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1. Introduction

Executive Order 12866 advises each agency to “assess both the costs and the benefits of the intended
regulation and, recognizing that some costs and benefits are difficult to quantify, propose or adopt a
regulation only upon a reasoned determination that the benefits of the intended regulation justify its
costs.” In addition, it directs agencies to “select those approaches that maximize net benefits (including
potential economic, environmental, public health and safety, and other advantages; distributive impacts;
and equity), unless a statute requires another regulatory approach.” This objective, that a policy’s net
benefits be positive, is referred to as the Potential Pareto criterion.

This white paper is focused primarily on assessing when an economy-wide model may be the most
appropriate tool for estimating the costs of proposed air regulations for use in ex-ante benefit-cost
analysis (BCA). Assessing when and how to incorporate benefits of proposed air regulations into economy-
wide models is discussed in a companion white paper on benefits estimation, “Economy-Wide Modeling:
Benefits of Air Quality Improvements” (from here forward, referred to as the benefits white paper). This
dichotomy of the discussion is for the purpose of tractability and is not meant to imply that the estimation
of benefits and costs are necessarily independent of each other.

According to the EPA’s Guidelines for Preparing Economic Analyses (from here forward, referred to as
EPA’s Economic Guidelines), “in conducting a BCA, the correct measure to use is the social cost” (U.S. EPA,
2010a). Social cost represents the total burden that a regulation will impose on the economy. It is defined
as the sum of all opportunity costs incurred as a result of a regulation, where an opportunity cost is the
value lost to society of all the goods and services that will not be produced and consumed in the presence
of regulation as resources are reallocated away from consumption and production activities towards
pollution abatement. To be complete, an estimate of social cost should include both the opportunity cost
of current consumption that will be foregone as a result of the regulation, and the loss that may result if
the regulation reduces capital investment and thus future consumption.

The imposition of a new regulation on firms raises their production costs. Each unit of output is more
costly to produce than before because of expenditures incurred to comply with the regulation, referred
to as compliance costs. For the industry, this is represented as an upward shift in the supply curve, which
(assuming an unchanging and downward-sloping demand schedule) results in a higher equilibrium price
and causes a reduction in consumption of the good.

When impacts outside of the regulated sector are not expected to be significant, the social cost of the
regulation can be approximated by the sum of compliance costs (the white area in Figure 1) and the
opportunity cost of the reduction in output (the black triangle in Figure 1) in the directly affected market,
assuming few transition costs. Together, these two effects are captured by measuring the change in
consumer and producer surplus in that market after the regulation compared to before it is in place.



Figure 1. Effects of a Regulation on a Directly Regulated Competitive Market
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Source: U.S. EPA (2010a)

However, when many sectors are expected to experience significant impacts due to the regulation, either
directly or indirectly, a BCA that focuses only on effects in the directly regulated sector may substantially
misestimate the social cost of the regulation. Kokoski and Smith (1987) suggest that, even for relatively
small multi-sector policy shocks, partial equilibrium approaches result in large errors in welfare
estimation. Hazilla and Kopp (1990) note the importance of secondary effects in sectors facing no
regulatory requirements under the Clean Air or Water Acts. Pizer et al. (2006) find that pre-existing tax
distortions result in a significant divergence between partial and general equilibrium estimates of
economic welfare costs from carbon pricing policies for the commercial building, industrial,
transportation, and electricity sectors. Thus, as stated by Hahn and Hird (1990), a key question is: when is
it reasonable to assume away these “second-order effects?” They note the difficulty in answering this
guestion as it likely varies across industries and regulations.

It is also important to note that benefit-cost analyses of air regulations typically focus on long-run effects.?
Compliance costs are treated as permanent additions to the cost of production for a firm, while effects in
other sectors outside of those directly regulated by the EPA are incurred once the economy adjusts to a
new equilibrium (e.g., in response to changes in prices that result from additional compliance
expenditures incurred in the regulated sectors). However, it is possible in some contexts that firms and/or
consumers incur additional short-term costs during the period when the economy is adjusting to the new
equilibrium (i.e., transition or adjustment costs — see Box 1). Examples include costs to train workers to
use new equipment, search costs as some workers seek employment in other sectors, and additional costs
associated with initially limited availability of new monitoring or abatement equipment. It is also possible
that at least some factors of production are fixed initially, limiting the ability of firms to respond quickly
to new regulatory requirements. For instance, contractual or technological constraints may prevent firms

1 Regulatory options are “modeled as economic changes that move the economy from a state of equilibrium absent
the regulation (the baseline) to a new state of equilibrium with the regulation in effect” (U.S. EPA, 2010a).



from fully adjusting their input mix or output decisions until those contracts expire or technology is ready
to be replaced.? If these types of adjustment costs are substantial, sole focus on long run costs may
underestimate the total social cost of regulation.

It is in this context that we discuss an analyst’s choice of models and, in particular, when an economy-
wide or general equilibrium (GE) approach to evaluate the social cost of regulatory policy adds significant
value. This white paper documents the steps involved, key assumptions, and challenges that may arise
when estimating the social cost of an air regulation using a computable general equilibrium (CGE) model.
In particular, section 2 reviews how the EPA typically estimates the social cost of an air regulation, ranging
from engineering to partial equilibrium to general equilibrium approaches. Section 3 gives an overview of
air regulations and discusses potential challenges in representing them in a CGE framework. Sections 4
and 5 describe how the choice of model may be affected by particular attributes of an air regulation and
the structure and assumptions underlying a CGE model, respectively. Section 6 discusses potential metrics
for measuring social cost and briefly describes available U.S. CGE models. Section 7 discusses linking CGE
models with detailed sector models and the practical challenges EPA has encountered when attempting
to link models in the past. Finally, section 8 offers concluding remarks.

2. Overview of Social Cost Framework in a Regulatory Setting

This section describes the basic aspects of BCA as conducted by the EPA to estimate the social costs of air
quality regulations, including the distinction between social costs and compliance costs, existing guidance
on the choice of modeling approach, and how social costs of air regulations are typically analyzed by the
EPA, ranging from engineering to partial equilibrium to general equilibrium approaches.

2.1 Benefit-Cost Analysis for Air Quality Regulations

The EPA conducts benefit-cost analysis for all rules deemed economically significant or particularly novel.
Economically significant rules are defined by Executive Order 12866 as those with costs and/or benefits
of at least $100 million (nominal) in a single year. The purpose of the BCA is to inform the policy process
by quantifying the expected social benefits and costs of alternative regulatory options relative to a
baseline representation of what is expected to occur in the absence of the regulation. The Office of
Management and Budget (OMB) advises agencies to account for the following, “where relevant, in their
analysis and provide estimates of their monetary values: private-sector compliance costs and savings;
government administrative costs and savings; gains or losses in consumers' or producers' surpluses;
discomfort or inconvenience benefits and costs; and gains or losses of time in work, leisure, and/or
commuting/travel settings” (OMB, 2003).

In addition to challenges related to specifying the baseline, analysts may have to grapple with substantial
uncertainty when estimating social costs: for example, in identifying affected entities, the methods of
compliance they may pursue, the expenditures associated with possible control strategies, and whether

2 Smith (2015) refers to adjustment costs as “resource re-allocations that arise from unanticipated shocks.” Note
that many EPA regulations are phased in over time in an attempt to reduce these costs.
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costs borne by firms in one sector will result in notable price changes that could affect sectors not subject
to the regulation. Another key challenge for the EPA when conducting analysis is the complex structure
of most regulations compared to the market-based policies that are primarily considered by the
economics literature. One common form of air quality regulation is an emissions rate standard that is met
by a facility or sub-unit of a facility (e.g., a boiler), where affected entities have discretion with regard to
the compliance method they use to achieve the standard. Another type of air regulation is a standard on
either the rate of emissions of a particular product when in use (e.g., lawnmowers, boat engines) or on
the product content that applies to the manufacturer. Often standards in air regulations are differentiated
by vintage, such that new and existing facilities or products are treated differently. Standards may be
further differentiated by fuel type, industrial process, product, or other factors associated with the degree
to which certain entities contribute to a particular air pollution problem or the cost of abatement. Section
3 of this paper discusses the nuances of U.S. air quality regulations in greater detail.

When attempting to measure social cost, analysts consider what analytic approaches to pursue.
Depending on the scope of the regulation and the information and resources available, engineering,
partial and/or general equilibrium economic frameworks may be employed. Examples of specific models
used by the EPA to estimate costs are described in the Appendix.

2.2 Engineering and Partial Equilibrium Approaches to Estimating Cost

An engineering approach to estimating costs estimates direct compliance expenditures from adopting a
particular technology or process (i.e., capital costs, operating and maintenance costs, administrative
costs) by an individual emitting unit or facility conditional on a given level of output. It does not attempt
to estimate welfares impacts associated with a change in production or use of inputs. Its primary
advantage is the ability to generate highly detailed and, when data are available, fairly precise information
on compliance options and their associated costs that reflect the heterogeneity of regulated entities. The
importance of this detailed information cannot be overemphasized, as key stakeholders are keenly
interested in understanding compliance pathways and the anticipated burden associated with a
regulation. A key question for analysts and decision-makers is whether it is worth expending additional
resources to expand beyond an engineering cost approach to capture other substantial costs either to the
industry itself, to related industries, or to the economy as a whole.

Engineering analyses typically do not account for producer or consumer behavioral change that may be
incentivized by the regulation. For example, to the extent that producers respond to the regulation by
adjusting inputs or processes because this represents a cheaper method of compliance, relative to the
technologies considered in the engineering analysis, they will incur a lower compliance cost than
estimated using the engineering analysis. If the regulation increases the cost of production, which is then
passed onto consumers in the form of higher prices, an engineering analysis also misses the demand
response. (The degree to which a demand response influences cost depends on the price elasticity of
demand for output of the regulated sector and the degree of competition in the market.) Likewise, an
engineering approach does not capture supply side responses such as changes in the composition of goods
produced by the industry or changes in product quality.



A partial equilibrium economic model captures both supply and demand responses in the regulated sector
and may be extended to consider a small number of related sectors (e.g., upstream markets that supply
intermediate goods to the regulated sector, or markets for substitute or complimentary products).
According to the EPA’s Economic Guidelines, “partial equilibrium analysis is usually appropriate when the
scope of a regulation is limited to a single sector, or to a small number of sectors....The use of partial
equilibrium analysis assumes that the effects of the regulation on all other markets will be minimal and
can either be ignored or estimated without employing a model of the entire economy” (U.S. EPA 2010a).
When these assumptions are valid, a partial equilibrium measure may adequately capture the social cost
of a regulation. In contrast to an engineering analysis, a partial equilibrium analysis may derive a more
complete measure of social cost because it takes into account behavioral change (i.e., it is equivalent to a
measure of the net change in consumer and producer surplus relative to the pre-regulatory equilibrium).

Box 1. Cost Concepts and Definitions

Compliance costs: Costs firms incur to reduce or prevent pollution in order to comply with the
regulation; the two main components are capital costs and operating costs. Capital costs are often
one-time costs related to the installation or retrofit of structures or equipment to reduce emissions;
operating costs are reoccurring annual expenditures associated with the operation and maintenance
of the equipment.

Social cost: The total burden that a regulation will impose on the economy. It is defined as the sum
of all opportunity costs incurred as a result of a regulation, where an opportunity cost is the value
lost to society of all the goods and services that will not be produced and consumed in the presence
of regulation as resources are reallocated towards pollution abatement.

Direct costs: Costs that fall directly on regulated entities as a result of the regulation (often
synonymous with compliance costs)

Indirect costs: Costs incurred in related markets or experienced by consumers or government not
under the direct scope of the regulation; often transmitted through changes in prices of the goods
or services produced in the regulated sector

Transition costs: Short term costs incurred only during the time period when the economy is still
adjusting to a new equilibrium

Interaction effects: How changes in prices or quantities in one sector interact with other sectors to
cause effects in other markets

Feedback effects: When changes in other sectors feedback to the regulated sector and cause
additional behavioral effects (e.g., requirements to install a scrubber could drive up the price of
scrubbers which then, in turn, increases compliance costs in the regulated sector)

Source: U.S. EPA (2010a)




2.3 General Equilibrium Approaches to Estimating Cost

When a large number of sectors are expected to experience significant impacts as the result of a
regulation, either directly or indirectly, such that the effects are spread more broadly throughout the
economy, a general equilibrium approach may more adequately measure social cost. Likewise, a large
regulatory change in a single sector may have indirect effects on a myriad of other markets. The EPA’s
Economic Guidelines notes that “in such cases, a general equilibrium framework, which captures linkages
between markets across the entire economy, may be a more appropriate choice” (U.S. EPA, 2010a).

The EPA’s Economic Guidelines provide the example of a regulation that imposes emission limits on the
electric utility sector. Compliance costs are passed along as electricity price increases. Because electricity
is used as an input in the production of many goods, the prices of these products may also increase
reflecting the increase in their marginal cost of production. Households are affected through two
channels: as consumers of these goods, and as direct consumers of electricity. Increases in prices may
cause households to alter their choices in terms of both relative consumption of energy-intensive goods
and services and also the number of hours they are willing to work. The impacts of a regulation also may
interact with pre-existing distortions in other markets, which may cause additional impacts on welfare.3
In cases such as these, a general equilibrium approach is capable of identifying the direct and indirect
impacts of policy as its effects flow through the economy, including changes in substitution among factors
of production, trade patterns, endogenous demands, and even inter-temporal consumption. These effects
of compliance with a regulation are partially or wholly missed by engineering or partial equilibrium
approaches (Table 1 summarizes the types of costs typically captured by engineering, partial equilibrium,
and economy-wide models used by the EPA to analyze air regulations).

Table 1. Types of Costs Captured by Main EPA Model Types

Attributes Engineering Partial CGE
Approach Equilibrium

Can estimate welfare effects

. v
(social cost)
Can measure direct compliance .

v Sometimes

costs
Can measure transition costs y v
Can capture indirect effects y
Can capture feedback and v

interaction effects

Source: U.S. EPA (2010a)

3 For example, pre-existing distortions in the labor market (e.g., the choice between the number of hours an
individual works versus how much leisure he or she takes, which is defined as any time spent on activities that do
not earn a wage, is already distorted due to income taxes that tax labor but not leisure) may be alleviated or
exacerbated by an implicit change in the real wage due to the imposition of a regulation.
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Another example is provided in the analysis of the benefits and costs of the Clean Air Act Amendments
(CAAA) from 1990 to 2020 (U.S. EPA, 2011a). In the cost-only scenario (i.e., no benefits are included) the
EPA found that the total estimated reduction in GDP due to the CAAA was 50 to 70 percent larger than
the direct compliance cost estimates for 2010 and 2020, respectively. It attributes this difference to
“secondary effects of compliance costs on the overall economy, a large portion of which are likely the
result of increases in energy prices, which have broad effects on overall production. Another factor is that
investment in pollution control capital can divert capital from the purpose of enhancing long-term
productivity within the industrial sector.”

Pizer and Kopp (2005) characterize the choice of method for estimating costs as related to the types of
costs we anticipate will result from the policy — direct compliance costs, foregone opportunities, lost
flexibility, etc. —as well as the degree to which the policy will “meaningfully influence” the prices of goods
and services. When a regulation is expected to influence prices, an analyst needs to consider potential
welfare consequences due to pre-existing distortions in other markets and other general equilibrium
effects such as changes in terms of trade, among others.* For instance, if an environmental regulation
affects wages such that individuals opt to work fewer hours, this exacerbates an already existing distortion
in the labor market, since labor taxes already discourage individuals from working as much as they would
otherwise, and has a welfare cost not captured by direct compliance cost estimates.

To help clarify when a general equilibrium approach is warranted, Pizer and Kopp define the cost of
regulation as:

Ci(a, z)

where a is a function of a vector of parameters describing the environmental regulation, and z is a vector
of parameters summarizing the current economic equilibrium (e.g., input prices and output levels for a
firm, prices and income for a consumer) for agent i. When z is fixed and i is limited to the agents that are
directly regulated, then a partial equilibrium estimation approach adequately captures the cost of
regulation. However, when z is endogenous and the affected agents go beyond the regulated sector, a
general equilibrium approach is needed to capture price and output changes in other markets.

The most common approach to estimating the social cost of a regulation in a general equilibrium setting
is the use of a computable general equilibrium (CGE) model. CGE models assume that for some discrete
period of time an economy can be characterized by a set of conditions in which supply equals demand in
all markets. When the imposition of a regulation alters conditions in one market, a general equilibrium
model determines a new set of relative prices for all markets that return the economy to its long-run
equilibrium. These prices in turn determine changes in sector outputs and household consumption of
goods, services, and leisure in the new equilibrium. In addition, the model determines a new set of relative
prices and demand for factors of production (e.g., labor, capital, and land), the returns to which compose
business and household income (U.S. EPA, 2010a). The social cost of the regulation is estimated in CGE

4 Pre-existing distortions stem from taxes or regulations that are already in place. These create a wedge between
where a market would naturally equilibrate absent intervention and where it actually equilibrates in the presence
of these interventions. The literature refers to this wedge as deadweight loss because it reduces the production
possibilities of the entire economy (Pizer and Kopp, 2005).
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models as the change in economic welfare in the post-regulation, simulated equilibrium compared to the
pre-regulation, “baseline” equilibrium. Table 2 compares key attributes of a typical CGE model to those
of other model types used by the EPA to estimate costs.

Table 2. Key Attributes by Model Type

Sector Models Economy
Wide Models
Attributes Engineering Partial CGE
Approach Equilibrium

|gn|f|cant. industry detail; rich set of y Sometimes
technologies
Account for facility or market constraints Sometimes y v
Model changes in regulated producer Sometimes y v
behavior (e.g., input and process changes)
Represent interactions between multiple Limited or v
sectors none
Model demand side response Limited y
Relatively easy to use and interpret results v y
Relatively easy to modify for analysis of Sometimes v

different regulations in the sector
Source: U.S. EPA (2010a)

Note that absent a credible way to represent environmental externalities in a CGE model - or the benefits
that accrue to society from mitigating them — a CGE model’s economic welfare measure is incomplete.
The possibility of incorporating benefits into a CGE framework is discussed in the benefits white paper.

CGE models are commonly built around standard set of assumptions, although many can be relaxed to
incorporate alternative specifications. Firms in CGE models are generally assumed to be profit maximizers
with constant returns to scale in production. Households maximize utility from the consumption of goods
and services using a specific functional form. Markets are perfectly competitive, with labor and capital
fully mobile between sectors. The modeling of international trade follows the Armington assumption with
goods differentiated by country of origin to allow for two-way trade for goods in the same sector. Labor
is assumed to be fully employed, with no involuntary unemployment. CGE models are generally more
appropriate for analyzing medium- or long-term effects of regulations since they characterize the new
equilibrium (i.e., when supply once again equals demand in all markets). The time required to move from
one equilibrium to another after a policy shock is not defined in a meaningful way (i.e., it is usually an
instantaneous adjustment), so CGE models are generally not suited for analyzing transition costs as the
economy moves to the new equilibrium. However, the EPA’s Economic Guidelines acknowledge that if a
transition path can be appropriately specified it is possible that one could use a CGE model for this purpose
(See section 5.6 for a discussion of transition costs).
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3. Representing an Air Regulation in a CGE Model

Recent years have seen extensive use of CGE models in academic analyses of policies to mitigate climate
change. In contrast, since the pioneering work of Hazilla and Kopp (1990) and Jorgenson and Wilcoxen
(1990), there has been relatively little academic work using CGE models for analyses of non-greenhouse
gas (GHG) air regulations. Exceptions include Nestor and Pasurka (1995a, 1995b) and Dellink (2004, 2005).
One reason for this focus is that the policies to mitigate climate change are likely to have much larger
impacts on the economy than regulations on other types of air pollutants.

Furthermore, market-based policies commonly favored by economists, such as carbon taxes and cap-and-
trade systems, are relatively straightforward to analyze with CGE models. Most CGE models include a
range of taxes and other distortions. As emissions of CO, from fossil fuels are generally closely linked to
fuel use, a carbon tax can be directly tied to fuel use in the model. Allowance prices in a cap-and-trade
system are analogous to carbon taxes. A large literature, much of it developed using CGE models,
examines how carbon taxes or allowance prices interact with pre-existing taxes, particularly on labor
(Bovenberg and de Mooij, 1994; Parry, 1995; Bovenberg and Goulder, 1996).

Although some countries use taxes to control non-GHG air pollutants, they are rare in the United States.
Instead, many U.S. air regulations take the form of an emissions rate standard or specify the use of
particular types of pollution control equipment and/or the alteration of a productive process. Most CGE
models also do not include non-GHG air pollutants such as sulfur dioxide, nitrogen oxides, particulate
matter, or air toxics. While some abatement options are likely similar to the case of CO; (e.g. modifying
input use to reduce emissions), others may be ruled out by the nature of the regulation (e.g., reducing
output does not aid facilities in meeting an emission rate standard). In addition, end-of-pipe technologies
are available for many non-GHG air pollutants, which, when used, change the nature of the relationship
between emissions and fuel combustion (i.e., gross emissions are often tied directly to fuel use similar to
the case of CO»; an end-of pipe technology disrupts this relationship). See section 7 on the linking of CGE
and detailed sector models to reflect the costs of CO, abatement technologies.

In a CGE analysis, the imposition of a regulation is frequently modeled as a “productivity shock,” in which
complying with the regulation takes the form of a need for additional inputs (capital, labor, intermediate
goods) on top of those used to produce the good or service of the sector being regulated (Pizer and Kopp,
2005; Pizer et al., 2006).> This normally results in an upward movement of the sectoral supply curve.
Unlike in the case of a carbon tax or cap-and-trade system, there are no revenues generated to offset

5 Somewhat comparable to the challenge of representing an air regulation that does not operate through price is
the modeling non-tariff barriers (NTB). Fugazza and Maur (2008) note that NTBs “are not straightforwardly
guantifiable and not necessarily easy to model,” and that “the modeling of NTBs using general equilibrium
modeling techniques is still in its early stages.” Much empirical analysis is context specific (i.e., analyzing a specific
instrument in a particular sector in a single country) due to the wide variety of NTBs. One approach to including
NTBs in a CGE model is to rely on available econometrically estimated ad valorem equivalents to represent the
wedges between the domestic and international prices of protected goods (e.g., Andrianmananjara et al., 2004).
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other taxes. As discussed in section 4.3, how pollution control costs are allocated across inputs can have
a significant effect on sectoral output, labor supply and other macroeconomic variables in the model.

In this section, we briefly describe the range and complexity of EPA non-GHG air regulations and then
discuss the main challenges that may be encountered when attempting to represent them in a CGE model.
For example, are certain representations simpler/more difficult to represent in a CGE model (e.g., there
is more/less information available related to certain aspects of compliance costs or the affected universe,
information maps more/less cleanly to the production function/particular industry sectors)? We
anticipate that there are instances where detailed information on who is affected and how they comply
may not map well or in clear cut ways to a more aggregate representation in a CGE model. Note that a
number of key decision points with regard to how to represent an air regulation in a CGE model, for
instance, how to enter compliance costs (e.g. through capital or labor, in a Hicks neutral way),® and how
to characterize uncertainty, are discussed in later sections of this white paper.

While a single modeling approach may be sufficient for estimating social cost in some cases, the EPA often
uses more than one modeling framework to leverage the different information that each may provide.
For instance, the EPA may rely on detailed engineering analysis to identify direct compliance costs
associated with the use of particular technologies. These compliance costs may then serve as a starting
point for a partial or general equilibrium modeling exercise. However, care needs to be taken when using
estimates from multiple sources, particularly partial equilibrium approaches that go beyond direct
compliance cost estimation, as adding together social cost estimates from multiple modeling approaches
can lead to double counting. See section 7 for a more in-depth discussion of the challenges encountered
when linking outputs from detailed sector models with CGE models to estimate social cost.

3.1 Overview of Air Regulations

Before evaluating the challenges of representing an air regulation in a CGE model, we describe the main
ways EPA air regulations vary within four very broad categories, providing several specific examples in
accompanying tables. The four categories are: single sector emission rate limits; regional or state-
implemented emission targets; multi-sector boiler or engine-level emission limits; and federal product
standards. We organize the regulations this way as a heuristic device as there are likely other valuable
ways to categorize air regulations for purposes of discussion. In addition, there may be regulations that
do not fit neatly into any of these categories and, in fact, it is possible that we have missed some types of
rules entirely. Still, we feel that this typology adequately captures a sufficient number of recent EPA air
regulations to give the reader a sense of the regulatory landscape in which the EPA operates.

For each of the four categories of air regulations, we characterize several key attributes that may be
important to consider when evaluating the relative merits of various modeling approaches:

5 When a change in a firm’s production technology is represented in a Hicks neutral way this means that the
amount of output a firm can produce for a given level of inputs changes (i.e., overall productivity either increases
or declines) but the relative proportion of the specific inputs utilized (e.g., capital, labor) remains the same.
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e Form of the standard: Is the regulation an emission rate or technology standard? Are limits
applied at the sub-facility or facility level? Is trading/crediting allowed within or across firms? Is
the rule vintage-based or differentiated along other attributes (e.g., plants, units, location)?

e Methods of compliance: Are the compliance methods available to regulated entities known? Is it
expected that these methods of compliance will vary across units, firms, sectors, locations, etc.?

e Regulated sources: Is the regulated universe readily identified? In which sector(s) are the directly
affected sources? How easy is it to map regulated sources to sectors?

e Unit compliance cost estimates: Are estimates of unit compliance costs available? Is the
decomposition of compliance costs by input (e.g., capital, labor, intermediate inputs) available?
Are some components of costs more uncertain or not available?

e Aggregate Compliance Cost: What is the expected magnitude of aggregate compliance cost? How
does it compare to the size of the regulated sector?

e Implementation: Is implementation defined directly in the regulation or are key aspects left to
the states or other government entities?

e Timeframe for compliance: What is the time period over which compliance occurs? What is
assumed about technological innovation?

CATEGORY #1: Single Sector Emission Rate Limits

This category of regulations can be characterized as rate-based emission limits applied to an individual
production unit or facility within a single sector (for example, refineries or other aspects of the oil and gas
sector, cement, aluminum, iron and steel, pulp and paper, chemical production, and transportation).
Regulated sectors in this category often provide key inputs to other upstream economic sectors. The
regulations are typically national in scope, though a sector may be geographically concentrated in a
particular region of the country. They are performance-based standards that do not require specific
control measures. The regulations vary widely with regard to magnitude of costs and benefits.

The cost estimates generated by the EPA for this category of regulations are based on the expected
method the facilities will use to comply. However facilities may choose alternative compliance approaches
that also meet the performance standard, including changing the production process (e.g. preventing
emissions by reengineering a product instead of installing control technology to capture emissions after
the fact). In some cases, the standards may be vintage based (i.e., apply only to new sources). Some rules
also affect private costs due to changes in fuel consumption. Rules in this category often have a relatively
shorter timeframe to achieve compliance (five years or less). Examples of regulations that fall into this
category are presented in Table 3 along with a description of key attributes.
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Table 3: Examples of Single Sector Emission Rate Limits

ATTRIBUTE

AUTOMOBILE AND LIGHT
DUTY TRUCK SURFACE
COATING NESHAP (U.S.
EPA, 2004)’

NESHAP AND NSPS:
PORTLAND CEMENT
MACT (U.S. EPA,
2010c)

MERCURY AND AIR TOXICS
STANDARDS (U.S. EPA,
2011b)

FORM OF STANDARD

METHODS OF
COMPLIANCE

REGULATED ENTITIES

UNIT COMPLIANCE
COSTS

AGGREGATE
COMPLIANCE COST

IMPLEMENTATION

TIMEFRAME FOR
COMPLIANCE

Air toxic performance
standards for existing and
new facilities generating
emissions during the
automobile coating
process

Flexibility in method of
compliance; expect
addition of control
technology (e.g., oxidizer,
exhaust controls) and/or
modification of coating
material

Good information on
number, type, and
location of automobile
manufacturers

Capital costs; operation
and maintenance costs;
R&D for process change
not quantified

$154 million (19998)

Federally implemented

Allow 3 years for existing
sources; states may offer
additional year

Separate air toxics
performance standards
for new and existing
cement kilns

Flexibility in method of
compliance; mainly
expect installation and
operation of control
technology (e.g.,
scrubber, activated
carbon injection)

Good information on
number, type, and
location of cement
kilns; project new kilns

Capital costs; operation
and monitoring costs

Annualized cost in 2013
of $466 million (2005S)

Federally implemented

Allow 3 years for existing
sources; states may
offer additional year

National sub-facility emissions
rate or output standards for
25MW+ power plants; vary by
pollutant, plant vintage, fuel
type (e.g., virgin vs. non-virgin
coal, oil), technology,
location; work practice
standards for some pollutants

Flexibility in method of
compliance (install control
technology; switch fuels; shut
down units that can no longer
profitably produce electricity)

Can identify 1,400 existing
coal and oil-fired EGUs; co-
generating units well known
and few in number, but
identifying which are subject
to rule is difficult (may reduce
electricity for sale to no longer
be subject to rule)

Capital costs; operation and
monitoring costs; fuel costs
due to shifts in fuel mix;
reporting and record-keeping
costs; labor costs for work
practices

Annual cost in 2016 of $9.6B
(20075S)

Federally implemented

Allow 3 years for existing
sources; states may offer
additional year

7 Note that for Tables 3 — 6, the date in parentheses indicates the year the regulatory analysis was conducted, not
necessarily the year the regulation was finalized.
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CATEGORY #2: Regional or State-Implemented Emission Targets

Regulations in this category are typically set to meet regional or state-defined targets for emission levels
or air-quality standards. They often cover multiple sectors, implemented over an extended period of time
(5-10 years), are typically (though not always) large in magnitude in terms of benefits and compliance
costs, and may be national or regionally focused. These types of regulations often allow for flexibility at
both at the firm and jurisdictional level in terms of what controls or approaches are used to achieve the
emission levels or air quality standards. For example, National Ambient Air Quality Standards (NAAQS) are
implemented by the states and transport regulations (i.e., when pollutants travel long distances and
potentially cross state borders) may include emissions trading. Examples of regulations that fall into this

category are presented in Table 4 along with a description of key attributes.

Table 4: Examples of Regional or State-Implemented Emission Targets

ATTRIBUTE PRIMARY LEAD NAAQS PRIMARY OZONE NAAQS CROSS-STATE AIR
(2008a) (2008b) POLLUTION RULE (CSAPR)
(2011c)
FORM OF Implemented by states; Implemented by states; Sets annual/seasonal
STANDARD differentiated local differentiated local and emission budgets for
emission targets; regional emission targets; power plants in certain
potentially applies to any potentially applies to any states (primarily in Eastern
point or area source of point or area source of U.S.) for two pollutants;
lead emissions emissions that form ozone trading
METHODS OF Depend on state Depend on state Flexibility in compliance
COMPLIANCE implementation; show implementation; show how method: States can
how target may be met target may be met based on  participate in EPA
based on existing existing technologies. interstate cap and trade or
technologies. meet individual state
emissions budget
REGULATED Expected to affect a wide Expected to affect a wide Regulates emissions from
ENTITIES array of sectors but which array of sectors but which 25 MW+ power plants in

UNIT COMPLIANCE
COSTS

entities and in which
sectors is uncertain

For illustrative control
strategy; when all
identified controls are
applied but region still not
in compliance, use
extrapolated cost for
unidentified technologies

entities and in which sectors
is uncertain

For illustrative control
strategy; when all identified
controls are applied but
region still not in compliance,
use extrapolated cost for
unidentified technologies

covered states

Incremental capital costs,
and fixed and variable
operating costs including
fuel switching

AGGREGATE $0.15B to 3.2B in 2016 $7.6B to 8.8B in 2020 S0.8 B (2007S) in 2014
COMPLIANCE COST  (20065) (2006S)
IMPLEMENTATION Implemented by states Implemented by states Federally implemented,

TIMEFRAME FOR
COMPLIANCE

8 years

10+ years

but states have option to
implement

Phase 1 starting in 2012,
Phase 2starting in 2014.
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CATEGORY #3: Multi-Sector Boiler or Engine-Level Emission Rate Limits

These regulations are usually federally set rate-based emission limits but are applied to a disparate set of
boilers or engines used across multiple sectors. These regulations are typically national in scope and have
large aggregate compliance costs due to the large number of units to which the emission rate limits apply.
The compliance time is typically five years or less from promulgation. Examples of regulations that fall into

this category are presented in Table 5 along with a description of key attributes.

Table 5: Examples of Multi-Sector Boiler or Engine-Level Emission Rate Limits

ATTRIBUTE

NATIONAL EMISSION STANDARDS FOR
BOILERS (MAJOR SOURCES)?
(2011d)

NATIONAL EMISSION STANDARDS FOR
STATIONARY INTERNAL COMBUSTION
ENGINES (2013b)

FORM OF
STANDARD

METHODS OF
COMPLIANCE

REGULATED
ENTITIES

UNIT COMPLIANCE
COSTS

AGGREGATE
COMPLIANCE COST

IMPLEMENTATION

TIMEFRAME FOR
COMPLIANCE

Separate air toxics standards for new and
existing industrial, commercial, and
institutional boilers and process heaters

Flexibility in compliance method; expect
mostly installation and operation of capital
equipment (e.g., fabric filters, electrostatic
precipitators, wet scrubbers, tune-ups,
combustion controls, etc.)

Multiple sectors; total number and types
of boilers known but location/specific
sectors of boilers and process heaters
difficult to estimate

Installation and annual costs of capital
equipment; monitoring and testing costs

Annualized cost in 2016 of $1.4B to $1.6B
(20083)

Federally implemented

Allow 3 years for existing; states may offer
additional year

National emission standards for hazardous
air pollutants for existing stationary spark-
ignition (SI) reciprocating internal
combustion engines (RICE)

Flexibility in compliance method; expect

mostly installation and operation of add-
on equipment (e.g., oxidation catalysts or
selective catalytic reduction)

Multiple sectors; internal combustion
engines generate electric power, pump
gas or other fluids, or compressed air for
machinery

Installation and annual costs of capital
equipment; monitoring costs

Annualized cost in 2013 of $115 million
(2010%)

Federally implemented

Allow 3 years for existing sources; states
may offer additional year

8 Separate new source performance standards for industrial, commercial, and institutional boilers and process
heaters that operate as solid waste incinerators were promulgated in 2011, covering multiple sectors and allowing
flexibility in compliance. The exact number and location of incinerators is difficult to estimate. If an incinerator stops
combusting hazardous waste it may be covered under the boiler rule.
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CATEGORY #4: Federal Product Standards

This category includes federal standards that regulate features of manufactured products used by
households and other sectors. Examples include in-use emission rate requirements for vehicles and
product content requirements for fuels, coatings, or consumer products. Product bans have similar effects
in that the composition of products available in the market is constrained. What is in common among
regulations in this category is that they focus on certain product qualities and/or availability instead of on
emissions that stem from the product manufacturing process.’ While there are many products potentially
affected, regulations typically apply to the product manufacturer. Some regulations may allow for
manufacturer-based averaging or trading across manufacturers. Examples of regulations in this category

are presented in Table 6 along with a description of key attributes.

Table 6: Examples of Federal Product Standards

ATTRIBUTE EMISSION STANDARDS FOR NEW VOLATILE ORGANIC COMPOUND (VOC)
NONROAD VEHICLE ENGINES (2002) EMISSION STANDARDS FOR CONSUMER
PRODUCTS (1996)
FORM OF Separate emission rate-based standards Separate VOC content limits for 43
STANDARD for new vehicles or engines, differentiated  consumer product categories used as
by pollutant, use/type, and engine size cleaning products (e.g., air fresheners,
(e.g., snowmobiles, off-highway wood floor wax), personal care products
motorcycles, ATVs; large industrial spark- (e.g., hair mousse, nail polish remover),
ignition engines) and insecticides.
METHODS OF Flexibility in compliance method; expect Limits met through product reformulation;
COMPLIANCE manufacturers to modify engine includes potential exemption if can show
technology, change from two- to four- emissions less than or equal to
stroke engine, or improve diesel representative complying product in same
combustion and after-cooling category
REGULATED Engine manufacturers across a variety of Approximately 220 manufacturers,
ENTITIES transportation subsectors distributors, or importers

UNIT COMPLIANCE
COSTS

Fixed R&D costs; variable costs to
build/certify new products; savings from
better engine performance and reduced
fuel consumption; may negatively impact
some attributes (e.g., power to weight
ratio, reliability)

There are virtually no capital costs, except
for development of new, reformulated
products. Variable costs include
recordkeeping and reporting

AGGREGATE Cost to comply is $1.9B; $4.3B in fuel Annualized cost of $27 million (19958);

COMPLIANCE COST savings (~2001S) prices of consumer products expected to
increase by less than one percent

IMPLEMENTATION Federally implemented Federally implemented

TIMEFRAME FOR
COMPLIANCE

2-4 years after promulgation; longer phase
in for some standards

Less than 1 year from promulgation

91t is worth noting that process change may also be an effective method of compliance for other categories of
regulations even though that is not the focus of the regulatory requirements.

18



3.2 Challenges in Representing an Air Regulation in a CGE Model

This section briefly discusses several challenges that may be encountered when attempting to represent
an air regulation in a CGE model. We select one example from each table in the previous section to
facilitate a better understanding of some of the specific types of issues encountered by an analyst when
attempting to use a CGE model to estimate social costs for these four categories of regulations.

Single Sector Emission Rate Limits - MATS Example (Category #1)

Typically the EPA has relatively good information on which entities will be affected, the technologies
available for compliance, and engineering-based cost estimates associated with these technologies.
However, there are several challenges related to estimating the social cost of a regulation such as the
MATS example from Table 3 in a CGE model.

Methods and costs of compliance likely vary significantly by type of generating unit, though generally it is
assumed that utilities comply by using the least cost strategy available. For MATS, the compliance strategy
chosen is expected to depend on factors such as (but not limited to) facility age, the technology used by
the facility, forecasted prices of different types of fuel and the different grades of fuel available, the costs
of retrofitting technology for a specific facility, the costs of building new facilities or new capacity at other
facilities, and shut-down costs. Geographical location is also important due to fuel availability, degree of
competitiveness in markets for electricity, and electricity transmission constraints between regions.*
There are also important and complex relationships in the control of air pollutants. For example, one coal
type may contain more of one pollutant and less of another relative to another coal type. Also, certain
pollution controls that target one pollutant may influence the level of another.

While CGE models of the U.S. economy vary greatly in sector detail, even those that are relatively
disaggregated (e.g., some versions of USAGE have 500 sectors) often represent electric utilities as a single
category. CGE models that have been used to evaluate the implications of carbon policies sometimes
further disaggregate industries based on the production and generation of energy. For instance, the
Economic Model for Environmental Policy Analysis-Computable General Equilibrium (EMPAX-CGE) and
the Intertemporal General Equilibrium Model (IGEM) both distinguish gas from electric utilities as well as
coal, oil, and natural gas extraction. However, relative to the specifics of a regulation such as MATS, they
are still relatively aggregate: These models do not allow an analyst to capture differences in compliance
options associated with multiple emission limits differentiated by vintage, fuel source, and technology,
the complementarities and tradeoffs in control of these pollutants, or the flexibility afforded regulated
entities in methods of compliance. Nor do they allow for separating out electric generating units not
affected by the regulation.

0 The installation and operating costs of pollution control technologies are engineering estimates and generally well-
known, though some uncertainty exists regarding the cost of emerging abatement technologies. For example, the
electricity sector has had relatively limited but meaningful experience with dry sorbent injection, which can be used
to control hydrochloric acid. The cost of new generating capacity or of increased operation of existing units to replace
generating units that are shut down is also relatively well known. Likewise, there may be differences in the fuel
extraction process across locations that may not be captured by a CGE model. For example, coal production is more
capital intensive in in the western U.S. than in the east.
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Note that a detailed partial equilibrium sector model may be able to model many of the methods
individual sources use to comply with MATS that cannot be adequately represented in a CGE model, as
well as consequent effects on electricity and natural gas prices. This type of sector-specific model does
not capture general equilibrium impacts through the rest of the economy, and how those changes in turn
affect prices faced by the electricity sector, as a CGE model would. However, applying certain assumptions
it is possible to link the results from a sector-specific model to a CGE model. We discuss the potential for
and challenges of linking these two types of models in Section 7 of this paper.

Regional or State-Implemented Emission Targets - Ozone NAAQS Example (Category #2)

Estimating the social cost of a region or state-implemented federal standard is challenging regardless of
modeling strategy. For example, implementation of a NAAQS regulation can take a decade. Once the
regulation is promulgated, states must design control strategies, submit them to the EPA for approval,
and then implement them. In the case of the ozone NAAQS example in Table 4, the final regulation was
promulgated in 2008 with an expectation that it would be fully implemented by 2020. This makes it harder
to confidently characterize the baseline absent the policy (e.g., predictions of emission source growth and
other air quality regulations that may be promulgated during the implementation time horizon).

Other challenges include uncertainty regarding what sectors or sources may be affected by the rule, how
sources will choose to comply with the regulation, and the future availability of emission control
technologies. The NAAQS standards do not specify which emission sources and technologies must be used
to meet the federal emissions limit.!! Instead, states and counties choose the combination of emission
reduction measures across a wide variety of sectors to achieve the standard. The availability of control
technologies is of particular importance given that the benefits and costs of a regulation are often
evaluated under the assumption of 100 percent compliance. Once all identified control technologies have
been applied, some areas of the country may still be modeled as out of compliance (i.e., out of attainment)
with the emissions limit. In these cases, the EPA has the challenge of extrapolating compliance costs for a
set of unidentified controls to bring these remaining areas into compliance with the standard.

The EPA typically identifies the least cost approach available for meeting the standard using identified
control strategies. However, it considers this only illustrative as strategies will likely vary by state or region
to reflect location specific mixes of emission sources, meteorological condition, and preferences for
different compliance approaches (e.g., they may opt for a market-based trading approach, specify
abatement technology or fuel switching strategies for new sources, invest in public transportation or
other lower emission commuting options, and/or conduct vehicle retrofits for existing mobile sources).
Even when engineering and partial equilibrium compliance cost estimates account for regional differences
in emission sources, CGE models often do not have enough spatial resolution and may not reflect the
same regional configuration to map them directly.

11 National Ambient Air Quality Standards (NAAQS) for criteria pollutants (carbon monoxide, lead, nitrogen dioxide,
ozone, particle pollution, and sulfur dioxide) set a maximum atmospheric concentration level of pollution that is not
to be exceeded. This level can be measured over a short period of time, such as an 8 hour average ozone level, an
annual level, or a combination of standards for short and long average time periods, such as the annual and 24 hour
standards for particulate matter concentrations.
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As in the case of the MATS example, CGE models are typically too aggregate to capture variation in
methods of compliance (for instance, compliance options that vary across new versus existing sources
within a sector, apply to a narrow sub-sector, or reduce area sources that are not sector-specific).
Extrapolated costs in areas where identified, available technologies are not sufficient to meet the NAAQS
are particularly challenging in a CGE context because they lack specificity about the types of inputs
required to comply and are not apportioned to specific industries. This leaves the analyst with a choice
between omitting these costs from the economy-wide estimation, which renders an estimate of social
cost incomplete, or making additional assumptions about how and in what industries they will be
implemented, further exacerbating estimation uncertainty.

Multi-Sector Boiler or Engine-Level Emission Rate Limits - Boiler MACT Example (Category #3)

Because these types of regulations are applied to emissions from the operation of a boiler or engine, the
regulated universe is often highly disparate and difficult to identify. While there is typically good
information on the compliance technology options available and the costs associated with implementing
them, the distribution of these costs across sectors and regions is uncertain. As with the MATS and Ozone
NAAQS examples, CGE models do not provide enough detail to allow for an accurate depiction of how
technology choice varies by boiler type for the Boiler MACT example from Table 5. In many cases this
variation occurs at a sub-sector level and likely varies between existing and new boilers given different
standards. However, while some CGE models represent manufacturing as a single or relatively small
number of sectors it is not uncommon for CGE models to separately model the four main manufacturing
sectors affected (food products, chemical, wood product, and paper). Representing commercial and
institutional boilers may be more complicated. For example, hospitals and universities are likely
categorized in the service sector, and while some CGE models may differentiate between education and
health care services these sectors encompass many other types of establishments (i.e., education services
also include elementary middle and high schools and training centers, while health services include
nursing care and residential care facilities).

Linking to a detailed partial equilibrium sector model to capture heterogeneity in compliance may be more
complicated compared to MATS, due to the wide range of sectors affected for which detailed models may
be unavailable (and even if available, linking to multiple sector models is likely even more complicated
than linking to a single model). In this sense, the boiler MACT has more in common with the Ozone NAAQS.
In addition, there is not necessarily a linear relationship between hazardous air pollutant (HAP) emissions
and fuel use, which is often used to make assumptions about the way abatement costs enter the
production function.

Federal Product Standards - VOC Emissions Standard for Consumer Products Example (Category #4)

The cost of a product standard such as the VOC Emissions Standard for Consumer Products example from
Table 6 may be difficult to estimate because it involves research and development to reformulate
products. Likewise, regulatory requirements may affect the quality and availability of certain consumer
products, which are also often difficult to estimate ex-ante. In some cases, attributes valued by the
consumer could be negatively affected (e.g, effectiveness, reliability, and power); standards may also
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result in improved products (e.g., new paint colors, better durability, and enhanced performance). In the
case of the VOC Emissions Standard for Consumer Products, process changes also likely vary by product.

Process changes may not necessarily require new capital equipment or additional labor to produce; a firm
may only need to invest in research and development in the initial years to reformulate a product while
costs in subsequent years are small. When the product seems nearly identical to its pre-regulation version
from the consumer’s perspective, representing compliance costs in a CGE model’s production function
may be more straight-forward than in the previous regulatory examples. This type of process change
seems close in spirit to a Hicks neutral change in technology that leaves the proportion of other inputs in
production unchanged. However, if VOC content requirements result in an entirely new product or a
change in product attributes that affect its customer appeal, the use of the Hicks’ neutral approach would
miss market responses that affect social cost.

The VOC Emissions Standard mandates a change in the way a myriad of products are manufactured to
reduce VOC content. Many of the consumer products affected by the regulation are narrowly defined and
likely only represent a small portion of much more aggregate sectors in a CGE model. As such, substitution
away from a regulated product to unregulated alternatives within the same sector (since they do not face
the costs to comply they are now relatively cheaper) would be entirely missed by a CGE model. As with
the boiler MACT example, linking a CGE model to a detailed sector model to better capture heterogeneity
in compliance strategies and their accompanying costs would require considerable information given the
large number of disparate products covered by the regulation. In addition to capturing changes in the
price of these products it may also be important to reflect changes in product quality when evaluating
social cost. However, sector outputs are usually assumed to be homogenous in a CGE model.

4. Sensitivity of Social Cost to Regulation Attributes

Identifying the most appropriate modeling tools for analyzing social cost depends on the regulation’s
details, as highlighted in the previous two sections of the paper; data requirements; model availability;
and constraints on time and budget. The EPA’s Economic Guidelines also identify several technical factors
to consider in model selection, including: “the types of costs being investigated, the geographic and
sectoral scope of the likely impacts, and the expected magnitude of the impacts” (U.S. EPA 2010a).

Since air regulations are complex and vary widely (e.g., magnitude of compliance costs, sectors being
regulated, what effects can be quantified), it is likely that the modeling tools deemed most appropriate
for cost estimation will be regulation-specific. For some regulations, an engineering or partial equilibrium
approach may be adequate to capture the expected social cost. For other regulations, compliance costs
or partial equilibrium welfare measures may be inadequate measures of overall social cost. In these cases,
a general equilibrium approach may add value over an engineering or partial equilibrium approach.

This section considers the sensitivity of social cost estimation in a CGE framework to a number of issues
associated with regulatory attributes as highlighted in Section 3. In particular, each factor is discussed with
regard to how it may affect the technical merits of using a CGE model for estimating the social cost of a
regulation. The intention of this section is not to review/critique past modeling approaches used by the
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EPA or outside groups but rather to set the stage for a broader discussion of these issues as laid out in the
charge. The specific factors are:

e Magnitude of expected compliance costs.
e Time horizon for implementation.
e How compliance costs are entered into a CGE model,

e Number and types of sector(s) directly and/or indirectly affected, and magnitude of potential
market effects, and

e Degree of expected technological change

Discussion of the sensitivity of social cost to these factors has been gathered from the existing literature,
though few papers look specifically at the effects of regulation; the EPA’s experience using CGE models to
analyze regulations; and results from a limited set of illustrative runs using the static version of the
EMPAX-CGE model, also referred to as EMPAX-S.

4.1 Magnitude of Compliance Costs

CGE models are recognized as being “best suited for estimating the cost of policies that have large
economy-wide impacts, especially when indirect and interaction effects are expected to be significant”
(U.S. EPA, 2010a). For instance, the EPA’s study of the prospective effects of the Clean Air Act
Amendments from 1990 to 2020 (U.S. EPA, 2011a) found that there are substantial secondary effects of
compliance costs on the overall economy, a large portion of which likely result from energy price increases
and the diversion of capital from activities that enhance long-term productivity to investment in pollution
control equipment in the industrial sector. The EPA’s Economic Guidelines also recognizes that CGE
models “are generally not well suited for estimating the effects of policies that will affect only small
sectors or will impact a limited geographic area” (U.S. EPA, 2010a). However, what constitutes a large
(versus a smaller sector/region specific) impact that may merit use of a CGE (versus a partial equilibrium)
approach is not well defined in the literature.

The EPA’s air regulations range widely with regard to magnitude of aggregate compliance costs. We
distinguish between four compliance cost bins based on the estimated annual costs of air regulations
promulgated between 2003 and 2013 (as reported in OMB 2014 (in 2001S)):

. $100 million — this is the threshold at which Executive Order 12866 requires BCA,

. $0.5 billion — many air regulations had compliance costs near this amount during the time period
. $3 billion — many air regulations had compliance costs in the $1 - $3 billion range during the time
period

. $10 billion — no air regulation had higher compliance costs than $10 billion during the time period

To better understand how the magnitude of compliance cost is reflected in economy-wide social cost
estimation, we used the EMPAX- S CGE model to conduct a set of simulations. For each of the 25
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manufacturing sectors in the model, we entered each of the four compliance cost amounts listed above
and calculated the equivalent variation (EV) — for a total of 100 simulations.!2

Figure 2 shows the range (horizontal gray bar) and average (vertical black bar) of the EV calculated for the
25 sectors for each of the four compliance cost amounts. The range of estimates is wide and expands in
both relative and absolute terms as compliance costs increase. The average tends toward the lower end
of the range. In the case of the set of $10 billion compliance cost simulations, in a number of simulations
EV is smaller than the compliance cost. All of these occurrences are for sectors where base year total
production costs are in the $20-30 billion range. We include these sectors for illustrative purposes but to
avoid the extreme values problem, we next perform simulations where compliance costs are set at a
percentage of base year total production costs.

Figure2: EV: Range and average for 25 manufacturing sectors
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Figure 3 shows the range and average of the percentage difference between EV and compliance costs,
where compliance costs are entered as 1, 2, 3, and 4 percent of base year production costs.'®* Although

2 EV is a monetary measure of the change in utility brought about by changes in prices and incomes, and focus on
changes in consumer welfare rather than on changes in total final demand (U.S. EPA, 2010a). See section 6 for
more discussion of this and other measures of economic welfare.

13 The 2005 Pollution Abatement and Expenditure Survey (PACE) reports capital abatement expenditures to reduce
air emissions as about 3 percent of total new capital expenditures (from the Annual Survey of Manufacturers) for all
reporting industries combined. Some industries report a much larger proportion of abatement expenditures — paper
manufacturing has abatement capital expenditures that are 6.8 percent of total new capital expenditures while
petroleum and coal products manufacturing has abatement capital expenditures of almost 14 percent - while others
report noticeably lower expenditures to reduce air emissions — the machinery manufacturing sector has abatement
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the averages tend toward the lower end of the ranges, the ranges themselves are quite wide. For the 1
percent compliance cost case, the range extends from 9 percent to 54 percent. As compliance costs
increase, the upper end of the range decreases slightly while the lower expands enough that the overall
range is greater. The average difference between EV and compliance cost decreases slightly from 17
percent to 15 percent as compliance costs increase from 1 percent to 4 percent of base year production
costs. While these simulations use a single static model only, they demonstrate that differences between
partial and general equilibrium estimates of cost can vary greatly by sector and simple a priori
generalizations should be avoided.

Figure 3: Percent EV differs from compliance cost: Range and average for 25 manufacturing sectors
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4.2 Time Horizon

Often the EPA estimates the social cost of a regulation at a given (future) point in time. Such estimates
provide snapshots of the expected costs for firms, government, and households but do not allow for
behavioral changes from one time period to affect responses in another time period. However, effects
over time may be important when investment in capital to comply with the regulation in one period

capital expenditures that are 0.3 percent of total new capital expenditures while fabricated metal products
manufacturing has abatement capital expenditures of 1.2 percent. It is important to keep in mind, however, that
capital expenditures reported to PACE are for requirements across all Federal air regulations combined, while the
focus of this white paper is on how to analyze social cost associated with a single air regulation.
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affects investment decisions in future periods.'* Pizer and Kopp (2005) note that static productivity losses
from environmental regulations are amplified over time due to their effect on capital accumulation (a
lower capital stock over time reduces economic output and therefore welfare). A static model would miss
this effect. Pizer and Kopp (2005) state that the “additional cost of this accumulation effect on welfare
can be as much as 40 percent above the static cost that ignores changes in capital stock.” Hazilla and Kopp
(1990) and Jorgenson and Wilcoxen (1990) have also shown that this effect is potentially significant. It is
important to note, however, that this conclusion is based on studies of large-scale changes in
environmental regulation (i.e., Hazilla and Kopp, and Jorgenson and Wilcoxen examine the combined
welfare effects of the 1972 Clean Water and 1977 Clean Air Acts).

In addition to capital-induced growth effects, the evaluation of social cost in a dynamic framework may
be important when a regulation is expected to affect product quality, productivity, innovation, and
changes in markets indirectly affected by the regulation in a way that impacts consumer and producer
surplus over time (U.S. EPA, 2010a).

The time interpretation of a CGE model depends on whether the model is static (one period) or dynamic
(multiple periods). Static models produce a single-period representation of how the economy responds
to a policy shock. Dynamic CGE models are long-run models, often calibrated to a starting year, that
produce estimates for a set of future years relative to a projected baseline. The EPA’s Economic Guidelines
advises that if the intertemporal effects of a regulation on non-regulated sectors are expected to be
significant, a dynamic CGE model may vyield useful insights. That said, the evolution of variables in the
model sometimes depends on exogenously imposed assumptions. For instance, modelers sometimes
need to constrain the pace at which some variables in the model change (e.g., how quickly technology
changes) based on an external assessment of what is technically feasible. Static and dynamic models are
discussed in more detail in section 5.2. The representation of technological change is discussed in sections
4.4 and 5.6 of this paper.

Regulatory Representation and Timing

Another important time-related issue is how far out into the future a CGE model produces estimates. The
EPA’s Economic Guidelines states that, “generally, the duration of important effects of a policy determines
the period chosen for the analysis and baseline.” Since a static CGE model can only produce a snapshot of
the social cost of a regulation for a given year (e.g., 2020) it may or may not be representative of the
policy’s effects. Even when an analyst determines that it is important to estimate the social cost of
regulation over a longer period of time, a dynamic CGE model may stop short of the end-year for capturing
important regulatory effects, in which case social cost estimates might be biased downward. When
compliance costs are not available for all future years, a forward-looking CGE model has a greater ability
to smooth costs over time. However, this may mask the full economic impact of a policy. To ensure that
the model does not underestimate costs when policy costs persist into the future, one may need to
extrapolate costs to the end of the CGE model horizon.

14 “ror example, if a regulation requires firms in the electric utility sector to invest in pollution control equipment,

they may not invest as much in electric generation capacity as they would have in the absence of the regulation. This
may result in slower growth in electricity output” (U.S. EPA 2010a).
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In dynamic models, time steps between periods are chosen to provide enough detail to show the
adjustment to policy over time, while using a manageable number of time periods for computational
reasons. Because dynamic CGE models are often solved over periods of 50 years or more, it is not always
practical to solve each individual year. A five-year time step is used in models such as the dynamic version
of EMPAX-CGE (also referred to as EMPAX-D) and EPPA. In recursive models, time steps represent shocks
that move the baseline economy from one period to the next. The Global Trade Analysis Project (GTAP)-
Dyn model describes shocks to the time variable, t, as defining the model period, and “shocks to other
exogenous variables represent accompanying changes in external circumstances” (lanchovichina and
McDougall, 2000). This implies that, when using a dynamic CGE model, the year in which a regulation
comes into effect may not be explicitly modeled. Due to the expense and time requirements to adjust the
baseline, adding a new solution year may not be an option. For MATS, the EPA used 2015 as a proxy for
the year in which compliance with the regulation begins (i.e., 2016). Regulations that are introduced
gradually or vary timing of compliance by region or state pose additional challenges for model
representation.

4.3 How Compliance Costs Are Entered into the Model

We previously noted that the imposition of a regulation in a CGE model is frequently modeled as a
“productivity shock,” in which complying with the regulation creates a need for additional inputs in
addition to those already used to produce the good or service of the regulated sector.?® The total cost of
these additional inputs may be derived from detailed estimates of compliance costs from an engineering
or partial equilibrium model. This, however, begs the question of how to allocate estimated total
abatement cost among inputs specified in the CGE model.

As detailed information about the composition of abatement costs and/or how to map them into inputs
in a CGE model is often lacking, one frequently used approach is to allocate the abatement costs in direct
proportion to the inputs — capital, labor, and intermediate goods — used in the regulated sector of the CGE
model. In other words, regulatory requirements do not change the proportion of labor, capital, or other
inputs in the firm’s production function. This “Hicks-neutral” allocation is the approach taken by Hazilla
and Kopp (1990) and Jorgenson and Wilcoxen (1990). Ballard and Medema (1993) allocate all of the
abatement costs to capital and labor inputs only.

Using a CGE model of the German economy with a separately defined sector for pollution control based
on detailed abatement cost data, Nestor and Pasurka (1995a, 1995b) compare the impacts of abatement
costs allocated across inputs consistent with the German data with impacts simulated using Hicks-neutral
and capital-labor only abatement cost allocations. They find that there are significant differences in
sectoral impacts between the simulations using the German data for the cost allocation and those using
the more ad hoc allocations.® In particular, relative to the data-driven specification, the Hicks neutral cost

15 For alternatives to this approach to modeling the introduction of a regulation see Aiken et al. (2008).
16 Nestor and Pasurka, and others use surveys and other data to construct 41-sector input-output tables for the U.S.
that separate out environmental protection activities (U.S. EPA, 1995b). The input-output tables are constructed for
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allocation approach tends to underestimate output changes because it allocates a smaller proportion of
abatement expenditures to labor and capital than occurs in reality. In contrast, the capital-labor only
abatement cost allocation approach tends to overestimate output changes because it assumes abatement
processes do not rely on intermediate inputs; thus, it fails to account for offsetting indirect effects.

Nestor and Pasurka (1995b) focus on sectoral impacts in their comparison of the allocation of abatement
costs in CGE models instead of how the allocation of abatement costs may affect economy wide measures.
To do so, as in section 4.1 where we looked at the effect of the magnitude of compliance costs on economy
wide impacts, we perform a set of simulations using the EMPAX- S static CGE model. As a bounding
exercise, in succession for each of the 25 manufacturing sectors in the model, we allocate $1 billion of
compliance costs to (i) capital only, (ii) labor only, and (iii) intermediates only. We also allocate the S1
billion of compliance costs according to Hicks-neutral shares.’

Figure 4 shows the range (horizontal gray bar) and average (vertical black bar) of the EV calculated for the
25 sectors for each of the four cost allocations. The differences are quite large. For the capital-only
allocation, the range of EVs calculated with the model extends from 50 percent greater than the
compliance costs, to almost 100%. The average for the 25 sectors is 60 percent. For the intermediates-
only allocation, on the other hand, the range goes from 2 percent less than the $1 billion in compliance
costs to 16 percent more, with an average of 2 percent. The range for the labor-only cost allocation is
narrower than for the capital-only allocation and the average is lower at 38 percent. The average for the
Hicks-neutral allocation is 17 percent, lying between the factor-only and intermediate-only allocations, as
the Hicks-neutral shares include both types of inputs.

the years 1977 and 1982. In a separate paper (U.S. EPA, 1995a), they estimate vectors for inputs purchased for air,
water, and solid waste environmental protection activities for 1991. Data from these studies are used to allocate
inputs in CGE model simulations for the EPA’s prospective study of the benefits and costs of the Clean Air Act from
1990 to 2020 (U.S. EPA, 2011a). Unfortunately, collection of some of the survey data used by Nestor and Pasurka
has been discontinued and extensions of their work to more recent years have not been attempted.

17 We chose not to allocate costs using a subset of the Nestor-Pasurka data for this exercise.
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Figure 4: EV with $1 billion in compliance costs for 25 manufacturing sectors: Range and average
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As demonstrated by Fullerton and Heutel (2010), non-revenue raising environmental regulations can have
significant effects on factor prices and in turn on real incomes. In our simulations, a productivity shock,
regardless of the cost allocation, lowers factor prices. Productivity shocks with capital-only and labor-only
allocations have a greater combined effect on factor prices than is the case with the intermediate-only
allocation as the factor-only shocks place a greater overall burden on the factors. In the EMPAX-S static
CGE model, capital is able to move between sectors, but the total stock is fixed. Labor supply, however,
responds to changes in both the wage rate and non-labor income (e.g. through changes in a representative
agent’s income from ownership of the capital stock). In our simulations of the capital-only allocation,
labor supply falls, increasing the impact of the productivity shock. With all of the other allocations,
however, labor supply increases, reducing the impact of the shock. We can see this in Figure 5, where we
have run the same simulations but with a fixed labor supply. The average for the capital-only allocation
is now lower, while for all of the other allocations, the average is greater. Without the impact of the
change in labor supply, the averages for the capital-only and labor-only allocations are almost identical
(although the range is still wider for the capital-only allocation).
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Figure 5: EV with $1 billion in compliance costs for 25 manufacturing sectors: Range and average

(Labor supply fixed)
Capital-only |
Labor-only |
Hicks'-neutral '
Intermediates
-only
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Equivalent Variation {$ billion)

4.4 Expected Technological Change from Air Regulations

Estimating the social cost of an air quality regulation over a relatively long time horizon requires
assumptions about future technological change.® It has long been recognized that both the stringency
and approach of environmental regulation that is taken (i.e., technology standard, performance standard,
or economic instrument) may influence the degree to which it induces technological change (e.g., Magat,
1978; Fischer et al., 2003).

Jaffe et al. (2002) lay out a conceptual framework for understanding how technological change in response
to environmental regulation may affect the relationship between inputs and output, ultimately reducing
the unit costs of production. They represent the economy’s aggregate production function in logarithmic
form, where vy; is the growth rate in output (Y) over time, and I, ki, and e; are the growth rates for the
inputs to production, labor (L), capital (K), and an environmental input (E), respectively:

Vi = At + Buele + Breke + Peeer.

Hicks neutral technological change is represented in this framework through a change in A:; in other
words, an increase in Acmeans overall productivity increases. It is possible to produce more output using
the same conventional inputs (L, K, and E) as before (or conversely, to produce the same level of output
from smaller quantities of inputs). There is also the potential for “biased” technological change. An

18 Technological change represents a change in the way in which productive activity occurs. Jaffe, et al. (2002) define
technological change as a process that incorporates invention, innovation, and diffusion.
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environmental regulation may affect the growth rate of one or more inputs over time or change the
relative productivity of inputs to production, which is captured by a change in one or more of the fs.

Whether innovation induced by an individual regulation is more appropriately modeled as a change in A
or in one or more Bs is an empirical matter. Compliance with an environmental regulation may result in
the adoption of existing technology, improvement of or application of existing technology to a new use,
and/or development of entirely new technologies or processes (Sue Wing, 2006a). Newell et al. (1999)
point to evidence of technological change that is biased toward or away from energy efficiency in
appliances over time, but find that the direction of the bias is related to changes in relative energy prices
instead of regulation.’® The EPA’s Economic Guidelines notes that, “despite its importance as a
determinant of economic welfare, the process of technical change is not well understood. Different
approaches to environmental regulation present widely differing incentives for technological innovation.
As a result, the same environmental end may be achieved at significantly different costs, depending on

the pace and direction of technical change.”®

The empirical literature also has noted that variable costs of production or environmental abatement tend
to decline over time with cumulative experience. While the explanations for why this occurs vary, the
evidence for such “learning” is compelling enough that OMB now asks agencies to consider the potential
for learning effects when analyzing the cost of regulation. For instance, the EPA has applied technology-
specific learning curves to a select set of new technologies when estimating compliance costs for light
duty vehicle regulations. When analyzing the prospective costs and benefits of the Clean Air Act
Amendments from 1990 — 2020 (U.S. EPA 2011a), the EPA adjusted the costs of compliance (for local
controls in non-attainment areas) downward by 10 percent, on average, for every doubling of emission
reductions. However, when a CGE model is also used to evaluate social costs, a key question is how
assumptions regarding technological innovation that are applied to engineering estimates interact with
assumptions about technological innovation already integrated into a CGE model.

4.5 Number and Type of Sectors

As noted in the EPA’s Economic Guidelines “[a]s the number of affected markets grows, it becomes less
and less likely that partial equilibrium analysis can provide an accurate estimate of social cost. Similarly, it
may not be possible to accurately model a large change in a single regulated market using partial
equilibrium analysis” (U.S. EPA, 2010a). While a general equilibrium approach is recommended in these
cases, how to determine what constitutes a large number of sectors or in which types of sectors a large
change in a single market may matter from a general equilibrium perspective is left to the analyst.

The literature offers little additional guidance. Kokoski and Smith (1987) find that while a partial
equilibrium model adequately captures welfare effects for a fairly large single sector shock (up to a 42
percent unit cost increase), use of this approach to analyze a small multi-sector shock results in large

1% Another well-studied program is the 1990 Clean Air Act Amendment SO» cap-and-trade system for power plants.
Chan et al. (2012) note that research finds it spurred improvements in scrubber performance, the use of different
mining techniques to extract low-sulfur coal, and blending of low and high-sulfur coal.

20 Technological change also is widely accepted to be one of the most critical, albeit less understood, factors that
determine future levels of GHG emissions and the associated cost of reducing them (Jacoby et al, 2006).
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errors in welfare relative to a fairly simple, highly aggregate CGE model. The size of the error is related to
the direction and magnitude of the relative price change in the directly regulated sector compared to
other consumer goods. For instance, while the partial and general equilibrium models produce estimates
of similar magnitude for price changes in the directly and indirectly affected sectors for the small multi-
sector policy shock, the direction of the price changes differ, amplifying the disparity of effects across
sectors.

Pizer et al. (2006) find that reduced-form sector representations in a CGE model and partial equilibrium
sector models that hold input prices and output constant result in similar predictions of emissions
responses to a carbon price in the commercial building, industrial, and household transportation sectors.
This is not the case in the electricity sector where a substantial portion of emission reductions stem from
reductions in output, particularly as marginal costs of achieving reductions rise. However, the partial
equilibrium and general equilibrium approaches produce markedly different estimates of the marginal
welfare cost in all four sectors. They are “about $10 to $15 per ton of carbon higher than costs measured
by the permit price in the building and electricity sectors, $10 per ton lower in the industrial sector and
S50 per ton lower in household transportation.” The main reason for the differences in estimates is the
presence of pre-existing taxes in these sectors.?!

We also researched whether other Federal agencies offer specific guidance on how the number or type
of sectors analyzed affects model choice. The International Trade Commission, which uses both partial
and general equilibrium approaches to evaluate the effects of changes in trade and non-trade barriers,
highlights a particular challenge when using general equilibrium models to analyze policy changes in a
narrowly defined industry. Using the example of studying the effects of removing a tariff from the frozen
bakery product sector (standard industrial classification (SIC 2053), they note that, in the CGE model,
“frozen bakery products are included together with several dozen other slightly related but not identical
industries. For example, bottled and canned soft drinks (SIC 2086), cereals (SIC 2043), and chewing gum
(SIC 2067) are included in the combined sector of ‘food products.’ Thus, the frozen cake industry may be
too small a part of the model’s food products sector to give meaningful results due to ‘aggregation bias.’
Put another way, there are too many products in the model’s sector to accurately isolate the frozen bakery
products industry. To study a narrowly defined industry, the partial equilibrium model would be a better
choice” (Rivera 2003). (The economic impacts white paper will discuss how aggregation issues affect an
analyst’s ability to adequately estimate sectoral effects from regulation.)

5. Sensitivity of Social Cost Estimates to Model Structure

This section considers the sensitivity of cost estimates to a number of key issues associated with the
structure of CGE models as identified in the charge. Each factor is evaluated with regard to how it may
affect the technical merits of using a CGE model for estimating the social cost of an air regulation. The
specific factors examined are:

21 The commercial buildings and electricity sectors have relatively high indirect business taxes; the industrial sector
has relatively low indirect business taxes; household transportation is not covered by the income tax on capital.
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e Sensitivity of CGE models to key parameter assumptions;
e  Static versus dynamic model structure (including degree of model foresight);

e The rules used to close a model (i.e., government revenue-expenditure, savings-investment,

current account);

e How international trade is represented (e.g. when a detailed representation of the U.S.” main
trading partners may be important);

e  Whether transition or adjustment costs are incorporated into the model for some input
markets;

e Considerations relevant to the availability and cost of an economy-wide model versus
alternative modeling approaches (i.e., to inform analytic choices that weigh the value of
information obtained against analytic expenditures when resources are constrained); and

e How technological change is captured in the model.

Evidence of the sensitivity of social cost estimation to these factors is gathered mainly from the existing
literature. Given that most of the relevant literature in this area is not specific to the analysis of
environmental regulation due to the dearth of papers focusing on that topic in a CGE context, this section
draws from a broader array of CGE modeling experience (e.g. in international trade settings). The intention
of this section is not to ask panelists to review/critique past modeling approaches used by the EPA or
outside groups but rather to summarize the different approaches pursued to-date to set the stage for the
broader discussion of these issues as laid out in the charge.

5.1 Sensitivity of Results to Parametric Assumptions

Model structure and parameter assumptions have long been recognized as important drivers in applied
CGE analysis. Of particular interest are estimates of elasticities that help define potential production
processes and agent preferences, as model results are often highly sensitive to these parameters.?? For
instance, Shoven and Whalley (1984) observe that results from CGE analyses of the U.S. tax system are
sensitive to labor supply, saving, and commodity-demand elasticity assumptions. Fox and Fullerton (1991)
find that estimates of welfare changes associated with tax reform are more sensitive to assumptions
about the elasticity of substitution between labor and capital than the actual level of detail about the U.S.
tax system in the model. More recently, Elliot et al. (2012) confirmed that CGE analysis is likely far more
sensitive to uncertainty around elasticity parameter assumptions than other data inputs such as the
benchmark social accounting matrix.

22 See section 5.5 for a discussion of sensitivity of results to Armington trade elasticity assumptions as well as
calibration versus econometric estimation in this context.

33



The sensitivity of CGE model results to parameter values has been the subject of much discussion given
the common approach of selecting values through a calibration process (Hansen and Heckman, 1996).%
However, selecting econometrically estimated parameter values from the literature is not without its own
concerns due to inconsistencies between the structure of the CGE model and a large range of potentially
contradictory empirical analyses that provide elasticity estimates (Shoven and Whalley, 1984; Canova,
1995).2* To address these concerns, some researchers have chosen to econometrically estimate the
parameters of their model in a framework that is structurally consistent with the CGE model (e.g.,

Jorgenson et al., 2013).

To better understand the implications of uncertainty around parameters to which modeling results might
be sensitive, researchers also have considered different approaches for characterizing the range of
changes that might be induced by a policy shock. For instance, some cases studies have relied on basic
comparative statics, or slightly more involved sensitivity analysis. However, it has been noted that varying
only one, or a few, parameters at a time could potentially provide an incomplete characterization of the
uncertainty surrounding the results due to important interactions between parameters within complex
and highly non-linear CGE models (Abler et al., 1999). Therefore, researchers also have considered more
formal approaches to accounting for uncertainty by defining probability distributions over parameters
and integrating over the distributions using Gaussian Quadrature to obtain mean values for the results
(e.g., Hertel et al., 2007) or Monte Carlo simulations to obtain sampling distributions for the results (e.g.,
Selin et al. 2009). (The uncertainty white paper will include a more complete discussion of approaches to
characterizing uncertainty in the results of applied general equilibrium analysis, including additional
approaches such as inter-model comparisons, and validation and verification exercises.)

5.2 Static vs. Dynamic Models

Static CGE models represent a snapshot 