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Executive Summary

In 2017, the EPA’s Science Advisory Board (SAB, 2017) recommended that the Agency enhance
its regulatory analyses using computable general equilibrium (CGE) models “to offer a more com-
prehensive assessment of the benefits and costs” of regulatory actions. In response, the EPA has
invested in building capacity in this class of economy-wide modeling. A key outcome of this effort is
the EPA’s CGE model of the U.S. economy, called SAGE. The SAGE model provides an important
complement to the analyses typically performed during rule development by evaluating a broader
set of economic impacts and offering a more complete estimate of costs.!

CGE models, such as SAGE, are aggregate representations of the entire economy. They 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 or more markets, the CGE model estimates a new set of relative prices and quantities for all
markets that return the economy to a new equilibrium.? For example, the model estimates changes
in relative prices and quantities for sector outputs and household consumption of goods, services,
and leisure that allow the economy to return to equilibrium after the regulatory intervention. In
addition, the model estimates a new set of relative prices and demand for factors of production
(e.g., labor, capital, and land) consistent with the new equilibrium, which determines changes to
household income as a result of the regulation (EPA, 2010). In CGE models, the social cost of
the regulation is estimated as the change in economic welfare in the post-regulation simulated
equilibrium compared to the pre-regulation “baseline” equilibrium.

Unlike other analytic tools typically used to evaluate the costs of regulations, CGE models
account for how effects in directly regulated sectors interact with and affect the behavior of other
sectors and consumers. Specifically, they are designed to capture substitution possibilities between
production, consumption and trade; interactions between economic sectors; and interactions be-
tween a regulation and pre-existing distortions, such as taxes. Figure 1 uses a simplified circular
flow diagram to depict how input and output markets are generally connected to each other in
CGE models. Following a standard assumption in economics, the model assumes that households
maximize their wellbeing, while firms maximize their profits. Households supply factors of pro-
duction to firms in exchange for income (e.g. wages, profits, and interest payments). Firms use
the available factors of production and materials to produce outputs that are then bought and
consumed by households.

The SAGE model includes explicit subnational regional representation within the United States.

Each region contains multiple representative firms that vary by the commodity they produce and

!CGE models may also be able to provide additional information on the benefits of regulatory interventions, though
this is a relatively new but active area of research. Note that until the benefits that accrue to society from mitigating
environmental externalities can be incorporated in a CGE model, the economic welfare measure is incomplete and
needs to be augmented with traditional benefits analysis to develop measures of net benefits.

2CGE models are generally focused on analyzing medium- or long-run policy effects since they characterize the
new equilibrium (i.e., when supply once again equals demand in all markets). Their ability to capture the transition
path of the economy depends on the degree to which they include characteristics of the economy the restrict its ability
to adjust instantaneously (e.g., rigidities in capital markets).



Cost Wages, Profit, Interest

> Resource
Resources Market ) Labor, Capital, Land
Firms Households
Goods & Servi Consumption
oods ervices , Product D
Revenue Market ) Ezpenditures/Payments

Figure 1: Depiction of the Circular Flow of the Economy

have regional specific production technologies. Each region also has multiple representative house-
holds that vary by their income level and have region specific preferences. Within the economy
households and firms are assumed to interact in perfectly competitive markets. In addition to
households and firms, there is a single government in SAGE that represents all state, local and
federal governments within the United States. The government imposes taxes on capital earnings,
labor earnings, and production and uses that revenue (in addition to deficit spending) to provide
government services, make transfer payments to households, and pay interest on government debt.

Modeling domestic and international trade presents a unique challenge in that the model’s
structure needs to account for the fact that the United States can be both an importer and an ex-
porter of the same good at both the national and regional level. SAGE handles these cases through
the use of the “Armington” approach, which assumes that imported and exported versions of the
same good are not perfect substitutes. In SAGE this assumption is applied to both international
and cross-regional trade within the United States. In addition, SAGE recognizes that the United
States is a relatively large part of the global economy and shifts in our imports and exports have
the potential to influence world prices.

SAGE is a forward-looking intertemporal model, which means that households and firms are
assumed to make their decisions taking into account what is expected to occur in future years and
how current decisions will impact those outcomes. In an intertemporal model care needs to be
taken to ensure that in response to a new policy the economy does not instantaneously jump to
a new equilibrium in a way that is inconsistent with the rate at which the economy can adjust
in practice. SAGE seeks to model a more realistic transition path, in part, by differentiating the
flexibility of physical capital by its age. Under this approach the model distinguishes between
existing capital constructed in response to previous investments and new capital constructed after
the start of the model’s simulation. Existing capital is assumed to be relatively inflexible and is

used for its original purpose unless a relatively high cost is borne to alter its functionality. New



capital is more flexible and easily adjusts to changes in the future. Independent of its vintage,
once capital has been constructed in a given region it cannot be moved to another region. While
physical capital is not mobile, households can make investments in whatever region of the country
they desire.

The dynamics of the baseline economy in SAGE are informed through the calibration of key
exogenous parameters in the model. Most importantly are population and productivity growth
over time. The model reflects heterogeneity in productivity growth across sectors of the econ-
omy consistent with trends that have been historically observed. In addition, the model captures
improvements in energy efficiency that are expected for firms and households going forward. Ad-
ditional baseline characteristics, such as changes to government spending and deficits and changes
to international flows of money and investments, are calibrated to key government forecasts or
informed by historical trends.

The SAGE model relies on a large number of data sources to calibrate its parameters. The
foundation is a state-level dataset produced by IMPLAN that describes the interrelated flows of
market goods and factors of production over the course of a year with a high level of sectoral
detail. When needed this dataset is augmented by information from other sources, such as the
Bureau of Economic Analysis, Energy Information Administration, Federal Reserve, Internal Rev-
enue Service, and the National Bureau of Economic Research. These data are combined with key
behavioral parameters for firms and households that are adopted from the published literature or
econometrically estimated specifically for the purposes of calibrating SAGE. The result is a static
dataset that describes the structure and behavior of the economy in a single year. To develop the
forward-looking baseline for the model, additional information on key parameters, such as produc-
tivity growth, future government spending, and energy efficiency improvements are incorporated
from sources including the Congressional Budget Office and Energy Information Administration.

To ensure that SAGE is consistent with economic theory and reflects the latest science, the
EPA initiated a SAB panel to conduct a high-quality technical review, completed in August 2020.
The SAB report commended the agency on its development of SAGE, calling it a well-designed
open-source model. The report included recommendations for refining and improving the model,
including several changes that the SAB advised the EPA to incorporate before using the model in
regulatory analysis (denoted as Tier 1 recommendations by the SAB). The SAB’s Tier 1 recom-
mendations, including improving the calibration of government expenditures and deficits and the
foreign trade deficit; allowing for more flexibility in the consumer demand system; and representing
the United States as a large open economy, are incorporated as of version 2.0 of the model.? A
number of the SAB’s medium- and long-run recommendations have also been incorporated into
SAGE.

3SAGE, version 1.2.2 was peer reviewed by the EPA’s Science Advisory Bord (SAB). The final report
is available at https://yosemite.epa.gov/sab/sabproduct.nsf/0/511476D92CEF2AC7852585D6005D373C/$File/
EPA-SAB-20-010.pdf



https://yosemite.epa.gov/sab/sabproduct.nsf/0/511476D92CEF2AC7852585D6005D373C/$File/EPA-SAB-20-010.pdf
https://yosemite.epa.gov/sab/sabproduct.nsf/0/511476D92CEF2AC7852585D6005D373C/$File/EPA-SAB-20-010.pdf

What’s New in Version 2.07

The current version of the model includes a number of major improvements, many of which imple-
ment the top-tier recommendations of the EPA’s SAB (2020). Key improvements relative to the

previous version of the model (1.2.2) include:

e Improving the calibration of exogenous variables, including government and international

accounts.

e Allowing for more flexibility in the consumer demand system so the share of overall spending

on different goods varies with changes in income.
e Relaxing the assumption that the United States is a small open economy.
e Allowing for the implementation of variable time steps.
e Allowing for sector-differentiated productivity growth in the baseline.

e Providing additional diagnostic checks and illustrative examples.



1 Introduction

SAGE is a computable general equilibrium (CGE) model of the United States economy developed
to aid in the analysis of environmental regulations and policies.* It is an intertemporal model
with perfect foresight, resolved at the sub-national level. Each of the regions in the model has
five households reflective of national income quintiles. Each region has 23 representative firms,
with greater disaggregation in the manufacturing and energy sectors that are often impacted by
environmental policies. Production technologies are represented with nested CES functions, which
may include natural resource inputs. Capital for these firms is represented in a partial putty-clay
framework to aid in capturing transition dynamics. A single government agent levies taxes on labor
earnings, capital earnings, production, and consumption. The United States is treated as a large
open economy that relies on the Armington framework governing both domestic and international
trade.

In the following section, technical details on the structure of the model are presented. Section
3 describes the model’s calibration. Section 4 discusses the solution algorithm. Section 5 discusses
potential options for representing regulations within the model. Section 6 provides a description of
how to run the model and describes the verification checks run by the model to test the solution.
For a more general description of the model and sensitivity analyses of the model’s results we refer
the interested reader to Marten et al. (2019).

2 Model Structure

SAGE solves for the set of relative prices that return the economy to equilibrium after the imposition
of a policy or other shock, such that all markets clear. This section describes the model’s basic
structure by first defining the markets in the model, followed by how firms, households, and the
government are represented. The section concludes by describing the market clearance conditions
that are used to determine equilibrium, where supply equals demand in all markets, along with the

closures applied in the model.

2.1 Trade

The United States is modeled as a large open economy. While SAGE does not include the rest of

the world explicitly, the model provides a reduced form mechanism to influence world commodity

4We use a recursive naming convention, where SAGE stands for SAGE is an Applied General Equilibrium model.
Note that CGE and AGE are often used in the economics literature to refer to the same class of models. Shoven
and Whalley (1984) describe AGE models as converting the simple two-sector general-equilibrium structure of Arrow
and Debreu to a more complex model of the economy that can then be solved computationally to evaluate the
welfare and distributional implications of different policies. CGE models have the same aim. Both rely on elasticity
estimates to parameterize and simplifying functional forms to solve the models. In addition, both types of models
are described as deriving from micro-theoretic foundations (e.g., cost minimization by firms, utility maximization
by households, all markets clear in equilibrium), though historically their solution algorithms have differed. AGE
models are solved iteratively to approximate the price vector that re-equilibrates the economy. CGE models use
macro balancing equations to close the model to solve for a unique solution (Horridge et al., 2013).
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prices. There are four subnational regions in the model matching the U.S. Census regions (see
Figure 2). Labor and natural resources are not mobile across regions. Capital once installed is not
mobile across regions; however, investment is mobile across regions.

Within a region, goods from different origins markets (regional, intra-national imports, interna-
tional imports) are aggregated using the Armington specification (Armington, 1969). Intra-national
trade is pooled at the national level. That is, there exists a single market clearing price for com-
modities traded across regions, independent of the region of origin or destination.® This structure
for intra-national trade is similar to other CGE models with subnational detail (e.g., Rausch et al.
(2011); Ross (2014)).5 The Armington aggregate is based on first bundling regional output with
intra-national imports and then combining that bundle with international imports. A constant
elasticity of transformation (CET) function is used to differentiate regional output between differ-
ent destination markets (regional, intra-national exports, international exports). This structure is
presented in Figure 3.

To implement upward sloping rest of world supply curves for imports into the United States
and downward sloping rest of world demand curves for U.S. exports, the model uses a reduced
form approach without an explicit representation of the international economy. Specifically, the
international demand for U.S. exports and supply of imports into the U.S. market require the use
of a fixed factor, of which a rest of world agent is endowed. This specification is not meant to

represent a physical process in reality, but is a reduced form assumption that allows the model’s

>The pooled approach for national trade is due to a lack of well established state-by-state bilateral trade data by
commodity.

SHowever, we note that there are examples where estimates of state-by-state bilateral trade matrices have been
applied (e.g., Balistreri and Rutherford (2001); Caron and Rausch (2013)).
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export demand and import supply curves to be calibrated to exogenous price elasticities. This
reduced form approach to modeling a large open economy follows Yuan et al. (2019).

More specifically, the Armington aggregate is defined as

senf—1
My 5.t d se-nf
Qtrs = Orsd 511 frs hyrys ftrd
mor,s,ftrd
se_dn—1
mt dtrd se_dn
(L csnfos) | esdnns <W) , (1)
mor,s,dtrd
(se_nf—1)se_dn nf
dypg\ ot | seniGe-dn=1) ST
r,s
+ (1 — ecs_dn -
( T,S) do’r‘,s

where a; s is the Armington composite in period ¢ and region r for commodity s, my s rq are
imports from market trd, dy , s is domestic production consumed locally. Throughout this document
a 0 trailing a variable name denotes the value in the benchmark year; benchmark cost shares have
the prefix ¢s; and substitution elasticities have the prefix se. © The national market is denoted dtrd
and the international market is denoted ftrd. The parameter cs_nf, ;s represents the international
imports share of the Armington composite, and cs_dn, s represents the share of national imports in
the domestic-national composite. The substitution elasticity between international imports and the
domestic-national composite is se_nf and the substitution elasticity between domestic production
and national imports is se_dn. The inputs into the Armington aggregate are determined based on
minimizing the price of the composite good, pas,, s, given the price in the domestic market, pd; ;. s,
the price in the national market, pn; s, and the price of foreign imports, pmy .

The CET function to differentiate domestic output across destination markets is defined as

te_dx+1
dt rs te_dx
Ytrs T Y-€Ttrs = yor,s Cs—dmr,s,d —
dor,s
te_dz+1
Ty rsdird | te-9®
+ cs_dx, s dird () ) (2)

mOr,s,dtrd

Ttrs, ftrd \ 69

+ CS—dwr,s,ftrd (
xor,s,ftrd

tedochl] T

)
where y;, s is output from production with new capital, y_ex;, s is output from production with
extant capital, xy, g 18 exports to market trd, cs_dr, s mie is the share of output destined for
market mkt, and te_dz is the transformation elasticity. Within the production possibilities frontier
represented by equation (2), firms select the shares of production destined for each market based on
maximizing the price of output, py; . s, given the price of the commodity in the different destination

markets.

"In the model, most substitution elasticities vary across sectors as discussed in further detail in Section 3. However,
to simplify the exposition, in this document we forgo the sector subscript on substitution elasticities.
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Figure 3: Armington Trade Specification

The supply of imports from the rest of the world is characterized by a Cobb-Douglas production

function, defined as

(Z 0 ) fimt7s cs-loe-ms ms*fxt,s
ms = m
t,s - r,s, ftrd meOS (Z

r mos,ftrd - meOS)

(1—cs_loe_ms)
) S
where ms; s is the supply of imports into the U.S. market in period ¢ for commodity s, fimy s
is the fixed factor input to import supply and ms_fxz; s is foreign imports less the fixed factor.
cs-mg denotes the calibrated cost share based on exogenous price elasticities for import supply (as
further explained in Section 3). The inputs into the supply of imports at price pmy s are based on
minimizing the costs of the fixed factor, pfim; s, and the price for foreign exchange, pfx;.
Similarly, the international demand for exports (xd_fz; ) is characterized by a Cobb-Douglas
production function combining exports from the U.S. market (xd;s) and exports from the rest of

world agent treated as a fixed factor (fix;s), defined as

‘ fixt,s cs-loe_xs xdt,s (1—cs-loe_xs)
vd fary = (3 20p pira + fiz0y) N , (4)

fiz0s r xor,s,ftrd

where cs_loe_xs denotes the calibrated cost share based on exogenous price elasticities for export
demand. The inputs into the demand of international exports at price pfxz; are based on minimizing
the costs of the fixed factor pfiz;, and the U.S. export price, pr; . Notably, when cs_loe.m; = 0

and cs_loe_xs = 0, the model is translated into a small open economy where pm; s = px s = pfa;.

12



We use a Cobb-Douglas function without loss of generality to pin down calibrated cost shares and

fixed factors based on exogenous price elasticities.

2.2 Production

Production in the model is aggregated to 23 sectors, with greater detail in manufacturing and
energy. The sectors in the model and their associated NAICS codes are presented in Table 1. This
default disaggregation represents sectors that have historically been the focus of environmental
regulations. This set of sectors also maps nicely into the industrial sectors of the U.S. Energy
Information Administration’s (EIA) National Energy Model System (NEMS) that are used to

inform the baseline calibration.

2.2.1 Manufacturing and Service Sectors

In SAGE, perfectly competitive firms maximize profits subject to market prices and a given pro-
duction technology. Due to their parsimony and global regularity, nested constant elasticity of
substitution (CES) production functions have become widely used in applied general equilibrium
modeling (Brockway et al., 2017), and this is particularly true in the case of CGE models used to
analyze energy and environmental policies. Similarly, SAGE makes use of nested CES functions (in
calibrated share form) to define the production functions for the sectors represented. The policy
response of CGE models based on nested CES production functions may be sensitive to the ordering
of the nests, as this choice defines separability of the production functions amongst inputs (Lecca
et al., 2011). Thus, there has been much discussion about the hierarchy for nested CES production
functions, particularly with regards to capital, K, labor, L, and energy, F, inputs. Much of this
discussion has been based on heuristics, although the empirical work of Van der Werf (2008) is a
notable exception. Van der Werf (2008) studied the fit of different nesting structures given histori-
cal production data for 12 OECD countries between 1978 and 1996. Van der Werf (2008) finds that
the nesting structure combining K and L in the lower nest and the KL bundle with £ in the top
nest, denoted K L(FE), provides a significantly better fit to the data compared to the other possible
nesting structures. Furthermore, Van der Werf (2008) finds that the structure combining K and E
in the lower nest provided the worst fit for the data, a finding that has been corroborated in other
single country contexts (e.g., Dissou et al. (2015); Ha et al. (2012); Kemfert (1998)). Other multi-
and single-country studies have found that the K E(L) nesting structure may fit the data as well as
the K L(F) structure at the aggregate national level (e.g., Markandya and Pedroso-Galinato (2007);
Su et al. (2012)). However, Kemfert (1998) finds that in cases where the K E(L) nesting structure
finds support at the aggregate national level the specification may actually provide a worse fit than
the K L(E) structure when disaggregated sectoral production functions are estimated. We use a
structure that combines primary factors K and L in a lower nest, where that value-added bundle is
then combined with an energy composite. At the top level of the production function the K L(FE)

composite is combined with a Leontief composite of material inputs. This structure is similar to
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Table 1: Model Sectors

Abbreviation Description

NAICS Codes

NEMS IDM Code

agf
gas
cru
col
min
ele
wsu
con
fbm
wpm
ref
chm
prm
cem
pmm
fmm
cpu

tem
bom

trn
ttn
STV
hlt

Agriculture, forestry, fishing and hunting
Natural gas extraction and distribution
Crude oil extraction

Coal mining

Metal ore and nonmetallic mineral mining
Electric power

Water, sewage, and waste

Construction

Food and beverage manufacturing

Wood and paper product manufacturing
Petroleum refineries

Chemical manufacturing

Plastics and rubber products manufacturing
Cement

Primary metal manufacturing

Fabricated metal product manufacturing
Electronics and technology

Transportation equipment manufacturing
Balance of manufacturing

Non-Truck Transportation
Truck transportation
Services

Healthcare services

11
211,* 213111,* 213112,* 2212,

211,* 213111,* 213112

2121, 213113

2122, 2123, 213114, 213115

2211

2213

23

311, 312

321, 322

32411

325

326

32731

331

332

334, 335

336

3122, 313, 314, 316, 323, 32412, 3271, 3272, 32732,
32733, 32739, 3274, 3279, 333, 337, 339

481, 482, 483, 485, 486, 4869, 487, 488, 491, 492, 493
484

42, 44, 45, 51, 52, 53, 54, 55, 56, 61, 624, 71, 72, 81
621, 622

1,2
4*
4*

NA
NA

22
12, 13
14
16, 18
17

10, 15, 21, 23

NA
NA
NA
NA

* Crude oil and natural gas extraction is included as a single sector in the benchmark data. However, we disaggregate this activity into separate sectors for crude oil and

natural gas. Details are available in Section 3.1.1.



other CGE models used to analyze energy and environmental policies (e.g., Paltsev et al. (2005);
Rausch et al. (2011); Capros et al. (2013); Cai et al. (2015)).

For the energy composite we also use a nested CES function to represent available production
technologies. Initial work using energy-explicit CGE models typically combined all energy sources
- including primary energy sources and electricity - in a single nest, commonly with a unit substi-
tution elasticity (e.g., Borges and Goulder (1984)). Subsequent efforts separated electricity from
other primary energy sources in a two-nest CES structure that defined the energy composite (e.g.,
Van der Mensbrugghe (1994); Babiker et al. (1997); Paltsev et al. (2005); Rausch et al. (2011)
Bohringer et al. (2018)). The assumption of weak seperability between primary energy inputs and
electricity is representative of the primary energy choice across fuels for a sector being defined more
by the production process or regional fuel supply characteristics than by the price of electricity.
Some recent models have even gone a step further using a three-level CES nest to further disaggre-
gate the primary energy composite in order to impose separability between some of the fossil-fuel
use decisions in the cost-minimization problem (e.g., Burniaux and Truong (2002); Chateau et al.
(2014); Ross (2014)). However, the three-level CES nesting structure has not been applied consis-
tently across models, and evidence of weak separability in the data is lacking empirically (Serletis
et al., 2010a).

SAGE applies the two-level energy nesting with the bottom level nest combining refined petroleum
products (or by-products), coal, and natural gas. The second level nest combines the primary en-
ergy composite with electricity. This nesting structure is presented in Figure 4. More specifically,

the production function for manufacturing goods and services produced with new capital is

se_klem

t se_klem—1 k;l se_klem—1 Se klem—1
mat s se_klem Ctrs se_klem
=90 cs_klem — 1 — cs_klem 2 , (O
Yt,rs YUr.s [ T,8 <mat07«75> +( 7",3) (k‘leOr,s) ] ( )
where mat; , s is the materials bundle, which is defined as
id id
maty s = mat0, s min ( : triagf.s ey = t’T’Sm’S> ) (6)
Zdor,agf,s Zdor,srv,s

tdg 1 ss,s 18 the demand for intermediate good ss, and kle; ;. s is the energy and value added composite,

which is defined as

Se*klkefl kl Se’kl;fl se_kle—1
klet’r’s = kleorvS lcskler,s (enet,r,s> : + (1 — cs,kler 5) ( t,r,s) - ] . (7)

enely s

ener s is the electricity and primary energy composite, which is defined as

se_ene

].<8>

se_ene—1 se_ene—1

ent"r"S se_ene Z‘dt7’r‘,€le’s se_ene
enetrs = enely s [cs_ene, + (1 —cs_eneps) | ————
enor,s Zdor,ele,s
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enr,s is the primary energy composite, which is defined as

3 se_en—1 ) se_en—1
— end Zdt,r,col,s se-en Zdt,r,ref,s se-en
€Nt rs = ENVUr s | CS_ENy col,s do + cs_eNy ref.s d
1aVr col,s ? Or,ref,s
se_en—1 Se-en (9)
d Tseen | Se-enT!
104t r.gas,s
+ Cs—enr,gas,s di ’

? Or,gas,s

where ) cs_en, q5s = 1. Finally, kl;, s is the value added composite, which is defined as

se_kl

kd se,kll€71 ld se,kl]:ll Se ki—1
o t,r,s se- B t,r,s se-
Eli s = klO, [csklr,s <kd0r,s> + (1 —cs_kly ) (ldOr,s) ] , (10)

where kd; , s is demand for new capital, and Id; . s is demand for labor. Recall that parameters with
the prefix cs are the relevant cost shares in the benchmark year, and parameters with the prefix se
are the relevant substitution elasticities.

Markets are assumed to be perfectly competitive, such that firms are price takers. Given market

prices, firms seek to maximize profits

(1 - tyt,'r,s)pyt,r,syt,r,s - Zpat,r,ssidt,r,ss,s - (1 + tkt,r)prt,rkdt,r,s - plt,rldt,r,Sa (11)

SS
where py; . s is the output price based on maximizing returns across destination markets per equa-
tion (2), pas, s is the price of the Armington composite, pry, is the rental rate for new capital,
ply » is the wage rate, and ty;,s, and tk;, are ad valorem taxes on output and capital income,

respectively.®

2.2.2 Resource Extraction, Agriculture, and Forestry Sectors

The resource extraction sectors (crude oil, natural gas, coal, and mining) have an additional primary
factor input, in this case representing the finite natural resource. In many cases, models have
included this resource in a top-level nest with a bundle of non-resource inputs (e.g., Ross (2005);
Paltsev et al. (2005); Sue Wing (2006); Rausch et al. (2011); Capros et al. (2013); Ross (2014);
Bohringer et al. (2018)). While some models allow for substitution between materials, energy, and
value-added in resource extraction sectors (e.g., Sue Wing et al. (2011); Capros et al. (2013)), other
models treat energy, labor, and capital as Leontief inputs (e.g., Ross (2014)), although in most
cases there is some substitutability allowed between labor and capital (e.g., Ross (2005); Paltsev
et al. (2005); Sue Wing (2006); Rausch et al. (2011)). Recent empirical evidence suggests non-zero
and statistically significant substitution elasticities between inputs in resource extraction industries

(Young (2013); Koesler and Schymura (2015)). Therefore, we maintain the same structure as in

8Payroll taxes are included as part of households’ tax rate on labor income to capture the limit on Old Age and
Survivor’s Insurance payments, which causes the marginal ad valorem tax rate to differ across employees based on
income.
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the standard production nesting albeit with the addition of a fixed resource. The structure of the
production functions for the fossil fuel extraction sectors is presented in Figure 5.

We model the agriculture and forestry sectors using a similar production function with land as a
fixed factor input. We recognize that there has been an ongoing discussion in the literature related
to the degree of flexibility required by a production function to capture the separability, or lack
thereof, observed in empirical studies of agricultural sectors (e.g., Higgs and Powell (1990); Zahniser
et al. (2012); Simola (2015)). However, the decreasing returns to scale nature of production in the
sector, as captured in Figure 5, is common among approaches, independent of the nesting structure
applied.

For the resource extraction, agriculture, and forestry sectors the specific form of the production

function is

se_rklem—1 kl se_rklem—1 %
T@St rs se_rklem emt r.s se_rklem
Ytrs = Y05 |csrklem, s | —— + (1 — es_rklemy.s) | ————— ,
resOy, s klemO, s
(12)
where
" se_klem—1 kl se_klem—1 %
ma trs se_klem et r.s se_klem
klemy s = klemO,. s |cs_klem, s | ——=>=— + (1 — cs_klem,.s) = ;
ne ) *\ mat0 ’ kle0
TS 7,8
(13)

and maty s and kles , s are defined in (6)-(10). The fixed factors, res; s, are sector specific and in
the baseline fixed at the benchmark level, res;, , = res0, s Vt.
The resource extraction, agriculture, and forestry markets are also assumed to be perfectly

competitive, such that firms are price takers. Given market prices, firms seek to maximize profits

(1 — tyt,r,s) PYtrsYtrs — Zpat,r,ssidt,r,ss,s — (1 + tk’t,r)prt,rkdt,ns - plt,rldt,r,s
p (14)
— (1 + thy,) presg . sresi s,

where pres; , s is the price of the fixed factor resource. It is assumed that returns to the fixed factor

face the same ad valorem tax rate as income from physical capital.

2.3 Partial Putty-Clay Capital

To better represent limitations associated with transitioning existing capital stock between sectors
or changing its production process, the model considers two capital vintages: existing stock in the
benchmark year and new capital formed after the benchmark year. Production with new capital
has the flexibility described in Figure 4 and 5. Production with extant capital has a Leontief

production structure, as shown in Figure 6.° For a profit maximizing firm this means that output

9Given the Leontief structure of the production function with extant capital, the nesting pictured in Figure 6 is
unnecessary but is retained to make the figure more readable.
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of commodity s using extant capital is

kd_exy

kdO, (15)

Y-€Tyrs = yor,s

and demand for intermediate good ss, labor, and fixed factor resources to be used with extant

capital will be

. . kd_ex
B 7,88,8 — rsss T 1
id_exty 55,5 = 10y g5 RO, < (16)
kd_exi s
-~ r,s — e 1
ld_ext s = 1dO0,, kO, . (17)
and 1
€Tty s
~ r,s — s 1
res_exy, s = resOy, RO, . (18)

In our partial putty-clay specification, extant capital is primarily sector specific, although it
allows a limited potential to shift extant capital across sectors at a cost. This feature is included to
match observations that some extant capital (e.g., structures) can be transferred across sectors. To
capture this characteristic, sector-specific extant capital, kd_ex; , s is determined by a CET function
that transforms a region’s extant capital, k_ex;,, with elasticity te_k_ex. More specifically, given
the rental rates for sector-specific extant capital the returns to the stock of extant capital are

maximized subject to the production possibilities frontier

te_k_ex

)

kd_exy, s teke
k_ext, = kO, [g cs_kd_ex, g (kd()rs)

where ) cd_kd_ex,, = 1.

Capital, regardless of vintage, is assumed to depreciate at the annual rate §. The law of motion

(19)

for extant capital reflects this ongoing depreciation, such that
kexiii, = (1 —0)k_exy,, (20)

where k_exq, = k0,. The law of motion for the new capital stock reflects both depreciation and

new regional investment, such that
ktJrl’rr = (]. — (S)]{Zt’r + ’L'TL’Utyr, (21)

where inv;, is investment in region r in year ¢ and ko, = 0. The aggregate investment good is
composed of commodity output not otherwise used in final demand, government expenditures or

exported away. The formation of new physical capital via the aggregate investment good is assumed
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Table 3: SAGE Representative Households

Household Benchmark Income

hh1 < $25,000
hh2 $25,000-$50,000
hh3 $50,000-$75,000
hh4 $75,000-$150,000
hhb > $150,000

to operate through a CES function with an elasticity of substitution, se_inwv, such that

se_inv

) seinv—17 geTiny—1

. . ] Zt7f,~73 se_itnv

NV = Z’I’LUOT E CSINVUr s W ’ (22)
r,s

S

where i, s is investment demand for commodity s, and ) ¢s_inv, s = 1 for each region.

2.4 Households

Each region has five representative households differentiated by benchmark income. Benchmark
incomes for the representative households are presented in Table 3. Based on the underlying
economic data in our social accounting matrix, these represent the closest approximation to national
income quintiles possible.

Each representative household seeks to maximize intertemporal welfare, which is defined for

household A in region r as

o l .
Won = 3 Bt (S22, (23)

n
—0 t,r.h

where 3 is the discount factor, n;,.j are the number of households represented by this agent, cl; .,
is the consumption-leisure composite, and u (-) is the intra-temporal utility function. The discount
factor is defined as )
f=—, (24)
where p is the pure rate of time preference.
The intra-temporal utility function is isoelastic, such that
1-n
cl
t,r,h
u (cl =, 25
( t’r7h) 1— n ( )
where 7 represents the inverse of the intertemporal substitution elasticity of full consumption. Intra-
temporal household preferences are defined by a nested CES-LES (linear expenditure system) utility
function as presented in Figure 7. The top level CES representation of the leisure-consumption
trade-off allows us to calibrate the elasticity of substitution to empirical labor supply elasticities.
This nested CES-LES approach also assumes weak separability between leisure and consumption of

other commodities (see Caron et al. (2017) for another example this type of utility function). Non-
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leisure consumption is assumed to follow a linear expenditure system (LES) demand structure. This
LES structure provides for non-homothetic preferences that can be calibrated to empirical income
elasticities while maintaining global regularity conditions that more flexible functional forms are
often missing (Ho et al., 2020; Sands et al., 2017; Lofgren et al., 2002).'° A linear expenditure
demand system allows for non-homothetic preferences with linear Engel curves that do not pass
through the origin when subsistence demands are positive (Stone, 1954). Engel curves describe the

proportion of income spent on a particular commodity as income changes.

Household
Utility
CES(se_cl)
Leisure Consumption
LES
Agriculture cee Services

yS A

International Domestic

/_Xidn

Intra-national Local

Figure 7: Household Consumption

More specifically, this framework disaggregates non-leisure commodity demands into discre-
tionary (dedy, s ) and subsistence demands (scdy s p) such that total non-leisure commodity de-
mand (cdt s p) is defined as

Cdt,r,s,h = dCdt,r,s,h + SCdt,r,s,h' (26)

Each household in the model must achieve an exogenously specified minimum level of consumption,
denoted here as subsistence spending, for each commodity demand to contribute to positive utility

levels. To incorporate this demand sub-system into the model, calibrated subsistence demands

ONote that CES functional forms imply unitary income elasticities. This violates Engel’s Law for food demand,
which states that consumers increase their expenditures for food products as their income grows at a decreasing rate.
Since household income is assumed to grow over time in the baseline, this assumption “imposes a baseline growth
path at odds with historical experience” (SAB, 2020). The LES functional form relaxes this assumption.
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(scdy s n) are held fixed and appear in the budget constraint but do not contribute to positive
utility levels (and are hence not included in Figure 7). Once agents have achieved the minimum
level of consumption, additional demand is endogenous in the model, denoted here as discretionary
spending, as captured in Figure 7. Aggregate discretionary consumption (dct . 4) is combined with
leisure in the top-level nest of the utility function using a CES function. More information about
the calibration of our demand system is presented in Section 3.3.6.

Intra-temporal household preferences over full discretionary consumption are defined as

se_cl

] se_cl—1 | (27)

where leis; ;. p, is leisure and dcy ., is the discretionary final goods consumption composite, defined

se_cl—1 se_cl—1

dc se_cl leis so.cl
clyyn = clOyp, [cscl,«,h <dcgr7:> + (1 —cs_clyp) (mgn:>
Ty r,

as

_lesg rn
cdi s h — SCir s h 2eBtmh,s
degrp = dcO,.p, L L 28
=t [T (e oo , (28)

where cs_les;, s is the value share for discretionary spending, adjusted for subsistence demands.
The subsistence portion of commodity demand, scd; ;s p,, is assumed to grow at an exogenous rate
consistent with income growth so that the calibrated income elasticities are relatively stable over
the model’s time horizon (see Section 3.3.6 for more details).

Households seek to maximize welfare in (23) subject to a budget constraint where sources
of income are represented on the right-hand side and expenditures on the left-hand side of the
equation, net of taxes. Disaggregation of exogenous government and international accounts implies
that the household budget constraint must also track these same categories of net transfers from

the government, net transfers from the rest of the world, and payments to service government debt.

pkhi1invhy g p + pely . peli rp + Z((l + tCt,r)pat,r,SSdt,r,s,h) =

S

prhiikhy . p + prh_evikh_exy . + g DPrest rsTE€S€tr s h
S

+ (1 =ty — tficasrn) plistesrn + (tern — tl-avge ) lerlern
+ pfag (incorowy ., + tran_rowy ., + curactbaly ,. ) int_share,.p,

+ cpistrans fersy . p, + cpiy (ginty . p, — deficit, , p, + icnadjy . p) g-share, p,

In the household budget constraint, the left-hand side variables are defined as follows: pkh; is the
price of new capital stock for households, invh; . is the level of investment in new capital stock
in period ¢, pcly . p, is the unit cost of full consumption (i.e., discretionary consumption and leisure)
inclusive of any consumption taxes, and sd; s is subsistence demand or the minimum amount of
demand required for positive utility levels.

The right-hand side of the budget constraint consists of several components. Earnings from new

capital are calculated as the after tax rate of return on new capital, prh;, multiplied by household
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holdings of new capital stock, kh;, . Households also earn income from investments in extant
capital, which consists of the average national return on households’ extant capital stock, prh_ex,

multiplied by their stock of extant capital, kh,ea:tﬁ,‘,h.n prh_ex; is further defined as

S, proexz_aggykexy,
S kexy, ’

where pr_ex_agg:, are the returns to extant capital in a region.

prh_ex; = (30)

The model explicitly tracks investment returns by household and region in each time step.
To do this, we characterize a second “intermediary” household specific capital stock that allows
households to invest in capital formation in regions other than where they live. This capital stock

behaves consistently with the law of motion for capital and evolves according to
kht—l—l,r,h = (]. — (s)kht’rjh + in?)htﬂ-’h. (31)

This capital stock reflects capital ownership by region, household and time period. It supplies a
national market for capital that is cleared by firm capital demands. Essentially, households invest
into a national investment fund that optimally (and without transaction costs) allocates those
investments across regions. Since new investment is mobile across regions there is a single price
for new capital investments by households and they earn a single rate of return that is inclusive of
regionally depreciating assets. These will be equal to the average price and rate of return to new
capital across regions.

Earnings from the ownership of fixed resources are captured in the household budget constraint
as the price of the fixed resource used by sector s, pres; , s, multiplied by the household’s endowment
of that fixed resource, rese; ;s .

To capture income from labor supply, te;, is defined as the household’s effective time en-
dowment, pl;, (i.e., the wage rate) is the price of labor, and l; . is the household labor supply.
Since households are assumed to “purchase” leisure at its opportunity cost (i.e., the wage rate),

the household labor supply, l; ;. , Will be determined according to the time endowment constraint
tet,r,h = leist,r,h + lt,r,h- (32)

The population and the time endowment are assumed to grow at exogenous rates, discussed in
further detail in Section 3.4.

Labor income must also be adjusted for taxes to be adequately represented in the budget con-
straint. Therefore, the value of a household’s time endowment is (1 — tl; ., — tficas,p) plirtesrn,
which accounts for two taxes that are collected from households on labor: the personal income tax
on labor earnings and Federal Insurance Contribution Act taxes, with ad valorem rates tl;,.;, and

tficag,p, respectively. The FICA tax is collected in this manner, as opposed to a payroll tax on

171t is assumed that past investment was also mobile across space, such that households have historically invested
nationally similar to the treatment of new capital. So the return households earn on their extant capital stock is a
weighted average of regional rental rates for extant capital stock.
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the firm side, to allow the effective FICA tax rate to incorporate the limit on the Old-Age, Sur-
vivors, and Disability Insurance tax. The additional component in the budget constraint related to
labor taxes, (tly,p — tl-avgs,.p) plerlern, adjusts the household’s after tax income so that it only
reflects the average tax rate collected on labor supply, while continuing to allow the use of effective
marginal tax rates when modeling behavioral incentives. The adjustment represents the difference
in the tax payment that would be collected by the government on labor income using the marginal
tax rate for all labor income versus the average income tax rate. In the absence of this adjustment,
the excess tax collected at the marginal rates would be returned through incadj;, , and indexed
based on the consumer price index, which can affect welfare estimates and incidence in particular.

Households also receive net transfers from the rest of the world. These are calculated as the price
of foreign exchange, pfx;, multiplied by the sum of their share of net income from the rest of the
world, inc_rowy .y, their share of net taxes and transfers from the rest of the world, tran_row .,
and their share of the current account balance, curactbal;, ;. This sum is then adjusted by the
modeled incidence of those foreign transactions on households, int_share, j.

Net government transfers to households are captured by transfers;, , which is assumed to
be indexed to the consumer price index, cpi;, as is the case with most federal government transfer
programs. Payments to service government debt are captured in the budget constraint through
the sum of the interest received on government debt, gint;, j, the purchase of government debt,
deficit;,p, and the balance of other inter-institutional transfers, incadj;, . This sum is indexed
by the ¢pi; and adjusted by the modeled incidence of those government transactions on households,
gshare,p.

The consumer price index, cpiy, is defined as

Er,s,h (1+ tCt,T) patrscdOr s

cpiy = , 33
Dl ersyh (1 +tcOr) cdO,. 5 p, (33)

and cdy ;. s, is demand for commodity s. int_share, ) and gshare, ) are defined as
int_share — Zs mor,s,ftrd - xor,s,ftrd cor,h (34)

B Zr,s mor,s,ftrd - xor,s,ftrd Eh COT,h
and 0
CUr h

_sh = = 35
g_share Zr,h O (35)

such that the incidence is predominately assumed to follow the incidence of consumption.

2.5 Government, Taxes and the Rest of World

There is a single national government in the model that imposes ad valorem taxes on capital income,
production, wage income, and consumption, tk,, tyirs, tlrpn, and teg,, respectively. The taxes
are region specific, the production tax is also sector specific, and the labor income tax rates are

household specific. While they remain constant over time in the baseline, we allow for the possibility
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of future changes in tax rates in the policy simulations.

Government purchases in region r are assumed to be Leontief, such that

govy r = gov0, min (gtrs> , (36)
s \90rs

where g¢;,s is public demand for commodity s in region r, and gov;, is the composite public

consumption good.

The government’s budget constraint is

Zpgovmgovm—i- Z cpigtrans ferst, v, h + cpirgint; + pfrigint_rows + cpizincadsy
r h

= Z Z { tyt,r,spyt,r,s (yt,r,s + yfemt,r,s)
r s

+ tkt,r [prt,rkdt,r,s + pr—ext,r,skd—emt,r,s + pT@St,r,s (Test,r,s + resext,r,s)]}

+ Z Z [(tlt,r,h + tf'icat,r,h) plt,rlt,r,h + tct,rpat,r,SCdt,r,s,h + CpitdefiCitt,r,h,
T h
(37)

where pgov , is the unit cost of government consumption based on (36).

The government’s budget is balanced through lump sum transfers, incadjs, which are shared out
to households based on their share of national consumption in the benchmark dataset, as discussed
in Section 2.4. Exogenous government and international accounts have been disaggregated to
allow for differentiated assumptions about their growth and provide greater transparency over the
assumptions within the model. The specific level of disaggregation selected for these accounts also
allows the exogenous variables in SAGE to line up well with other government forecasts to which
these variables are calibrated (see Section 3.4 for more details).

A rest-of-the-world agent is characterized as being endowed with fixed factors for export de-
mands and import supplies that demands foreign exchange. The agent’s budget constraint is
specified as

pfrirow; = Z (pfixmfixos +pfz'mt7sfim05> (38)

S

where pfxirow; denotes the income level of the rest-of-the-world agent, such that row, is the

rest-of-the-world demand for foreign exchange in each period.

2.6 Market Clearance

Given firm, household, and government behavior, along with the capital dynamics described in the
preceding sections, prices in equilibrium are assumed to clear all markets.
The price of the Armington aggregate, pa;, s, is a composite price index derived from three

prices: the price for domestic output consumed regionally, pd; , s, the price of commodities imported
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from the national market, pn; , s, and the price for imported commodities from the foreign market,

PMir,s. Patrs clears the intermediary market for the aggregate demand of commodities, such that

atr.s = Z(idt,r,s,ss + id—el't,r,s,ss) + Z(Cdt,r,s,h) + Z.t,r,s + Gtr,s- (39)
EX h

The price of domestic output consumed domestically, pd; , s, clears the domestic market, such that

_d
y—ext,r,s + yt,r,s <pdt,r,s)te v _ dt,r,s (40)

yor,s DPYt,r,s dor,s ’

where the left hand side defines the optimal share of output supplied to the domestic market based
on the output transformation function in (2). The price of labor, pl;,, clears the labor market,
such that

Z lt,r,h = Z ldt,r,s + ldfe-rt,r,s- (41)
h s

The rental rate for sector specific extant capital, pr_ex;, s, clears the market for extant capital,
such that

te_k_ex
k_exy, < Proexi s ) _ kd_ewyys

= e 42
kO, \pr-ex_agg:, kdOys ’ “2)

where the left hand side defines the optimal share of extant capital supplied to sector s based on
the extant transformation function in (19). The rental rate for new capital, pry ., clears the regional

market for new capital, such that

kg =Y k. (43)
S
The price of new capital, pk; ,, clears the regional investment market, such that
kt—l,r (1 — 5) + invt_LT = kt,r- (44)

The rental rate households’ earn on their holdings, prh;, clears the national investment market,

such that
> khien =Y ki (45)
r.h r

The price of commodities on the national market, pn; s, clears the market for national trade, such
that

§ xt,r,s,dtrd:§ M r.s,dtrd- (46)
r r

The price of imports, pmy s, clears the market for foreign import market, such that
msgs = th,r,s- (47)
T

The price of the import fixed factor, pfim; s, clears the market for foreign fixed import factors,
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such that!2
fim0s = fimy . (48)

The price of exports, pz s, clears the market for foreign export market, such that
Z Ttrs = xdt,s- (49)
=

The price of the export fixed factor, pfix; s, clears the market for foreign fixed export factors, such
that

fix0s = fixes. (50)

The price of foreign exchange, pfx;, clears the foreign exchange market, such that

Z xd_fxy s + incrowy + tran_row; — gint_row; — curactbal; = Z ms_fxy s + rows. (51)

S S

Finally, the rental rate for sector-specific fixed factors, pres;, s, clears the market for sector-specific
fixed factors, such that

E TeS€ty s h = T€St s + TES_ETyr . (52)
h

Given that the CES and CET functions defining much of the model’s structure are homothetic,

the prices for composite goods (e.g., pysrs and pcly . p,) are defined by their unit cost.

2.7 Closures

This section summarizes the main model closures, which are needed to ensure the model is well
specified and that there are enough equations to solve for the endogenous variables in the model.
These include the government account, trade accounts, intertemporal no-arbitrage condition, and
the terminal condition for the finite time horizon model. While some of these are presented above,
they are repeated here to provide a complete accounting in one section.

The government budget constraint in (37) is balanced through lump-sum transfers with house-
holds, where the endogenous transfers are distributed according to shares of benchmark consump-
tion per equation (35). The government budget is balanced via lump-sum transfers to avoid altering
the marginal incentives in the model through the speculative choice of which tax(es) to adjust.

The domestic trade account is closed each period with a single national price per commodity,
per the market clearance condition in (46). Each region’s overall balance of payments (across all
commodities) in the domestic trade market is not required to be zero in a given period. Deviations
from zero are the result of net investment flows in or out of the region in combination with differences
between the region’s tax payments and receipt of public funds.

The foreign trade account, across all commodities, is closed each period by the price of foreign

2Note that in the model, we let the fixed factors for imports and exports grow with the implicit growth rate.
fim0s and fixz0s do not include a ¢ subscript here for exposition purposes.
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exchange, per the market clearance condition in (51). The balance of payments is exogenously
specified.
To ensure that the model does not allow for intertemporal arbitrage opportunities, the following

constraint is placed on the price of capital
pkt,r = PTt,r + pktJrl,r(l - 6) (53)

In other words, the price of capital in period ¢ must equal the return it receives in period ¢ plus
the present value of the depreciated asset in period ¢ 4+ 1. This is equivalent to an equilibrium
price of capital that is equal to the present value of returns it will earn over its lifetime. A similar

constraint is placed on the price of new capital stock held by households
pkhy = prhy + pkhyy1(1 = 96). (54)

To close the finite approximation to the infinite time problem we generally follow Lau et al.
(2002). The capital stock in the post-terminal period, kt,, is introduced as an endogenous variable
with associated price, pkt,.. The post-terminal capital stock is determined by requiring that regional

investment is growing at the rate of aggregate regional output growth, such that

inUT,r . Zs YTr,s + Y-€XT 1 s
. - )
INUT—1r D YT—1rs + Y-LTT 1.8

(55)

where T is the terminal period. The price of terminal capital stock is determined by requiring the

law of motion for capital to hold, such that
kT,r (1 — (5) + Z'TL’UTJ, = kt,, (56)

where households’ share of the post-terminal capital stock is assumed to be equivalent to their

share of the capital stock in the last period of the model, such that

kht,p,

kht, ) = ——Lnh
o > rn KT n

(57)
where the price of terminal capital for the households is equal to the weighted average price of

terminal capital
>, Pkt kt,

pkht = .

(58)

3 Calibration and Data

There are multiple sets of data and parameters that define the calibration of the model. The
benchmark social accounting matrix; the substitution and transformation elasticities in the model’s

production and utility functions; parameters defining the transformation and depreciation of capital
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stocks; tax rates; and the parameters defining the baseline projection. This section describes the

sources of each of these in turn.

3.1 Benchmark Data

The benchmark data is based on IMPLAN’s 2016 database of the U.S. economy aggregated up
to the sectors in Table 1 for each of the regions in Figure 2, representative households in Table
3, and a single government.'® The data are used to define the benchmark year values and cost
shares. In addition, the benchmark dataset uses information from BEA’s National Income and
Product Account tables for the government deficit, deficit0, government interest payments to
domestic agents, gint0, government interest payments to the rest of the world, gint_row0, the
current account balance, curactbal0, net income from the rest of the world, inc_row0, and net
taxes and transfers from the rest of the world, tran,ow0.

The remainder of this section describes additional transformations and modifications made to

the database to conform to the structure of the model. Smaller transformations include:

e Household exports, which are primarily purchases by foreign tourists, are shared out across
commodities based on final good consumption shares and transferred from households to

sector-specific foreign exports.
e Government production (make and use) is integrated with private sector production.

e Investment demand, i0, s, is determined as the residual that would lead the goods market

clearance condition in (39) to hold.

3.1.1 Crude Oil and Natural Gas Extraction Disaggregation

The underlying IMPLAN data does not distinguish between crude oil and natural gas extraction.
Therefore, we disaggregate the single IMPLAN oil and gas extraction sector into separate natural
gas extraction and crude oil extraction sectors. To determine the natural gas share of consump-
tion/use we assume that crude oil serves as an intermediate input only to the petroleum refining
sector and that natural gas is the only intermediate input (between the two) to all other sectors. We
make the same assumptions for household and government consumption and investment demand.
In the IMPLAN data, some of the intermediate inputs to the petroleum refining sector are natural
gas. To determine that share and the natural gas share of production and trade we minimize the
sum of squared deviations for those shares from observed values or assumed shares conditional on
market clearance conditions and the assumption of weakly positive domestic use of production.

The observed or assumed shares we try to match are derived as follows:

1. The observed share of natural gas production by region is defined using EIA data on crude

oil and natural gas production by state aggregated up to the regional level. To arrive at a

IBIMPLAN Group, LLC, 16740 Birkdale Commons Parkway, Suite 206, Huntersville, NC 28078,
www.IMPLAN.com
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value share we multiply state-level production quantities by EIA data on state-level wellhead
prices for crude oil and city gate natural gas prices as a proxy for natural gas wellhead prices

(which are not available).

2. The shares of natural gas international imports and exports by region are defined using census
data on state-level international imports and exports of crude oil and natural gas aggregated

to the regional level.

3. A region’s intra-national import share of natural gas is assumed to be similar to the region’s
share of natural gas use relative to the region’s total crude oil and natural gas use. A region’s
intra-national export share of natural gas is assumed to be similar to the share of natural gas

production in the region.

4. The observed share of natural gas used as an intermediate input in the refining sector is
estimated based on national annual averages of crude oil and natural gas inputs to the sector
collected by EIA and converted to values using the Brent and Henry Hub average annual

prices as reported by EIA.

3.1.2 Filtering and Balancing Benchmark

To improve the computational performance of the model we, follow what is standard practice for
many CGE models and, filter out small values and rebalance the SAM. We remove any value less
than 5 x 10~° and any intermediate input whose cost share is less than 5x 1075, This translates into
filtering values of less than $50,000 or less than .005% of the total costs of production, respectively.
The relatively small size of such values can impeed computational performance, while there removal
does not meaningfully affect the results of the model.

After filtering small values the SAM is rebalanced by minimizing the squared percent deviation
from the original values weighted by the original values. Specifically we solve for new values of in-
termediate input demand, ¢d0; s, s, labor demand, [d0, s, capital demand, kdO, s, imports, mO, s 74,
exports, 20, s ¢4, household consumption, cd0, , p, government spending, g0, , investment, 10, ,
capital endowment, labor endowment, household savings, and lump sum government transfers,
tran0, . This optimization is subject to the market clearance conditions in (39), (41), (43), and
(46), the budget constraints in (29) and (37), the balance of payment sharing in (34), the zero
profit condition

(1= tyrs)y0rs = Y _ id0p g5 + 10y s + (1 + thy) kdOys, (59)

S

the requirement that regional investment equals household savings

Z ior,s = Z khot-{—l,r,h - khot,'r,ha (60)
h

S
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consistent with the original data set, weakly positive domestic own use

yor,s > Z$Or,s,trda (61)
trd

and where household savings is consistent with steady-state growth. The balancing occurs prior to
distinguishing between types of capital - new, extant - and fixed factor resources, as covered in the

next section. Therefore, the notation is somewhat simpler.

3.1.3 Natural Resources

Capital returns in the benchmark SAM are disaggregated into returns on man-made capital and
natural resources. The disaggregation is based on estimates of the returns to natural resources as
a share of gross surplus for those sectors. As described in greater detail below, these shares are
assumed to be approximately 25% for the oil and natural gas extraction sectors, 40% for the coal
mining sector, 40% for the agricultural and forestry sectors, and 40% for other mining sectors.

Through 2009, the U.S. Energy Information Administration (EIA) collected information on the
performance of major U.S. energy-producing companies. Based on the most recent survey, they
estimated that the total upstream costs (lifting costs plus finding costs) between 2007 and 2009 for
crude oil and natural gas companies included in the survey was $33.76 per barrel of oil equivalent
(EIA, 2011). EIA reports that the U.S. produced 1.95 billion barrels of crude oil'* and 3.67 billion
barrels of oil equivalent of natural gas'® in 2009.16 The U.S. Bureau of Economic Analysis (BEA)
estimates that in 2009 the output value for the oil and natural gas extraction sectors was $220
billion with gross operating expenditures of $123 billion.'” Combined, these estimates suggest that
the output value of the sector exceeded the upstream costs by $30 billion, which is 25% of the gross
operating surplus.

An alternative approach to defining the share of gross operating surplus due to rents paid to
natural resource ownership is to consider royalty payments. The United States has widespread
private ownership of minerals, including crude oil and natural gas. In 2012 an estimated 77% of
onshore crude oil and natural gas production revenue was associated with privately owned minerals
for which $22 billion in private royalties were paid (Fitzgerald and Rucker, 2016). In 2012, $8.5
billion in federal royalty payments were collected from onshore and offshore oil and gas production,
according to the U.S. Department of Interior’s Natural Resources Revenue Data.!® The BEA
estimates that in 2012 value added for the crude oil and natural gas extraction sectors, less employee
compensation and production taxes, was $157 billion.!? Private and federal royalties represented

approximately 19% of this remaining value added. Brown et al. (2016) found evidence that private

14https ://wuw.eia.gov/dnav/pet/PET_CRD_CRPDN_ADC_MBBLPD_A.htm

Bhttps://www.eia.gov/dnav/ng/hist/n9070us24A . htm

1Natural gas was converted to equivalent barrels of oil at 0.178 barrels per thousand cubic feet following EIA
(2011).

"https://www.bea.gov/industry/input-output-accounts-data

8https://revenuedata.doi.gov/explore/#federal-revenue

Yhttps://www.bea.gov/industry/input-output-accounts-data
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royalty rates may not represent full rent on the natural resource, potentially due to monopsony
power and long-term contracts. Similarly, government royalty rates may not represent the full rent
associated with the nonrenewable resource. Therefore, 19% likely represents a lower bound on the
rents associated with crude oil and natural gas resources.

Sue Wing (2001), based on BEA rent estimates from 1994%° and before the growth in shale
production, estimated resource rents to be approximately 45% for crude oil and natural gas pro-
duction. Technological progress such as horizontal drilling and hydraulic fracturing likely placed
downward pressure on the resource rents (e.g., Farzin (1992); Lin and Wagner (2007)). Given the
breadth of technical progress in these markets, 45% therefore may be a reasonable upper bound.

The share of gross surplus associated with coal resources is approximated using average ex-
traction cost estimates from Jordan et al. (2018) along with additional information on operation
costs for coal companies. Jordan et al. (2018) estimate average per-ton extraction costs for coal
by region based on 10-K filings from large publically traded coal companies (Figure 1 from their
paper). Based on there estimates of extraction costs and regional coal production levels, the ex-
traction costs for the industry in 2012 were approximately $37 billion. This value does not include
consumption of fixed capital, sales, or general administrative costs. Using the 10-K fillings for
the same publicly traded coal companies evaluated in Jordan et al. (2018), these additional costs
were on average 20% of extraction operating costs in 2012. BEA estimates that in 2012 the total
output value for the coal mining sector was $52 billion with $19 billion in gross operating surplus.?!
Estimating the payments to the resource as the difference between the total output value and ex-
traction costs scaled to include other costs yields $8 billion, which is approximately 40% of gross
surplus for the sector. Notably, extraction operating costs may include some royalty payments,
which may represent returns to the resource, leading to an underestimated share of gross surplus
associated with resource payments. Conversely, the estimates of variable input costs do not include
expenditures associated with mine closures, which can be large, leading to an overestimate of the
share of gross surplus associated with resource payments. We note that, while based on data from
the early 1990s, Sue Wing (2001) similarly estimated resource payments to be 40% of gross surplus
in the coal sector.

Remaining mineral and metal mining activity is aggregated into another mining sector (min).
Approximately two-thirds of the output value from the sector is attributable to stone mining and
quarrying (NAICS 21231) or sand and gravel mining (NAICS 21232). Of the remaining third of
the sector’s output value, copper ore mining (NAICS 212234) accounts for approximately half. Due
to a lack of recent data that would facilitate an exercise similar to those conducted for the other
mining sectors we assume the share of gross surplus attributable to the resource is 40%, following
the coal sector.

Disaggregating the returns to agricultural and forestry land as 40% of gross operating surplus is
consistent with rental data from the U.S. Department of Agriculture (USDA). The USDA estimates

Onttps://apps.bea.gov/scb/account_articles/national/04940d2/maintext.htm
21ht‘cps ://wuw.bea.gov/industry/input-output-accounts-data
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that the rental value in 2016 for cropland and pastureland is $136 and $13 per acre, respectively,??
and that there is approximately 245 million acres of cropland?® and 528 million acres of pasture-
land.?* The BEA estimates gross surplus in 2016 for the agricultural sectors to be $103 billion.
Using the USDA estimates to compute the total rent paid to agricultural land and dividing by
the BEA gross surplus estimate, suggests that land rental values are up to 40% of gross surplus
for the sector. It is worth noting that the USDA rent per acre estimates may include the returns
to some structures, potentially making them an overestimate of the returns to land. Since the
agriculture and forestry sectors are combined in the default aggregation of SAGE this assumption
is also implicitly applied to the returns to land for the forestry sector, which accounts for less than

9% of the gross surplus for the combined sector.

3.2 Taxes

As previously noted, the model explicitly includes business taxes/subsidies, ty, s, personal labor
income taxes, tl,j, and capital income taxes, tk,. The taxes are introduced into the dataset prior
to aggregation to the model’s regions. When aggregating the dataset, taxes are set to keep the tax
revenue constant between the disaggregated and aggregated datasets. Production taxes net of any
subsidies, ty, s, are based on the average rate observed in the IMPLAN database. The production
tax rates are presented in Table 4. Based on the design of the IMPLAN database these values also
include sales and excise taxes. A placeholder exists for consumption taxes, tc,, in the model’s code
to allow for future development work that may move the sales and excise taxes out of production
taxes. In the current version of the model, explicit consumption taxes are set to zero. Therefore, as
it currently stands, sales and excise taxes are applied on the supply side of the market as opposed
to the demand side and are associated with the sector that submits the tax payment and not
necessarily the sector that produces the taxed commodity.

Personal income taxes on labor are differentiated across regions and households. Effective
marginal Federal Insurance Contribution Act (FICA) taxes are also differentiated across regions
and households. This allows the payroll tax rates to capture the annual limit on Old Age and
Survivor’s Insurance (OASI) taxes, which would not be possible if the payroll taxes were collected
on the firm side due to the model’s structure. Data from the U.S. Census Bureau’s Current
Population Survey (CPS) Annual Social and Economic Supplement (ASEC) is used to create a
representative sample of tax returns. These sample returns are then run through NBER’s Taxsim
model version 27 to estimate marginal tax rates for wage income and FICA for each sample return
(Feenberg and Coutts, 1993).25 For each region and household we compute the weighted average

effective marginal tax rate from the sample returns by weighting the Taxsim results by the CPS

nttps://quickstats.nass.usda.gov/results/ABF12C63-5DDA-3745- A0OB3-C91279A860D1

Shttps://wuw.fsa.usda.gov/Assets/USDA-FSA-Public/usdafiles/NewsRoom/eFOIA/crop-acre-data/zips/
2016-crop-acre-data/2016_fsa_acres_data_aug2016_dr6.zip

2"nttps://wuw.nrcs.usda.gov/wps/portal/nrcs/detail/national/landuse/rangepasture/?cid=nrcsdevil_
001074

2nttp://users.nber.org/~taxsim/taxsim27/
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Table 4: Tax/Subsidy Rates on Production

nor sou mid  wes

agf  0.02 0.01 0.01 0.00

ccu  0.05 012 0.13 0.17

col 0.03 0.07 0.09 0.10

min  0.02 0.03 0.03 0.03
ele 0.09 0.08 0.08 0.08

gas 0.05 0.09 0.06 0.12

wsu -0.09 -0.01 -0.04 -0.03
con 0.01 0.01 0.01 0.01
fom 0.04 0.04 0.01 0.03
wpm 0.01 0.01 0.01 0.01
ref 0.01 0.01 0.01 o0.01

chm 0.02 0.01 0.01 0.02
prm  0.01 0.01 0.01 0.01
cem 0.01 0.01 0.01 0.01
pmm 0.01 0.01 0.01 0.01
fmm 0.01 0.01 0.01 0.01
cpou 0.01 0.01 0.01 0.01
tem 0.01 0.00 0.00 0.00
bom 0.01 0.02 0.01 0.02
trn 0.03 0.03 0.04 0.04

ttn 0.01 0.01 0.01 o0.01

srv 0.05 0.05 0.05 0.05

hit 0.01 0.01 0.01 o0.01
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Table 5: CPS to NBER Taxsim Income Mapping

Taxsim Variable Description CPS Variable(s)*
ws_val, semp_val, frse_val,
-hiemp x phip_val
ws_val, semp_val, frse_val,

pwage Wage and salary income of primary taxpayer

swage Wage and salary income of spouse hiemp xphip_val
dividends Qualified dividend income qual_fracxdiv_val
stcg Short term capital gains or losses NA**
ltcg Long term capital gains or losses NA**
. rnt_val,
otherprop Other property income (1 — qual_frac) xdiv_val
nonprop Other non-property income oi_val, ed_val
pensions Taxable pensions and TRA distributions rtm_val
: . . _val, ssi_val _val
gssi Gross social security benefits ZSS;;\’/;S 1-val, Stvs-val,
ui Unemployment compensation uc_val
. _val, we_val, vet_val
transfers Other non-taxable transfer income paw-val, we-val, vet-val,

csp_val, fin_val
* Except for the primary and spouse wage and salary income, for married taxpayers each Taxsim
variable is the sum of the CPS variables for both the primary taxpayer and their spouse.
** The CPS ASEC does not include information on imputed capital gains after 2010.

ASEC earned income and applying the supplement weights.

From the CPS, the filing status variable (filestat) and the dependent status variable (dep_stat)
are used to distinguish between single/head of household taxpayers and dependent taxpayers. All
married taxpayers are assumed to file jointly, and the person records for each couple are identified
using the a_spouse variable. The dep_row variable in the CPS is used to assign non-filing dependents
to taxpayers, along with the ages of the dependents. This information is used to populate the
Taxsim variables used to assess personal exemptions, the Dependent Care Credit, the Child Credit,
and the Earned Income Tax Credit.

The income variables in the CPS ASEC are mapped to the Taxsim variables as described in
Table 5. For married couples, all income values entered into Taxsim are joint earnings, except in the
case of wage and salary income, which are kept separate. In both cases the employee-paid portion of
employer-provided health insurance plans are subtracted from wages and saleries. Dividend income
reported in the CPS is split between qualified and ordinary dividends based on the aggregate share
of dividends that are qualified, qual_frac, from the IRS individual income tax returns line item
totals.?6 The CPS no longer includes imputed capital gains; therefore they are omitted from the
submission to Taxsim. This limitation may bias the weighted average effective marginal tax rates
downwards for the household representing the top income quintile (where nearly all capital gains
accrue) if the inclusion would cause some households to be in a higher tax bracket.

The implicit deductions for each filer are computed as the difference between adjusted gross

*®nttps://www.irs.gov/pub/irs-soi/16inlinecount . pdf
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income (agi) and taxable income (tax_inc) as reported in the CPS minus personal exemption de-
ductions accounting for the phase out. From this value, we subtract property and state taxes. We
submit either this value or zero, whichever is higher, to Taxsim as potential sources of itemized
deductions. Property taxes in the CPS ASEC (prop_tax) are associated with household records so
we divide those taxes equally amongst all tax filing units in a household.

For each representative filer, Taxsim returns the effective marginal tax rate for primary earner
wage income. Using the CPS ASEC person weights and primary earner wages, a weighted average
of the effective marginal tax rates for wage income are computed for each region and representative
household in the model. Primary earner wages are used as the weight because each married couple
has two returns in our sample that are the same except for switching the primary and secondary
earner. Since the entire FICA tax is collected on the household side in the model the labor income
and FICA tax rates are adjusted to account for the fact that employees do not pay income or FICA
taxes on employer paid shares of the FICA tax.

The personal labor income tax rates by region and household are presented in Figure 8a, and
the FICA tax rates are presented in 8b.2” The crossbars represent the national income-weighted,
average effective marginal tax rate for the representative household.

The average individual income tax payment for household A in region r, tl_avg0, 3, is computed
following the same procedure outlined above for the effective marginal individual income tax rate on
labor income. However, in this case the rate used is the average individual income tax rate calculated
by Taxsim. The average individual income tax rates by region and household are presented in Figure
8c. These estimates are consistent with recent estimates by the U.S. Congressional Budget Office
(CBO), noting that the estimates for SAGE are slightly higher due to the inclusion of state income
taxes (CBO, 2018).

The effective marginal tax rate on capital income is calculated as a weighted average of corporate
and personal income tax rates. The exercise described above for determining personal labor income
tax rates is replicated for qualified dividends, interest income, and other business income, such
as ordinary dividends and income from sole proprietorships and partnerships. In these cases, a
national weighted average for the effective marginal tax rate is calculated with weights based on
the income category being considered. The corporate income tax is based on an assessment of the
average effective marginal corporate income tax rate by the U.S. CBO (CBO, 2017). Specifically
the average effective marginal corporate income tax rate is set to 0.186. It is assumed that capital
income passed on to households in the form of interest payments or dividends are subject to both
the effective corporate income tax rate and the effective personal income tax rate for those types
of income. In contrast, capital returns associated with sole proprietorships and partnerships is
assumed to be only subject to the effective personal income tax rate on those types of income.

Based on those assumptions, the effective marginal tax rate on capital income, tk,, is calculated

2"TRecent CBO estimates of the effective marginal federal income tax rate on wages without the Tax Cut and Jobs
Act (TCJA) is approximately 20% in 2016, which is consistent with the income weighted average effective marginal
federal income tax rate of approximately 20% used in the SAGE calibration (https://www.cbo.gov/system/files/
2019-01/54911-MTRchartbook. pdf).
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Table 6: Tax Rates on Capital Income

Region tk
nor 0.33
sou 0.33
mid 0.33
wes 0.33

as a weighted average of the effective marginal tax rates on capital income distributed as interest,
qualified dividends, ordinary dividends, and other business income, where the weights are the IRS
individual income tax returns line-item totals for the types of capital income.?® The values of the

capital income tax rate based on these calculations are presented in Table 6.

3.3 Substitution Elasticities

In the calibrated CES and CET functions, the input-output data are used to define the benchmark
value shares, and the free parameters are defined by the substitution elasticity parameters. The

list of substitution elasticities included in the model is presented in Table 7.

3.3.1 Armington Elasticities

The sector-specific Armington elasticities between national and foreign goods, senf, are based
on the estimates included in the GTAP database (Hertel et al., 2008). The GTAP elasticities are
based on econometrically estimated substitution elasticities between imports across foreign sources,
se_m, by Hertel et al. (2007) and using the “rule of two.” The rule, first proposed by Jomini et al.
(1991) and applied widely in CGE modeling, suggests that the elasticity of substitution across
foreign sources is twice as large as the elasticity of substitution between domestic and imported

commodities??, such that
se_m

2

In cases where more than one of the 57 GTAP sectors map into a single SAGE sector, we use value-

senf = (62)

weighted averages based on GTAP v9 imports by the United States at world prices (Narayanan
et al., 2016).

To define the elasticity of substitution between domestic goods and intra-national imports we
follow the work of Caron and Rausch (2013). They provide a framework for estimating U.S.
intra-national trade elasticities of substitution based on empirical estimates of international and
domestic border effects. Specifically, they note that the relative strength of the intra-national and

international border effects, «, is defined by the ratio of one minus the substitution elasticities

2®*nttps://wuw.irs.gov/pub/irs-soi/16inlinecount . pdf
29Using a back-casting experiment, Liu et al. (2004) found no evidence to reject the rule of two, providing additional
support for its continued use.
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Table 7: Elasticity Parameters

Parameter Description

Trade

senf Elasticity of substitution between national and foreign goods

se_dn Elasticity of substitution between domestic goods and national imports

te_dx Transformation elasticity between domestically consumed and exported goods

Standard Production

se_klem Substitution elasticity between material inputs and energy-value-added
se_kle Substitution elasticity between energy and value added

se_kl Substitution elasticity between capital and labor

se_ene Substitution elasticity between electricity and primary energy

se_en Substitution elasticity among primary energy sources

Resource Extraction, Agriculture, and Forestry Specific
se_rklem  Substitution elasticity between resource and materials-energy-value-added

Putty-Clay Capital

te_k_ex Transformation elasticity of sector differentiated extant capital
se_inv Substitution elasticity in aggregate investment bundle
Household

se_cl Substitution elasticity between consumption bundle and leisure
eta Inverse intertemporal substitution elasticity of consumption
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Table 8: SAGE Elasticities

Sector sekl sekle seklem seene seen senf sedn
agf 1.07 040 0.98 0.68 0.33 245 4.13
bom 0.36 0.19 0.56 0.68 0.33 4.01 7.06
cem  0.20 0.25 0.81 0.68 0.33 290 4.98
chm 0.24 0.72 0.94 0.68 0.33 330 5.73
col 0.79 0.42 0.22 0.68 0.33 3.05 5.26
con 0.17 0.15 0.61 0.68 0.33 1.90 3.12
cpu 0.10 1.06 0.64 0.68 0.33 4.40 7.79
cru 0.79 0.42 0.22 0.68 0.33 7.30 13.20
ele 1.00 0.46 0.68 0.01 0.23 2.80 4.80
fom  0.22 0.19 0.63 0.68 0.33 2.66 4.53
fmm 0.18 1.01 0.11 0.68 0.33 3.75 6.57
gas 0.79 0.42 0.22 0.68 0.33 2.80 4.80
hlt 0.58 0.16 0.80 0.77 0.10 1.90 3.12
min 0.79 0.42 0.22 0.68 0.33 090 1.25
pmm 0.18 1.01 0.11 0.68 0.33 3.74 6.56
prm  0.12  0.18 0.68 0.68 0.33 330 5.73
ref 0.73 0.38 0.42 0.68 0.33 2.10 3.49
STV 0.31 0.27 0.66 0.77 0.10 1.90 3.12
tem  0.18 0.16 0.38 0.68 0.33 3.46 6.02
trn 0.54 0.46 0.73 0.25 0.25 1.90 3.12
ttn 0.14 0.42 0.22 0.25 0.25 1.90 3.12
wpm 0.12 0.24 0.67 0.68 0.33 3.06 5.28
wsu 1.00 0.46 0.68 0.68 0.33 2.80 4.80

between intra-national sources, se_d, and international sources, se_m, such that

1-sed
o= (63)

1—sem’

Given an estimate for a and se_m, this relationship may be used to solve for the substitution
elasticity across domestic sources, se_d. We follow Caron and Rausch (2013) and apply the rule
of two to calibrate the substitution elasticity between locally produced goods in the region and
intra-national imports, such that se.dn = se_d/2. Given this relationship, along with (62) and

(63), we can solve for the substitution elasticity between locally produced goods

se_dn = % -« (; — senf> . (64)

Coughlin and Novy (2013) estimate both intra-national and international border effects for the
U.S. Based on their results we assume that « is 1.868. The SAGE values for se_nf and se_dn are
presented in Table 8.

We also follow Caron and Rausch (2013) in setting the transformation elasticity of output
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between domestic use, national exports, and international exports, te_dz, to 2.

3.3.2 Production Elasticities of Substitution

Koesler and Schymura (2015) provide empirical estimates of the capital-labor substitution elas-
ticities (se_kl), (capital-labor)-energy substitution elasticities (se_kle), and (capital-labor-energy)-
materials substitution elasticities (se_klem) at the industry level using a CES nesting structure
that is consistent with our standard production structure in Figure 4 and the resource dependent
sectors’ production structure in Figure 5. The estimates are calculated with a panel dataset, cov-
ering 1995 to 2007, allowing for the estimation of long-run elasticities, which have been previously
applied to CGE modeling (e.g., Bohringer et al. (2016)). The 34 sectors estimated by Koesler and
Schymura (2015) are roughly consistent with our default aggregation, though notably they have
more detail in the service sectors and less detail in the resource extraction sectors. For cases where
a one-to-one mapping between their sectors and SAGE’s sectors is not possible we use a weighted
average of the Koesler and Schymura (2015) elasticities, where the weighting is by the U.S. sectoral
output value in the last year of their dataset. For some sectors, the estimation routine of Koesler
and Schymura (2015) returned non-finite values for se_kl. Therefore, for the electricity and refining
sectors we use values from the recent study by Young (2013), which estimates sector-specific value-
added substitution elasticities for the United States’ Koesler and Schymura (2015) also reported
a non-finite value for se_kle in the refining sector, in which case we apply the total industry value.
The SAGE values for se_kl, se_kle, and se_klem are presented in Table 8. In general, a larger value
for the substitution elasticity suggests a greater degree of substitutability between the inputs.
The interfuel substitution elasticities are based on estimates from Serletis et al. (2010a), which
provide the most recent estimates for the United States based on contemporary data disaggregated
across the industrial, commercial, electricity, and residential sectors. For the primary energy substi-
tution elasticity, se_en, in the industrial sectors we use the Allen elasticity across refined petroleum
and natural gas, as coal expenditures represent a small share of overall energy expenditures in those
sectors. For the electricity sector (ele), the primary energy substitution elasticity is set equal to
the estimate of the Allen substitution elasticity between coal and natural gas, as refined petroleum
inputs represent a very small share. The results of Serletis et al. (2010a) suggest there are few
substitution possibilities between refined petroleum and natural gas in the commercial sectors, so
the substitution elasticity in the services and healthcare sectors (srv and hlt) is set to be commen-
surate with that finding. The substitution elasticity between the primary energy composite and
electricity, se_ene, is a weighted average of the Allen substitution elasticity estimates for electricity
and primary fuels from Serletis et al. (2010a). The weights represent the sector’s national primary
fuel expenditures in the model’s benchmark year based on EIA’s State Energy Data System.3! We
assign values from the industrial sector to the manufacturing and resource extraction sectors in

1‘32

the mode We assign values from the commercial sector to the services and healthcare sectors

30We use the non-normalized generalized method of moments estimates from Young (2013).
3https://wuw.eia.gov/state/seds/
32Following this same procedure but using the meta-analysis results of Stern (2012) for the industrial sector produces
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(srv and hlt). For the electricity sector we assume that the nest combining electricity and primary
energy inputs is essentially Leontief. For the transportation sectors we base the substitution elas-
ticities on the estimates of Serletis et al. (2010b) for high-income countries. The SAGE values for

se_en and se_ene are presented in Table 8.

3.3.3 Resource Extraction, Agriculture, and Forestry

In sectors with a fixed factor input, including the resource extraction sectors and the agriculture and
forestry sectors, the elasticity of substitution between the fixed factor resource and other inputs,
se_rklem, is calibrated to match a long-run supply elasticity based on the benchmark conditions,
similar to Balistreri and Rutherford (2001). In partial equilibrium with fixed prices for all non-
resource inputs and a fixed quantity for the resource, the elasticity of supply for a given sector is
given by

= —0Ores, (65)

where 0.5 is the Allen own-price elasticity of substitution (Hertel and Tsigas, 2002). In the nesting
structure for sectors with a fixed factor, as depicted in Figure 5, the Allen own-price elasticity for
sector s in region 7 is

Ores = —se_rklem, (9*1 — 1) , (66)

r,S8,res
where 0, res is the benchmark resource cost share of total costs (Keller, 1976). Combining (65)
and (66) provides the calibrated substitution elasticity for a given elasticity of supply

n
serklem, s = — (67)

rsres — 1

The endogenous supply elasticity in the model is a function of the share of production from
new capital in the sector and the endogenously determined value shares, which differ from 6, s ;es.
As production with extant capital becomes a smaller share of total production over time, the
endogenous supply elasticity increases towards the long-run value to which the function is calibrated.
However, as demand for the sector’s commodity expands over time the value share of production
from variable inputs increases (akin to a stock effect on marginal extraction costs), which in the
case of the CES production function places downward pressure on the endogenous supply elasticity.

Arora (2014) examines the natural gas supply elasticity in the United States before and after
the expansion of shale gas production through hydraulic fracturing, finding evidence of more elastic
supply in recent years. Based on these estimates, Arora and Cai (2014) suggest a long-run supply
elasticity of 0.5 for natural gas production as a reference case in CGE modeling. We apply a
long-run supply elasticity of 0.5 for the natural gas extraction sector (gas).

U.S. oil supply is also considered to be inelastic. Huntington (1992) reviewed expectations of
U.S. crude oil supply elasticities through the elasticities implicitly used in energy modeling systems

of the time and found an average long-run elasticity of 0.40. There is evidence that in recent

similar values for se_en and se_ene.
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decades, the oil supply has been more inelastic than those implied expectations (Greene and Liu,
2015). Krichene (2002) estimates the long-run world crude oil supply elasticity to be 0.25 over the
period 1918-1999, with a lower elasticity estimates of 0.10 when the sample was restricted to the
later years. This is relatively consistent with recent estimates of short-run world crude oil supply of
0.10 by Caldara et al. (2018) and 0.15 by Baumeister and Hamilton (2019). Caldara et al. (2018)
provides evidence that short-run supply elasticities may be lower in non-OPEC nations relative to
the world value. However, Bjgrnland et al. (2017) finds that the supply elasticity for shale wells in
the U.S. (which are responsible for around 60% of U.S. oil production?) may be notably larger, in
the range of 0.3 to 0.9 depending on well characteristics. Finally, using a long-run supply elasticity
of 0.25, Beckman et al. (2011) find that the GTAP-E model was able to adequately capture the
variance of oil price responses to supply and demand shocks based on historical observations. Based
on this evidence, we apply a long-run supply elasticity of 0.15 for the crude oil extraction sector
(cru).

The supply of coal in the United States is generally thought to be elastic. For example, Balistreri
and Rutherford (2001) use a long-run supply elasticity of 1.9 to calibrate an energy-detailed CGE
model. This value is consistent with the long-run supply elasticity in other previous modeling
exercises (Golombek et al. (1995); Brown and Huntington (2003)). Empirical elasticities of coal
supply elasticities are limited. Dahl and Duggan (1996) survey the literature and find a range of
estimates between 0.05 and 7.9 for the United States, with a median value of 0.79. However, data
used in the included studies all end in the early 1970s. In a study of coal supply in Australia,
Beck et al. (1991) find a long-run supply elasticity of 1.9. Econometric analyses conducted by EIA
staff (EIA (2001)) find coal supply elasticities in the range of 1.5 to 3.0. Haggerty et al. (2015)
calculate an average supply elasticity of 2.4 from the results of econometric analyses underlying
recent versions of EIA’s National Energy Modeling System. Based on this evidence, we apply a
long-run supply elasticity of 2.4 for the coal mining sector (col).

The long-run supply elasticity for the aggregate other mineral and metal mining sector (min)
is also likely to be elastic.>® Empirical estimates of supply elasticities for stone, sand, and gravel
mining are extremely limited. However, past investigations by the U.S. International Trade Com-
mission (ITC) found the short-run supply elasticity for cement and clinker to be between 2 and
4, suggesting the supply of stone inputs is likely to be fairly elastic (ITC, 2014a). There appear
to be no recent estimates of the supply elasticity for copper, though older estimates suggest that
the supply is elastic. For example, Foley and Clark (1981) estimate the long-run supply elasticity
of copper in the United States to be 6. While refractory minerals represent a smaller share of the
sector, a recent I'TC investigation concluded the supply elasticity to be in the range of 5 to 7 (ITC,
2014b). Similarly, the ITC found that pure magnesium and alloy magnesium have a short-run

supply elasticity of 1.5 to 3 and 3 to 5, respectively (ITC, 2011). Based on this evidence, we apply

33nttps://wuw.eia.gov/tools/faqs/faq. php?id=847&t=6

34 As reported previously, approximately two-thirds of the output value from the sector is attributable to stone
mining and quarrying (NAICS 21231) or sand and gravel mining (NAICS 21232). Of the remaining third of the
sector’s output value, copper ore mining (NAICS 212234) accounts for approximately half.
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a long-run supply elasticity of 5 for the other mineral and metal mining sector (min).

The agriculture and forestry sector is dominated by crop and livestock production and therefore,
we focus on empirical estimates of long-run supply elasticities in those areas. The majority of U.S.
cropland is associated with the production of grains, with corn and soybeans as the dominant crops.
Kim and Moschini (2018) estimate the long-run supply elasticity of corn and soybeans in the United
States to be 0.4 and 0.3, respectively. These results are consistent with those of Hendricks et al.
(2014), who find a long-run supply elasticity for both corn and soybeans in the United States of 0.3.
While older studies also find a long-run supply elasticity for corn of 0.3, the estimate for soybeans
is higher at 1.6 (Shideed and White, 1989).3

For elasticities in livestock production, Kaiser (2012) estimates a long-run elasticity of hog
supply of 0.3. Boetel et al. (2007) estimate a long-run supply elasticity of breeding stock with
respect to the hog price of 0.6. Marsh (2003) and Sarmiento and Allen (2000) estimate long-
run cattle supply elasticities of 0.6 to 2.8 and 0.3 to 2.9, respectively. These ranges are roughly
consistent with previous estimates of cattle supply elasticities (e.g., Rucker et al. (1984) and Buhr
and Kim (1997)). Little empirical evidence exists for the long-run supply elasticity of poultry (e.g.,
broilers) in the United States.?® Based on this evidence, we apply a long-run supply elasticity of

0.5 for the agriculture and forestry sector (agf).

3.3.4 Large Open Economy Elasticities

Similar to the natural resource sectors, the large open economy assumption is operationalized by
calibrating the fixed factors in equations 3 and 4 so that model behavior is consistent with exogenous
price elasticities. The price elasticities used for international export demand and import supply
are produced by tracing out export demand and import supply functions with the GTAPinGAMS
package for 2011 (Lanz and Rutherford, 2016) and fitting an isoelastic function to the simulated
data. Table 9 reports the generated price elasticities for export demand and import supply by
sector (in columns labeled as GTAP). Import supply elasticities are noticeably higher indicating a
flatter supply curve (and in many cases well approximated by the small open economy assumption).

In equation 67, the elasticity of substitution is solved in terms of an exogenously set supply
elasticity and value shares derived from the underlying social accounting matrix. In this case,
however, the value shares of the export demand and import supply fixed factors are not known.
Therefore, the elasticity of substitution is set equal to one and the procedure solves for the value

shares. Rearranging terms, costs shares are solved for as,

1
csloe_xs = (68)

Jez]

35Igbal and Babcock (2018) find global long-run supply elasticity estimates of 0.2 and 0.6, respectively. However,
Roberts and Schlenker (2013) find a slightly lower global supply elasticity for corn of around 0.1. For non-grain U.S.
agricultural production, a significant portion of production value in attributed to California. Russo et al. (2008)
study long-run supply elasticities of Californian horticulture and generally find estimates of less than 1, with values
of 0.7 for almonds, 0.2 for walnuts, and 0.4 for tomatoes.

36Kapombe and Colyer (1998), Holt and Aradhyula (1998), and Holt and McKenzie (2003) all find evidence of a
short-run supply elasticity of 0.1.
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Table 9: Large Open Economy Price Elasticities

Sector | Export Demand Import Supply

GTAP SAGE | GTAP SAGE
agf -4.02 -4.01 | 108.10 108.13
bom -7.32 -7.32 192.47 192.47
cem -5.27 -5.27 | 153.56 153.67
chm -5.79 -5.79 | 194.73  194.73
col -5.05 -5.05 | 725.14 727.77
cpu -7.98 -7.98 | 188.47 188.47
cru -10.15  -10.15 | 10.00  10.00
ele -5.60 -5.60 | 210.53 210.53
fbm -4.67 -4.67 140.24 140.23
fmm -6.99 -6.99 | 193.31 193.32
gas -27.04  -27.04 | 167.77 167.77
hlt -3.74 -3.74 37.10  37.10
min -1.47 -1.47 231.66 231.93
pmm -6.75 -6.75 | 215.72 215.72
prm -5.79 -5.79 | 194.73 194.73
ref -3.63 -3.63 65.03  65.03
STV -3.77 -3.77 75.17  75.19
tem -5.74 -5.74 | 156.73 156.73
trn -2.12 -2.12 313.90 313.90
ttn -3.21 -3.21 92.22 92.22
wpm -5.61 -5.61 132.07 132.07

and )
cs_loe_mg = T (69)

where €7 is the price elasticity of export demand for sector s and €* is the price elasticity of import
supply for sector s. The reference levels of the fixed factors for exports (fiz0s) and imports (fim0s)

are then defined as,
. cs_loe_x,
fiz0s = Z 20; s fird (70)

(1 — es_loe_xy)
and

fim0s = cs_loe_mg Z MmOy s fird- (71)
'

Given the dynamic baseline assumptions in the model, the model’s endogenous price elasticities for
export demand and import supply are slightly different from the calibration points. Table 9 also

reports the average implicit price elasticities across regions in SAGE in the base year of the model.
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3.3.5 Partial Putty-Clay Elasticities

The elasticity of transformation for extant capital introduces a small amount of flexibility to shift
extant capital across sectors within a model region. We set this parameter to 1.5 to capture the
observation that some extant capital can be re-purposed in other sectors, though not excessively
so. Lacking good empirical work on this topic, we chose the elasticity to restrict the shift of a
given sector’s extant capital stock for use in another sector to be roughly smaller than 5% (for non
fixed factor sectors) for reasonable sized policy shocks. The substitution elasticity in the aggregate
investment good bundle is set to be 0.05. Our formulation roughly follows Yuan et al. (2019), who
assume that aggregate investment is composed of fixed proportions of commodity output, while

allowing for a CES representation to explore this assumption in sensitivity.37

3.3.6 Consumption Elasticities

For non-leisure consumption, the model is calibrated to exogenous income elasticities as estimated in
the literature.?® The linear expenditure system requires that total commodity demand be divided
between discretionary and subsistence level spending. Because the underlying social accounting
matrix only reports total commodity demands, we determine subsistence levels that are consistent
with exogenously specified income elasticities. We illustrate this procedure in a simplified context.
Consider the LES utility function,

Uledripy .-y Cdrnp) = H(Cdr,s,h — stT,s,h)Cs*l“”vh. (72)

Maximizing this utility function subject to a budget constraint yields the following demand function,

) 1., — d0
Cdr,s,h _ SdOT@h 4 Ccs esr,s,h( rh Zs DSy sS T,S,h), (73)

bar s

where pa,. s is the regional price for commodity s and I, is the total income level for each agent.
This demand function for total non-leisure commodity expenditures is broken into the subsistence
demand component and the discretionary demand component. In this equation, there are two
unknowns: sd0, s and cs_les, s . The benchmark data for SAGE only contains total commodity
demands, cd0, ;. Assuming reference prices are unity, algebra reveals the following LES budget

shares by rearranging equation 73,

Cdr,s,h - Sdor,s,h
Ir,h - ZSS SdOr,ss,h

3"Data produced by the Bureau of Labor Statistics suggests that the composition of investment is to some extent
responsive to changes in prices over time (see: https://www.bls.gov/emp/data/input-output-matrix.htm). How-
ever, we are unaware of studies characterizing the magnitude of this price responsiveness and as such, provide the
option to perform sensitivity to the assumption made above.

38Technically, the model’s implicit elasticity of consumption to aggregate consumption expenditures is calibrated to
match empirical estimates of the same behavioral response. But for simplicity of exposition, this elasticity is referred
to as the income elasticity in section 3.3.6.

cs_lesysp = (74)
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Income elasticities of demand are then defined as,

I’r,h
Cdr,s,h

les

€s

= cs-les,sp (75)
Equations 74 and 75 are used to calibrate the nested non-leisure component of the demand system.
Note that we can substitute in benchmark levels of ¢d, s, (cd0, s 5) and I, p, directly from the un-
derlying social accounting matrix. We pin down the remaining degree of freedom using estimated
expenditure elasticities. To do so, we use the approach developed in Aguiar and Bils (2015) to
estimate expenditure elasticities using data from the Consumer Expenditure Survey (CEX) pro-
vided by the Bureau of Labor Statistics. Note that in our simple calibration above, income equals
aggregated non-leisure commodity expenditures. In SAGE, that is not the case. Therefore, we use
the approach in Aguiar and Bils (2015) to estimate expenditure elasticities that do not account
for leisure demand. The authors estimate log-linear Engel curves controlling for household demo-
graphics (etc. age, number of earners, family size) for different commodity groups and instrument
for total expenditures with total income to correct for reporting measurement error. The approach
identified by Aguiar and Bils (2015) has the advantage of not relying on price data jointly with
expenditure data to estimate a complete set of income elasticities (relative to estimating an LES
consumer demand system directly). The original estimates in the paper are reported using data
from 1994-1996. We update these estimates using CEX data from 2013-2017.3? We use this range
of data to capture income elasticities that correspond with the reference year (2016) in SAGE. In
our adapted estimation routine, we expand the set of commodity groupings relative to the origi-
nal paper to aggregate to SAGE sectors. Estimated elasticities are mapped to SAGE sectors as
weighted averages based on the Personal Consumer Expenditure (PCE) bridge file to input output
accounts provided by the BEA.%0 Table 10 reports the reference elasticities used in this calibration
procedure and Table 11 reports the mapping shares between the CEX categories and SAGE sectors
as proxied by the PCE bridge file.

To ensure that the aggregate national subsistence demands are independent of the regional
aggregation used in the model, the calibration routine is first run at the national level with a single
household to generate total calibrated subsistence demands by commodity group. The calibration
for the default aggregation of the model (that is distinguished by both regional and household het-
erogeneity) is then conducted but constrained to match the subsistence demand totals as estimated
in the single region-household case. Because the system becomes overidentified when constrain-
ing the aggregate subsistence demand levels to equal the values in the national model calibration,
we use a least squares calibration routine. This procedure will naturally allow calibrated income
elasticities to vary by region and income group. However, the least squares routine penalizes devi-
ations away from the empirically estimated elasticities while still being subject to the calibration

constraints (equations 74 and 75).

39For replication code from Aguiar and Bils (2015), see https://www.aeaweb.org/articles?id=10.1257/aer.
20120599.
40Gee: https://www.bea.gov/industry/industry-underlying-estimates.
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Table 10: Expenditure Elasticities

Estimated Expenditure Elasticities Mapped Elasticities
(methodology from Aguiar and Bils (2015)) in SAGE

CEX Category Elasticity | Sector  Elasticity
Alcoholic Beverages 1.1 agf 1.02
Food and Other Beverages 0.85 min 1.27
Tobacco Products 0.34 ele 0.31
Clothing and Apparel 1.13 gas 0.32
Personal Care 1.07 wsu 0.26
Reading 0.74 fbm 0.86
Education 1.5 wpm 14
Medical Treatment 1.16 ref 0.65
Entertainment 1.39 chm 1.17
Electricity Utilities 0.31 prm 1.17
Natural Gas Utilities 0.32 cem 1.58
Heating Fuels 0.31 pmm 1.55
Telephone 0.65 fmm 1.41
Water Utilities 0.26 cpu 1.31
Housing 0.45 tem 1.07
Housing Supplies and Furnishings 1.58 bom 1.27
Vacation Home Rentals 0.6 trn 0.97
Transportation Fuels 0.66 ttn 1.58
Vehicle Maintenance 0.78 STV 0.79
Vehicle Financing 0.27 hlt 1.17
Vehicle Services 1.1

Given the dynamic nature of the model and the baseline calibration that deviates from the
assumptions in the simplified static household problem above, the model’s endogenous income
elasticities differ slightly from the calibration points. Figure 9 presents the income elasticities
implicit in the model’s baseline along with the empirically estimated targets from the calibration
procedure. The largest, though still relatively small, deviations from the calibration targets occur in
sectors where the presence of fixed factors causes higher relative price growth in the outer simulation
years.

The consumption-leisure substitution elasticity is determined jointly with the time endowment
in the model to match observed estimates of the compensated and uncompensated labor supply
elasticities in a static setting. Consider the demand system in (27) and the simplified budget

constraint

pdt,r,hdt,r,h = (1 - tlt,r,h - tficat,r,h) plt,Ttet,r,h + plt,rtl—refundt,r,h + Tt,rhs (76)

where m; .., represents non-labor income net of savings and tl_re fund; . represents a hypothetical

“refund” from the government to the household for the difference between the marginal and average
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Table 11: CEX to SAGE Mapping Shares

SAGE Sector | CEX Category Share SAGE Sector | CEX Category Share
agf Food and Other Beverages 0.69 ref Transportation Fuels 0.94
agf Entertainment 0.31 ref Heating Fuels 0.05
cem Housing Supplies and Furnishings | 0.99 ref Medical Treatment 0.00
cem Vehicle Maintenance 0.01 prm Vehicle Maintenance 0.45
chm Medical Treatment 0.77 prm Housing Supplies and Furnishings | 0.44
chm Personal Care 0.15 prm Vehicle Services 0.04
chm Housing Supplies and Furnishings | 0.06 prm Personal Care 0.02
chm Entertainment 0.01 prm Entertainment 0.02
chm Reading 0.00 prm Medical Treatment 0.02
chm Food and Other Beverages 0.00 prm Reading 0.01
chm Heating Fuels 0.00 pmm Housing Supplies and Furnishings | 0.93
chm Vehicle Maintenance 0.00 pmm Vehicle Maintenance 0.04
chm Transportation Fuels 0.00 pmm Entertainment 0.03
cpu Entertainment 0.47 STV Housing 0.34
cpu Housing Supplies and Furnishings | 0.27 ey Food and Other Beverages 0.12
cpu Telephone 0.11 SV Vehicle Financing 0.12
cpu Clothing and Apparel 0.05 STV Entertainment 0.10
cpu Personal Care 0.05 STV Education 0.07
cpu Medical Treatment 0.03 SV Medical Treatment 0.05
cpu Vehicle Maintenance 0.02 STV Vehicle Maintenance 0.04
cpu Vehicle Services 0.00 STV Housing Supplies and Furnishings | 0.04
fmm Entertainment 0.49 STV Telephone 0.04
fmm Housing Supplies and Furnishings | 0.37 STV Vehicle Services 0.03
fmm Personal Care 0.11 STV Personal Care 0.02
fmm Vehicle Maintenance 0.03 STV Reading 0.01
fmm Vehicle Services 0.00 STV Water Utilities 0.01
fbm Food and Other Beverages 0.73 srv Vacation Home Rentals 0.01
fbm Alcoholic Beverages 0.13 Srv Clothing and Apparel 0.00
fbm Tobacco Products 0.09 trn Vehicle Services 0.71
fbm Entertainment 0.04 trn Vacation Home Rentals 0.22
hlt Medical Treatment 0.98 trn Vehicle Maintenance 0.06
hlt Education 0.02 trn Food and Other Beverages 0.00
min Housing Supplies and Furnishings | 0.63 trn Housing Supplies and Furnishings | 0.00
min Food and Other Beverages 0.18 trn Entertainment 0.00
min Heating Fuels 0.13 tem Vehicle Services 0.89
min Entertainment 0.06 tem Vehicle Maintenance 0.09
bom Clothing and Apparel 0.52 tem Entertainment 0.02
bom Housing Supplies and Furnishings | 0.26 ttn Housing Supplies and Furnishings | 1.00
bom Entertainment 0.13 gas Natural Gas Utilities 1.00
bom Medical Treatment 0.06 wsu Water Utilities 1.00
bom Reading 0.01 ele Electricity Utilities 1.00
bom Personal Care 0.01 wpm Housing Supplies and Furnishings | 0.66
bom Vehicle Maintenance 0.00 wpm Clothing and Apparel 0.16
bom Vehicle Services 0.00 wpm Personal Care 0.15

wpm Reading 0.02

wpm Heating Fuels 0.01

wpm Entertainment 0.01

tax rate. We use the notation of t/_refundy , j in this section to emphasize that the tax rate relevant

for behavioral choices is the marginal rate. Assuming labor income taxes are constant over time,

tlyrn +tficag,p = tlig1 . p +tficagprn ¥ t, the Marshallian demand for leisure is

leisy . n =leisO,

X |esclyp

Tt rh T (1 - tltﬂ’,h - tficat,r,h)plt,rtet,r,h + plt,rtlfrefundt,r,h

plt,’r

70pp + (1 — th o, — tficag, p + plOytlre fund0, p) plO,te0,

1—se_cl
DPCtr.h

pcor,h

+ (1 —csclyp)

o1

plt,r
pl0;

1—se_cl

pl0;.

—se_cl
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Figure 9: Calibrated Income Elasticities
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The uncompensated price elasticity of leisure demand, p;, may be obtained from (77), such that

where

leis _— aleist,'r”,h plt,'r
Hirh = Opliy,  leisyrn
(Y=t p — tficaen) plistesrn + plyptlre fundg . p,
_Wt,r,h + (1 - 75lt,r,h - tficat,r,h) plt,rtet,r,h + plt,rtl—'refundt,r,h

plO se_cl—1 1 .
- (1- cs_cl,th) <plt 7") e (pCt,r,h7plt,r) —se.c
T

pl0;
plt,r,h

se_cl—1
+ se_cl (1 — CS_ClT’h) < ) e (pct,r,haplt,r)lise_d 1 ’

PCirh l—se_cl plt 1—se_cl ﬁll—l
€ (pct,r,h’plt,r) = |esclyp <—’T’) +(1— CS—Clr,h) ( ﬂ") .

pcOyp, pl0,

52

(78)
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The first two components of (78) define the income elasticity of leisure,

(1 - tlt,r,h - tficat,r,h) plt,rtet,r,h + plt,rtlfrefundt,r,h
Tt,r.h + (1 - tlt,r,h - tficat,r,h) plt,rtet,r,h + plt,rtlfrefundt,r,h

plO se_cl—1 .
- (1 - CS—Clr,h) <pl T> € (pct,r,haplt,r)liseic ,
t,r

Mir,h -
(80)

and the third component represents the substitution effect, or the compensated price elasticity of

leisure demand,

plO;

se_cl—1
) e (pctr.h, Plt,r)lisefcl -1 (81)
plt,r,h

,uiezs}La = se_cl !(1 —cs_clyp) <

This may be verified through the Hicksian demand function via the Slutsky equation. Given the

definition of labor supply, te; ., — leis; ;. p,, the compensated labor supply elasticity, or substitution

effect, is
el leislad l€iSern
€ = — 2 . 82
t,r,h t,r,h tet,r,h _ lelst,r,h ( )
And the uncompensated labor supply elasticity is
- leis
l leis t,r,h
€ — _ ’ 7. 83
t,r.h :U’t,r,h tet,r,h — lelst,r,h’ ( )
which, may be written as
1 ( I leis|gl> leist,r,h
€ = — + - . 84
trsh Heh T B tetrh — lewt,r,h ( )

We define the share of the time endowment spent on leisure as ¢y ., = leisy . p/tes ., and rewrite
(82) and (84) as

Ei|glh _ _¢t,r,h Mieis)fl (85)
o 1- ¢t,r,h .
and 5
—Q¢r.h leis|cl
hrn = T (4 1) (86)
1 ¢t,r,h
Substituting (85) into (86) yields
l _¢t,T,h I llgl (87)

€ = € .
t,r,h 1— gbt’nh Mt,T‘,h t,r,h

From (80), the benchmark year income elasticity of leisure is

(1 —tlo ., n — tficag,p) plO,yte0,. , + plO,tl_re fundO,
70, p + (1 =t n — tficao,p) plOyte0, , + plO,tl_re fundO, p

Mo = (1—csclyp).  (88)

Assuming that in the benchmark prices are normalized to unity such that the effective labor price is
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(1 —tloyn — tficao, ) and given the definition of cs_cl,.j, and an estimate of the income elasticity
of labor, €/, (76) and (88) may be substituted into (87) to yield the calibrated benchmark value of

leisure

dc0,.,é!
leisO,p = — . “ AT tl_refundOy, p © (89)
(1= tloyn —tficag,n) (1 + &) + ===
From (81), the benchmark uncompensated leisure demand elasticity is
Mf)eiSLd = —se_cl - cs_cly . (90)

Substituting (90) into (85) yields the calibrated version of the elasticity of substitution between

consumption and leisure,

ellele]0,. 10
€1 ClUp ptUr b
o= —— 91
se-e leisO,. p,dcO0,.p,’ (1)

where &l is the empirical estimate of the substitution elasticity. The observed labor earnings are
combined with the calibrated benchmark value of leisure in (89) to determine the time endowment
te0,p = 10,5, + leisO,. .

To calibrate the time endowment and the substitution elasticity between consumption and
leisure, we use the conclusions from the literature review by McClelland and Mok (2012) on esti-
mates of the income and substitution effects for the United States. Specifically, they conclude that
estimates on the order of ¢/ = —0.05 and &/l = 0.20 are representative of the most recent empirical
evidence. Given the dynamic nature of the model and the baseline calibration that deviates from
the assumptions in the simplified static household problem above, the model’s endogenous labor
supply elasticities differ slightly from the calibration points. Figure 10 presents the substitution
and income effects implicit in the model’s baseline.

In the households’ welfare maximization problem the additively separable nature of the in-
tertemporal welfare function in (23) and the isoelastic form of the intra-temporal utility function
(25) mean the elasticity of intertemporal substitution will be 1/n. In a recent review of over 1,400
estimates of the elasticity of intertemporal substitution for the United States, Havranek et al. (2015)

find a mean value of 0.6. Based on this evidence, we set the value of n to 1.66.

3.4 Dynamic Baseline

The model’s baseline is a result of the economic structures and parameters previously defined, along
with exogenous growth assumptions regarding: productivity, population, government accounts,
foreign accounts, and energy use. Each of these components is discussed in turn, followed by a
presentation of baseline indicators from the default version of the model.

As discussed in Section 2.7, the model is closed using a terminal condition that assumes the
economy converges to a steady state in the very long-run. Because the model includes fixed factors
of production, achieving convergence to a steady state requires that growth trends to zero in the

very long-run and all quantities and prices remain constant. The assumptions that allow the model
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Figure 10: Calibrated Labor Supply Elasticities

to meet these terminal conditions are described in each of the Subsections below. Care is taken
to ensure that the assumptions required for the model’s terminal conditions do not meaningfully
impact the results of the model in the time frame typically considered in regulatory analysis.
However, in instances where a particularly long time-horizon is relevant for the analysis these
specification can be revisited if necessary.

Also relevant to the baseline are assumptions regarding the initial private return to capital,
rbar, which is set to 0.045. The interest rate reflects the average after-tax rate of return on private
capital. Given the capital tax in Section 3.2 the social return on private capital in the model is
approximately 0.07, which is consistent with the average pre-tax rate of return on capital observed
between 1960 and 2014 (CEA, 2017). The depreciation rate, §, is set to 0.05, which is the average
U.S. capital depreciation rate from 1950 to 2014 as estimated by Feenstra et al. (2015). This rate
is applied to both new and extant capital.

The pure rate of time preference, p, for households is a determinant of their savings rate and
therefore, important for defining the baseline. Based on the isoelastic form of the intra-temporal
utility function, the pure rate of time preference, p, in (24) is calibrated via the Ramsey formula
given the specification of 7, rbar, and the expected labor productivity and population growth rates
over the first four model periods. Based on these assumed parameter values, p is about 0.018.
Opinions on the most appropriate value for p vary. Some argue on ethical grounds that it should
be equal to or very near zero (e.g., Ramsey (1928), Stern (2007)). Others rely on descriptive
approaches to backout the implied pure rate of time preference, which typically imply somewhat
higher values between 0.02 and 0.03 (Nordhaus, 2007). See Arrow et al. (2013) for a summary of

these different approaches.
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3.4.1 Productivity Growth

The foundation for productivity growth in the model is Harrod neutral (i.e., labor augmenting)
technological progress. Aggregate economy-wide labor productivity growth is calibrated to match
the estimates used in the CBO Long Term Budget Projection, which extends to 2050.41 As previ-
ously noted, to meet the terminal conditions for the solution algorithm, growth in the very long-run
needs to converge to zero. Therefore, the aggregate labor productivity growth rate in the last pe-
riod of the CBO projection is extrapolated to 2060 at which point it linearly declines to zero by
2080.

Future productivity growth is not expected to be uniform across the sectors of the economy.
To calibrate exogenous labor productivity growth, [_prod; s, in SAGE historic differences in labor
productivity growth across sectors are extrapolated in a manner consistent with the assumptions
regarding economy-wide productivity growth based on the CBO projection.

The Integrated Industry-level Production Account data from BEA and the U.S. Bureau of Labor
Statistics (BLS), covering 1998 to 2017, provide estimates of historic integrated labor productivity
growth by sector in addition to data on gross output. This information is used to developed output-
weighted average labor productivity growth estimates for each of the SAGE sectors. Prior to 2050,
the baseline assumes that these historic differences in productivity will persist. After that point,
the variance across sectors is calibrated to linearly decline to zero by 2070 (i.e., the productivity
growth rate in each sectors converges to the mean growth rate).

In each model year, the sector-specific distribution of growth rates is then scaled by a constant
proportion so that the aggregate economy-wide labor productivity growth matches the calibrated
aggregate projections previously discussed. This scaling to match the aggregate productivity growth
assumption is conducted conditional on relative labor demand across sectors in the benchmark year
and persisting throughout the modeling horizon. This condition will not hold in the baseline as
heterogeneity in sectoral growth rates alone will cause sectors’ shares of aggregate labor demand to
shift over time. However, simultaneously solving for both the model’s baseline and these calibrated
scaling parameters is computationally infeasible. While restricting sectors’ share of labor demand
to the benchmark levels in this scaling procedure will lead the baseline growth rate of aggregate
labor productivity to be higher than the intended calibration point from the CBO projections,
in practice the difference is relatively small. Figure 11 presents the growth rate of economy-wide
labor productivity in the SAGE baseline and the CBO calibration points. The differences due to
use of the benchmark labor shares will be most prevalent in the later years. The larger differences
between the SAGE baseline and the CBO calibration points in the first two simulation periods are
due to the representation of large but short-term COVID related impacts on labor markets in 2020
in the CBO projection. The SAGE baseline smooths out these impacts due to the larger time steps
and forward looking nature of the model.

Figure 12 presents the exogenous sector specific labor productivity growth rates for SAGE in

addition to the historical growth rates used for the calibration. While there is temporal heterogene-

“https: //www.cbo.gov/data/budget-economic-data
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Figure 11: Aggregate Labor Productivity Growth in SAGE Baseline and CBO Target

ity in the exogenous growth rates the figure presents average annual growth rates over two periods

to more easily facilitate a comparison.

3.4.2 Population Growth

Population in the model is assumed to grow at an exogenous rate equal to the growth rate of the
labor force in the CBO Long-Term Budget Outlook, which extends to 2050. As previously noted,
to meet the terminal conditions for the solution algorithm growth in the very long-run needs to
converge to zero. Therefore, the population growth rate in the last period of the CBO projection
is extrapolated to 2060 at which point it linearly declines to zero by 2080.

Assumed population growth is presented in Figure 16.

3.4.3 Government Accounts

The government agent in SAGE represents all federal, state, and local governments in the United
States. Real government expenditures are exogenously specified as is the level of deficit financing.
The relevant expenditure variables are government consumption, gov,, interest payments, gint;
and gint_row;, and transfer payments, transfers; . Where possible we calibrate the variables to
CBO'’s budget projections.*?> However, CBO’s budget projections only cover the federal portion of
the government expenditure variables and in many cases are only presented in the 10-year budget

outlook, requiring extrapolation for the longer time horizon in SAGE.

“https:/ /www.cbo.gov/data/budget-economic-data
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To set the government deficit we follow an approach similar to Jorgenson et al. (2013). Initially,
the federal deficit is calibrated to grow at the rate projected in the CBO 10-year budget projection.
In the benchmark year, state and local governments have a small deficit which is assumed to follow
real GDP growth over the 10-year budget projection period. At the end of that projection period
all government deficits are assumed to linearly decline to zero over the next 40 years, after which
point they remain at zero.

The growth of interest payments both domestically, gint;, and to the rest of the world, gint_rows,
are based on the growth of government debt. Since the current level of all government debt is not
part of the SAM, the U.S. Federal Reserve estimates of federal debt*? and state and local government
debt** are used to set the starting point for total public debt. The growth of debt is based on the
deficit projection described above. Total interest payments are then assumed to follow the growth
of debt. The baseline does not attempt to project changes in the share of debt held domestically
compared to the rest of the world. Therefore, domestic interest payments and foreign interest
payments are assumed to grow at the same rate.

Both real federal government consumption and transfer payments follow a similar calibration
process. In both cases they are assumed to initially grow at a rate consistent with the CBO 10-
year budget projection.*> Afterwards, federal government consumption and transfer payments are
assumed to grow at the rate of GDP. There are no comprehensive authoritative projections for
state and local government accounts equivalent to CBQO’s projections for the federal government.
Therefore, we assume the state and local government consumption and transfers will grow at the
rate of real GDP throughout the time horizon.

The real GDP growth rate projection used to calibrate these exogenous payment projections is
based on the extended projection in the CBO Long-Term Budget Projection out to 2050 and the
implied growth rate based on aggregate labor productivity and population growth rate assumptions
beyond 2050. The latter portion ensures that the projection of government expenditures and trans-
fer payments is consistent with the exogenous assumptions regarding productivity and population,
which is particularly important for ensuring that the terminal conditions in the model will hold.

An alternative approach to projecting government accounts would be to exogenously specify the
government accounts as a share of GDP and allow the level to be endogenously determined. Since
government consumption does not directly enter the utility functions for agents in the model, the
baseline for SAGE uses exogenously projected levels to facilitate consistent changes in welfare when
modeling policy changes. For a similar reason, the government budget constraint is endogenously

balanced through lump sum transfers with households.

https://fred.stlouisfed.org/series/GFDEBTN#0

“https://fred.stlouisfed.org/series/SLGSDODNS#0

45For historic years that may be included in the baseline due the benchmark year, CBO estimates of realized values
are used.
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Figure 13: Historical Net Income and Net Transfers from Rest of the World as Percent of GDP

3.4.4 Foreign Accounts

There are four variables associated with the rest of the world that are exogenously specified: the
current account balance, curactbal;, net taxes and transfers from the rest of the world, tran_rowsy,
net income for the rest of the world, inc_row;, and government interest paid to the rest of the
world, gint_row;.

To set the current account balance, curactbal;, we follow an approach similar to Jorgenson
et al. (2013) and the one used for the government deficit. Initially, the current account balance is
calibrated to grow at the rate projected by the CBO in their economic projections. At the end of
that projection period the current account balance is assumed to linearly decline to zero over the
next 40 years, after which point it remains at zero.

Both net taxes and transfers from the rest of the world, tran_row;, and net income for the rest
of the world, inc_rowy, are calibrated in a similar fashion. Historically, net taxes and transfers from
the rest of the world have been a roughly constant relative to GDP at around 0.5%, see Figure 13.46
Net income from the rest of the world relative to GDP was consistently around 1% from 1990 until
2008, after which it increased to around 2% where it has remained for the last decade. Given the
relatively stable relationship over the last decade for both variables, they are calibrated to follow
real GDP growth similar to the method described in Section 3.4.3.

The exogenous projection of government interest paid to the rest of the world is described in
Section 3.4.3.

46Figure 13 is based on data from the BEA National Income and Product Account tables.
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3.4.5 Baseline Energy Use

The cost shares in the production functions are adjusted to capture expected technological change
in the energy intensity of production based on EIA’s Annual Energy Outlook (AEO) forecast.*”
To get the unit energy consumption (UEC) we divide the total energy consumption in the AEO
by the real value of shipments for each sector. The National Energy Modeling System (NEMS)
used for the AEO only allows for limited fuel switching within the industrial sectors, so changes
in the UEC over time predominately represent exogenous forecasts regarding technological change
in energy efficiency. We use the average growth rate of the UEC in the AEO over SAGE model
periods to calibrate the cost shares in the production function. The UEC relative to its value in
the benchmark year is denoted as ene_growth; .

The change in energy efficiency is assumed to be capital embodied. Therefore, the change is
represented as a shift from energy use to capital such that the “benchmark” values for intermediate
and capital inputs as well as the cost shares are time dependent. The partial putty-clay framework
needs to be accounted for to ensure that the overall UEC trend in SAGE is consistent with AEQO,
since only production with new capital is associated with the improvements and the goal is to match
the overall UEC trend in AEQO. The energy-related intermediate inputs and capital benchmark

values for production with new capital are calibrated, such that

1d0¢ 1 55,5 = ene_factory sid0g , s5.5 S5 € sene (92)
and (1 factorys) S 0
— ene_factor; s 1d00 1 55,5
k:d() — k:dO s ssesene sT,SS, 93
t,r,s 0,r,s + 1+ tk:OT ’ ( )
where .
_ th: sq_b —(1-¢
ene_factory s = ene_growth,sq-base; — ( ) (94)

q-base; — (1 — 6)"
sene € (col,gas,ref,ele) is the set of primary energy commodities plus electricity, and g_base;
reflects an approximation of general growth of the economy by capturing the cumulative growth of
the effective labor force (i.e., aggregate economy-wide labor productivity growth plus population
growth). The relevant cost shares, cs_kle and cs_kl, become time dependent and are adjusted to
be consistent with (92) and (93).48

The mapping from the AEO sectors to the SAGE sectors is presented in Table 12. For the
non-truck transportation sector, trn, the UEC growth rate is based on the average growth rate of
air transportation fuel efficiency as forecast by the AEQ, since this represents a large share of the
energy consumption for the sector. For the truck transportation sector, ttn, the UEC growth rate
is based on the average growth rate of truck freight transportation fuel efficiency as forecast by the

AEOQO. No changes in the energy intensity of the electricity sector are assumed.

4TThe calibration is conducted with the most recent AEO forecast that includes a representation of the benchmark
year for SAGE.

“80utside of this section we exclude the time subscript on the benchmark values and cost shares to simplify the
exposition.
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Table 12: Unit Energy Consumption SAGE and AEO Mapping
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Figure 14 presents the exogenous sector-specific UEC growth rates for SAGE. While there is
temporal heterogeneity in the exogenous growth rates the figure presents average annual growth
rates over two periods to more easily facilitate a comparison.

Household and government energy consumption shares are assumed to change over time to
match the energy intensity forecasts in AEO (the same assumption is used for subsistence demands).
Consumption shares of electricity and natural gas are assumed to grow at the same average rate
as in the AEO forecast, and are reflected by the indices cd_ene_growth . and cd_ene_growthy gqs,
respectively. The consumption share of refined petroleum is assumed to grow based on the average
consumption share growth rate of light-duty vehicle fuel expenditures, and is reflected by the
index cd_ene_growthy ,.y. This is assumed to represent a shift towards other consumption goods in

proportion to their benchmark consumption shares, such that

cd0¢ .1, s = cd-ene_growthy scdQo . p.s 5 € sene (95)

and

Zss%sene CdOOaT7h755

ssesene

cd0
cd0¢ s = cd0orp.s + { Z [1 — cd_ene_growthy | Cdoo,r,h,ss} O.r,hys s ¢ sene.

(96)
Figure 15 presents the exogenous household UEC growth rates for SAGE. While there is temporal
heterogeneity in the exogenous growth rates, the figure presents average annual growth rates over
two periods to more easily facilitate a comparison. The same assumption is used for both discre-
tionary and subsistence demands. Government consumption is subject to the same treatment and
growth rates.

The growth of natural gas consumed per unit of electricity produced in the baseline is roughly
consistent with forecasts from AEO. However, the growth of coal consumed per unit of electricity
produced, absent any adjustment, would be higher than AEO forecasts due to regulatory and
market changes. Therefore, we adjust the cost share of coal in electricity production to be consistent
with the share of electricity generated from coal in the AEO forecast. The parameter col_ele_growth
represents the share of fossil fuel inputs from coal in the electricity sector based on the AEO forecast.
The reduction in the cost share is offset by an increase in the cost share of capital and labor, which
would be associated with the alternative non-fossil fuel sources of generation growing in the AEO

forecasts. Specifically, the intermediate, capital, and labor inputs are adjusted over time, such that

1d0¢ 7 col,ele = col_ele_factoryidQo r col,eles (97)
kdO

kdO¢ el = kdOg ye1e + [1 — col_ele_factoryidOg r ol ele) M, (98)

klor,ele

and

. ldoO,r,ele
1dOy y c1e = 1d0g y c1e + [1 — col_ele_factor;id0g y col ele] = (99)

klor,ele
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Figure 14: Calibrated Sectoral Unit Energy Consumption Growth Rates
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Figure 15: Calibrated Household Unit Energy Consumption Growth Rates

where .

col _ele_growthyq_base; — (1 — 9
col_ele_factor, s = J ta e —( ) ) (100)

q-base; — (1 —0)"
and ¢_base; reflects an approximation of general growth of the economy by capturing the cumulative

growth of the effective labor force (i.e., aggregate economy-wide labor productivity growth plus

population growth). The cost shares cs_en, cs_ene, and cs_kle are also adjusted accordingly.

3.4.6 Baseline Visualization

This section presents plots for how a number of key variables and indicators evolve over the model’s
baseline. Figure 16 presents the growth rates of key economic variables including real GDP, the
capital stock, realized economy-wide labor productivity (i.e., real GDP per unit of labor input),
labor supply (i.e., total hours worked), and population.

Figure 17 presents the expenditure side GDP accounts as a percent of GDP in the baseline.
Figure 18 presents the government accounts as a percent of GDP in the baseline. Figure 19 presents
the foreign transaction accounts as a percent of GDP in the baseline.

Figure 20a presents the average annual growth rates of output by sector for the near- and
medium-term in the baseline. While there is temporal heterogeneity in the exogenous growth
rates, the figure presents average annual growth rates over two periods to more easily facilitate
a comparison. Figure 20b similarly presents the average annual growth rate of real prices by

commodity in the national market.
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Figure 20: Sectoral Change in Baseline

4 Solution

To solve the model, the primal version of the problem in Section 2 is converted to a series of
non-linear equations that define profit maximizing firm behavior, welfare maximizing household
behavior, market clearance, balanced budgets, and perfect competition following Mathiesen (1985)
and Rutherford (1999).

Given the assumption of constant returns to scale, one can solve for the constant unit cost

function of producing good z denoted as CF, .. Perfect competition may then be represented along
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with profit maximization by zero-profit conditions that assume the unit cost function under optimal
behavior is at least as great as the price for the good. If it is the case that the unit cost function is
greater than the price such that profits are negative, it must be the case that the quantity produced
is zero, providing the complementarity condition. This will hold for production with both new and
extant capital and provision of the Armington aggregate, government goods, and investment. The

zero-profit conditions associated with these activities are
CZJ,T,S (pat,r,agfa e apat,r,srvap"nt,rap'rest,r,saplt,ra tkt,ra tyt,r,s) Z PYt,ri L Ytri Z Oa (101)

Y_ex
Ct,r,i (pat,r,agf’ e aPat,r,srvaPT—eﬂft,r,mP?"@St,r,s,Plt,r, tkt,ra tyt,r,s) Z PYtri 1 Y-€Ttr; 2 0,

(102)
Ciyvi (pdiriypneis pfre) 2 pagyi L agri >0, (103)
Ctg,r (pat,r,agfa cee ,pat,r,srv) Z pgovt,r e gOUt,T Z O, (104)
C’fﬂ« (Pt ragfs-- - DOt rsro) = PNV, L invg, >0, (105)
Ct:[js (met,s,p%t,s) 2 pfxt uE xd*fxt,s 2 07 (106)
and
Ctyg (pfimt,svpfxt) >pmys L omsgs >0, (107)
where C,.  is the unit cost function for production of s using new capital based on (5) and (12),

CY7¢ is the unit cost function for production of s using extant capital based on (15), Cf, ; is the
unit cost function for the Armington aggregate based on (1), Cg , is the unit cost function for the
government good based on (36), C’fms is the unit cost function for the investment good based on
(22), Cf, is the unit cost function for the open economy representation for exports (4), and CY%; is
the unit cost function for the open economy representation of imports (3). A similar condition can

be established for the “price” of full consumption

€t,r,h (pat,r,agfa <oy DAty sros tlt,T‘,ha tficat,r,hy tCt,r) > pdt,r,h 1 Clt,r,h > Oa (108)

where e, is the unit expenditure function for full consumption based on the intra-temporal
preferences in (27). Following Section 2.7, the final zero-profit condition requires that for investors

to hold capital the price must equal the present value of returns, such that
Pk > priy + (1-94) pkty1r L kir (109)

A similar condition must also hold for the national new captial stock fund into which households
invest, such that
pkhy > prhy + (1 — 6) pkhyy1 L pkhy. (110)

From Shepard’s lemma the Hicksian demands for each input is the partial derivative of the unit

cost function with respect to the price of the input times the level of the activity. As such, the
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input demands for profit maximizing firms using new capital, conditional on the equilibrium level

of production, are

and

Similarly inputs to production using extant capital are defined as

and
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ldtm,s -
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(118)

The inputs to the formation of capital and government consumption may be similarly defined as

and

The inputs to the large open economy representation can also be defined as

gtrs =

Ltrs =

Ci's
wdt,s = xd*fxt,&
apxt,s
. Cts
fm:'t,s = ; xd—fxt,&
Opfize,s
9CT
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(120)

(121)
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and

m
Jimys = W;;Smst,s- (124)
Given the equilibrium level of full consumption, the demands for final discretionary consumption
goods are
dodyppy = 2600 g, (125)
T 8pa*t,r,s T

where leisure demand can be similarly defined as

aet r.h
lei = ——cli b 126
€itrh = o, . o (126)
Total commodity demands are defined as,
Cdt,r,h,s - dCdt,r,h,s + SCdt,r,h,m (127)

where scdy . p s is exogenous. Imports and domestically-sourced use are defined conditional on the

equilibrium level of the Armington aggregate as

8Ctars
= ——q , 128
t,r,s 8pdt,r,s t,r,s ( )
ace
My rs,dtrd = 9 n,:,s At r s, (129)
and
ey,
Mt rs, ftrd = apmt atrs- (130)
,8

Exports are determined from the CET function in (2), such that

y_ex +vy pn te-dw
Tt rs,dtrd = b LI < t7r> (131)
yor,s pyt,r,s
and
YeTirs+ Yirs [ Prrs P
Lt r,s, ftrd = = = ( : ) (132)
yOT,S pyt,r,s

where the right hand side defines the optimal share of output supplied to the export markets based
on the output transformation function in (2).

Given the Hicksian demands conditional on equilibrium activity levels, the market clearance
conditions in Section 2.6 can be defined. If any of the conditions in (39)-(52) holds with strict
inequality it would imply that supply exceeds demand in equilibrium, such that the price of that
activity’s output must be zero. This leads to a series of complementarity conditions, which define

the market clearance conditions. The price of the Armington aggregate, pa; , s, clears the goods
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market, such that

at,’r,s Z Z(idt,r,s,ss + Z‘d—e'fCt,r,s,ss) + Z(Cdt,r,s,h) + Z‘t,r,s + gt,r,s L pat,r,s Z 0. (133)
Ss h

The price of domestic output consumed domestically, pd; , s, clears the domestic market, such that

1 pdt,r,s Z 07 (134)

te_d
yfewt,’r,s + ytﬂ’,s <pdt,7",s> - > dt,r,s
yor,s PYt,r,s Or,s

=

where the left hand side defines the optimal share of output supplied to the domestic market based
on the output transformation function in (2). The price of labor, pl;,, (i.e., the wage rate) clears
the labor market, such that

> hgn =D ldips +ldexs Lo pliy > 0. (135)
h s

The rental rate for sector specific extant capital, pr_ex;,s, clears the market for extant capital,
such that

kexi, [ prexirs \F  kd_ewi,
: b > ————= 1 prex,s>0 (136)

kO, pr-ex_aggir kdO,. s
where the left hand side defines the optimal share of extant capital supplied to sector s based on
the extant transformation function in (19). The national weighted average rental rate households

earn on their past investments in the extant capital stock is

> prex_agg k_ext,
Z’I" kiext"r’

The regional rental rate for new capital, pry .., clears the market for new capital in that region, such
that

prh_ex; > 1L prh_ex; > 0. (137)

kt,r Z Z kdt,r,s 1 Prey 2 0. (138)

The price of regional new capital, pk; ,, clears the investment market in that region, such that
ktfl,r (1 — 5) + ’L'n’Ut,Lr > kt,r 1 pk‘m« > 0. (139)

The rental rate for new capital investments clears the national market for new capital, ensuring

the households savings are consistent with investment in new capital across the regions, such that

Z kht,r,h > Z kt,r L prhy > 0. (140)
r.h r
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The price of foreign exchange, pfxy, clears the foreign exchange market, such that

Z MSis + row > Z xdy s fird + incrow; + tran_rowy — gint_row; — curactbal; L pfry > 0.

S S

(141)
The price of internationally imported commodities, pm; s clears the import market
th,r,s,ftrd > msys L pmy s > 0. (142)
.
The price of internationally exported commodities, px; s clears the export market
> Thrgird 2 ads L pres 2 0. (143)

T

The price of the fixed factor for internationally imported commodities, pfim; s clears the market
fim0s > fimys L pfimgs > 0. (144)
The price of the fixed factor for internationally exported commodities, pfiz; s clears the market
fix0s > fixes L pfizes > 0. (145)
The price of commodities on the national market, pn; s, clears the market for national trade

Z Lt,r,s,dtrd > th,r,s,dtrd 1 pbnt s > 0. (146)
r r

The rental rate for sector specific fixed factors, pres; s, clears the market for sector specific fixed

factors, such that

g reserysh > TeStys +reseriys L presgys > 0. (147)
h

In addition, the problem requires that households maximize intertemporal welfare in (23). The

Karush-Kuhn-Tucker conditions for the welfare maximization problem are

Clt r.h -
— > )\t,r,hpdt,r,h 1 Clt,r,h >0, (148)
Tt h

ﬁt+1,r,h)\t+l,r,h > Bt,r,h)‘t,r,h 1 kht+1,r,h > 0; (149)

73



and

pkhiyrinvhy ., >prhikhy e p + (1 =ty — tficag,n) plerte,n
+ prh_exikh_exy,p + Zprest,r,sresetvr,s,h
S

+ pfag (incorowy ., + tran_rowy ., + curactbaly . ) int_share,. p,

+ cpigtransfersy . p + cpiy (ginty . p — deficity . p, + icnadjy 1) g-share,, (150)
+ (tly,rn — tlavgs r.n) plerelirn

— pclyr nCli g n — Z (1 + tery) pagysscdy s h

s
L Apn=>0.
where the level of labor supply is determined by the time constraint, such that
tegrn > leisgpn +lipn L lipn >0, (151)
and the new capital stock held by households is determine by investment according to

kht,r,h (1 — 5) + invhtmh > kht—i—l,r,h 1 invtmh > 0. (152)

The terminal level of capital khri1 5 is equal to kht, ;, which is define below by the model closures.
The problem requires that the government budget constraint holds, as described in Section 2.5,
such that

Zpgovt,rgovt,r—i- Z cpigtrans ferst, v, h + cpirgint; + pfrigint_rowy + cpizincadyy
r h

= Z Z { tYtr,sPYt,r.s (ytms + yfext,r,s>
r s

+ tkt,r [prt,rkdt,r,s + pr—ext,r,skd—ext,r,s + pT@St,r,s (Test,’r,s + resext,r,s)]}

+ Z Z [(tlt,r,h + tficat,r,h> plt,rlt,r,h + tct,rpat,r,SCdt,r,s,h + CpitdefiCitt,r,h

r h

L incadj; > 0.
(153)
It must also be the case that the rest of world budget constraint associated with income from

the fixed factors in the reduced form large open economy specification holds, such that
pfrirows > Z (pfixt,sfi:vos +pfimt,sfim03> 1 row; > 0. (154)
S

Finally, we include the conditions to close the finite time approximation to the infinite time
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problem. As noted in Section 2.7, the post-terminal capital stock is determined by requiring that

investment grows at the rate of aggregate consumption growth, such that

ian,r > Zs YT,r,s + Y-€XTr s
VT 1 D YT—1rs + Y-LTT 116

L kt,>0. (155)

The price is determined based on the law of motion for capital, such that
kr,(1—0)+invp, > kt, L pkt, >0, (156)

where households’ share of the post-terminal capital stock is assumed to be equivalent to their

shares of the capital stock in the last period of the model

khT,r,h

=t > kbt L kbt >0 157
Znh khT,r,h = ,h h ( )

and price of terminal capital for the households is equal to the average price of terminal capital

>, vkt kt,
Zr ktT

The equations (101)-(158) define the equilibrium conditions of the model. The problem is
formulated in the General Algebraic Modeling System (GAMS).*® The model is solved using the

PATH solver (Ferris and Munson, 2000). We set the numeraire to the price of foreign exchange,

pkht > 1L pkht > 0. (158)

pfxo, in the initial period.?®

In this documentation all variables are defined in levels for ease of exposition and interpretation.
The model in the code is mathematically equivalent to what is laid out in this documentation.
However, in the implementation most variables are defined as indices relative to the benchmark
value instead of in levels. This provides for a fairly well scaled problem with only limited need for
scaling of equations and variables prior to the solve. This implementation does not affect the model
solution, but does mean that some of the equations as implemented in the code may differ slightly

from what is laid out in the documentation.

“9GAMS Development Corporation. General Algebraic Modeling System (GAMS) Washington, DC, USA, 2014.

S9SAGE solves for a set of relative prices through the selection of a numeraire, or a chosen price level used to
denominate other prices in the model. Here, price changes are characterized relative to the foreign exchange rate in
the initial period. A numeraire is required in this class of economic models to satisfy Walras’ Law. A competitive
general equilibrium is homogeneous of degree one in prices, meaning that the equilibrium level price vector scaled by
a common factor is also a solution to the model. This indeterminacy is solved by fixing a single price to align the
number of equations and variables in the model. In SAGE, we drop equation 141 for ¢ = 0, though this condition is
verified to hold post-solve. Notably, in intertemporal dynamic CGE models, only one price level in a single year is
needed as a numeraire. For recursive dynamic formulations, a numeraire price can be assigned in every period if the
model is homogeneous of degree one in prices within each period.
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4.1 Multi-Year Timesteps

In this documentation the equations are written assuming an annual timestep for simplicity. How-
ever, solving the default version of the model at an annual timestep for a long enough time horizon
to achieve convergence to the steady state is not computational feasible. Therefore, we use multi-
year time steps to reduce the computational burden. To do so we adopt a step function approach
to defining investment investment over a timestep. When defining the laws of motion for regional
capital in equation (139) this translates to

ko1 (1— 5)mtemalt +intervalyginve_1, > ki, L pkyy >0, (159)

where interval; is the number of years between model period ¢t and ¢ + 1. Consistent with this

adjustment the intertemporal no arbitrage condition in equation (109) needs to be updated to

pki, > intervalypre, + (1 — §)intervaly pkiy1r L Ky (160)

Similar adjustment is required for the laws of motion in equations (152) and (156) and the in-
tertemporal no arbitrage condition in equation (110).

Additional straight forward adjustments are needed to the exogenous temporal parameters in
the model and the household discount factor relative to the annual timestep presentation in this
documentation. These adjustments are made automatically by the model based on the simulation
years selected. Section 6.5.1 provides details on setting the timesteps and time horizon when using
the model.

4.2 Calculating Welfare Effects

Households’ willingness to pay to avoid the costs of the policy requirements, that is the social costs
associated with the policy, are estimated using equivalent variation (EV). EV is estimated as the
amount of additional income households would require under baseline prices and still achieve the
same level of welfare as simulated in the policy case. More specifically, EV is calculated as the
difference between expenditures (on all goods including leisure) in the case where households face
baseline prices but are constrained to the welfare level achieved in the policy case and expenditures
in the baseline. This will be positive if the components of the policy modeled are on net an
improvement in welfare and negative if they are on net a reduction in welfare.

The households’ optimization problem described by (23)-(32) yields optimal levels of consump-
tion and leisure given prices, taxes, transfers, and shadow prices on their budget constraint, A, p.
For simplicity of exposition, let z;‘fz,’l" be a vector of all prices, taxes, and transfers faced by house-
hold A in region 7, where sim denotes the given simulation: base for baseline and pol for policy.

The optimal levels of consumption and leisure are then given by

sim sim sim
Cdtyr’svh = dCdt7T737h (Z’f‘,h ’ T,h ) + SCdt,’I",S,h (161)
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and
SoSIm sim  y sim
leisy'T, = leisyrn (2o, AF') (162)
where A7/ is a vector of shadow prices over the simulation’s time horizon. Households’ expenditures

on full consumption are then defined as

expenditure (foﬁn, ilﬁn) = Z (1 - tlfzrn;l - tficaffﬁl) plf,’f”leiszf% + Z (1 + tczf,zvfn) paf,l;fngf,lm,m
t ) (163)
noting that since the prices are relative to the numeraire in the initial period they are already in
present value terms.

From the first order conditions to the household optimization problem in (149), the evolution

of the shadow price is defined as
BN = Nohs (164)
where 3 is the discount factor defined in (24). Therefore, given a terminal value A7 5, the sequences
of shadow prices can be determined. Given a vector of prices, taxes, and transfers and a vector of
shadow prices, (161) and (162) define the paths of consumption and leisure. Based on those paths,
(23) defines the households’ welfare. Computing EV is therefore reduced to a problem of finding
a value )\eler’h that, along with z??}fe, leads to a level of welfare equal to the level in the policy

simulation. Given this value, define

Cdfj')rzsyh = dCdtvrvs’h <Zl;‘?ffe7 i?h) + SCdt,T,S,h (165)
and
leis{ ), = leisy (zﬁf,fe, :};J . (166)
EV is then defined as
EV, ), = expenditure (Z?flhse7 ivh) — expenditure (zl;f’,fe, )\lr’f”,fe) : (167)

The value of EV defined in (167) is reported in the model output under the name ev and is
based on the simulation years in the model and a finite time horizon. Two additional measures
of EV are also standard outputs for a policy simulation. These include ev_annual, which linearly
interpolates (163) between simulation years to estimate EV over all years covered by the policy
simulation, and ev_inf, which extends ev_annual from a finite to an infinite time horizon based on
the assumption that quantities and prices follow their steady state paths after the terminal period
in the model. Measures of baseline expenditures on full consumption (consumption and leisure) are
also output under the names cl_base, c1_base_annual, and cl_base_inf, with analogous temporal

definitions, so that the user may compute EV as a share of baseline full consumption if desired.
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5 Modeling Regulatory Requirements

Environmental regulations can vary over many dimensions. For example, EPA (2015) describe four
categories of regulations commonly promulgated to address air pollution: single sector emission rate
limits or technology standards; regional or state-implemented emission targets; multi-sector boiler
or engine-level emission limits or technology standards; and federal product standards. Each of
these categories has unique characteristics that may affect how the compliance requirements of the
regulations and incentives created by the regulation should be modeled. Environmental regulations
addressing additional pathways for pollution (e.g., land, water) have many similarities with the
aforementioned categories but also have additional attributes that may be relevant for how they
are modeled. Thus, the appropriate approach to introduce the requirements of a regulation into
the model will depend on the specific details of the policy.

In practice, with the exception of federal product standards or prohibitions, environmental reg-
ulations are typically source-level technology standards, performance-based emission-rate limits, or
workplace standards. In each case, sources are required to undertake abatement and monitoring
activities in addition to their regular production activities. As a starting point for reflecting hetero-
geneity across regulatory approaches, the default version of the model has two built-in approaches
for simulating abatement requirements on producers that may be calibrated to engineering or par-
tial equilibrium estimates of compliance costs: a productivity shock and an explicit abatement
activity. Each approach is discussed below, followed by an example that highlights the differences

between them.

5.1 Compliance Requirements as a Productivity Shock

The production functions in the model, as described in equations (5)-(10), are of the calibrated
share form in which the inputs are entered relative to the benchmark values. In other words, the

production function in (5)-(10) can be described as

_ idtﬂ’,flgf,Sﬂ) idt,r,srv,s,v
yt,'f‘,S,’U - fy fm(lt . goe ey L s
ZdOT:GQﬁS Zdor,srv,s

fk:l f Z‘dt,r,ele,s,v
e ene\ ~ ;4
7'dOr,ele,s
f (idt,r,col,s,v idt,r,gas,s,v )
en - PRI 5 )
7'dor,col,s 2do'r’,gas,s
f kdt,r,s,v ldt,r,s,v
kl .
kdO,., ' 1d0,.

To generalize this discussion, (168) introduces the index v € (new, extant) to describe the vintage

(168)

of capital used in the production function. Under the case v = extant, (168) represents the Leontief

production function for production with extant capital implicitly described by (15)-(18).
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In the code an additional parameter, prod_indy . s, is introduced to allow for modeling of a

productivity shock on input z. The implementation essentially redefines (168) as

. Zdt,r,agf,s,v Z'dt,r,srv,s,v
Ytrsw = fy fmat v ’

. . ) b . .
p’f’OdJndt’r7agf75’v Zdofr,agf,s prOdJndt,r,srv,s,v ldor,srv,s

f f idt,r,ele,s,v
kle ene . s )
pTOdJ/ndt,r,ele,s,”uldor,ele,s

(169)

f < Zdt,r,col,s,v Zdt,r,gas,s,v )
en - - Yo - ; s
pTOdendt,r,col,s,vZdor,cal,s prOd—ant,r,gas,s,vadOngas,s

f kdt,r,s,v ldt,ns,v
i prod_indy , j, s vkdOy s prod_indy ;1 s ,1d0y s ’

where in the baseline prod_indy, . s, = 1, in which case (168) and (169) are equivalent.

The interpretation of this additional parameter is that increasing prod_ind for a specific input
from 1 to 1 + A and holding all other inputs fixed would require a A x 100% increase in the
affected input to continue producing the baseline level. Based on this interpretation one can define
an approach to calibrating the value of prod_ind to reflect the compliance requirements associated
with a regulation. For example, suppose an engineering cost analysis estimates that a regulation
impacting sector s will require additional expenditures on input z of cost;, in year ¢ and region r to
produce the baseline level of output at new production sources, ¥ , s new. This may be represented

by
costy yor,s

(1 + Tz) zor,s Yt,r,s,new ’

prod_indy ;s pew = 1 (170)

where 20, s is the benchmark value of input z and 7, represents any potential ad valorem tax on
input z paid by producers (e.g., taxes on capital returns). This calibration would yield a situation
where holding the output level and all other inputs fixed at their baseline levels, consistent with
the setup in most engineering cost analyses, would require additional expenditures (gross of taxes)
of cost;, on input z. However, it should be noted that, after implementing the shock, firms may
substitute away from the now less productive input towards other inputs. Based on the nature of
the productivity shock these implicit substitution possibilities in the compliance activity are defined

by the substitution elasticities in the regulated sector’s production function.

5.2 Modeling Explicit Compliance Requirements

The model also allows for the explicit specification of input requirements for regulatory compliance.
This is accomplished by extending the nesting structure of the production function depicted in Fig-
ures 4-6 to include a top level Leontief nest that combines production of saleable goods and services
with pollution abatement activities. For the standard manufacturing and services production func-
tions with new capital, this extended production function is presented in Figure 21. Production

then requires both the traditional production activity and an abatement activity, which is itself a
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Leontief function of inputs used in regulatory compliance.

International Intra-national Local
te_dx
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Output
|
Goods
Production Abatement
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A A

Figure 21: Manufacturing and Services Production Functions with Abatement

With the implementation of the extended production function to account for potential compli-
ance activities, output in the manufacturing and service sectors that is not associated with a fixed

factor resource is defined as

klemy, s abates, s ) (171)

Ytrs = YUrs (klemot,r,s ’ abateOy . s

where klemy , s represents the traditional production activity defined in Section 2.2.1, such that

se_klem—1

matt,T,S > se_klem

matOy . s

klemy, s = klemO,. s [csklemr’s (

se_klem—1 - —Se=klem (172)
kles s )m] se-klem—1
17

+ (1 — cs_klem,s) (kle()
t,r,s

The abatement activity is defined as a Leontief function of intermediate inputs, labor, and new
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capital, such that

id_abate; r aqgf,s id_abatey . spys  ld_abatey s kdabatemﬁ)

id_abateOy y o975  ~ id-abateOy g5 ld_abateOy, s kd_abately s
(173)

where id_abate; r s s, ld_abate; s, and kd_abate; , s are inputs of commodity ss, labor, and capital

abatey s = abate0y ;. s min (

for abatement activities, respectively. The “benchmark” values in (173) include time subscripts
because the required level of abatement activities or the inputs associated with the abatement
activity may change over time, for example due to a phase in of the regulation. With the extended
production function that includes abatement activities, firms are assumed to maximize profits

inclusive of the abatement inputs,

(1 - tyt,r,s) pyt,r,syt,r,s - Zpat,’r,ss (idt,r,ss,s + id—abatet,r,ss,s)
o (174)

— (L4 thkey) priy (kdy s + kd_abateg v ) — pliy (Idy s + ld_abatey . s)

subject to the production function defined by (171)-(173) and (6)-(10). Similar extensions are
implemented for production with extant capital and sectors associated with fixed factor resources.
In the case of production associated with extant capital, abatement activities are still assumed to
make use of new capital in (173).

The solution approach outlined in Section 4 is easily extended to accommodate the expanded
production structure inclusive of abatement activities. While the default implementation repre-
sents abatement activities as Leontief technologies, alternative functional forms can be adopted if
warranted. It is also possible to represent abatement activities as substitutes for emissions in a
CES function where the elasticity is calibrated to match available estimates of marginal abatement
cost curves following Kiuila and Rutherford (2013), allowing more complex regulatory designs to
be modeled.

5.3 Difference Between Productivity Shock and Explicit Compliance Require-

ments

There are two main differences between modeling compliance requirements as a productivity shock
versus a nesting structure that explicitly represents the abatement activity. First, the substitution
possibilities allowed between inputs for compliance differ. The productivity shock implicitly as-
sumes that compliance inputs have the same substitution elasticities as the underlying production
technology for the regulated sector. Alternatively, explicit representation of abatement require-
ments, at least as defined in Section 5.2 and the default version of the model, does not allow
flexibility in how the abatement requirements are met. Second, the explicit abatement requirement
assumes that any capital inputs for compliance activities are always new capital investments regard-
less of whether the regulation affects new or existing sources of production. For the productivity

shock, capital requirements associated with compliance activities at existing sources are implicitly
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assumed to be repurposed extant capital.®!

To highlight the main differences between these approaches to modeling regulatory requirements
the example examples/regulatory modeling_approach.R simulates an identically-specified regu-
lation under both approaches. For this example, as well as the others presented in Section 6, we
use a hypothetical regulation in the primary metal manufacturing (pmm) sector loosely calibrated
to an initial round of regulations that were promulgated about 20 years ago under section 112 of
the Clean Air Act. Section 112 of the Clean Air Act (CAA) requires the EPA to list industrial
categories of major sources of one or more hazardous air pollutants (HAPs) and to then establish
a national emissions standard for those categories (also referred to as a NESHAP). Major sources
of HAPs are defined as new or existing facilities that emit 10 tons or more annually of any single
HAP or 25 tons or more annually of a combination of HAPs. A NESHAP is typically based on an
assessment of the degree to which emission reductions have been achieved at the best performing
facilities in a particular source category using existing abatement control techniques. This standard
is referred to as a Maximum Achievable Control Technology or MACT floor because it specifies the
minimum level of HAPs control required. Specifically, the Clean Air Act requires the NESHAP to
reflect the maximum degree of reduction in HAP emissions that is achievable, taking into consid-
eration the cost of achieving the emission reductions (as well as a few other factors). For existing
sources, the MACT floor is the average emission rate of the least-emitting 12 percent of facilities
within that industry at the time of promulgation.

For primary metal manufacturing, it was estimated that the abatement technology available
to meet the initial emission limits for integrated iron and steel manufacturing and primary and
secondary aluminum manufacturing would require capital investments equivalent to approximately
0.4% of those sector’s capital stock and annual operating costs equivalent to approximately 2.0% of
those sector’s labor expenditures at the time. Since the goal is to provide a hypothetical scenario to
test the behavior of the model and not to develop quantitative impact estimates for a specific policy,
we make many simplifying assumptions to keep the example as clear as possible. For example, costs
as a share of benchmark capital and labor inputs are assumed to be uniform across regions; costs
scale with output over time; operating costs are assumed to be associated with labor only; new and
existing sources are assumed to face the same compliance costs; the other primary metal production
activities included in the default aggregated pmm sector are assumed to face similar compliance
costs for abating HAP emissions; and the policy is assumed to begin in the second modeling period.
The details of how this scenario is run are presented in Section 6.

For each modeling approach we consider three policy simulations in which the regulatory re-
quirements apply to 1) all sources of production; 2) only production associated with extant capital;

and 3) only production associated with new capital.’? As previously noted, there are two potential

51For example, where part of an existing structure must be repurposed for compliance activities.

52In the default specification of abatement requirements in SAGE, abatement activities experience productivity
growth equal to the economy-wide average as described in Section 3.4.1. However, to simplify the comparison between
the two regulatory modeling approaches the scenarios presented here assume no productivity growth in the compliance
activities.
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Table 13: EV Comparison Across Modeling Approaches [Billion $]

Affected Productivity = Abatement

Sources Shock Requirement
All -45.8 -45
Existing -8.3 -8.4
New -37 -36.1

differences between the approaches to modeling abatement requirements: differences in the substi-
tution possibilities in the abatement activity, and the vintage of capital required for compliance.
When only production associated with new capital is subject to the regulatory requirements, then
new capital is required for compliance in both cases, and differences between the two approaches
are driven by varying assumptions about substitution possibilities in the abatement activity. On
the other hand, because production associated with extant capital is modeled as Leontief, if only
production associated with extant capital is subject to the regulatory requirements, then neither
modeling approach provides any substitution possibilities in the abatement activity and differences
across the two approaches are due to the vintage of capital required for compliance.

Figure 22 presents the simulated percent change in output and labor demand (inclusive of abate-
ment requirements) for the regulated sector under the different scenarios. There is little difference
in output between the two modeling approaches independent of which sources of production are
subject to the abatement requirements. When the abatement requirements fall on existing sources
and there is no difference in the assumptions about substitution possibilities in the abatement
activity, the change in labor demand is approximately the same. In the other cases the labor inten-
sity of production is lower in the case of the productivity shock relative to the explicit abatement
requirement as firms substitute away from labor under this approach.

In a first best setting, we expect that the additional compliance flexibility assumed under the
productivity shock approach would lower the social costs of the regulation, but in a second best
setting the differential effect on the real wage rate leaves the direction of the difference ambiguous
a priori. Table 13 presents estimates of EV under both approaches to represent the hypothetical
regulation on the pmm sector (i.e., productivity shock and explicit abatement activity), varying
which sources are affected (i.e., all, existing sources only, or new sources only).>® For this example,
regardless of which sources are affected, the EV for the two approaches to representing abatement

requirements are within 0.5% of each other.

6 Using the Model

The core SAGE package is composed of 1) a build routine for constructing the model’s database and
2) the modeling files for performing simulations. The programs are written to allow flexibility in

how the datasets are constructed and provide options for including different modeling assumptions.

53The values presented represent the infinite time horizon approximation of EV discussed in Section 4.2 and
contained in the output variable ev_inf.
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Figure 22: Effect of Approach to Modeling Abatement Requirements

The build routine constructs a consistent set of value shares based on IMPLAN data and compiles
all other exogenous data parameters (including elasticities, growth rates, population totals, tax
rates, and oil and gas production data) to form the necessary inputs to run the model. The build
routine is only run once for a given release to generate the model’s datasets. Afterwards, conducting
an analysis only requires running the model itself.

The SAGE model is run in a sequence and is intended to be used to compare the impacts
of a policy shock against a specified reference case. The user must run the model to calculate
the baseline level of all model variables, design a policy shock that alters the reference equilibrium

point, and rerun the model to compare the resulting equilibrium with baseline values for computing

84



the economy-wide impacts.

6.1 Directory Structure

The build routine, model, and all examples are designed to be run from the package’s top directory

level. The package is composed of the subdirectories in Table 14.

Table 14: Directory Structure

Subdirectory Description

build Subdirectory contains data and files for constructing the bench-
mark dataset. The build routine relies on a mixture of
GAMS and R routines. The launching program is called
build default _datasets.R

utilities Subdirectory for custom R routines and functions for compiling
external data sources and running model code. This code is refer-
enced throughout the build routine and modeling examples.

data Subdirectory containing reconciled benchmark data and exoge-
nous parameter files.

model Subdirectory containing the core SAGE modeling file.

diagnostics Subdirectory containing scripts for running model and data diag-
nostic tests.

examples Subdirectory holding examples using the model.
output Place holder subdirectory for generated model results.

documentation Subdirectory containing documentation for the model. The docu-
mentation source is available in the latex file documentation. tex,
while a typeset pdf version of the documentation is available in
documentation.pdf.

6.2 Building the Dataset

The data compilation routines in the build stream includes programs written in both R and
GAMS.?* Some custom R routines are included (see the utilities subdirectory) to automate the
download of external data sources and facilitate their subsequent compilation. External R packages
used by SAGE but not currently available on the the system are automatically installed when the
build stream is run, or may be installed separately by running utilities/install R_packages.R.

The build routine is controlled through the launch program, build default_datasets.R, in
the build subdirectory. The build script is designed to be run for the top-level directory of the

%R and GAMS must be included in the PATH environment variable. The current build stream was tested with
GAMS 24.9 and R 3.5.

55Note that by default the package “fiftystater” is not installed, though this package is necessary for using the
utility to create state choropleths with results or Figure 2. Instructions for how to install this package are included
in utilities/install R_packages.R.
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SAGE package. Note that an internet connection is required for running the routine as it relies on
external data sources for calibration.

The major steps in the build stream are as follow:

1. Initially, build parameters.R compiles preference and technology parameters outside of the

SAM (e.g., elasticities) from included and downloaded data files and creates data/parameters. gms.

2. build baseline.R compiles the exogenous projections that help define the model’s baseline

and creates data/baseline.gnms.

3. Additional external data sets needed for the creation of the SAM are downloaded and pro-
cessed by get_additional economic data.R, get_oil_and gas_data.R, and get_population_data.R.

4. Data on effective marginal tax rates are processed by get_tax_data.R. Note that aside from
reconciling data from the Current Population Survey, get_tax_data.R submits the compiled
data to the NBER TAXSIM model to derive weighted marginal tax rates.

5. IMPLAN data is extracted using build/data/implan by read_implan state.gms, which

partitions each state data file into its submatrix components.?%

6. Resulting state-level GDX outputs are merged and fed into build_benchmark.gms to create
the SAM and disaggregate the oil and gas extraction sectors.

7. The SAM is aggregated to the requested levels in aggregate benchmark.gms based on the
aggregation defined in aggregation_file at the top of the launching program.

8. The SAM is filtered and rebalanced in balance _benchmark.gms, imposing microconsistency
on the dataset (i.e. data satisfying all needed accounting identities in the modeling frame-
work) as well as other calibration assumptions on the dynamic structure of the model. The
aggregated dataset is balanced and filtered using a least squares optimization framework with

options as listed in Table 15.

9. Using the calibrated data, subsistence demands are estimated consistent with Section 3.3.6
as implemented in calibrate_les.gms. The build routine first generates the national data
file to constrain the recalibration procedure when imposing regional disaggregations in the

model.

The build routine relies on both IMPLAN data and data from external sources (e.g., EIA and
U.S. Census Bureau). The build stream requires that the state-level IMPLAN data files (*.gms) are
stored in build/data/implan at the time of compilation.’” All other data files are included with the

56The process for constructing a SAM from the IMPLAN dataset is based on the IMPLANinGAMS package (Rausch
and Rutherford, 2009). The original version of this software can be found at: http://www.mpsge.org/implan98.htm.

STIMPLAN is a proprietary data set and is therefore, not included in the publically available version of SAGE.
Given a licensed version of IMPLAN for SAGE’s benchmark year, to build the SAGE data sets first follow the
instructions in build/data/implan/implan_data_instructions.txt to add the necessary IMPLAN data files into
the SAGE directory structure.
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Table 15: Selected Options in Data Set Build Stream

Place Option

Description

Default Value

Launch aggregation file

aeo.year

aeo.scenario

balanced_growth

Name of the mapping file that
characterizes the level of sector,
region, and household aggrega-
tion. Mapping files are located
in build/aggregation map. Al-
ternative mappings can be used
to modify the dimensionality of
the dataset.

Year of the EIA’s AEO to use in
the calibration.

AEO scenario to use in the cali-
bration.

Binary flag to calibrate bench-
mark investment levels consis-
tent with a balanced growth
path.

default_aggregation.gms

Most recent AEQO that in-
cludes benchmark year

pasteO("REF",aeo0.year)

Matrix
Balancing

filter_small

include_taxes

threshold

frac_deviations

Binary flag to filter out small
numbers.

Binary flag to allow tax rate ad-
justments in balancing.

Filter threshold for smallest
value allowed in benchmark
dataset.

Binary flag to minimize percent
deviations rather than absolute
deviations.

5e-4

SAGE package in build/data or downloaded from the internet throughout the routine. Following

the successful completion of these routines, the file build/data/satellite_data_versions.csv

is generated, which includes versioning information for downloaded data from API (Application

Programming Interface) requests, the current population survey, and the TAXSIM model. Im-

portant options for controlling the build stream are located in the launch program and the SAM

filtering and rebalancing script (build/balance _benchmark.gms). These options are described in

Table 15 and are listed at the top of the associated programs. Once the build stream is finished,

the resulting balanced dataset and generated parameters file containing all elasticities and assumed

dynamic parameters are stored in the data subdirectory at the top level of the package’s directory

structure.
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6.3 Running the Model

The model itself is written in GAMS and located in model/sage.gms. The model is designed to be
run from the package’s top directory and requires the PATH solver to be installed and licensed. The
model is designed to run a single scenario, either a baseline scenario or a policy scenario. Therefore,
the general process will be to first solve the model for the baseline solution and then rerun the model
to solve for the counterfacutal policy solution. sage.gms is written to minimize the need for user
adjustments to core model code (i.e. equations and data declarations) when solving counterfactual
scenarios. Instead, the model offers multiple points during the execution where additional code can
be included to change the specification or behavior of the model (examples below).

The model can be run through the GAMS IDE, but is designed to be run from the command
line to take advantage of command line arguments to specify options including additional code
to be included during counterfactual simulations. Running the model is done with a command
line call to GAMS: gams model/sage.gms. The available command line options are presented in
Table 16 and may be applied when running the model with the syntax gams model/sage.gms
—--optionl=choicel --option2=choice2 ....

After each simulation all model variables are saved in both .csv and .gdx format. These files
are written to the output/ subdirectory. While these files are very similar in their contents, the
CSYV file contains additional output based on post-processing of the solution results, such as GDP,
EV, etc. It is also worth noting that the quantity/activity variables in the GDX file are indices
relative to the benchmark levels, while in the CSV file these indices have already been multiplied

by the benchmark levels for the convenience of working with the output.

6.4 Solution Checks and Diagnostics

After each simulation the model performs a set of verification checks on the solution. The results of
these post-solve diagnostics are reported in the GAMS listing file. This set of diagnostics includes
checks that:

1. Nominal gross domestic product is the same when calculated based on expenditures and value
added;

2. Accounting identities hold in the post-solve social accounting matrix; and

3. No arbitrage opportunities exist between the national new capital price for household invest-

ments and the regional capital prices.

Following a simulation, a new social accounting matrix is constructed based on the computed post-
policy equilibrium. This constructed matrix serves to verify that all of the accounting closures
hold. These accounting closures include a check on commodities (the value of production and
imports less exports must equal demand), activities (the value of production must equal the costs
of labor, capital, intermediate inputs, and tax obligations), households (the value of consumption,

investment, and tax payments must equal factor income and transfers), government (the value of
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Table 16: Command Line Options for the SAGE Model

Option

Description

Default Level

benchmark_file

putty_clay

parameter_file

baseline_file

gdx_baseline_file

balanced_start_values

policy_file

gdx_save

gdx_results_file

output_file

prologue

epilogue

perturb_start

File containing the benchmark dataset. The default aggregation is spec-
ified in Section 2.

Binary flag for enabling the partial putty-clay specification. With a

value of 0, capital is fully malleable.

File containing the elasticities and additional technology and preference
assumptions.

File containing the time steps and exogenous baseline assumptions.

A gdx file containing the results of a previous model solve. May be
used to set the starting values and/or define baseline prices to calculate
equivalent variation.

Binary flag to set the starting values based on a balanced growth path
solution independent of whether a baseline file was provided.

Optional file containing GAMS code to define the policy changes in the
model. If NULL the baseline is run.

Binary flag for saving model results in a GDX file. The resulting
GDX file is stored in the file specified by the environment variable
gdx_results _file.

Provides the location and output name of the GDX file where the model
results will be stored.

Provides the location and output name of the CSV file where the model
results will be stored.

Optional file with GAMS code to be included before any data processing
and model declaration. Useful for adjusting parameters.

Optional file with GAMS code to be included after the model solution
and any post-processing. Useful for additional post-processing of results.

Debugging option to additively and uniformly perturb initial starting
values on v ,s. Value specifies the size of the perturbation.

data/default_aggregation.gdx

data/parameters.gms

data/baseline.gms

output/results.gdx

output/results.csv




government purchases less transfers equals tax income), and the rest of the world (the value of
imports equals exports plus an exogenously defined balance of payments deficit). While the listing
file contains the numerical values for each of these checks, for convenience the log file reports if a
given check has “FAILED” based on a selected tolerance, which has a default value of 107 (i.e.,

$100,000). If no error messages are reported, then all checks were passed.

6.4.1 Numeraire Test

The previous solution checks illustrated instances of hypothetical policy shocks that satisfied post
equilibrium adding up conditions. One other form of model validation concerns test simulations
where the outcome of the simulation is already known. One such test suggested by Dixon and
Rimmer (2013) is to test the model’s homogeneity assumptions. As described above, SAGE is
homogeneous of degree one in prices and hence a numeraire is assigned to represent equilibrium
prices as relative. The level of the numeraire is typically fixed to 1. Because the model relies on
relative prices, perturbing the numeraire from 1 to (1+/) should adjust all baseline price and value
variables by the same perturbation factor (/) while quantity variables remain unchanged.

To test that this assumption holds in SAGE, the “policy” file, diagnostics/numeraire_test.gms,
contains an adjustment to the numeraire by a perturbation factor of g = 0.2. “Policy” is writ-
ten in quotes because the purpose of this test is to compare two separate baselines (not a policy
case vs. a baseline) differed only by the magnitude of the numeraire, but can be functionally
implemented with a policy file. Notably, the chosen value of 3 is arbitrary.”® The example may
be run from the command line in a similar fashion those already described or from the R script,

diagnostics/numeraire_test.R.

6.5 Examples of Adjusting or Using the Model

The following sections present a information or examples for adjusting specifics of the model or

conducting policy analysis.

6.5.1 Adjusting Timesteps and Horizon

The default parameterization of the model uses five year timesteps between 2016 and 2081. The
simulation years for the model are defined by the set ¢ in the baseline file. This default assumption
can be changed in the default baseline file (data/baseline.gms). Alternatively, a new baseline
file can be created with the updated simulation years and specified by the command line option
--baseline_file when running the model. The default aggregation of the model does not support
annual timesteps. Maintaining the end year of 2081 with annual time steps increases the dimen-
sionality of the model and poses computational intractabilities. Use of annual time steps with a
more aggregated version of the model (e.g., no regional representation) is feasible. The model does

not require that the timesteps be evenly spaced.

58While this value is arbitrary, a large level of 8 may cause issues for the model’s solver.
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6.5.2 Example of a Hypothetical Regulation

The file examples/sample_abatement_requirement.gms contains a representation of the hypothet-
ical regulation in the primary metal manufacturing (pmm) sector that is described in Section 5.3.
As previously stated, the hypothetical scenario assumes compliance with the regulation requires
capital investments equivalent to approximately 0.4% of the regulated sector’s capital stock and
annual operating costs equivalent to approximately 2.0% of the regulated sector’s labor expendi-
tures; cost shares are uniform across regions; costs scale with output across time; operating costs
are associated with labor only; and new and existing sources face the same compliance costs.

As noted in Table 16, the model provides options for including GAMS code in the model at
multiple points during its compilation. The policy_file command line option allows the user
to define a file containing GAMS code that will be included right before the model’s solve state-
ment. The file examples/sample_abatement_requirement.gms (see Listing 1) defines compliance
requirements for the hypothetical regulation in the pmm sector based on the explicit abatement

requirement approach of Section 5.2 and is intended to be used with the policy_file option.?”

Listing 1: examples/sample_abatement_requirement.gms

ld.abate0 (t,r, "pmm",v) $ (oxd(t) gt 1 or ord(t) eq card(t)) = 0.020%1d0(r, "pmm") *
1 prod.agg(t);
kd_abateO(t,r, "pmm",v)$(ord(t) gt 1 or ord(t) eq card(t)) = 0.004xkd0 (r, "pmm") ;

The variables 1d_abateO(t,r,s,v) and kd_abateO(t,r,s,v) define the labor expenditures
and capital stock required for compliance when producing the benchmark level of output, yo(r,s),
in period ¢, region r, and sector s with capital of vintage v. There is an analogous variable for
intermediate inputs of commodity ss for compliance, id_abateO(t,r,ss,s,v). Care needs to be
taken to ensure that the abatement costs are entered in the correct format, that is, the compliance
costs at sources of vintage v when output from those sources is at the benchmark level.

In this example, the labor inputs are multiplied by 1_prod_agg(t), which reflects the aggregate
labor productivity growth in the economy. By default the model assumes that labor productivity in
abatement activities will grow at this rate. Therefore, by increasing the costs at rate 1_prod_agg(t)
one is essentially negating that productivity growth and instead assuming that there is no produc-
tivity growth in the abatement activity. This is done only to keep this example the same as the

one presented in Section 5.3 to maintain consistency throughout the examples.

%For an example that implements the compliance requirements as a productivity shock, see
examples/regulatory modeling approch.R.
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In this example, the average compliance expenditures per unit of output in a region are assumed
to remain constant over time. In addition, the compliance requirements are assumed to begin in
the second period, hence the conditional ord(t) gt 1. The second part of the conditional is to
ensure that the example will work with the static version of the model, which by definition only
has one time period.

To analyze the hypothetical regulation the baseline is first calculated, after which the model is
run with the hypothetical regulation. This can be accomplished from the command line using the

commands presented in Listing 2.

Listing 2: Running the Sample Abatement Requirement from the Command Line

gams model/sage.gms —gdx_results_file=output/baseline.gdx
—output_file=output/baseline_results.csv

gams model/sage.gms —gdx_baseline_file=output/baseline.gdx
—policy_file=examples/sample_abatement_requirement.gms
—output_file=output/regulation_results.csv

In calculating the baseline in the first model run, the command line option gdx_results_file
defines the GDX file where the results of the model solve will be saved. The command line option
output_file defines a CSV file where the baseline results will be stored. The GDX file is used
to define the baseline in the policy run using the gdx baseline file command line option. In
this case, the baseline is used to both set the starting values and provides the baseline prices for
calculating EV. The output_file command line option defines a CSV file where the results of
the model run with the abatement requirement will be saved. The two output files may be used
to calculate the changes in variables between the two simulations. Policy impacts should only be
compared to their corresponding baseline.

Once the post policy equilibrium solution is determined, the SAGE listing file (sage.1lst) will
include the diagnostic checks described above. The diagnostics help determine if the model solution
satisfies the necessary closures.

The model’s use of command line options and compile time code inclusions allows the model
to be easily run from scripts. The modeling package includes a series of R utilities that are located
in the file utilities/R_utilities.R, which provides functions to run the model and process
the results from R. The file examples/basic_example.R shows how this hypothetical abatement
requirement may be run and results processed from an R script. An analogous example of how

such routines can be built in GAMS is included in examples/basic_example.gnms.

6.5.3 Example of a Regulation with Phased In Requirements

The previous example focused on a hypothetical regulation where the compliance requirements
were assumed to begin in the second period of the model and where the average compliance expen-
ditures per unit of output in a region are assumed to remain constant over time. It is possible to

model situations where the average compliance costs per unit of output are expected to vary over
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time. One example of this regulatory context is when a regulation is phased in over time. This
section describes the implementation differences from previous examples to accommodate temporal
variation in compliance cost model inputs.

The policy file examples/sample_phased_in abatement _requirement.gms contains a modified
representation of the hypothetical regulation described in Section 6.5.2 where the average compli-
ance costs per unit of output in the second period of the model are 50% of their expected value once
the regulation is fully implemented starting in the third period of the model. This scenario assumes
compliance with the regulation requires capital investments equivalent to approximately 0.2% of
the regulated sector’s capital stock and annual operating costs equivalent to approximately 1.0%
of the regulated sector’s labor expenditures in the first year of compliance (second model period).
Subsequent years of compliance (third model period and thereafter) requires capital investments
equivalent to approximately 0.4% of the regulated sector’s capital stock and annual operating costs
equivalent to approximately 2.0% of the regulated sector’s labor expenditures. All other aspects of
the hypothetical regulation match the example described in Section 6.5.2.

Listing 3 presents the policy file for this phased in version of the example regulation. The
variables 1d_abateO(t,r,s,v) and kd_abate0(t,r,s,v) define the labor expenditures and capital
stock required for compliance when producing the benchmark level of output, yo(r,s), in period
t, region r, and sector s with capital of vintage v. In this case, there is a definition for the two
phases of the hypothetical regulation: the first phase denoted by ord(t) eq 2 (the model’s second
period) and the second phase denoted by ord(t) gt 2 (all model periods after the second). The
second part of the conditional for the second phase costs is to ensure that the example will work
with the static version of the model, which by definition only has one time period and is assumed

to be associated with the full implementation costs in this example.

Listing 3: examples/sample phased_in abatement _requirement.gms

ld_abateO(t, r, "omm", eq 2) = 0.010%«1d0(r, "omm") x1_prod_agg(t);
kd_abateO (t, r, "pmm",v) $ (oxrd(t) eq 2) = 0.002xkd0 (r, "pmm") ;
ld_abateO(t,r, "pmm",v)$ (ord(t) gt 2 or ord(t) eq card(t)) = 0.020%1d0(x, "pmm") *

1l prod.agg(t);
kd_abateO(t,r, "pmm",v)$ (ord(t) gt 2 or ord(t) eq card(t))

0.004xkd0 (xr, "pmm") ;

This example may be run from the command line in a similar fashion to Listing 2 by updating
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the name of the policy file. The R script examples/policy_phase_in_example.R runs a comparison
between the phased in policy and the immediate implementation version in Section 6.5.2. Imple-
menting a phased in regulation as a productivity shock would be accomplished in a similar fashion
by defining the productivity shock (represented by the parameter prod_ind) for each phase using

a conditional argument for t.

6.5.4 Example of a Regulation in a Large vs. Small Open Economy

In this section, we illustrate the importance of the large open economy assumption in SAGE for the
aforementioned hypothetical regulatory scenario. A model switch has been integrated into the code
to convert the model to a small open economy where the United States is treated as a price taker
in the world market for commodities with perfectly elastic demand for its international exports
and perfectly elastic supply for international imports. This assumption can be toggled from the
command line as illustrated in Listing 4 (note that previous commands for running the baseline

and policy case still apply here).

Listing 4: Running the Model as a Small Open Economy

gams model/sage.gms —1loe=0

We run the hypothetical environmental regulation for all sources in the primary metal manufac-
turing sector (pmm). As before, we assume that compliance with the regulation requires additional
capital and labor inputs to production. Functionally, the large open economy formulation imposes
a non-zero slope in the international demand for U.S. export curve and supply of international
imports into the U.S. market curve. The steepness of these curves are evaluated in Table 9. Figure
23 reports the percent change in imports and exports across all model years for each sector in the
economy. Because estimated elasticities are high for imports, the percent change across the two
formulations are almost equivalent. Both model formulations estimate increases in the imports for
primary metals due to import substitution from relatively more expensive domestic output. The
story is different for exports. Estimated elasticities are smaller in absolute value for exports and
therefore the large open economy modeled results diverge more significantly from the small open
economy results. Imposing a downward sloping demand curve for exports mutes quantity impacts
in the export market and therefore percent changes in the large open economy formulation are
smaller than in the small open economy case.

While quantity changes are muted in the large open economy case, export and import prices
differentially change for each commodity. This contributes to larger social costs estimated in the

large open economy framework relative to the simpler alternative as reported in Table 18.

6.5.5 Example of Sector Specific Consumption Taxes

To further augment the section on sensitivity simulations, we illustrate model results for hypothet-

ical sector specific consumption tax scenarios. The simulations estimate the equivalent variation of
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Figure 23: Percent Change in Imports and Exports

Table 18: EV Comparison Across Trade Assumptions [Billion §]

Large Open Small Open
Economy Economy
-44.98 -41.67

sector specific consumption taxes that raise an additional $10 billion in total government revenues
in each time step of the model based on the output value in the baseline (this revenue target repre-

sents approximately 2% of government revenue from sales and excise taxes in the benchmark year).
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This suite of simulations is run via the R program, examples/consumption_tax.r that relies on
a policy file called examples/consumption tax.gms (also reported in Listing 5). The policy file
selects the taxed sector as controlled by the R script and imposes a hypothetical addition to the
existing consumption tax for the selected sector equal to the specific amount of government revenue

raised in each period.

Listing 5: examples/consumption_tax.gms

set
s_tax(s) taxed sector;

parameter
shock_size value of the shock in billions
tax addition to tax rate;

s_tax(s) = no;

Sinclude examples/tax_definition.gms

tax(t,s-tax)$sum((rr,h), pa.l(t,rr,s_-tax)xcd.l(t,rr,s_-tax,h)*cdbase(t,rr,s_-tax,h)

)
= shock_size/sum((rr,h), pa.l(t,rr,s_tax)x*cd.l(t,rr,s_tax,h)~*cd.base(t,rr,s_tax,
h));

tc(t,r,s_tax) = tc(t,r,s_tax) + tax(t,s_tax);

display tax;

Figure 24 reports the calculated social costs as characterized by changes in equivalent variation.
These results are for diagnostic purposes only and should not be interpreted as the results of a
specific policy. The social cost is dependent, in part, on the use of the revenue, where in these

examples the recycling occurs through the models standard government budget constraint.

6.5.6 Additional Examples

Other examples are included in the examples subdirectory and are listed in Table 19. These
relatively simple examples are designed to demonstrate basic features of the modeling framework
and their general impact on simulation results. The examples are intended to be run from the top-

level directory of the SAGE package. Most of the routines listed in Table 19 use the R programming
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Figure 24: Social Costs of Equivalent Hypothetical Sector Specific Consumption Tax Increases

language to conduct the simulations and process the results.%"

In addition to the simpler examples, there is a more extensive suite of simulations contained in
the file examples/scenario_analysis.R, which conducts sensitivity analyses around hypothetical
regulations implemented as abaement requirements in the spirit of those considered in Marten et al.
(2019). Note that the results in Marten et al. (2019) are based on SAGE v. 1.0.7 and a different
implementation of the hypothetical regulations, such that examples/scenario_analysis.R is not

intended to replicate the quantitative results of that paper.6!

50The scripts may be run from a development environment with an R backend or from the command line
using Rscript (assuming it is available).

5'For code to replicate the specific results of Marten et al. (2019), see the Dataverse site for the Journal of
the Association of Environmental and Resource Economists.
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Table 19: Additional Simulation Examples

File Name Description

static_vs_dynamic.R Compares the results from the sample abatement re-
quirement using a dynamic vs. static version of the
model.

putty-clay vs_putty-putty.R Compares the results of the sample abatement re-

quirement under the default partial putty-clay capital
framework vs the case of fully malleable capital under
the putty-putty assumption.

national_vs_regional.R Compares the results from the sample abatement re-
quirement from the dynamic model with and without
regional delineation.

regulatory modeling approach.R Compares the output of the sample abatement require-
ment when modeled as a productivity shock vs. an ex-
plicit abatement requirement per unit of output. Pro-
duces the comparisons in Figure 22.

open_economy.R Compares the output of the sample abatement require-
ment when assuming a large vs. small open economy
in international trade. Produces the comparisons in
Figure 23.

scenario_analysis.R Runs sensitivity analyses around hypothet-
ical  regulations similar to  those  consid-
ered in Marten et al. (2019). Uses the file
examples/productivity_shock.gms as the pol-
icy file to define a variety of hypothetical regulations
as productivity shocks.

consumption_tax.R Runs sensitivity analyses for hypothetical sector spe-
cific consumption tax increases as reported in Figure
24. Uses the file examples/consumption_tax.gms as
the policy file to define the hypothetical scenarios.

plot_results.R Illustrates custom plotting functions designed to or-
ganize and display results from SAGE outputs. For
function code, see R_utilities.R.
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