CE(i( " PE(( . Thisrepeats the usud
datic result. The regulatory authority, therefore, can induce firmsto control their emisson in asocidly
optima manner if it can assure that the market permit price matches the socidly optimd price, i.e. Pg™
=Pg = C¢, wherethe socidly optima price PE( reflects the present value of future margind stock

damages.

.
pCet /7 &y MDD 4 o cammey MEEM) 23)
E S m MS

MS
t

Taking the time derivative, the optima permit price path ought to be:

.
FQE ® " &e&(?%?)(t&t)MD(t) o (?%?)e&(?%?)(t&t)MD(t) dt % (?%?)e&(?%?)(T&t)MF(S(T))
MS m MS

t NS (24)

= o MD(t
&M_é) % (MDP(L).
The socialy optima time path of flow permit prices, therefore, depends on the discount rate, the stock
decay rates, and the margina stock damage at every point in time. Moreover, the proportiona time

rate of change in socidly optima permit pricesis given by:

drpl . (
C . 1 MD

/ P 2%7?) & ———

m e (?%7) o C S (25)

This result for permit price growth rates differs from those above because now we are usng bankable
flow permits alone to control a stock pollutant’s effects. As before, the flow permit market outcome,

with banking & interest raterg is
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P 2gr, (26)
The regulatory authority, in seeking socid optimality, should set the banking interest rate to assure
coincidence of the market and socidly optima permit price paths, assuming that the starting permit

price, as determined by the integral over time of al permit dlocations, is optimal.
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This means that

C - 1 MD¢
E

Subdtituting in for P¢™ from (23) the optima banking rate, r*, for flow permits used to control damages

from astock pollutant is given by:

(28)

.
Where f(t) / me&(?%’?)(t&t)MD((t)dt o & ran MF {9m)

MS(t) MS(T)

Interestingly, we see that the optima banking rate equastheratio of current margind stock damages
to the discounted future value of margind stock damages less the decay rate of emissonsin the
amosphere. Each of these factors varies with the level of stock emissons. These factors may a'so
vary with technica advances in damage mitigation, change in population, and changes in ecosystem
resiliency due to other stresses.
6.0 Permit Banking Rates When Private and Social Discount Rates Differ

The preceding results have not distinguished between the discount rates that may be used by
individua agents (be they firms or governments) and the collective socid planner (environmenta
regulator). For the purposes of planning a banking system, the key point isthat it isthe private
discount rate that will determine the time path of permit prices (through private arbitrage in permit
markets), while it isthe social discount rate that should be used in determining optimal abatement costs

and margind damages. Suppose that the private discount rate, i, exceeds the socid rate ?. With
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unrestricted banking, in the market equilibrium, permit prices will grow at the private discount rate

minus the flow permit banking interest rater .

P g, (29)
In this case, the optima banking interest rate is given by the condition:

MD €
igrf - &_(S%(?%?). (30)
fS

Thus when the private and socid (individua agent and collective group) discount rates diverge, the flow

permit banking interest rate must be increased by their difference, i-?:

MD ¢
oS- M(S &7 % (i&?) (31)
f

S

7.0 Permit Banking with Non-Optimal Emission Limits

So far we have discussed how to achieve asocidly optimal time path of emissons via banking
and borrowing (intertempord trading) of permits. We found that when banking and borrowing are
alowed without restrictions, the total number of permits issued determines the permit price level and the
banking interest rate, or ITR, determines the time-rate of change of permit prices. Together, these can
be st to achieve a socidly more efficient path. Here we take up the regulation of GHG emission via
bankable permits when the totd emission levels are st non-optimally via negatiation, as may be the
case under the Kyoto Protocol .’

Suppose, through negotiation, annua emisson limits Ei(t) are st for each region 1 and timet.
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E() # E(t) it (32)
Based on individua incentives, each agent or region would choose to emit as much as possible,
provided margind abatement codts at the emisson limit exceed the margind damagesto that agent or
regioni alone. If trading isalowed in each period, but banking and borrowing are not, in each period
abatement costs between trading partners equalize and al permits are used.

Recall that dong the socidly optima path, E'(t), S (t), margina abatement costs should equal
current margind flow damages plus the discounted sum of future marginad stock damages atributable to
current emissons.

ci) = DT (33)
Here the discounted future margind stock damages f{(t) are evauated dong the future socidly- optimal
stock path, S (t). Along the negotiated emissions path E(t), however, this efficiency condition will not
be met. Rather, margind abatement codts diverge from current plus future margind damages by an
amount ?, with an indeterminate Sgn:
(DeE)%1(S) & C,E) 7 D) § O (34

Allowing banking and borrowing of permits given a non-optimal standard has the potentid to
sgnificantly reduce the net socid cost of GHG abatement (private abatement costs plus remaining socid
damages) snce the negotiated permit limits need not be optimd in terms of the cumulative sum of
emissons and in terms of the time-placement of emissons. Aswe show below in our numericd
amulations, even smple unitary (1:1) banking and borrowing can often have alower socid cost than no
banking and borrowing at dl.

As abenchmark thought experiment, it is worth defining the socialy “second-best” redllocation
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of emission abatement acrosstime. We define this second-best emisson path to be one that minimizes
discounted net socid codts (abatement plus damage) while preserving the same cumulative emissons
over time as those alowed under the negotiated emissons permits. This second-best emisson path is
the one that an environmenta regulator would choose given that the regulator were able to choose
when to dlocate emissons and damages across time optimally, while presarving the cumulative
emisson target.

The “second-best” congtrained optimization problem, redlocating a fixed tota number of

emisson permits, is the same as the origind socid optimization problem in Equation 2 above, with the

T T
additiona congraint on cumulative emissions over the time horizon: mE(t)dt # mE(t)dt . Thisintegra
0 0

congraint on the control variable is best included in the optimization problem by the introduction of a
new sate variable, E(t), which represents cumulative emissions up to time t, and atermind congraint
on E(T):

t
E(t) 7/ mE(t)dt 1 Eqt) " Et), E0)"O0
’ o (35)
E(M " E ./ mE(t)dt
0
Adding these redtrictions results in a new shadow cogt, “?” in the optimdity condition for margind

abatement costs given in (36)b:
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Thus we see that in the second-best socia optimum, given a congtraint on the tota emissons over the
time horizon, the margina abatement cost will no longer be set equd to the margind flow damages plus
margind future ock damages. Rather abatement costs and marginal flow and stock damages will

differ by an amount ?(t), which is congtant in red terms:

MC”
&— &
ME,

MD®

% - ?
= % fo ()| = &e™?(0) (37)

Not surprisngly, the addition of the single integral congtraint over tota emissions adds only one distinct
term to the optimality condition, ?(0), the redl shadow cost of emitting one more unit of the pollutant, at

any time in the planning horizon. Clearly the sgn of the shadow cost depends on whether the
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negotiated cumulative quantity of total emissions Ecis above or below the socidly optimd totd E, .1

Table 1: Negotiated Emissions and Socially Optimal Cost

Negotiated total E_C VSE. Sign of ?(t) Abatement Cost vs
emissions Flow and Stock
Damages
Too high E, >E 2(0) >0 C,<Dg +fs
Too low E, <E 2(0) <0 C.>Dg+fs

When the negotiated cumulative emission limit exceeds the socidly optimd level of emissions,
(i.e, the emisson standard is too wesk), the second-best permit redllocation leads to margina
abatement cogts that are less than current and discounted future margind damages. When the socidly
optimd level of emissionsis greater than the negotiated cumulative leve of emissons, (i.e, negotiations
over-redrict emissons), margind abatement codts are greater than margind flow damages plus the
discounted future margina stock damages. It isimportant to bear in mind that the future margina stock
damages, given anegotiated level of emissons, will be differ from the socid optimum levd of future
damages. To make thistype of “second best” system operationd the environmentd regulator needs to
be able to estimate the aggregate abatement costs and aggregate damages through time and have the
regulatory authority to redlocate emissons through time.

Suppose the regulatory authority would like to induce firms to control the time-sequence of
their emissonsin a nearly second-best optima manner, given the negotiated emisson permit levels for
each period. In the absence of authority to directly redlocate emissions across time, one approach isto
set up abanking system with an gppropriate second-best ITR.

Allowing private banking and borrowing with aunitary (1:1) ITR leaves the cumulative sum of
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emissons unchanged, but in generd will not attain the second best permit redllocation path. Thisis
because private agents will arbitrage permits across time, until their price (and, therefor, margina
abatement cost) rises at the discount rate. On the other and, banking and borrowing with any non-
unitary ITR will adjust the time path of permit use and abatement cogts, but dso can dter the total
effective number of permits, which is potentidly suboptima. A non-unitary ITR dlowsthe cregtion or
destruction of permits through permit saving and borrowing and the accrud or payment of “interest.”
Of course, the totad number of permits originaly negotiated may be suboptima, so this could be a
desrable feature. Using the wrong ITR, however, can lower sociad welfare compared to aunitary ITR
or the no-banking cases. The questions we seek to answer are: How can the environmenta regulator
use an ITR with banking and borrowing to improve net socid welfare, and what are the magnitudes of

the potential gains?
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Exceeding the Second-Best Permit Reallocation

As mentioned above, anon-unitary I TR dters the cumulative sum of abatement. Thisraisesthe
possibility that anon-unitary ITR can improve on the second-best emisson path by attaining a net lower
socid cost of emisson abatement and damages. That is, by choosing a non-unitary ITR, the
environmenta regulator can, in effect, compensate for the non-optimal negotiated emission standard.*®

To find an efficient non-unitary ITR the environmental regulator must recognize how changing
the banking ratesr(t) will influence the behavior of private agents, given their ability to choose when to
bank and when to borrow and thereby determine the time evolution of margina abatement costs. Thus,
for the environmentd regulator to choose the banking rate r(t) in amanner that maximizes the socid
objective, while accounting for the effect of banking on private agent behavior, the socid planning

problem must be augmented by a dynamic congtraint that takes into account the firm'’ s first-order

conditions for the time rate of change of margina abatement cost of the firm: éa & rE(( . The

environmenta regulator’ s banking design problem must aso account for the way in which non-unitary
ITRs (nonzero banking interest rates) can ater the effective tota number of permitsissued. Thiscan
effectively be accomplished in the socid planning problem by including the same bank account evolution
equation and the positivity congtraint on termina bank baances that applies to the private problem (Eq.
17).
Comparisons of Solutions

We have now identified Sx ways to pursue the socid objective of controlling the emisson of a

stock pollutant: the unconstrained socia optimum, i.e., the 1¥-best solution; a sub-optimal negotiated
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time stream of permits with no banking; a socid *second-best” emisson redlocation given the
negotiated emission limits; a 2"-best banking solution given aunitary ITR, gill maintaining the
cumulaive emisson limit; a banking solution using anon-unitary I TR with asngle fixed vdue over the
time horizon; and findly; a banking solution usng atime-varying non-unitary ITR. Thisfina gpproach
dlows both amore flexible contral of the time path of margind abatement effort and may entail a
revison of the cumulative emisson level. As such, we expect it to outperform more restrictive cases of
unitary and single-valued ITR, and to potentially surpass the net socia benefits of socia 2™-best
redllocation.

Each gpproach entails a ditinct set of emissons paths, permit prices, rates of growth in permit
prices, and banking interest rates. The questions that need to be addressed are; which of these systems
can be implemented via a permit banking system imposed on private agents, wheat information is
required; and findly, what are the relaive benefits of the various systems.

Three of the x socid planning solutions described above may be implemented viaa permit
banking system placed on disaggregate private agents. In generd, the socia 1% best solution can be
gpproached, but not fully attained by superimposing a banking system upon a suboptimal time-
dlocation of permits. Similarly, a private replication of the socid 2 best redllocation solution cannot
be reproduced viabanking. Thisis because there is no way, usng unitary exchange rates, to force
private agents to time-dlocate emissonsin asocidly optimd way. Furthermore, there is generaly no
way, usng non-unitary ITRS, to assure an unchanged level of cumulative emissons. However, we
anticipate that the banking solutions with more flexible banking rates can gpproach, and possibly

improve upon, the net benefits achievable under the socia second best reall ocation.
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If the environmentd regulator is able to estimate aggregate (across dl sources) margind
abatement costs and aggregate (across dl regions) margina damagesin each future period, then each of
the above systems may be implemented.?® Indeed, it is through the use of estimated aggregate cost and
damage functions that we perform our numerical smulations described below. Acting without the aid of
knowledge of future margind damages and abatement costs places the environmentd regulator in a
difficult podtion. However, this burden isno lessfor case of regulator wishing to design a non-banking
permit system and dlocate permits.

In this paper two principd regulatory regimes are discussed: emisson permits granted over time
without banking or borrowing; and emission permits with banking and borrowing dlowed under an
intertempord trading rate. The former provides greater flexibility and control to regulators, while the
latter offers greater flexibility to firms. 1t may be preferable for the environmenta regulator to not alow
banking and borrowing, but instead to set the optima amount of emissions a every pointintime. To
st optimaly (at time 0) the intertempora exchange rates for dl periodsin the planning horizon requires
the same information as setting optimally each future time period’ semisson limits. Furthermore,
regulators may prefer to prohibit banking and borrowing, because the continuous granting of annua
permits alows them to revise permit alocations at a future time period, if deemed necessary.With
banking and borrowing, polluters can acquire (buy and sell) property rights to emissonsin the future.

If the regulator does not commit to future specified emisson dlocations, then the regulator’s
control and flexibility are unquestionably greater. At the same time, thisimpaoses costs on polluters by
limiting their &bility to plan. If the regulator at time O does commit to future (non-bankable) emisson

alowances, then this would establish a property right just asin the case where polluters are alowed to
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bank and borrow emissons.

We are interested in examining when an environmenta regulator can use non-unitary
intertempord exchange rates to coax firmsto voluntarily emit a socidly more desirable quantity of
GHGs. We have not formdly justified the need for an intertempora banking and borrowing system
with an exchange rate as opposed to Smply setting the optima dlocation of permitsin future time
periods. Investigating intertempora banking and borrowing can gtill be useful since: (1) it is politicaly
popular (inthe USA) and is under current congderation pursuant to Kyoto; (2) such a system provides
the maximum flexibility to firms and nationsin meeting their targeted emisson reductions; and (3)
dlowing intertempora trading of emission permits, regardless of whether contemporaneous permit
trading occurs among firms, is asource of cost savings unless the permit dlocation is optimal across
time.

8.0 Numerical Estimation of Flexible Greenhouse Gas Emission Banking Systems

In this section we assess numericdly the potentid relative benefits of the various banking
sysems. Using numericd estimates of margind abatement costs and damages from Falk and
Mendelsohn (1993)%! we implement a discrete-time version of each of the banking systems discussed in
the previous section using GAMS (Generd Algebraic Modeling System). Our numerica estimates use
the same cogt functions and damage functions given in Fak and Mendelson (1993). We generdly use
the same parameters, but diverge on our choice of discount and emission growth rates. In particular,
for the low, medium and high discount rate cases we use socid rates of 1%, 2%, and 4% respectively.
We condder the possibility that private discount rates may exceed the socid ones, and use 1%, 5%

and 7%. We consder 1% and 2% growth rates for unabated emissonsin our low and high cases. In
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addition there are low and high growth rates for abatement costs and environmenta damages. Our
results are not in any way intended to be definitive, but serve to illustrate the potentiad benefits of the
various banking systems.  Further work is clearly needed to better refine the numerica estimates.

Wefirgt caculate the 1% -best solution to the environmentd regulator’ s problem over a 150
year time horizon. We then solve the private agent’ s problem to confirm that decentralized agents,
given the optimal permit endowment and ITRs, will indeed achieve the 1%-best socidly optimal solution.
Next, we calculate the socid welfare costs associated with a Kyoto-like negotiated emission congtraint,
with no banking, by solving the socid problem with emissons limited to 1990 levels from 1990
through 2140. We aso determine the extent to which the 1%-best emissions are greater or less than the
standard, depending on the sengitivity case. For each of the three banking regimes discussed above
(unitary ITR, fixed ITR, and variadble ITR), we solve the gppropriate socid planning problem given that
negotiated annua permit allocations are equa to the 1990 emission level. Asacheck, we implemented
the private solution via the gppropriate alocation of permits and ITRs, and assured that it behaves as
expected. We then assess the socid welfare cogts of the various private banking regimes.

Table 2 shows the percentage reductions in socid welfare for the socia second best
realocation and the various banking systems compared to the 1¥-best socid optimum. Positive
numbers indicate that the various dternatives are more costly and, as expected, inferior to the 1%-best
solution. What isinteresting in looking at these numbers is the wide range of cost estimates of the
various emisson control and banking systems.

Given our admittedly rough damage and cost estimates, the first column shows the cost of

meeting the negotiated emission standard when banking and borrowing are not allowed as compared to
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the socidly optima quantity and time dlocation of emissons. These cogts range from about 1% to
316% above the optima quantity and time alocation of emissons. The codts are lowest when ether
emissons grow dowly and damages are low, or when emissions grow quickly and damages are high.
Conversdy, the codts are greatest when emissions grow quickly and damages are relatively low.
Clearly, the likely evolution of unabated emissons and the susceptibility of society to damages are

strong determinants of the costs of a negotiated standard which fixes emissons a current levels.
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Table2: Percent Reduction in Social Welfare from Various Banking Systems, Compar ed
to 1st-Best Social Solution

] - Q Case
5|53
E |5 | e
o 7 3
_8 Eﬁ Private No- Socia 2-Best | Private Unitary | Private Single Private Multi-
@ (| Banking** Reallocation 1:1 Banking ITR Banking ITR Banking
i
L 1.7 1.1 13 1.2 11
L M 18.5 133 21.3 2.8 10
H 53.6 18.8 224 54 14
L
L 65.7 60.3 60.3 57.3 30.4
H M 141.3 136.5 148.4 8.6 2.4
H 315.8 232.0 242.2 12.1 3.4
L 98.9 96.2 100.7 100.3 98.1
L M 324 27.7 454 375 17.8
H 2.4 16 10.2 4.2 0.5
H
L 13.3 9.8 104 10.1 9.5
H M 13 0.1 8.9 4.4 11
H 9.2 4.0 9.6 12 0.6

*In all cases except the 19-best solution, the emission permits areinitially allocated to keep emissions constant at
the 1990 level.

**The private, no-banking case has the same social costs as the social problem subject to the negotiated
emission limits.

Comparing the “socia 2™ -best” redllocation case, column 2 in Table 2, to the no-banking case
shows us the potentid gains from the efficient time reallocation of the same quantity of emissons over
the planning horizon of 150 years. Asis seen, these potentid cost reductions can be smal (asin the

low emissions growth, high damages case) or subgtantia (asin the low damage, high discount rate
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cases). As mentioned above, this 2"-best optimal reallocation is not attainable through a bankable
permit system. Nonetheless, it does provide an interesting benchmark.

The third column shows the percentage additiond costs of implementing aunitary (1:1) ITR
banking system given the negotiated permit dlocations. Comparing column 3 to column 1 gives usthe
net percentage costs of dlowing thisform of naive banking and borrowing. As can be seen the results
aremixed. In some casesthe net socid cogtsfall, and in other Stuationsthey rise. Again, if it were
possible to better refine the future growth paths of costs and damages, then the desirability of alowing
unitary banking would be clearer.

Turning attention to our efficient banking systems, usng sngle-vaued and multiple-vaued ITRs,
we observe that very sgnificant cost savings are possible compared with the no-banking negotiated
permit system. Indeed, as can be seen in columns 4 and 5, the non-unitary ITRs are often able to
surpass the performance of the socia 2"-best reallocation.

Table 3 shows the differences in cumulative emissons between the various banking systems and
the 15-best socid optimum. We observe that the differences in emissions between the no-banking case
and the 1%-best can be positive or negative, as expected, depending on whether the emission standard
istoo wesk or too drict. Not surprisingly, the amount by which the cumulative emissons diverge from
the 1%-best generally corresponds to how much the net costs diverge. That is, the net costs are higher

when cumulative emissons given no-banking, are furthest from the socid optimum.
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Table 3: Differencein Cumulative Emissions Between Private Banking Systems and 1st-
Best Social Solution

8B - Q Case
? £ |2
& |5 | =&
o N 3
_8 fﬁ Private No-Banking* Private Single I TR Private Multi-ITR
@ &) Banking Banking
£
LLl
L -201 -198 -198
L M -698 -34 -7
H -1092 461 28
L
L -3273 -3175 10
H M -4498 36 32
H -5371 1017 115
L 1193 1194 1186
L M 970 1012 548
H 538 664 69
H
L 965 933 925
H M 94 604 136
H -1265 -49 -26

*In all cases except the 19-best solution, the emission permits areinitially allocated to keep emissions constant at
the 1990 level, for atotal of 7.92 hill MT CO2 equiva ent/year or 1195.92 bill MT over the full 150 year time horizon.
Cumulative unabated emissions would be 2279 and 7642 hill MT in the Low and High emissions growth rate
cases, respectively.

** Negative numbers indicate that 1%-best emissions exceed the 1990 emission standard. Positive numbers
indicate that the standard allows greater emissions than the 19-best social optimal. .

It isimportant to remember that since the more efficient banking systems do not have a unitary
exchange rate, they do not achieve the same level of emission abatement as the no banking or socia 2™

best redllocation cases we have examined. They specificaly answer the question of how an
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environmenta regulator can reduce the costs of annud negotiated emission limit by alowing the non-
unitary trading across time of emission permits. For scenarios in which the 1%-best solution isto alow
greater emissions than those permitted under the negotiated standard (e.g., dl low damages cases), the
net result of usng these non-unitary ITRsisto achieve both a different time path and a greater
cumulative quantity of emissons. Conversdly, for cases in which the sandard is not sufficiently stringent
(most high damages cases), these I TRs produce fewer net emissions than the negotiated limit.

9.0 Final Comments

Permit banking and borrowing represent a promising tool to achieve environmenta standards
while dlowing firms, or naions in the case of greenhouse gas emissons, agreat ded of flexibility in how
and when to fulfil their obligations. Implementing a permit banking sysem dlows firmsto shift emissons
through time. Thisdtersthe timing of damages, as wdll as the magnitude of margind damages. With
gtock pollutants, the timing of emissions and damages is no longer coincident. This does not mean that
banking and borrowing should be discouraged. On the contrary, permit banking and borrowing in the
presence of aknown set of permit endowments can provide important flexibility to firms and nations.
But, like any policy tool, banking needsto be implemented correctly.

In contrast to single-period tradable permits, dlowing firms to bank or borrow permitson a
one-to-one basis will not generdly produce asocidly efficient dlocation of abatement efforts.
Furthermore, in the face of anon-optimal time sequence of permit endowments, prohibiting banking
and borrowing will dso not be socidly optima. With permit banking and borrowing, regulators have
two palicy tools to work with: the total alocation of permits and the banking and borrowing rate of for

intertempord exchanges. Thefird tool setsthe overal leve or present vaue of discounted permit
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prices, the second tool adjusts the time rate of change of permit prices and, for non-unitary ITRS, the
total dlowable emissons.

This paper derives the cooperative, socidly optimal permit banking and borrowing system for a
dua permit system for a pollutant that creates both stock and flow damages. This system extends and
unifies the exigting literature on intertempora permit trading, which can now be seen as pecid cases of
our generdized stock and flow pollutant modd. As an important specid case we derive aflow permit
system for a pollutant whose damages depend only on the accumulated pollutant stock.  The latter
case corresponds roughly to the greenhouse gas emission reduction regime recently proposed by the
U.S. Department of State.

For greenhouse gas emissions such as CO,, which have no associated flow damages, we show
that the optima banking interest rate is equd to theratio of current margina stock damages to the
discounted future vaue of margina stock damages less the decay rate of emissons in the amosphere.
If the “private’ discount rate used by the individua agents who own and trade permits differs from the
“socid” or collective planning discount rate, then the intertempord banking rate should be increased by
that difference. Given an optima endowment and alocation of permits across time, however, the
optima ITR will ensure that private agents do not bank or borrow permits.

Of particular current policy relevance, we show how an environmentd regulator can usethe
permit banking and borrowing system to improve socid wdfare, given an non-optima permit
endowment path. To accomplish this, the environmenta regulator must be able to estimate aggregate
marginad damages and aggregate margina costs over the relevant time horizon. If thisis possible, then

the environmentd regulator can use anon-unitary I TR to partidly compensate for the incorrectly chosen
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permit path. This case corresponds, for example, to an internationa permit system designed to limit
GHG emissons when permit levels are fixed a a pre-determined leve such astha negotiated under the
Kyoto Protocols.

Findly, we use GHG abatement and damage cost estimates avallable in the published literature
to examine the magnitudes of the expected gains from implementing the various permits systems
examined. Our results are not in any way intended to be definitive, but serve to illudtrate the potentia
benefits of the various banking systems. Our results show that a poorly designed banking system, one
that naively alows 1 for 1 trading over time for example, can substantialy raise the net socia codts of
GHG abatement. On the other hand, a permit system using a non-unitary ITR can, depending on the
particular sengitivity case under andys's, provide subgtantid cost savings as compared to a permit
system loosely based on the Kyoto protocol. A key determinant of the potential cost savingsisthe

likely evolution of unabated emissions and damage sengitivity paths over time.
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Appendix - Problem Statements and Optimality Conditions
I ntertemporal Emission Allocation From the Per spective of Society
The socid optimization problem is

;
I/ max e By) &_; C(vEp ) & D(E,St)) dt & e*F(S(T))
1

2

(39)
st: 40 " 3 E@M) & 1)

y(t) $ %) E{) $0

k]

The current value Hamiltonian for this problem is (after subgtituting for e, Sdirectly and assuming that

the non-negativity bounds on emissions and output do not bind):

N N N N
- — - — 0h 21 =
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Thefirg order necessary conditionsfor dl i and t, are:
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Note: In the body of the text, we denote the shadow cost of aunit of stock (-? (t)) by f4(t), to indicate

that it reflects the margind stream of future damages.
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Flow and Stock Permit Banking and Borrowing

;
3¢ Max _e*"pyaC (v E H&Px &PZ)t
VB %73 rg
st: 4 "E&s
B "S&S%z
B " E &E %X
Xmini # X # Xmaxi
Zmini # Z # Zmaxi
y$0, E$0, B_(T)$0, B (T)$0

(42)

The current vaue Hamiltonian (ignoring non-negetivity multipliers on output, emissons and permit
bounds) is.

H* Py &CYEN&PX &PZ %2 (E &7)% % (E & E%X) % 2(S&S%2)  (43)
The cogate variable on the emisson stock transtion equation is ?,. The codtate variable for the
emission flow and stock bank accounts are ?4 and ?,;, respectively. The condrained profit maximizing
behavior gill adjusts output until margina cost equals product price (as long as output is nonzero). The

necessary conditions are
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MH . .
o= " &P T 0

VR - ep w2, " 0 44)

9,872 " 72 %7
&—— " 9,877, " 0

b &7 " 0

Optimal Intertemporal trading rates With Stock and Flow Permits
The current-value Hamiltonian for the flow and stock permit case, including intertempord
banking chargeratesr,and r is

H, " P& Ci Bl &Pg &PZ)% ?4(E & 7S)
%?E‘(Ei&Ei%xi%rEBE)
%2(S&S%Z%rBg)

The new equations of motion for the bank accounts state and costate variables are;

MH . .

&M—BE D872, " &r 2,
MH . .

&M=BS 9.87?2, " &2

(46)
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Notes

1. See Cropper and Oates (1992) for athorough review of the literature.

2Biglaiser et d. dso show that an intertempora permit trading will not be optima. The model used by
Biglaiser et d., however, does not alow for the borrowing and banking of permits, but rather looks at

trading lifetime rights to emit flow pollutants.
3.See Burtraw (1994) and USGAO (1994) for overviews of the sulfur dioxide trading program.

4.The magnitude of the globa warming potentia of criteria pollutants, however, depends on locdl

atmospheric conditions (EIA, p. 61, 1995).

5.Although not shown, this same mode structure, but using permanent as opposed to temporary
permits, reproduces the results of Biglaiser et d. (1995). The results of Cronshaw and Kruse are a'so
contained as a gpecid case, but naturaly have a different flavor ance they arise from a discrete-time

modd.

6. Symbols subscripted by i indicate variables for individud firms, otherwise the symbolsrefer to

market totals.

7.In generd, of course, the rate of decay need not be constant. This smplification does not

ubgtantidly affect our andyss.

8.In the context of globa warming each “firm’s’ emissons and output can be interpreted as each
nation’s emissions and output. The coordinating authority is not asngle nation’s government, but the

UN member dates acting collectively.

9.Here, subscripts which are variable names refer to the partid derivative with respect to that variable.
In addition, the "i" subscripts indicating the firm under consideration and the functiona dependency of

variables on t will frequently be suppressed to reduce clutter.

-46-



10.Since, for the GHG contral problem, agents are countries with different preferences, the
congruction of asingle globa objective is problematic. Alternatively, one could explore severd Pareto
efficient outcomes for ‘ collectively efficient’ emissons. However, for this paper we follow the common
practice in environmenta economics of first exploring and contrasting the fully cooperative case with the
independent action case. This globa optimization gpproach is aso congstent with many of the compact

climate-economic models that might be used for numerica evauation.

11.The sngle agterisks indicate that the variables are being evauated a their optima levelsfor the

socid, or cooperdtive, problem.

12.Kosobud et dias (1994) use atermina stock standard to determine the total number of permitsto

dlocateto firms. The precise form of their standard is not specified.

13.Indeed it turns out that banking and borrowing, subject to intertempora trading rates , are necessary

for adecentrdized permit system to attain the socialy optima emission path through time.

14.The double agterisks indicates thet dl the variables are evduated at their privately optimd levels.
We do not yet consider the possible divergence between the socid and private rate of discount, but do

0 later in Section 6.

15.Kling and Rubin (1997) suggest an aternative way to represent the uneven trading rate between
flow permits: I@Ei 1) ° (E,(&E;(t)%x(t))?(t). If werestrict r.* ? (asdo Kling and Rubin) then
both flow banking equations produce essentidly the same results with some accounting differences.
Our suggested method significantly generdizes their results (shown below) by deriving optima ITRs
wherery and rs generdly do not equa ?. In addition, our suggested method aso more explicitly

emphasi zes that the interest payment or charge accrues to the store of banked or borrowed emissons
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or stocks.

16.The dower growth rate of permit prices is achieved when positive banking interest rates promote

early permit saving, effectively increasing the future supply of permits.
17.In principle, of course, the emission limits could be set optimaly by negatiation, but thisis unlikely

especidly in aintertempora context.

18.It ispossblein principle for the negotiated level of emissonsto be sat a the dynamic socid
optimum, but thisis unlikely.

19.0f course, the ITR may also be set by negotiation, in this case, thereislittle regulators can do ex-
post to affect socid welfare, unless the implied property rights of future emisson dlowances are

renegotiated or the regulatory body is prepared to buy or sel emissons from its own account.

20.Incidentaly, it is worth pointing out that implementing a carbon tax regime to atain the negotiated
permit levels requires being able to estimate future margind abatement costs, and ataining any of the

firgt or second-best systems aso requires being able to estimate future aggregate margina damages.

21.0ngoing additiona work uses other modds, including those by Manne and Richds (1997),

Nordhaus (1994), and Nordhaus and Y ang (1996)
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