How Should Environmental Policy Respond to Busines€ycles? Optimal Policy under
Persistent Productivity Shocks

Garth Heutel
Harvard Kennedy School
79 JFK Street, Mailbox 84

Cambridge, MA 02138
heutel@fas.harvard.edu

Decembef008

Abstract

How should environmental policy respond to economic fluctuations caused by persistent
productivity shocks? This paper answers that question by presenting and solving a dynamic
stochastigeneral equilibriunteal business cycle model that inclad externality from

pollution. The model i®stimated andalibrated to consideéhe US economy anemissions of
carbon dioxide. | find that optimablicy allows emissions tdoe procyclical: mcreasing during
expansions and decreasing during contractiéfsvever, optimal policy dampens the
procyclicality of emissions compared to the unregulated cag®ice effectcostlierabatement
duringboomsoutweighsanincome effect of greater demafa clean air. | also model a
decentralized economy, where government chooses an emissions tax or quantity restriction and
firms and consumers responihe optimal emissions taateandthe optimal emisgns quota

are both procyclicalduring recessionshetaxrate and the emissions quota both decrease
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Environmental policyprobablyought to espond to economic fluctuatioaadcycles but
thedirectionin whichit ought to respond ignclear. During expansionary periods, for example,
the economy is richerSince aclean environmeris a normal good, more ofwill be demanded.
On the other hand, expansionary periods involve increased produwdhtich leads to increased
pollution. Demandfor cleaner air or water could come at a higher price during these periods of
expansion. Additionally, how the damages from pollution depend on periodic fluctuations in
pollution levels is potentially an important determinant of how environmpotaly should
respond to fluctuationsi-or some pollutants, including those that cause gréenel ozonethe
marginal environmental damage curve is nonlinear within each periodritlensissions
increasan one periodnayleadto serious health consegnces For these pollutantshe costs of
policy failing to respond to fluctuations can be higdfar other pollutants, including carbon
dioxide, whergoeriodicfluctuationsin emissionsgnatter less thathe cumulative stock of the
pollutant,changingdamages from pollution are unlikely to affect hpalicy responds to
fluctuations.

A large literature discusses several related questions. strand of literature focuses on
how optimal policy responds to shocks to or uncertainty about abatement\é@stasman
(1974) and the many papers in tkiain address that questiodnother topic, which is of much
interest both to academics and to policy makers, is cost containment of environmental policy.
With a strict cap, firms may worry that prices witlilse. Many have recommended "safety
valves" or similar policies to address this concern. Finally, a debate especially relevant to
international climate negotiators is owelnetherto "index" emissions policy, for example, by
fixing a cap on emissiorsaamultiple of a country's GD® allowing the cap to be higher in
periods of high productivity. Pizer (2005) argues that intensity targets are preferable to absolute
targets for a number of reasosach asccommodating growtim developing countes. The
Bush administration haargued for setting such intensity targets. Newell and P2088
compare indexed policige price and quantity policieand find that indexed policies may be
preferable in some circumstances. By calibrating their model fdartpest greenhouse gas
emitting nations, they find that indexed quantities dominate fixed quantities for about half of the
nations in this group. Similar results are found in Jotzo and Pe22@Y) @nd Sue Wing et. al.

(forthcoming.



The purpose of 1h paper is to investigate how environmental poliould optimally
respondo autocorrelatedluctuations in economic productivityBefore aickling that normative
guestion | first answer a necessary descriptive one: Howmissions respond to business
cycles? This question to my knowledge has not been answered econometricallyo Then, t
formalize intuition,| develop a statitheoreticalmodelof the optimal allocation afesources
between production and abatemervttere loth factor productivity and vedth are subject to
separatshocks. The solution analytically presents the trauffs associated with productivity
shocks. | extendthe theoreticamodelto include dynamigsvhereproductivity shocks can be
persistent and whemllution and capital &stock variables The model igstimated and
calibrated to the US economy ataddamages froncarbon dioxide, the leading greenhouse gas
| numericallysolvefor the dynamic optimalesponse of policy to shocksalso model a
decentralized economy, where firms and consumers optimize in response to a government policy
of pollution taxes or quantity constraints, potentially with information asymmetry.

The contributions of this worto the literaturearethreefold. First,many earlier studies
are staticandl extend this model into a dynamic setting. The extent to which pollution is a
stock rather than a flow affedise impact ofluctuationson optimalpolicy levels' Likewise,a
dynamic model is necesyao capture effects @utacorrelated productivity shocks and stock
variables like capitalSecond, earlier papers are focused on uncertauhigrethe indexed
policy is advantageous becausmitigatesregulator'suncertaintyaboutmarginal abatement
costs. For example, in Newell and Pizer (2008he index, GDPis a signal to policymakers of
the uncertaimbatement costa/Nithout uncertainty in those modeisdexing offers no
advantage In thebasicmodel here, policynay be indexetb GDPeven wthout uncertaintyin
abatement costBecausesDP is a function of productivity shockiose shocks influence
optimal policythrough income and price effectBurthermore, indexing to GDP need not be
linear, and the optimal index is likely to be a nonlinear function of GR®@ditionally, the
modelhere isextended to includasymmetriauncertainty whenfirms but not policymakers

observeechnology shocks

! See Fell et. al. (2008), Newell and Pizer (2003), Hoel and Karp (2002), Pizer (2002), and Kolstad (1996) for
examples of papers with a dynamic model and emissions as a stock variable.

2 Argentina in 1999 proposed a greenhouse gas emissions target that was proportional to the square root of GDP
(Aldy 2004, footnote 38).



A third contribution is that, whilenost earlier papers use a very specific structure of
uncertainty and abatement costs and benéi@se | depart from that specification. Instead of
imposing a reduced form quadratic cost function and another reduceddadratic benefit
function, I begin with a standard dynamic stochastic general equilibrium (DSGE) model of real
business cycles. To this | add an externality that comes from an accumulated stock of pollution.
The stochastic element of the model doatsamise from shocks to abatement costs; rather, it
comes from total factor productivity shocks. This is an important distinction, because it creates a
price and an income effect that can counter each other, such that the response of optimal policy is
notapparent, even in the absence of uncertainty over the value of the’ shotkermore, this
choice of modeling is advantageous in that | can draw upon a large prior real business cycle
(RBC) literature to calibrate the model and evaluate its predictibims reduced form shocks to
abatement costs and benefits present in other models are likely due to productivity shocks, and
here they are modeled directly as such.

The paper begins with an empirical examination of how carbon dioxide emissions in the
United States respond to cyclical fluctuations in GDBstimate the elasticity of emissions with
respect to GDP. The expected sign of this elasticity is positive, but its magnitude has not been
measured. Usingothmonthly data on GDP and carbon dioxi@%) emissions andnnual
statelevel data, | find that emissions are significantly procyclical with an elasticity between 0.5
and 0.9. Thus, emissions are inelastic with respect to output. This result is robust to a number of
empirical specificationsThe purpose of the empirical section is twofold. First, a measurement
of this elasticity is interesting in and of itself (during a recession of a specified magnitude, by
how much do we expect emissions to drop?) Second, the estimated elasticity saised a
parameter in the calibrated model.

In the static modell find that optimal environmental policy does indeed vary with
productivityand incomeshocks in ways that exemplify both price and income effects. If a
positiveshock is purely to wealth and$ao effect on marginal returns to investment, then
optimal policy is unambiguously to decrease emissions. The income effect leads the economy to
demauml a cleaner environmenWith apositiveshock to productivity that increases both wealth
and the ratef return on investment, optimal poli€gces a tradeff. The income effect leads to

higher demand faa clean environment and thus lower emissions. However, those lower

% Kelly (2005) also considers the effects of productivity shocks on environmental policy, in a static setting.



emissions come at a higher pric@cecapitalis moreproductive its opportunity costs are
higher and thuabatement is relatively costlier. Which effect dominates depends on the
parameterization of production and utility functions.

These effects are presentthe dynamic modebut analytical solutions are not pdssi
in the general case. After calibratiagd solvinghe dynamicmodel, | find that the optimal
policy response to an economic argion is to increase emissions, becalserice effect
dominategheincomeeffect. In fact, a polichatpegs emissios to GDP is a good
approximation of optimal policy. This qualitative result is robust to sensitivity analysis over
severaparameters. The paths of some other variables, incledmgsionsdo qualitatively
differ under different parameter valueSimulating the decentralized economy shows that both
the optimal emissions taateand the optimae¢missions quotare procyclical: they increase
during an expansionOptimal policythusdampens the procyclicality of emissions: emissions
rise during boomsral fall during busts, but not by as much as they would without optimal
policy. An emissions quota polidg strengthened during recessidtise quota is reduced)
while an emissions tax policgg weakenedthe tax rate is reducedYhis is perhaps a pdikcal
advantage of taxes over quotas, if it is difficult to strengthen environmental policy during
recessions.

Several previous studies have considered environmental policy in the context of real
business cycles or other economic fluctuations. Chay a@einGtone (2003) estimate the effect
of air pollution on infant mortality, in a quaskperimental design where the 198382
recession affects emissions of total suspended particulates differentially across counties. Their
concern ighe effect of emissins on healtmot optimal policy in the presence of business
cycles. Brannlund and Lofgren (1996) analyze the impact of environmental policy when
emissionsaresubject to random fluctuations, not total factor productiviyrand (1995)
develops a modeVith environmental policyhat focuses on worker moral hazavith business
cyclesoperating through stochastic changes in output prisefly (2005) considers the
guestion of prices versus quantities in a general equilibrium setting with shocks tactota
productivity instead of abatement costs. His model is static, similar to the static model presented
here in Section I, and concerned especially with the impact that risk aversion has on the optimal
policy choice. The paper most similar to thimper iSBouman et. al. (2000yvhichdevelofs a
model to find the optimalrhe to invest in abatemegiven business cycles. They find that the



best time to implement cleaner production technologies is during downtTheir model i®ne
in which thesocial planner optimally chooses whether to use clean or dirty production
technologies in each period. Their model differs from RBC models in that business cycles are
not driven by productivity shocks, but by preference shocks. They also estimdtestries do
indeed optimally invest in abatement during downtuasing data on abatement investment
from Germany, the Ne#énrlands, and the United StatesheV find so for only 25% of sectors.

In the next section, | present some dynamic descriptiviststatind regression results
regarding the relationship between business cyclesanhdn dioxideemissions in the US.
Section Il presents a simple static model of optimal policy under productivity and income
shocksto make concrete the intuitions redimg when optimal abatement ought to occur.
Section Il presents a dynamic model of a social planner's problem, which is calibrated in
Section IV. The model is solved and simulation results are presented in Section V. Section VI
presents a decentraltz@ersion of the dynamic model, where competitive firms and utility
maximizing consumers react to government policy that can take the form of an emissions tax or a

guantity constraint. Finally, Section VIl concludes.

|. Empirical Analysis

| investigatethe relationship between business cycles and emissions using various
sources of data on emissions at the monthly or quarterly level. While emissions data are widely
available at the annual level for many different pollutants, data at more frequentisndéeeva
scarcer Blasing et. al. (20@) provide estimates of monthly emissions of carbon dioxide from
fossil fuel combustion in the United States from 128037 These estimates are based on
reported fuel consumption from the Energy Information Admiaigin in the Monthly Energy
Review for several types of fossil fuels. Each type of fuel is converted into its associated level of
carbon dioxide emissions, based on{sgécific carbon dioxide emissions factors from the EPA.
Figure 1 plots the unadjust monthly levels of nationwide emissionsteragrams of carbdi
teragram = 1 trillion grams)Both an increasing trend and a seasonal cycle are evident. Carbon
emissions have a large peak during the winter months, due to an increase in natural gas
consumption for heating, and a smaller peak in the summer months, from increased coal

consumption for electricity use.

4 Available at:http://cdiac.esd.ornl.gov/trends/emis_mon/emis_mon_co2.html
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Because of the strong seasonal component, | seasonally adjust the emissions data to
isolate trends and cyclical components. Data on G&del to identify business cycles are
routinely seasonally adjusted before being released. The routine used by the Census Bureau to
seasonally adjust their data series i$2XARIMA, software that performs an autoregressive
integrated moving average (ARINJAime series regressicnX-12-ARIMA has a large number
of options available for specifying the regression and seasonal adjustment, including routines for
evaluating and accommodating outliers, selecting optimal lag lengths for AR and MA processes,
and ajusting for lengtkof-period. The routine can thus be criticized as a "black box."
However, the seasonally adjusted data that come from the program are quite robust to the various
specifications in XL12-ARIMA, and are furthermore robust to simpler meth@f seasonal
adjustment, such asilculatinga centered moving average simply running a regression with
monthly indicator variablesThe seasonally adjusted time series of emissions using any of these
methods has a correlation coefficient with arfyeotseasonally adjusted series of at least 0.99.
All results presented hereafter use the seasonally adjusted data-i2ARIMA, where the
optimal seasonal ARIMA model fsund to be (1 1 1)x(0 1 1) and outliers are not eliminated.
Results are qualitately robust to other methods of seasonal adjustment, and regression results
using these series are available upon request.

The emissions data are seasonally adjusted at the monthly level. Figure 2 plots the
seasonally adjusted monthly emissions dataygaeith monthly real GDP, provided by the
Bureau of Economic Analysis and seasonally adjusted also. Both series are normalized so that
the starting valués 1 (in January 1981).

Over the period of analysis, both GDP and carbon emissions grew, bifi¢indirates,
so that the carbon intensity of the economy declined. GDP increased by a factor of 2, while
carbon emissions increased only 25%. Business cycle effects can also clearly be seen in this
figure; recessions in the early 1980s, early 398@l early 2000s are reflected in the GDP
curve. Concurrently with these recessions, carbon emissions appear to drop off. Similarly, when
GDP is rising at a fast rate, carbon emissions appear to do the same. This happens during the
expansionary period ofié mid to late 1990s.

While basic patterns can be seen from eyeballing Figure 2, a more thorough method of

identifying cycles in output or in emissions is available. The Hodrigscott (HP) filter is a

® The software can be downloaded, and support information can be foumtigh @www.census.gov/srd/www/x12a/
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commonly used method to detrend time seseparately identifying the trend component from
the cyclical componerft.The HP filter does so by finding the smooth it minimizes a
function of deviations from that pathl aggregate the monthly emissions and GDP data to the
quarterly level as is commonly used in business cycle literature. | take the natural log of the
values in the time series. Thus, thiference between subsequent observations in one series
approximatesa growth rate, and the values of the cyclical components of the series represent
proportional deviations from the trend. For the smoothness parameltarse the value 1600,
which is typicallychoserfor quarterly data.

The cyclical component dhe detrended data presented in Figure 3. The patterns in
the GDP curve correspond to recessions: troughs in the early 1980s, the early 1990s, and the
early 2000s. For the emissions curve, some of these troughs can be clearly identified
concurrentlyespecially in the early 1980s and early 1990s recessions. The correlation between
the two series seems to dissipate starting in the late 1990s, though a drop in GDP in 2000 is
accompanied by one in emissions as well. Overall, it appears that emissiomzrawariable
than GDRand that magnitudsof deviations in emissiorerelarger tharthoseof GDP.

The variation of and correlations between the two time series can be measured. The
standard deviation of cyclical GDP is 1.31%, while the standaréti@viof cyclical carbon
emissions is 2.04%, so emissions are indeed more variable than GDP. The correlation
coefficient between the two time series is 0.5627, withvalpe less than 0.0001. The two time
series are strongly correlattdUnsurprisingly when output increases, so do carbon emissions.

Thesedatacan also be analyzed usitigne-series analysisUnconditional correlations
show that periods of higher GDP (in deviations from trend) tend to occur with periods of higher
CO, emissions. Bua question of interest and relevance is the following: what is the magnitude
of the relationship between G@®missions and GDP? Emissions may be elastic with respect to
GDP, in which case an increase in GDP will be associated with an increasg of &fpeater

magnitude. Alternatively, C£2emissions may be inelastic with respect to GDP. Table 1

® See Hodrick and Prescott (1997). Among the many papers that analyze time series using the HP filter are Kydland
and Prescott (1982), Hansen (1985), and Chang and2d6v}]. See Baxter and King (1999) for comparisons of
alternative filters.

" For a time series of valugg, the smooth trend componergsare those that minimize:

T T
a.-s)+/al(s.-s)+(s-s.,)]°, whereais a positive parameter.
=1 t=1

8 As it appears in the graph, the correlation between the two series is higher in the first half of the period (0.714)
than in the second half (0.164), though still significantly positive in both.



presents regression results to identify the magnitude of the relationship betweemi€fons

and GDP. In column 1, | present regression results from arsdd@$IMA(1,1,1)x(0,1,1)»
regressiorof the log of emissions on the log of GDP. The optimal lag lengths and differencing
were determined by minimizing the Akaike Information Criterion (AIC). The multiplicative
seasonal ARVA component accounts for thadt theCO, dataused in Column 1 are not
seasonally adjusted, and the differencing accounts for trends in both series. Both series are
nonstationary; an augmented Dickieyller test finds strong evidence for unit roots in each series
(for log of GDP, theest statistic i$0.033 with a pvalue of 0.9557; for log of C&missions the
test statistic i$0.708 with a pvalue of 0.8446) Both series are also integrated of order one.
The regression results show that {&missions are inelastic with respect to GDP, with a
coefficient of 0.758.

An alternative method of dealing with the seasonal component of the emissions data,
besides estimating it through a seasonal ARIMA regression, is to perform the regression on the
emissions data that have already been seasonally adjusted. This is done is Column 2, and the
coefficient on GDP is almost identical to that in Column 1 (in this regression, minimizing the
AIC dictates an ARIMA (1,1,2) regression).

Both of these regressis have used first differencing to eliminate the trend from both the
GDP series and the emissions series. Alternatively, a number of other filters are available to
better identify the trend versus the cyclical or irregular components of the serieso3the
commonly used filter in the business cycle literature if the HodPigscott filter, as described
above. Column 3 presents regression results where the dependent variable is the deviation from
trend in the log of C@emissions, determined by the Hiler, and the independent variable is
the deviation from trend in the log of GDFhe smoothing parametex is set at 129,600 since
the data are monthlyA least squares regression is perfornadidwing for a NeweywWest
specification of the error tm. The coefficient is consistent with the results from the ARIMA
regressions; Cg£emissions are inelastic with respect to GDP.

The HP filter is not the only method for detrending time series. Three additional filters
are applied to the data, and reggion results on the detrended data are presented in Columns 4
6. The BaxtekKing filter is a bandpass moving average filter that filters out the trend as well as
higher frequency components. The minimum and maximum periodicities are set at 18 and 96

months, respectively. The Christiaftzgerald filter is a random walk filter, and the same
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minimum and maximum periodicities are used as in the B#itay filter. Finally, the digital
Butterworth filter is a rational square wave filtén regressiongresented in Columns@, |
detrend the GDP and G@missions series with each of the three filters and run the same
regression as in Column 3.

The purpose of these additional regressions is not to make any claim about which
filtering method is preferabl Rather, | seek to demonstrate that the key result found in the first
three columns of Table 1 is robust to a wide range of filtering methods. In fact, this is what |
find, as can be seen from the regression coefficients in Talllael coefficient orthe deviation
from trend in GDP is consistently positive and between 0.5 and 0.9. The result that emissions
are procyclical but inelastic with respect to GiBEhus quite robust. In addition, analogous
regressions on data that are aggregated to thieeqydevel yield results almost identical to
those presented in Table 1. The results are also robust to varying the lag lengths in the ARIMA
regressions and varying the smoothing parameter(s) in each of the dittérall regressions are
robust to intuding world oil spot priceand seasonally adjusted temperaturesxagenous
regressas.

The carbon emissions data analyzed above are at the national level. Blasing et. al.
(2004b) also provide estimates of stiteel carbon emissions from 19@001° The statdevel
data are annual, not monthly, limititige extento which cyclical behavior can be studied.
However,when emissions amdisaggregating by state, betwestate heterogeneity in output and
emissions can be used to analftm¢herthe relgionship between these two variables. Table 2
presents regression results from a model wherelstat¢elogs of carbon emissions are regressed
on statelevel logs of real GDP. Statevel GDP is available from 1963 on from the Bureau of
Economic Analysi!® In column 1,a simple OLS regression of the log of emissions on the log
of GDP shows a positive correlation between the two. Of course, both series are trending
upwards, which could bias this coefficient. Therefareolumn 21 include a set oftate and
year fixed effects. The coefficieah the log of GDRs smaller but still significantly positive.
Finally, in column 3 | account for autoregressive error terBysdoing so, though, I am unable
to include yeaffixed effects. This biases dowavds the elasticity estimate since, over time, the

CO,/GDP ratio has fallen (see Figure 2). The coefficient is therefore smaller in this column.

% Available at:http://cdiac.ornl.gov/trends/emis_mon/stateemis/emis_state.html
10 Available at:http://www.bea.gov/regional/gsp/
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Overall the statdevel (though annual) data provideore compelling evidence of the
observation made from examining the natieleakel data: carbon emissions are higher in places
and periods of higer output, and the relationship is inelastic.
Though the purpose of this study is to analyze optimal cgrblicy, one could also
perform similar analyses on the cyclical behavior of other pollutdrtave also used monthly
data on emissions of sulfur dioxide (§@nd nitrogen oxides (NQ from electric power plants
from the EPA's Clean Air Markets progranm fact, for those two pollutantthe patterns in both
the trend and the cyclical components are quite diffehamt for CQ. BothSO, and NG are
trending downwards, not upwards, from 198J06. This reflects the fact that these pollutants,
unlike QO,, are regulated by the Clean Air Act. For SQuring this periodpower plants faced
a capandtrade scheme, where the total allowable emissions from the industry steadily decreased
each year. N@standards also became more stringent over time. iAddity, the correlation
between cyclical components of GDP and cyclical component of these pollutants (after they are
detrended in the same manner as described above) is positive but very small and not statistically
significant. This suggests that whemngalucers are constrained by regulation in how much they
can emit, thg are less able to adjust emissions to aggregate economic fluctuations, and thus

emissions of these pollutants are less correlated with output.

Il. Static Model
Before considering a damic model of environmental policy that allows for the
accumulation of capital and pollution, | present a static model where decisions on consumption
and emissions do not carry over beyond the current period. The advantage of presenting this
simpler models the intuition it provides regarding the tradeoffs inherent in abatement choice.
These tradeoffs will be present in the dynamic model, ththagyhise of a static environment
allows me to fincanalytical solutions for optimal policy, and these soluticorsveniently
demonstrate the tradeoff3o show how income effects apdce effects differentially influence
policy decisions, | include in this static model both a productivity shock and an income shock.
Consider a representative agent economy wittiligy function U =yi d(e), wherey
is consumption.e is emissions, andi(e) is the damage function from emission®t d(e) be
increasing and convext he representative agent has accesspgmduction functiorf(ak),

where k represents the inputsed in production (capital@ind a is an exogenous shock to
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productivity. Letf'(ak) >0 andf'(ak) 0Qso that the marginal productivity of capital is
positive anchorrincreasing. The agent is endowed with incomeThe income can be

distributed into two uses: production and abatement. The resource constraintkistthds , b
where z is the amount of abatement. This economy has two sources of exogenous vaiation:
is a productivity shock, ant is an incomeshock. The level of emissions is determined by both
production and abatemeng:= g(2)f(ak), whereg(2) is an abatement function. Suppose that
0(2) is decreasing and convex, so that emissions decrease with more abatement but at a
decreasing rateFinally, consumption is just equal to outpyt= f(ak).

The representati ve akgaadzttdnsaximpize atibtyf@ki i s t o
d(e), subject to the resource constraint zO . IBiven that the resource constraint must bind,
the problem can be written as the choice over kisand the corresponding first order condition
IS

af(ak) 1 d'(g(b-k)f(ak)) [-g'(b-k)f(aK) + g(b-K)af'(ak)] = O.
The first order condition ensures that tharginabenefitof an additional unit o€apital
af'(ak), equals the marginalost which is the increasegmissions resulting from the marginal
switch fromabatemento capital given in theseconderm of the above equation.

The first order condibn can be used to consider comparative statics. Specifically, how is
the choice between capitlél and abatement dependent on the productivity shoekand the
income shockb? For simplicity, assume that the production functiors linear. AppendixAl
useghe implicit function theorem on the first order condittorprovidethe answer to this
guestion. The relationship between the shocks and the optimal allocation are consistent with the
counteracting income artice effects described ake.

First, consider the effect of the income shdxk;This shocks purelyto the amount of
resources available, and not to productivity, and thus it creatgan income effectThe
Appendixshowsthat both dk/db and dz/db are positive. When gome increases, the optimal
response is to distribute additional resources to both production and abatement, given that
consumption and a clean environment are both normal gdddsresponseesults in
unambiguously increased consumption, but the effie@missions is notet clear. However, it
can be further shown thate/db< 0. Thus, gositive income shock has an unambiguous

negative effect on emissions.
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Next, consider the effect of the productivity shoek, on emissionsThis shock provides
both an income and a price effect. Wharns high, the representative agéas anore
productive technology and thus richer.Clean air is a normal good, so an income effect pushes
for lower emissions However, a higlvalue of a also means thaggital is more productivend
thereforethe opportunity costs of investing in abatement instead of production are; limgher
other words, abatement is more expensgrice effectpushes for higher emissiar(3he
relevant price is the price of abaterpemhich increases with positive productivity shock§he
neteffect can be written as proportional to an expression that includes both of these opposing

effects:

de. . T P

da ORI GTIFO-
The negative terms represent an income effect, and the padsitive represent a price effect.
Which effect dominates is determined by the utility function and abatement technology function.
Note that the income effect is more likely to dominate when marginal damages from emissions
(d) are higher. This reflecthe fact that the income effect is generated from the disutility of

emissions.Conflicting price and income effects also operate on the optimal lecapaht

I 1o (- gk+ g)(d+d gka.
da

Each expression in parentheses is positive. The positive 1 aathefshe expression
represents the income effect associated with a technology shock. The rest of the expression
(including the minus sign) is negative, and it represents the price. efleeteffect on abatement
from a change in productivitgz/da is simply equal toi dk/da

To determine which of these offsetting effects dateg more information on the
functional forms in the model is necessary. | present these rigsuoitthe static modeb
provide some analytic structure to the countervailing intuitions regarding how optimal policy
responds to technology shocks. Next, | expand the model into a dynamic setting, calibrate it, and
solve for optimal policy. While the dynamic model doesailaiw for the same comparative
static analysis as is presented here, solving the model with the calibrated paraloeisrs
determination ofvhich effectdominates, and thus how optimal policy should respond both

gualitatively and quantitatively to econanifluctuations.
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[ll. Dynamic Model i Centralized Economy

While the static model presented above gives inturggarding two conflicting effds
that push for more and leabatement during periods of high productivity, it fails to account for
dynamicconsiderations. At least three such considerationisuaitanto the following dynamic
model, corresponding to three state variables. First, the productivity shackkely to be
autocorrelated. This autocorrelation of factor productivity shocks is in fact what drives RBC
models. Thus, a high value of the shock in one period also serves as a signal dixely the
shock in subsequent periods. Second, capital the economy is a stock. Choosing to save
more during one period leads to more resources available for consumption or abatement in
subsequent periodafterdepreciation. The decision over the allocation of resources between
consumption and abatenien the static model is amended to include the option of investment as
well. Third, the damages from pollutiomaycome not just from emissions in the current period
but from the total stock of emissions. This stock is a function of current and pestdév
emissions, subject to a depreciation function that is unique to the chemistry of the pollutant in
guestion. For exampl€0; is a stock pollutant with a halife in the atmosphere of several
decades. On the other hagdyundlevel SO, has a haHife of only a few days, so for the
purposes of a business cycle model wieerehperiod is one quarter, it can be considered purely
as a flow. Furthermore, for a global pollutant like G@he stock is determined not just by
domestic emissions but albyg emissions from the rest of the world.

In this section | consider a centralized economy; that is, | model the social planner's
problem. In the standard RBC model, this choice of modeling is justified by the fact that the
economy lacks externalities atidis satisfies the first fundamental theorem of welfare
economics. A competitive equilibrium is also a Paedfwient one, and by modeling a social
planner's problem, the equilibrium is easier to solve. Here, the first fundamental theoo¢m is
geneally expected to beatisfiedbecause of the externalities imposed by pollution. In this
section, | present a model of optimal policy, in the case where a central authority can select
investment, abatement, and consumption for the representative consategy.| model a
decentralized economy, where government can attempt to fix the inefficiencies associated with
the pollution externality through a policy, such as an emissions tax or tradable pdimeits.
modeldoes noexplicitly modelgrowth intechndogy, consumptionpr output The assumption

that technology is invariant makes the model stationary and allows analysis of temporary
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fluctuations about the steady statkes with other RBC models, the model here can be derived
from a model that ilades aconstant growth rateThe variablesn the model with growth can
all bedivided by the value of the technology paramé&tegenerate a model identical to the one
here'* Thus, deviations from the steady state in this model actually represent deviations f
steady state growth.

Consider a representative ageiith access to the same production technology as in the
static model abovey; = f(ak:.1). Variables are timsubscripted because the model is dynamic;
output in periodt y; is a function of aurrentproductivity shocka; and capital carried over
from last period k.1, thus providing a "time to build.” In each period, the agent chooses
guantities of consumptiok;, abatementz, and investment;, subject to the resource
constrainidetermined byurrent productionc+ z; + i+ O (ak:1). Note that just one input is
used in production. Labor is not included in the mgoglate this paper is not concerned with
employment fluctuationsWhile the static model included a produdiyvshock a as well as an
income shockb, this model only includes the productivity shdékncome is not exogenous; it
is determined by the agent's choice of investment in the previous period along with the current
productivity. Furthermore, the las¢ction shows that the productivity shock alone creates both
income andgrice effects.

The utility function is over consumption attte stock opollution, x, and is more
general than in the static model(c;, %). Pollution is a stock good withl@ear decay rate
equaltod: x=  xe+e™, whereg is currentperioddomesticemissionsand €°"; is
currentperiod emissions from the rest of the worlthe policymaker cannot choose the level of
emissions from the rest of the world but can choose the level of domestic emigsganghe
static modeldomesticemissions are a function of total productignand abatemenéalthough
unlike in the stac model,emissionsere need not be a linear function of productibet e =
(Lig) Myy), whereg, is thefraction of emissions abated in peribdand h is the function
determining how emissions are related to output, holding constant abateemeissions could
thus increase more rapidly than outpuhifis convex, or they could increase less rapidliz ifs
concave.The fraction of emissions abated is determined by the amount of abatemanvia

! See King et. al. (1988).

2 The productivity shock repsents factors exogenous to producers that alter their production function. In addition
to representing changes in the stock of knowledge or technology, it may also represent any changes to the legal or
regulatory system that affect productivity (see Hanand Prescott 1993).
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the equationz/y; = g(€:); g thus relates the fraction of emissions abated to the fraction of output
spent on abatementhe stock of capital evolves with a decay rataiofk; = (1-U)ki.1 + i+.
Finally, the technology shock evolves according to a Markov process, so thatliabiliyo
distribution of a1 is a function ofa;.

At the beginning of a periods.; and x.; are already determined, and the realization of
the productivity shocka; occurs. Given those three state variablestgpeesentative agent
chooss abatement, consumption, and investment to maximize total expected discounted utility,
subject to the constraints described abcMeis can be written as a dynamic programming

problem in the following way.

V(K. %8) = ;nag[{U (c,, %)+ bEV (K., X,a,,)], such that

G +i +2 ¢ f(ak,,)

k= (- d)k,, +i,

X =% +e +e

& =@- mh(f (ak_,))

z./f(ak.,) =9(m)

The operatork; represents the expectation of future valueswof at periodt, and the
discount factor isb. The problem can be rewritten, taking into account the constraints, as a
choice over only the nestochastic state variable$he inequality resource constraint must bind,
which is ensureds long as preferences are satiated and the production and abatement
functions are monotonically increasinghen,the dynamic programming problem can be written

as a choice ovdg and x;:

row

— X - X - €°%
V 1 %01 = U(f )" 1- - 9@- o s
(K 1s % 108) r{j{y{ (f(ak.y)- k +(@- k., - d( h(f(ak ) )X (ki 1), %)
+bEV (K, %, a,,)]

In this format, first order conditions can be found for the choice of ko#nd x. They

are:

0=- Uc(ct’xt)
+ bEtUc(Ctﬂ’ Xt+1) @a‘tﬂf l(a'[+1kt) + (l_ d)

- A, f ' (ak )9 (M) T (amka(m)h'(f (@uik)) + 9(m)]}
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fak.s)

h(f (ak..,))
- A (ak, )
U, (€, %) - BEU (Cryr X 1) O
+U,(c, %) (Ciup» X01) @' (M) h(f @k )

The first equation is the first order condition for the choicdpfwhich is equivalent to the

0=U.,(c.,x) Q' (m)C

choice of investment this periog The first term,i U, is the marginal cost of an additional
unit of investment, which is the foregone marginal benefit of an additional unit of consumption.
The second (long) term iseémarginal benefit of an additional unit of investment. It is not
realized until next perigaoit is discounted and taken as an expectation. It equals the marginal
benefit of an additional unit of consumptiobd;) times the marginal effect that integent has
on next period's consumptioithis marginal effect is composed of the three terms icuhlgy
brackets in the secoraihd third lines of the equatiorfirst, the effect depends on the production
function and productivity shock, whighdicateshow more capital can lead to more
consumption. Seconthe capital deprecation raie determines how much of the stock value of
capital remains, and thus the possible consumption in the next p&hod, it depends on the
derivatives of the abatemeritinctionand the emissions functipsince the chosen level of
abatement né period affects how much of this period's investment is available for next period's
consumption.

The second equation above is the first order condition for the choice adllingop
stock x. The first term, on the top line, is positive, and it is the marginal benefit from an
additional unit ofx. That benefit comes from the additional curfeetiod consumption that is
possible with higherx, due to the lower amount abatement expenditure. The second and
third termsare the marginal costappearing on the bottom line as written. The direct cost from
increasing pollution and therefore reducing utilityds. Also, the additional unit ok; this
period increasethe amount of abatement necessary next period to achieve an equivalent level of
emissions next period, thus reducing the budget for consumption next period. This effect is
found in the third term of the equation.

These first order conditions, along wihe constraints and the Markov process governing
the productivity shocks, determine the paths of the endogenous variables. Without a further

specification of théunctional forms in the model, it is impossible to explicitly solve for these
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variables. thus turn to calibration of this model, imposing functional forms and parameterizing

them.

IV. Calibration

The sourcesor the calibration of the model fall into two main groups: macroeconomic
parameters are taken from the RBC literature, and parameters related to emissions are taken from
several studies that estimate the costs and benefits of emissions redugtiereddional
parameter is estimated from the empirical results presented ablegenodel is calibrated to the
US economy, and the polluticonsidered is carbon dioxidbae leading greenhouse gas.

The model is calibrated, not estimated. Real business @miesther DSGE models can
be calibrated using a number of econometric strategies and data. However, in doing so they
typically rely on the firstundamental theorem of welfare economics to ensure that the optimal
allocation, found in solving the DSGE madepincides with the allocation arising from a
competitive outcome, found in the data. Here, as mentioned earlier, this theorem cannot be
invoked, since the pollution externality violates an assumption necessary for the theorem.
Therefore, | calibratene model using previously estimated parameter values where available,
and | estimate one parameter that is not available.

The macroeconomic parameters include a functional form and parameterization for the
production function, the process governing thedpictivity shocks, the capital decay rate, and
the discount factor. All of these parameters are commonly used in RBC papers, and it is to those
papers that | turn for their calibration. Specifically, the values | use here are those used in recent
RBC literature, including Chang and Kim (200&hd pioneering papers, including Kydland and
Prescott (1982).

The production function i$(ak) = (ak)U, where 0 <J< 1 to accommodate positive but
diminishing marginal returns. In most RBC models, two ispatproduction are present: capital
and labor. Then, the production function is Calduglas: f(k,l) = aki*Y The capital share of
income is taken as the valug¢ Here, production has only one input, since | am unconcerned
with the labor market. nlother words, the model here assumes fixed labor inputs and models
only the response of capital inputs to production. The value usdd i®0.36, capital's share

in national income.
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| use a quarter as the period of time. Given that period, cdppaéciationu is found
to be 2.5%, and the discount factoris 0.98627, consistent with a quarterly rate of return to
capital of 1 percent. This is equivalent to an annual discount rate of about 5% and annual capital
depreciation of about 9.6%-inally, the productivity shock evolved according to a Markov
process with the following equation: &= jIn a.; + §, where the persistence paramegeis
0.95, andU is an IID shock distributed normally, with mean zero and standard deviagion
0.007.

Next | use chemistry and economics studies to calibrate the functions regarding
emissions. The decay equation for the stock of pollution in the atmosphere, d x e +
€, contains the parametef which can be calibrated from the half life of atmospheric carbon
dioxide. Thisvalue is not precisely known, and various papers use different estimates. In
models with annual time periods, Falk and Mendelsohn (1993) and Nordhaus (1991) use a decay
rate implying a half life of 139 years. The decay rate used in Reilly (1992) assumes a half life of
83 years. Moore and Braswell (1994) estimate the half life of atmosphesiar@ér a range of
different assumptions, and consequently find a range of assin@an 19 to 92 yeard-or my
base case, | use the value used in Reilly (1992) as a central value. In sensitivity analysis, | see
how the value of the decay parameter affects the results. A half life of 83 years implies a
quarterly parameted of 0.9979. | assume that restf-world emissionse®"; are maintained at
a constant leveE®". Thusfor simplicity international emissions do not respond to domestic
business cycles$nternational business cycles, and therefore international emissierniedy to
be correlated with domestic business cycles (Backus et. al. 1995). Though domestic policy
cannot control international emissions, it may be affected by the fact that those emissions are
correlated with domestic factor productivity. The U$eisponsible for about offeurth of
global anthropogenic carbon emissions,&8t)' is set at three times the steastgte valuef e.

The damages from atmospheric carbon dioxide have been estimated in other papers,
including in Nordhaus1(991, 2008 Bosello et. al. (2006yand Stern (2008)These damages in
this model are captured by the utility functidf(c;,x). | assume for simplicity that consumption
and emissions enter utility separablydwith constant relative risk aversioifheseassumptions
imply a utility function of the form

— C - -
U(C’X)_sl-j @ s)1

c / x

1'/ c Xl'/ X
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The parametersic and Uy are the coefficients of relative risk aversion, and they are both set to
equal 2 (Stern 2008, Weitzman 200The parameteli represents a weighting tveeen

consumption and pollution in utility, and is calibrated from BECE-2007model in Nordhaus

(2008). For damages from COthis utility isareduced fornfunction since damages do not

come directly from the pollution stock, but rather from tempeeaaind other climate changes

that are caused by the pollution stock. Nordhaus (2008) includes a complex carbon cycle model,
where the mass of carbon in the atmosphere, the upper oceans, and the lower oceans dynamically
evolve according to anthropogenitdanatural emissions, and these carbon concentrations enter
into a calibrated function determining atmospheric and ocean temperdtames.| abstract

from those consideratiorand model the pollution stock directtythe utility function. This
ignoressome potentially important effects regarding the timing of abatement. However, as | will
show in the simulation results below, deviations in emissions levels from business cycles have
very little effect on the pollution stock because of the slow detayfaCQ. The damages

from pollution do not change significantly with the business cycle and thus do not affect optimal
abatemenof CO,; for this pollutanit is solely due to the cost side that optimal abatement varies.
Adding an additional delay imé effect on utility of curresperiod emissions, such as would be

the case if the evolution of temperature were modeled, would only further diminish the already
negligible cyclical effects of emissions damages.

The weighting parametei is calibrated in the following way. For a given level of the
pollution stock, | use the equations in Nordhaus (2008) relating the atmospheric mass of carbon
to evolving atmospheric and ocean temperatures to find the path of these temperatures over the
extent of the period of simulatioMNordhaus (2008) algarovides a function relating
atmospheric temperature to cost in terms of fraction of output’laghis represents global
damageshut since my modetonsideroptimal domestic policy wantUS damages. | convert
the global damage function using regionally disaggregated estimates for damages from
temperature changes that are available in the matieitsmentatiort* Even when expressed as
a fraction of output, domestic damages from temperature ekarg less than global damages, a
fact that is consistent with the EPA's Technical Support Document on benefits of greenhouse gas

13 The model's equations are provided in Nordhaus (2008), and the parameter values are available on his website:
http://nordhaus.econ.yale.edu/DICE2007.htm

4 The documentatinis available heréttp:/nordhaus.econ.yale.edu/Accom_Notes 100507 Phé relevant
information is in the table on p. 24
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abatement® For a given level of the pollution stock (assumed to be corfstatitis
calibration), | solve for the path demperature and the associatleanestiocdamages in each
period of the simulation. | then discount those damages to come up with a measure of the
current cost for a particular level of the pollution stock. This is done for 100 values of the
pollution sto& (rangng from 600 to 1200 GtC), anld results are shown in Figure Zhe y
axis plots the value off, which equals one minus the fractionrdoimesticoutput lost from
climate change damage. It ranges from about one at a pollution stock level@i@G00
(equivalent to about 280 ppm G@he preindustrial level), to about 0.9&t 1200 GtC
(equivalent to about 580 ppm @O The 2005 level is about 800 GtC or 380 ppm.COhe
slope of this curve tells me how a change in the pollution stock affetgiat and thus utility
from consumption At the 2005 level of pollution, 800 GtC, the slopé& 1s8A 1°0soa 10%
increase in atmosphermarbonmassreducesy from 0.9%4to 0.9%9. | use this slope to

calibrate 0. Damages from increasinglfution by 10% over the steadyate value (taken to be

1'/x 1'/x

the 2005 level) equdll- s)(lilx—),- - 5)1X -
_/ -

X / x

. This should equal the loss in utilby

decreasindgrom 0.9974 timessteady state consumption to9959 timessteady state
(0.9974&)"¢ s (0.995%)"/
1-/. 1-/.

depends othe steady statéevels of pollution andconsumptionand sod is calibrated along

consumption, ors . This gives a calibrated value fdr that

with solving for the steady state solutioim. the base casthe weight orconsumptioris 0 =
0.0372 This does not mean that utility from consumption is worth less than four percent of total
utility, since the utility function includes the steady state values of consumption and utility, in
arbitrary units. The steady state value of pollution is about 40@ the steady state value of
consumption is about 3. The small valuelbthusensures that the damage function is
calibrated to the simulation results shown in Figure 4.

The abatemerdostfunction g(e;) gives thecost as a ratio of totadutput,of reducing

the fraction g, of baseline emissionslhis function is taken directly from Nordhaus (2008he
function form used isg(/1) = g,n77>. The calibrated value of the exponefit is 2.8, indicating

a convex cost functionThe coefficient, d;, is actually a function of time in Nordhaus (2008),

5 The document can be foundvatvw.regulations.gosearching for “Technical Support Documérenefits." See
Table 1 on p. 12.
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where each time period is ten years. | use the initial value (calibrated to 2005) of 0.05607,
though this value decreases over time slightly (it drops to 0.0392 in 50 years).
Finally, the function mapping output to emissions controlling for abatenienis
estimated from the data described in section I. | impose ailastc form to the function, so
that & = (Li e)h(y) and h(y) =y*>. The parametep is calibrated based on an estimation of
the log of emissions on the log of output, where the regression coefficieit.idRégression
results are presented in Tables 1 and 2. Table Inmethlyaggregate C@emissions and GDP
and perform#ARIMA regressions The coefficient on the log of GD&nges fron0.55to 0.88
In Table 2 the data are annual but available at the state level. Column 2 includes state and year
fixed effects and finds a coefficient of 0.67, while column 3 allows for an AR(4) &arm and
gets a coefficient of 0.34. For the base case valug dluse theesultsfrom the initial ARIMA
regression on the seasonally adjusted series from column 2 of Taiblend an exponent foh
of 1io=0.86. | will vary this parametein sensitivity analysis.
Table3 describes the parameters in the model, gives their calibrated base case values, and

lists the source of each parameter calibration.

V. Model Solution and Simulation

A number of different solution methods are availableolve the parameterized model
computationally One method is value function iteration (VEY)Two disadvantages of that
method are the need for discretization and the potential for computationally intensive (slow)
solution methods. Instead, | solttee model by first lodinearizing about the steady state, and
then analytically solving the system of linear rational expectations equations. This method is
advantageoutr two reasons. Firsthe solution method fast, takindessthan one second an
typical PCcompared to a®hg as several hours using VRBecondhe fact thatt is an analytic
solution removeghe need for discretizing or approximating. Howeutertpmes as aost: the
nortlinear model is approximated as a system of lineaatdops. In this application, the log
linearization should ngiresent too much of a problem, since | am concerned with relatively

small fluctuations about the steady state.

16 See Adda and Cooper (2003).
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The specific solution method used for solving the system of linear equatibies is
AndersorMoore algorithm (AMA), also referred to as AIM or the shooting metdo@iven a
structural model consisting of a set of linear equations where the solution for perérd
depend on the solutions for periods prior to and the expectatigesiods subsequent tp the
AMA provides a reduced form coefficient matrix, which gives the current pdrieariables as
linear functions of only lagged values of the variablgésftware for implementing the AMA is
available; | usermapplicatiorfor Matlabprovided by the Federal Reserve Bank of Boston.
Anderson (2006) compares the practicality of several different methods for solving linear
rational expectations models and finds that the AMA provides the highest accuracy and
significant gaingn computational efficiency.

Solving the modethus depends on a ldmearization of model presented above. This
system of linear equations and the method for implementing the AMA on it are presented in
AppendixA2. The Matlab code is availabbe theauthor's website

The solution provides a set of matrices that describes how the choice vadakles)(
respond to different values of the state variables, k-1, &), as well as different realizations of
the innovation to productivity{). This solution is difficult to interpret, but the results can be
summarized graphically in two ways. First, one can examine impulse response functions: given
an arbitrary noszero value of{J in period t = 0 and no noizero values in any other pedis,
what is the response path of the choice variables? Second, one can simulate a series gf shocks
and analyze the response of variables to those shocks. This simulates the actual business cycles

in the economy and how polican optimallyrespond.

Base Case Simulation

Impulse response functiof@ the base case parametars plottedn Figures 5 and.6
Both figures come from the same simulatadriO0 periodsbuttheyplot different variables
(except for the productivity shocl, which isplotted in both figures) In the simulation, an
innovation to the productivity shocly occurs in period 1. The size of this shock is equalgo
the standard deviation of the innovatiorthe calibrated model. FiguBeplots the value of the

" Anderson and Moore (1985).

8 The software and documentation are available here:
http://www.bos.frb.org/economic/econbios/fuhrer/matlab.htaditionally, Zagaglia (2006) summarizes
implementation of the AMA using Matlab.
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productivity shock a along with economic variables traditionally seen in RBC models: output
y, capital stockk and consumptiort. Figure6 repeats the pldhe productivity shocl, while
addingthe response of three variables related to pollutioatesientz, singleperiod emissions
e and pollution stockx. The path of the productivity shoak both of these figureis
exogenous; it decays at the rgte- 0.95. The value of output is also decreasinglong with
productivity. Output is not perfectly coincidental with productivity, since the choice between
allocating resources between production and abatement is altered by the productivity shock. If
the capital stock were kept fixed at the steadyestatue, then the and y curves would be
coincidental. Figur& shows, though, that capital is responding to the increased productivity.
Moreis being invested, and thus capital is higher than it is in the steady state. Because capital is
a stock god, its peak does not coincide with the productivity peak in period 1. Capital peaks
around period 2Qyear 5) Similarly, consumption is higher thanks to the increased productivity,
but its peak occurs around period THe lag between the peak of dumtivity and the peak of
consumptionis not because consumption is a stock; it is not. Rather, it is a function of the
resource constraint each period, which is dependent on capital, a stock.

Figure6 shows how optimal emissions policy respondh&oproductivity shock. The
path of productivity is includedgainin Figure6 for comparison. The increased productivity
induces an increase in abatement expenditunehich peaks at around period.18lthough
more is being spent on abatement, tieeaase in output means that emissions will be higher for
a fixed level of abatement. It is thus unclear in which direction emissions will go, but Eigure
shows that emissione are higher after the productivity shockhis demonstratethe fact that,
in the base case calibration of the model, the income effect is dominatesibice effect.
Higher productivity yields more income, and the absence of pollution is a normal good, so less
emissions will be demanded. On the other habatesment is cdber with high productivity, so
the priceeffect causes more emissions to be demantsthgthe static model, | presented
conditions under which either effect might dominate. While the lack of an analytical solution to
the dynamic model precludasal@ous conditions, the simulation here identifies which effect
dominates? Finally, note that the curve for pollution exhibits two striking features: it is of a

¥ The income effect being dominated is unsuipgigyiven that it comes from a temporary though persistent shock

to income, which is small compared to permanent income. A two standard deviation positive shock to productivity
increases total discounted output by less tharhomelredth of a percent, c@ared to total discounted output with

no positive shock.
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much smaller magnitude than the othewves, and it is more persisteriiven after 100 p&vds
it has just barely reached its peak and begun to fall. Both of these features are due to the fact that
the decay rate for C{s so low (= 0.9979), so a change in any one year's emissions has little
effect on the total stock, and deviations from $iteady state of emissions take a long time to
decay.
What do these impulse response functions say about how optimal policy regpond
productivity shocksfor the base case given by these paranfet@twee qualitative lessons can
be learned. Firsgptimalemissionsareprocyclical; that is, periods of higher productivése
allowed higher emissions. Second, to a first order, a policy that pegs allowable emissions to
GDP is optimal. Comparing the curve fgrin Figure5 to the curve fore in Figure®, it
appears that these two values are almost identical in shape. Thitlhgh&udes of the
adjustments tthe pollution stoclarequite small, because of the low decay rate of emissions.
Next, | simulate a draw of productivity shock innowats J from its calibrated
distributionand see how the economy responds to that safrisocks This is a simulation of
an actual RBC economy, as opposed to the impulse response functions, which are abstractions
designed to see the qualitative natofeesponsesThese simulations cannot explicitly show
how individual policy variables respond to particular productivity shocks, but they can provide
summary statistics of the nature of the business cycles under the optimal solution, such as the
standad deviations of output and emissions, or the covariance of output and emissions.
Each simulation is of course dependent on the particular draw of shocks. Figure
presents the results from one such drawe curvewith no markings output. After an intial
20 periods of fluctuations near zero, the economy experiences a long expansion followed by a
long recessionAgain, this is the result of this particuldraw; another draw may vyield a
different qualitative patternThe curvanarked withsquaress emissions; itlosely follows
output. This conforms with the impulse response functions, where the curdesafat e were
closeto each other Thecurve marked witltirclesin Figure7 is the capital stockThelag
between the peaks of capital ahd peaks of outgi is consistent with the lagged peak found for
capital n the impulse response function; it is because capital is stock that accumulates over time.
Finally, the curvemarked withtrianglesis the pollution stock. It appears almost flat, though it
actually fluctuates somewhat. As in the impulse response functions, its small magnitude is due

to its very low decay rate.
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In this particular simulation, the standard deviation of the cyatiealponent of output is
1.4%, almostthe same athe correspondingalue in the actual US econor(i.31%) The
standard deviation of emissions 19T, which is quite lower than in the US econo(y04%)
However, this simulation represents optimal esoiss policy and therefore is not expected to
matchthe data.The correlation coefficient between output and emissions is 9,.888in
conforming to the findindpere:a policythatpegs emissions levels to output is a good-tirser

approximation of opmal policy.

Sensitivity Analysis

The results presented thus far are taken from simulations using the base aastgpar
values, listed in Tabld. Sensitivity analysis can be done by varying these parameters and
seeing the effect on policyOne paraneter that may be of interest is the decay rate of the
pollution stockd. In the base case this value is 0.9979, meaning thast@g in the
atmosphere for a long time after it is emitted. How sensitive is the optimal policy to this
parameter? Fige 8 suggests that the answer is not very sensitive. It plots the impulse response
functions to the same orstandaredeviation shock to productivity as was simulated in Figéres
and6. It only presents the curve fa; but it presents the curves the solution under six
different values ofd, going down all the way to zero, representing a pure flow polliikant
SO, or other precursors of ozone like NGBurprisingly, the results are not very sensitive to this
parameter Even when pollution ipurely a flow, the optimal emissions path is almost identical
to the one in the base case, in which,®@s a long halfife.?° Figure9 shows the optimal
impulse response functions for the pollution stock. Here, the differences are clear, and they are
due to the different decay rates of the pollution stock.

A key area of uncertainty regarding the effects of climate change is thetatsgof the
damages it may create. The parametethe weighting parameter @missionsiamages in the
utility function, is calibrated fronestimates of proportional losses to world output arising from
specified concentrations of atmospheric,@® desribed in the previous sectiotowever,
these estimates avacertain. Thus, | perform a sensitivity analysis on the weighting parameter

0. Figure D shows the impulse response functiomsthe optimal emissions levelsfate

2 Of course, the impulse response functions plotted are in proportional change from thestteadsiue, and the
steadystate values of the variables differ under each parameter set.
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different values oftl, including the steady state value 0872 A lower value of( indicates
that damages from pollution count more in social welf&@®r most values ofl, including the
steady state value and any value at least 0.01, the paths of emissions aiendarte Despite
the large variation inll, emissions deviates from the steady state in about the same pattern for
these values ofl. For these values, damages from pollution are a sufficiently small component
of total utility that the price effect damates the income effect. Emissions rise during high
productivity periods because the price of abatement is too high.optimal level of emissions,
in respons&o an identical onstandaredeviation productivity shock, is alwaystially higher
thanin the steady state, btite deviation from the steady state hasnallermagnitude ag]
decreases

However, br (=0.001, optimal emissions are initially higher than the steady $tatd
but fall back to the steady state level faster than they do under simulations with higher values of
0. In fact, for this value ofd, emissions actually dip below the steady state value around period
30 and before gradually coming back to the steady sBeeaise the damages from emissions
are higherthe income effect of demanding more abatement is relatively stronger than it is under
the other values ofi. Thus, after period 30, the income effect begins to dominate the price
effect. Since the effects ofdtpositive productivity shock remain throughout this simulation,
abatement is still more expensive than in the steady state. However, the pollution stock is higher
than the steady state level, and under this simulation pollution is very harmful, scottne in
effect pushes for more abatemerithe evolution of the pollution stock for the safive
simulations is shown in Figurell The pollution stock begins to fall sooner with tineer
values of I, because emissiomselower in these simulationsvith the largest dropff coming
from the lowest value ofl.

A third parameter considered in the sensitivity analysig, ishe social discouractor.
This parameter is at the center of much debate over appropriate policy responses to climate
change, sice damages occur far in the future (Stern 2008, Weitzman 2007, Nordhaus 2007).
The question about the appropriate discounting of damages to future generations is somewhat
tangential to the question at hand here; | am concerned withrahdstisiness cyes and not
long-run policy. Still, it is useful to consider the impact of the discount rate on the results found
in this model.Figure 12 models impulse response functions of emissions, in deviations from the

steady state value, to three different valta the discount factor in addition to the base case
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value of 0.98267. Figure 13 presents impulse response functions for abatement spending, again
in deviations from the steady state value, for the same four values\Mith a lower discount
factor b, society is less patient. Whénis 0.9, the relative value that society places on future
periods compared to current periods is tess it iswhen b is 0.99. Figure 12 shows that when
b is 0.9, emissions are higher in the first half of the-périod simulation and lower in the
second half than wheb is 0.99, in deviations from the steastate values. This seems
counterintuitive:one might think thaa less patient society wants to push emissions farther into
the future than a more pattesociety. However, Figure 13 shows that witeris 0.9,abatement
spending is higher in the first half of the simulation and lower in the second half tharbwiken
0.99. The less patient society does in fact spend more on abatement in the reeantutess in
the far future than does a more patient society. The less patient society's emissions are higher
than the more patient society's emissions in the first half of the simulation because output is also
higher in this less patient society. Ispense to the same positive productivity shock, the less
patient society (withb = 0.9)produces more in the near future than does the more patient society
(with b=0.99), increasing emissions in the near future despite higher abatement spending.

The last parameter upon which | perform sensitivity analysts ihe parameter that
defines the elasticity of emissions with respect to output when abatement is held constant. In
Figures 14 and 15, | vary i1o, the elasticity, from 0.25 to 1.2.h& base case value of this
elasticity was 0.696, but the estim&tam Tables 1 and 2aries across columndlthough all
columns those tables find that emissions are inelastic, | allow tb take the values of 1 and
1.2. Figure 14 plots the deviat from steady state in emissions resulting from a one standard
deviation positive productivity shock. Higher values of dimply a higher deviation from
steady state of emissions in response to the shock. Even if the change in output wasenb differ
between the five simulations shown in Figure 14, these results are expected, since the parameter
that is varied gives the response of emissions to changes in output. Figure 15 shows the change
in abatement spending between filke values of I 2. When the elasticity is higher, abatement
spending is higher. Thus, though emissions increase more with a higher elasticity, optimal
policy dampes this change by increasing abatement spending when emissions would be the
highest. Optimal policy dampende cyclicality of emissions at a higher rate the higher is the

elasticity of emissions with respect to output
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All of the simulations come from a shock to total factor productivity, which creates both
an income and a price effect as described earlidreistatic model. This is a departure from
much of the literature that models a reduced form abatement cost function with potential shocks
to the slope of that function. In that case, when the value of the shock is known by both firms
and regulators, thgolicy implications are clear since only a price effect arises: when abatement
costs more, optimal policy is to abate less. This model can include shocks directly to abatement
costs, and it can make those shocks autocorrelated, by including a shorktterriinearized
equation for abatement cosg. (When such a shock is simulated in this model, the expected
result is reached. During periods of high abatement cost, optimal policy is to abate less.
However, the focus of this paper is to extend bdymmodel with direct shocks to abatement,
and to consider instead aggregate productivity shocks, where the direction of the response of
optimal policy is not as clear.

VI. Decentralized Economy

The model presented and solved above represents a saoiaps problem: the
representative agent can choose investment, consumption, and emissions simultaneously to
maximize total discounted utility. Thus, all externalities are internalized. If the goal is to find
optimal environmental policy in responsectwrrelated productivity shocks, then this model is
helpfulto find the levels of these variables that would maximize utility in the presence of these
shocks.However, he model does not explicitgpecifythe particular policy that a government
can takea achieve these first best results in the presence of the environmental externality. For
this problem, I turn to an extension of the model where deeigiking is decentralized among
competitive firms, utilitymaximizing individuals, and a benevolent gavment. | consider two
types of government policies: an emissions tax on firms, and a quantity restriction on firms'
emissions.

First consider the behavior of the representative firm. It seeks to maximize profits by
choosing the appropriate level optal and abatement. Its profit function is

"= flaes) T Uan i rika T 2,

where { is the emissions taand r; is the endogenously determineust ofcapital. The price
of output and the price of abatement are both normalized to one. The firms maximize profit

subject to the emissions functian= (1i &;) hf(ak.1)) and the abatement cost functian=
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f(aki-1)g(gt). In the event of a quantifyolicy, where firm emissions are fixed at the quantity
the firmsare also subject to that constraint.

With a tax policy, the firm's profit maximizing behavior sets the marginal value product
of capital equal to the rental rate and the marginalevptoduct of abatement equal to its price,
normalized to one. Thus,

re= af (ake1)[1 T (LT e)h'(fake1)) T g(en)],
Uh(f(ak-1)) = fake1)g'(9).
On the other hand, a quantity polidges not have an explicit price for a unit of emissions, but
the quantity restriction does create a shadow BticEhe constrained optimization problem is to
maximize f(ake1) T rikes 7 z such that(1i ;) M¥(ak.1)) = ¢ and functionz = f(ake.1)g(sy).
Solving this problem using the Lagrangian method yields the following equations:
re=af'(ake){1 7 g(ey) 1 (11 e)h'(f(ake-1)) Af(acke1)g'(e0)/N(f(acke-1))},

(i &) hif(ake1)) = qc
The second equation is just the quantity constraint. The first eqimaoalogous to the first
equation under the tax policy, and it demonstrates that the shadow price on a unit of emissions
created by the quantity constraintfigwk:.1)g'(€:)/h(f(ak:-1))-

Next, consider the behavior of the representative consumer. The consumer is the owner
of capital and rents it out at the market rate The emissions policy, either the level of the
emissions tax or the quantity, is determined exogenousli@mce taken as given.

Consumption and investmeate chosesubject toa budget constraint

a+i O ki + @F
The consumer's income in each perodhes from three sourceke rental incomé&om the
capital owned by the consumer and rentethieyfirm at rater;, the emissions tax revenues
collected by the government and returned to the consumer, and the firm prodéshe firm is
owned by the consumelnder thequantity constrainpolicy, no emissions tax revenues are
earned and thutis term is absent, both from firm profits and from the consumer's budget
constraint. The consumer does not directly spend anything on abatement; that decision is made
by the firm and taken as given by the consunidre consumer's maximization problesn i

2L A tradablepermit scheme creates an endogenous, explicit price of emissions. In this aggregate model with one
representative firm, tradable permits are identical to a fixed quantity policy. The key difference between the tax and
guantity policy is that, in the tgolicy, the price is set by the government and the quantity of emissions determined
endogenously, while in the quantity policy the quantity is set by the government and the price determined
endogenously.
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max q b'U(c,x), such that
Cenle

c +i, ¢rk_,+7.e +p,
X =X, e +e,
ko =@- Ak, +i,
along with the equations from the firm's decisions determimjn@, and ". Thus, the
consumer has no direct control over emissions; they are an extefhality.
The consumer's problem cha expressed as choosing a paki} {o maximize total
discounted utility. The consumer treats the policy variable as exogenous, whether it is a tax or a

guantity constraint.The first order condition for the choice &f is

. dr,, dp,. de,
FUL0x) + BEU (G ) Qs+ *%ﬁf”tﬂdikf*“' )

+ bEtU X (Ct+1’ Xt+l) o‘;Xt_k:l = 0

The total derivativeddri.1/dk, d +1/dk, de.1/dk, and dx.1/dk accommodate the fact that the
consumer's choice of investment in this period, and hence capital available for next period,
affects the equilibrium values of the capital rental,rateissionsand profitchosen next period
by the firm. Therefore, while emissions are not directly controlled by the consumer, their level is
influenced by the consumer's investment decisions. Furthermore, in the quantity polidy case,
=0, andde.1/dk = dx+1/dk = 0, since the exogenous quantity policy precisely determines the
level of emissions and hence emissions are unaffected by consumer investmentTdimice.
expressions for the total derivatives that appear in the first order condgigivan in the
Appendix A3.

A benevolent government chooses the optimal value of the policy variable given the
behavior of the firm and the consumém.other words, the government chooség pr {q} to
maximize total expected discounted utiliggyen the constraints from the firm's profit

maximizing behavior and the constraints from the consumer's profit maximizing beffavior.

2 |n this model with one consumer owning the onmfithe pollution externality may be internalized if the
consumer controls the behavior of the firm and departs from pnafiimizing behavior because of pollution; see
Gordon (2003). However, | assume that the externality is not internalized and tfiraih tb@ntinues to maximize
profits.

% The government is able to dynamically adapt the policy in light of new information on productivity shocks and
state variables. This is thus a "feedback" policy, as defined in Hoel and Karp (2002). The alteraatiopén

loop" policy, where the government must choose the entire policy trajectory at the initial period. This other
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Because the government is modeled as benevolent, it has the same objective function as the
consumer. Thus, the solutitmthe government's problem is equivalent to the solution to the
problem where the consumer's decision and the government's decision are made simultaneously.
This equivalence disappears when asymmetric information exists between consumers and
governmenta case that will be examined later. But here | take advantage of this simplification
to ease the solution of the government's problem.

Underthe tax policy, the action of the governmento choose thpath oftax ratesto
maximize utility. This yieldshe following first order condition fokg

o dr, d,ot de
) - +l._ U —:0.
Cx) B g+ gt r e+ TR UL(G )

A marginal increase in the emissions tax has a marginal benefit of decreasing current period
emissions, represented in the second term of the above equation. It also comes with a marginal
cost, which is the foregorairrent period consumption, represeritethe first term. These
effects depend on the total derivativels/ ¢ O / ¢ @nd da/ @ Which arederivedin
Appendix A3.

Under the quantity policy, the government's first order condition for the choigeisf

L9 dk,

U 1
(G %) Ok, 1dq dq

d
+Ux(ct,>q)d—)<‘-

As with the government's first order condition for the tax policy, this equation represents a
tradeoff between the marginal benefit of reducing the emissions cap (the second term) and the
marginal cost of reducing the cap (the first term). AppendBsdves forthe terms in brackets.
From the pollution decay equation= d % e+ €°"; and the policy constraing = q, it is

clear thatdx/dg = 1.

The equilibrium under each policy contaglsvenvariables. The policy shock; is
exogenous. The firm's first order conditions determipnez, and ;. Consumptionc; is
determined bythe consumer's budget constraint, and firm profitdy the profit equationThe
flow of emissionse is determined by the emissiorguation g(z)f(ak:.1), and the stock of
pollution x; by the expression] x + e+ €",. The consumer's first order condition determines

k, and the government's first order condition determines the policy variables, @ithren.

extreme, as well as other policy options along the spectrum between these two extremes, is considered later, when |
allow for informatbn asymmetry between regulators and firms/consumers.
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Lastly, the production function determings Thus, theslevenunknowns are determined by
elevenequations, defining the equilibriunT.he solution can be found computationally by-log
linearizing the system and using the AMA.

Figures B and I7 presensimulation results frondecentralized economies where the
government has the option of a quantity policy and a tax policy, respectively. In both
simulationsthe parameters are kept at the base case values. Both simulations use the same set
of productivty shocks, but each economy is solved independently to allow the government to
optimize based on the instrument available. Figérehbws the cyclical components of output
y and the chosen emissions quota legefor a 100 period simulation. As ihd centralized
economy, the optimal level of emissions closely follows output. During expansions (such as the
long one that occurs between about periods 20 and 6@hdseremissions quota rise
because abatement is relatively more expensive whesienssare higher.

Figure T7 plots the cyclical component of outpyf the emissions taate ) and the
resulting level of emissions. Again, the optimal level of emissions closely follows output;
emissions are procyclical. However, this is ndtiaved by reducing the emissions tax during
expansions, as might be intuited. The emissionsstalso procyclical How are higher
emissions achieved in expansionary periods from higher emissions taxes? Because productivity
shocks affect abatement t&the marginal cost of abatement is higher during expanskiss,
the stock of capital responds positively to productivity shocks, and a higher level of capital
increases baseline emissions. Without an increase in the emissions tax during expansions,
emissions would increase more than optimally during these periods, and a countercyclical tax
policy wouldexacerbat¢he problem.The simulations under the centralized economy show that
optimalemissions policys procyclical, with enssions rising durig expansionsHoweverthe
tax policy simulations show that in an important way the policy is countercyclical, since the
emissions taxateincreasing during expansions means that emissions are lower than they
otherwise would be during expansions.

The followingfour observations can be garnered from this simple extension of the model
to a decentralized economy. First, with either a quantity policy or a tax policy, the government
can achieve an emissions path that is equal to the first best gaibndSalthough emissions
follow output, rising during expansions and falling during recessions, this is achieved with a tax

rate that rises during expansions and falls during recessiketsause abatement is costlier



34

during expansions, the emissions tanst rise to keep emissions from overshooting their optimal
trajectory. Thirdthe volatilities of thedax and quantity policies are about equ@ne may think
that an emissions taxould have to vary less with productivity fluctuations thvaould an
emissions quota, though this turns out to not be the?aBeurth and finally, a potentially
interestingpolitical economy observation can be made. During recessions it may be politically
difficult or infeasible to get an emissions policy strengthenedswoers and producers will
likely lobby against anything thatayincrease costslf the policy is an emissions quota, then
optimalpolicy is strengtheneduring recession@he quotds reduced). Howeveif the policy is
an emissions tax, i weakenedluring recession@he taxis reduced).Weakening policy during
recessionsnay be more politically feasibt@an strengthening policy, perhaps suggesiimg
advantage of taxes over quotas in their ability to respond to productivity fluctuations.

These obervations must be made with an important cavéétile information
asymmetry between regulators and consumers or firms ketheomponent of the "prices
versusquantities” literature pioneered by Weitzman (19%4g,specification here has such
information asymmetry. Firms, consumers, and the government all face uncertainty about future
values of productivity, but each agsnhformation set is identical: they observe lagged values of
the stock variables.; and x.; and the currenproductivty shock a;. To the extent that the
simulation results here suggest that prices may be preferable to quotas due to thetlfect that
optimal tax drops during recessions and rises during expan#i@emits considerations of
information asymmetriesPrevious studies find that those considerations tend to support taxes
over quotas as the optimal instruméntCQO, (e.g. Newell and Pizer 20Q3his study suggests
an alternate reason for the same conclusion.

The model can be extended to consider the effects of information asymmetry on optimal
policy in a decentralized economy. Téeonony with a tax policy andhe onewith a quantity
policy eachcontaina first order condition for the government's choiceTiis equation is based
on the same information that consumers have at timamely, all variables at timg 1 as well

as the realization of the current period shagk If governmenhas to set the tax or quota each

# Intuition might prescribe that, since the pollution stock is not varying by much, the marginal damages from
emissions are not varying by much, and thus the emissions tax should not vary by muched coniier quantity
restriction. However, the government's first order condition for the choice of the emissions tax equates marginal
costs with marginal benefits, where marginal costs are from foregone consumption. Since consumption is changing
with thebusiness cycle, the marginal cost of the emissions tax is also changing. It is this variance in consumption,
not in the pollution stock, that leads to the variance in the emissions tax.
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period before it observes theosik then that first order condition will not hold. Instead, the
government may choose a tax level based on whatever information set it has available. For
example, the tax level chosen in peribanay be a function of the value of the productivity
shockobserved in periodi 1, or of the value of output in periaiil 1, or a combination of both.

In this caser limited information the government's first order condition in the model is
replaced by a linear equation relating the current emissions ta&gpecified variables. The
resulting system, if it is still linear in proportional deviations from steady state values, can be
solved with AMA, and the dynamics can be evaluated.

Next| consider the results of some simulations of these models withmatan
asymmetryfocusing on an econoy with a tax policy. Figure 18resents a simulated economy
for 100 periods under a draw of productivity shocksch of the four panefgesenta
simulationunder the same draw of shocks butddatifferent tax plicy rule. The first panel
presents the first best result, where the government can observe the current period productivity
shockand set théax accordingly (as in Figure L7In all four paneldor all simulation period$
plot the proportional deviain from steady state of the productivity shagk the emissions tax
§, expenditure on abatement and the resulting fractional decrease in emissgnsThe first
panel shows that the optimal teateis pracyclical. During an expansiosuchas the large one
from periods30-50, the emissions tax rise As a result, expenditure on abatemerit also
procyclical. The fraction of emissions controlle, is also procyclical but with a much smaller
magnitude.

In the next three panels desider three different constrained policies under information
asymmetry, where the government cannot observe the current period productivity shock.
Instead, the government employs a simple linear rule for the emissions tax in each panel based
solely on bhe lagged value of output. In the first of these simulations (labeled "Constrained
A"), the emissions tax in periotl is set so that its proportional deviation from steady state is
exactly equal to the proportional deviation of output in peticd For example, if the
government observes that output is 1% greater than the steady state level irtideribcets
the periodt emissions tax equal to 1% higher than its steady state level. In this simulation, the
tax is also procyclical, by cstruction. The volatility of the tax is higher than in the first best
case; it rises more during expansions and falls more during recessions. As a result, the path of

abatement expenditure is still procyclical and more volatile.
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The simulation preserddan the next panel ("Constrainéd") arises when the
government's tax rule is exactly opposdaghe onean the previous panel. Here, the emissions
tax is set to equdhe negative of lagged output in deviations from steady. sfidtas, in the
expangn from periods30-50, the emissions tax falls below its steady state value. This
countercyclical emissions policy induces countercyclical abatenzealso falls during
expansions and rises during recessions. The proportional magnitude of theislzdroge equal
to the magnitude of the change in the tax réttecontrastfor the previous constrained policy,
the change in abatement was about twice the change in the tax rate. Thus, abatement is not a
function only of the tax, but also of other \adsles in the economy. During periods with high
productivity, abatement is relativetigore costlythan during periods of low productivity, since it
diverts resources away from production. Yet demand for abatemeror clean air increase
since he econmy is richer When the emissions tax rises during expansions, abatement
increases at a rate even higher than the change in the emissions tax, due to this additional income
effect. However, when the tax falls during expansions, as in the "B" simuldiiatenaent falls
too, though by a lower magnitude, mitigated by the positive income effect.

Findly, the last panel of Figure J&esents results from a simulation where the
government's rule is simple: the emissions tax is staticis the curve in the goh for the
proportional deviation from the steady state of the tax is constant at zero. Note that abatement
increases duringnyexpansionsfrom an income effect. However, the ratio of emissions abated,
e, actually falls slightly during expansions. hyis abatement procyclicathile the fraction of
emissions abated countercyclical?It is because of the functional forof the abatement cost
function: z/ly = g€). The fraction of emissions abated is a function of the fraction of oytput
spent @ abatement. In the final panel of Figure 18luring expansiong rises, yety rises as
well, and it rises by more than does Thus, ¢ falls.

The simulations in Figure 1&plore how the economy responds to a suboptimal
government policy thds constrainedby information asymmetry. These are just three particular
tax rules that the government can employ when their information set at peigsdomnited to
information fromti 1, such as lagged output. Other tax rules can be considestedling
functions of other lagged variables or lagsateee than one period. Figure ¢8uld also present
curves for emissions or pollution stock under the other tax rules, as well as economic variables

like consumption, investment, or capital stock. In fact, these variables change very little from
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the first best under the simulations witifiormation asymmetry, and the resulting curves are
almost indistinguishable. For example, even though abatement is countercyclical in simulation
"B", emissionsareactually procyclical, athey aren the first best simulation, and the magnitude
of thechanges is almost the same. Why do these other variables change so little under
information asymmetryhe answer is that in the calibrated steady state, abatement spending is
quite low relative to the budget constraint. The steady state fraction sdiens abated is
threepercent. To maintain this level, only a tiny fraatiof output must be spent on abatement.
Thus, the changes in abatement angdhown in Figure 18within £5%, do not result in

noticeable changes in emissions, nor do thiacathe rest of the budget constraint. Hence
consumption, investment, and capital stock do not bgipuchfrom their steady state values
under information asymmetryConsequently, social welfare as a function of consumption and
pollution does not varpy much, and in fact the variability in social welfare arising from
productivity shocks dominates the variability between the first best and the information
asymmetry policies.

The optimal tax or quantity policy under information asymmetry can thus rioubd by
maximizing realized social welfare under different shocks. Instead, | calculate the optimal
policy by matching the impulse response functions of consumption and pollution (the two
variables entering the utility function) for the fiutsést poliy and the constrained policy. For
example, in the case of a tax policy, suppose that the government is constrained to set the tax in
period t, in proportional deviation from its steadtate value, as a linear function of the
deviation of output in peod ti 1. The policy isY=  diAwhered is a policy parameter
representing how the tax should respond to lagged output. The optimal policy is found by
choosing the value ofl that minimizes the difference between the impulse response functions
of consumption and pollution under the unconstrained and constrained scEh&ooshe tax
case, this value is 0.795; the optimal tax in pefiashould be about 80% of the deviation from
steadystate output in periodi 1. For the quantity policyhe value i9.671. As in the optimal
solution with no information asymmetry, both the optimal tax and the optimal policy are
procyclical. The optimal quantity varies slightly less with the cycle than does the optimal tax

policy.

% | minimize simply the unweighted sum of deviations, in absoluteevaletween each period's value of the
impulse response function for a simulation of 100 periods. Results are robust to the specification of the minimand,
including a sum of squared differences.
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VIl . Conclusion

Economc fluctuations have real effects on policy, including environmental policy.
During the 2002001 California electricity crisis, the Regional Clean Air Incentives Market
(RECLAIM), a cap and trade scheme in Southern California feraB® NQ, emissions, was
suspended. raitters were effectively allowed to emit withopaying any price. Recessions
often motivate policy makers to enact significant policy changes, such as tax rétbegsnay
alsoavoid implementingostly policies; the failu of a prominent climate bill in the US Senate
in June 2008nay be attributech part to fears of increased energy costs in the face of an
upcoming recessiorPresumably, under a national greenhouse gas policy, the incentives will
remainfor policy makergo respond to ebbs and flows in the economy by altering the stringency
of such a policy. Howvould policy optimally respond?

To answer that questiondgnamic stochastic general equilibrium business ayaidel
is calibrated to an economy that featudesnages from the stock pollutantloamn dioxide A
first-best solution to the social planner's problem finds that the optimal level of emissions
increass with productivity. Thus, a quantity poliayg relaxed during economic expansions and
tightened dung recessions. Thigsult is attributed to ancome effect, in which economic
expansions create a higher demand for cleawatvweighingby a price effect, in which
achieving a particular level of emissionsrisre costlyduring an economic expansibecause of
increased productivityThis result seems to be robust to varipagameterizations of the model.
Finally, a decentralized model is presented, where firms maximize poafitsumers maximize
utility, and the government chooses a tax or gtyapblicy to maximize social welfare in the
presence of the environmental externality. This masblved to see how asymmetric
information affects the results of the model, as well as how it affects the choice between prices
and quantities.

The modemakes several simplifying assumptions tteat be relaxed to answer other
important questionsBecause it contains only one representative agent, the model says nothing
about distributional issues, either in the casigosed by th@olicy or the benef# from cleaner
air. Because it contains ontyie representativim, the model cannot address the cost
advantages of taxes or tradable permits over command and control policies in the presence of

heterogeneous abatement costs. Labor is not includedimgud to production, so the effect of
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business cycles on employment is not considered here, though that area has been studied
extensively in the RBC literaturdBehavioral anomalies are not modeled here; the representative
agent is rational. This mayebelevant to how policgouldrespond to business cycles. For
example, if agents exhibit loss aversion, optimal policy during recessions may be inipacted.
The model is solvelly makinglinear approximations about the steady state. As the magnitude
of business cycles increases, these linear approximations to deviations of the model's variables
become worse, so that a solution method which does not require a linear model becomes more
important. Lastly, the model presented is a quite basic DSGE busigelesmode] where the
only stochastic element is an autocorrelated productivity shock. Other elsoemrismes
included in DSGE models, including intermediate goods producers, Keynesian price dynamics,
and monetary effects, are omittgd.

However, this pper presents the first study of how productivity shocks affect optimal
environmental policy in an RBC context. Dynamic considerations are impatahtheextent
of their importanceartially depends on whether pollutigna stockor a flow. Federal
regulation to mitigate climate chga appears imminegnand considering the implications of
business cycles on policy values is likely to be an important component of achieving efficiency.
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Appendix
Al: Comprative Statics of Static Model
Applying the implicit function theorem to the first order condition of the static model
presented in section &fter setting the production function to be lindgak) = ak), the effect of
a change in the income shotkon capital can be written as
dk _-d"g'ak(- g'k+g)- d'(-kg'+g’)

db d"a(- g'k+g)? +d'(kg'-2g')

In this expressiond' is shorthand ford'(e) evaluated at the equilibrium, and likewise for first
and second derivatives @ In the denominator, all of the terms are positive defiriitee
numerator isalsopositive definite, thus indicating that an increask ileads to an increase ik
The effect on abatemert can be solved by taking advantage of the resource constkairs =
b. This implies thatdzZdb =171 dk/dh Usingthe expression fodk/db in this expression for
dzdb, it can be shown that

dz_ d"(-g'’k+g)ag- d'g

db d"a(- gk+g)’+d'(kg*-2g")

Again, the numerator and the denominator are both positive, leading to the result in the text that
an increase irb leads to an increase in bokhand z.
The effect on emissions is found from the emissions equa&tiof(ak)g(z), so that
de/db = g(2)f(ak)dz/db+ g(z)af'(ak)dk/dh Substituting in the expressions fdz/dband dk/db
and settingf(ak) = ak yields:
de_  -dag”k- gkd'+gg
db d"a(- gk+g)’+d'(kg*-2g')

All terms in the numerator are negative. Thus, emissions decreases with an increase in income.
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The response of optimal policy to a change in the exogenous productivity ahcek
also be found using the implicit function theorem:

dk _ 1- (- g'k+g)(d'+d'" gka
da d"a’(-g'k+g)’+da(g'k-2g)"

The denominator igist a timesthe denominator from the earlidrréeexpressionsand
therefore positiveand the numerator can be broken up into parts which all can be signed, as
written in the text.The resource constraitkt+ z = b implies tha dk/da =7 dz/db Finally, the
effect on emissions can be found from taking the derivative of the emissions equdatfita =
af'(aklg(z)dk/da + {ak)g'(z)dz/da Substituting in the appropriate expressions and simplifying
terms yields

de - g'k+g+d'gk’g"-d'(g®+g?k?)

da d"a(-g'k+g)2+d'(g'k- 2g')

A2: Linearizing and Solving the Dynamic Model
The equations describing the model as presented in Section 3 and parameterized in
Section 4 are the following:
Ina = 4ina. + U
= xe+e%

¢ =(ak.,)? - k +(@1- Ok, - ¢m* (ak.,)?

1-s) s) bsh

—qlqzm"z (ak. )" 11- 9)- % (a,k) - 9) =0

t t+1

S
/e

kM- g™ (A 9)A- myy) - gm1+(1- d)} =0

Ct Ct +1

& =@1- M)(ak.,)*"?
The first equation described the Markov process governing the productivity shock; the second
equation describes the evolution of the pollution stock; the third equation is the budget

constraint, where expenditure on abatemzns replaced with the pamgeterized value of
g,m™(ak_,)?. Thenexttwo equations are the parameterized and simplified versions of the

first order conditions for the choice of pollutioa and capitalk;, and the final equation is the

emissions function.
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The models solved by linearizing about tiséeady state, so first a steatgte solution
must be found.This is done by dropping the time subscripts from each of the five equations
governing the dynamic model ardlving. Additionally, the steady state value tloe
productivity shock is set to 1, and the steady state value effresirld emissionse™®” is set to
three times the value of domestic emissions, so that the steady state version of the second
equationisx = d X3e. An amalytical solutiondr the remaining steady state values cannot
be found, but the system of equations can be reduced to just one equatioonikrawen: €. In
the fifth equation¢ drops out in the steady state, so it can be used to sol\ke dgra function of
€. Plugging this into the third equation givesas a function ofe, and into the second equation
gives x as a function ofe. Finally, all of these expressions can be plugged into the fourth
equation, which can be solved numerically tor

Thesix equations can then be Kigearized about the steady state values otthe
variables.Using a tilde to denote a proportional deviation from the steady state value of a

variable, and a bar to denote the steady state value itsedfxiireearized egations are
a=ra,+e
% - 1%, - (1- h)& =0
CG, - k* (a8, +ak,,) +kk - (1- O)kk,, +q,717k* (@, + a8, +ak.,]=0
1-s)

S a1 a .~ ~ ~ ~ L~
——a.q,1 'k WU g)l-/ & +(q,- Dm+a g +a lg.,)]- = (-/ X)
¢V X

b S h — z'l_ag . o~ ~ ~ -~ _

- C/C VQlQZIrﬁ k (1- g)[_/ cCt+1 +(q2 - 1)”?+1 ta g+1 ta g)] =0
s .- bskEt . _ - ~
oG +(_:,—-C['/ Cuy T a8, +(a - Dki]
bsa,. - ~ ~ - .~
- C/C ﬁ- lqlqznfz 1(1' g)[aat+1 +(a - 1)kt +(q2 - 1)I77+1 -/ cCt+1]

bsa, _ ~ ~ - .~
+ 5/° ‘ﬁ lqlq2/7172 (1' g)[aatﬂ +(a - 1)kt +qzn?+1 -/ cCt+1]

b £1- .~
+289) 5 =0

68 - k*“a(l- g3 +a(l- gk.,]+ K [ +a(l- 3 +a(l- gk.]=0
This set of linear equations can be solved by the AMA, which is suited for solving linear

rational expectations models. The model is a rational expectations model in the sense that all of
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the variables dateth-1 are actually expectations of those valulesugh the expectations
operator is dropped in the equations written above. The structure of these models, as described
by Zagaglia (2005), is
2 g
ija_[Gixt+i +§1 FEX., =€ .
The constantd)> 0 andd> 0 are the number of lags and leads, respectivelthidmodel,
both of these values are equal to 1. The magixs the coefficient matrix on the lagged and
contemporaneous values of the variabesand F; is the coefficients on the future valueghe
shock is represented &g and has expecian zero. Taking expectations and simplifying the

above equation yields
7
a HiEx, =0,
i=-t

where H; are referred to as the structural coefficient matrices. These matrices are input into the
matlab code for AMA, and a set of solution matrices is output. The solution can be used to find
the reduced form of the structural model:

-1
X =a Bx. tBye.
=t

The matricesB; and By are used to find impulse response functions to a technology skipck (

or to simulate cycles. The matlab code is available upon request from the author.

A3 First Order Conditions in Decentralized Model

In the first ordercondition for the consumensoblem in the decentralized modielyr
total derivatives appeadr.1/dk, de.i/dk, d 11/dk, and dx.i1/dk. They reflect the fact that
the consumer's investment choice affects the outcome variables indirectly through equilibrium
decisions by the firm. These derivatives can be different for a tax policy and for a quantity
policy, so | consider each in turn.

The expression in brackets in the consumer's first order condition containing several

derivatives is equal tdc.1/dk:

o + kt C;r;l + dé?i:l +l.t+1 dqu:1 + (1_ 0’) .
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This can be simplified by solving fad ;1/dk. Since firm expenses for capital and emissions

taxes are give back to the consumer, the entire expression above is simplified to

' Z(+l
at+1f (at+1kt) dk[ +(1 d)

The only derivative that needs to be foumdhis expressiors thus dz.,/dk. This derivative

can be evaluated using tabatement cost function.; = (at+1kt)0d18t+1d,2 yielding dz.1/dk =
z+1[U /K (d/ £1)Ad g1/dk)]. This is in terms of another derivative, g1/dk, which can be
solved for using the implicit function theorem on the firm's first order condition for choice of
abatement:Uh(f(ak.1)) = f(ake-1)g'(€)). Doing so vieldsd g1/dk = U 9.&/((dai 1)k), and
substituting this into the earlier expression givlzs1/dk = M @h(1+9)i 1)/[k(dbi 1)]. Thus,
the complete expression in the brackets of the consumer's first order condition is
R T R LR B

The derivativedx.1/dk can be found by noting that the equatiqrs  d % e + ",
and the assumption tha®” is constant impl that dx.1/dk = deu1/dk. This can be taken from
theequation for emissionsa.1 = (17 €w1)A(f(ai1k)). Again, the derivative can be simplified
under the parameterizations of the production and abatement functions, yielding

(- 9)

dXs1 _ @i
dk Ki

Next, consider the values of these derivatimehie consumer's first order condition

) N9
(- ma)a- g)- 1.

the context of the quantity policy. As mentioned in the tebet,;/dk = dx.1/dk = O under the
guantity policy, since emissions are determined exogenoyshebgovernment and is

independent of investment. Thgpression fordc.1/dk can again be simplified by substituting

in the profit function derivative, resultiragain in theexpressiorma,,, f '(a,,;k,) - dZtk:l +(1- d).

However, in the quantity policydz.,/dk is different than it is in the tax policy. Itis in terms of
d &1/dk, which can be solved for using the implicit function theorem on the firm's quantity
constraint. Doing so and substituting in the resulting expressions yields

A _ Weu , (g A 1 o1 q,(1- 9)
dk K+(d) K(qZ( 9)+ /7?+1)
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In the government's first order condition for the choicéjpfthreederivatives appear:
dr/ @ 9 ¢ ¢ dndde/ d Bs in the previous first order condition, the expression in brackets
can be simplified by substituting in the derivatofehe expression for profitsAfter doing so,
the expression foda/ ¢ simplifies to justidz/ @ This derivative can be found from the
abatement cost function, and contains the derivativie @ Which can be found by using the
implicit function theorem on thig&rm's first order condition retang abatement to the tax level:
Wh(f(ake.1)) = f(ake.1)g'(sy). After substituting in all evaluated expression, the derivatigé d U
simplifies to 1 dbz/[(dki 1)J]. Thelastderivative can be evaluated from the emissions equation:

(-9

dq — dﬂ] -~ Y m
2= K(f = .
ar, (f(ak.1)) i, (-1

Finally, the government's first order condition for the choicero€ontains the
derivatives dr/dq, d ¢/dq, and dk/dg. This last derivative is equal to zero, since in solving
the government's first order condition, the consumer's choige isfheld fixed. The rest of the
expression in brackets can be simplified by solving for and substitutidgi/idg. After dang
so, the entire expression in brackets reducegigdg, which itself can be shown to equal
diz/[ey™ ).

The set of equations can be solved for steady state values, linearized, and input into AMA
code to find a solution, as described in st appendix sectionCode is available from the

author by request.
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Figure 1

Monthly US Carbon Emissions, 1938003

Teragrams of Carbor

Note: Data are from Blasing et. al. (2004) and represent total carbon emissions from fossil fuel combustion at the
monthly level. One teragram = 8grams.
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Figure 2
Seasonally Adjusted GDP and Carbon Emissions,
1981-2003
2
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Note: Emissions data afim Blasing et. al. (2004) and represent total carbon emissions from fossil fuel
combustion at the monthly levelrhey are seasonally adjusted using the2XARIMA program. GDPdata are
from the Bureau of Economic Analysis and are seasonally adjusted. Both series are notothié&zddnuary 1981

levels.



51

Figure 3
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Cyclical Components of GDP and Carbon Emissions
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Note: The values are the cyclical residuals from applying the HP filter to quaddslyrcemissions and GDP data.
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Figure 4

Economic Damages from Pollution Stock
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Notes: Y-axis values are simulated losses in output from different atmospheric concentrations of carbon based on
Nordhaus (2008).
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Figure 5
x 10~ Impulse Response Functions - A
7 I I ]
a - productivity
~® y-output
6 — < k - capital 7
“~ C - consumption

c
9
ks
>
(&)
&
©
c
o
=
(]
Q.
o
o

Rssss S

Period



54

Figure 6
x 10~ Impulse Response Functions - B
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Figure 7

Proportional Deviation
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Figure 8

x 10 Sensitiuty Analysis - Impulse Response Function
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Figure 9

Proportional Deviation of Pollution Stock
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X 10‘3 Sensitivity Analysis - Impulse Response Function
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Figure 10

Proportional Deviation of Emissions
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Sensitivity Analysis - Impulse Response Function
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Figure 11
X 10'4 Sensitivity Analysis - Impulse Response Function
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Figure 12
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Figure 13
X 10'3 Sensitivity Analysis - Impulse Response Function
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Figure 14

x 10° Sensitivity Analysis - Impulse Response Function
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Figure 15

X 10'3 Sensitivity Analysis - Impulse Response Function
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Figure 16
Decentralized Economy - Quantity Policy
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Figure 17
Decentralized Economy - Tax Policy
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Figure 18

Note Thex-axis marks the simulation period and yhaxis marks the proportional deviation from steady state values. Each panel is a separate simulation under
the same set of productivity shocks. The first panel is the first best solution. The second panel ("Coh#ljiisead constrained policy wherthe emissions

tax deviationin period t is fixed toequalthe output deviation in perioti 1. The third panel ("ConstrainédB") is a constrained policy where the emissions tax
deviation in period is fixed to equal the negative of the output deviation in petidd The final panel is a constrained policy where the emissions tax is kept
constant



