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Executive Summary

Following Hurricane ke, scientists, policy makers, and elexffaglals have been calling for a
comprehensive coastal storm surge protection system for the Galveston Bay region. To date,
several efforts have estimated benefit/cost ratios of multiple protection solutiowhich have

focused primarily on the direct ecomic impacts of a surgeelated event in Galveston Bay.
Althoughthese resultave been critical in demonstrating the effectiveness of a coastal spine

from the perspective of avoided damagedher secondary indirectbenefits tad yet to be

evaluated The following describes recent analytical efforts to better quantify these indirect benefits
through four distinct research areas including: 1) assessingadbromic implicationsf surgedriven
damage related to a coastal spir® determiniig potential changes in the costs of flood insurgreed
3) understanding socioeconomic behavior related to the establishment of a coastal spine. The following
provides a brief summary of findings of each of thégee areas of research unddrexasGLCcontract
No. 18159000-A719.

StateLevelEconomic Implications

Storm surge impacts that occur without coastal protection could have substantiatéomgimpacts on

the growth of the Texas economWhen evaluating impacts with a coastal spine over &l time
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protection is substantial. The GSP in 2066 will decrease by 8%, corresponding to $863 bilkocdaskl

spine substantially mitigates tee economic impacts, which are still estimated to decline but by only 2%.

Further, all macroeconomic indicatar&xcept for government expenditureswill also decline, with the

value of net exports (value of exports net value of imports) suffering the mmagoynd decline by an

estimated 13% corresponding to $160 bilion loss

Specific statdevel impacts on housing and petrochemical sectors include:

- Housing sector output declines by nearly 8% corresponding to $39.5 billion in the sector loss in
sales, ad related employment and prices also fall by 0.66% and 0.77%, respectively. These
estimates are mitigated in the presence of a coastal spine to a 2% decrease in housing sector
output and less than 1% decreases in employment and prices.

- Outputs in the petrteum and chemical manufacturing sectors decline by 19%, amounting to
$175.4 billions in lost revenues from both sectors. Decreases in these sectors are also mitigated
in the presence of a coastal spine to 3% and 5%, respectively.

- Employment and prices irhé petroleum sector are the most sensitive to a destructive surge
event: jobs in petroleum sector will be 17% lower corresponding to approximately 155,000 in lost
jobs and prices on petroleum products will increase by .I3%se estimates are reduced 186
reduction in employment and 1% increases in prices with a coastal barrier.

- Chemical manufacturing jobs will shrink by 9% (96,000 jobs will be lost) and prices on these goods
will increase by 1.6% without coastal protection. Employment figures are rediec@% and
prices increases decrease to 0.37% with coastal protection

- Electricity sector prices will be 6% higher by the end of the study period. These increases are
reduced to 1.57% with a coastal spine.



NationatLevel Economic Implications

The img@cts of a storrrsurge event without coastal protection also have adverse effects on the United
States economyThese impacts are, unsurprisingly, smaller in magnitude compared to state level
impact, yet have lasting impacts into the future.

Following anunprotected, 50@year surge event in Galveston Bay, the U.S. Gross Domestic
Product (GDP) is estimated to be 1.1% lower by the end of the forecast period; this corresponds
to an estimated $883 billion dollar economic decline.

The decline in U.S. GDP idueed to 0.28% following the same event with coastal protection in
place.

U.S. net exports are also estimated to decline by 4% (approximately $166 billion in loss), while
investment and household consumption will be 1.14% ($167 billion in loss) and 0\8884$532
billion lower), all relative to the same time period with no surge impacts.

The immediate and lonterm impacts on other states indicate that while some, primarily
neighboring states, experience positive GSP, income and welfare growdkat86 not including
Texas will have lower GSP in response to a surge event in Texas.

Coastal Flood Insurance Premiums

Over 31,000, or 10% of all National Flood Insurance Program policies in Harris and Galveston
Counties, would experience a reduction in 3@ar storm surge as a result of a coastal spine.

Areas that would have reduced storm surge with a coastal sping oemi $41 million dollars in
annual NFIP premiums and have total flood insurance coverage of over $8 billion dollars.

Under a 108year storm surge scenario, over 3,000 coastah®ér flood insurance policies
would be protected to less than 1 foot ofuindation.

An additional 14,149 higtisk flood insurance policies would be protected completely protected
from a 100year storm surge.

In the most conservative insurance scenario, nearly $5 million dollars in premiums could be
saved annually by residentdwie still maintaining the same flood insurance coverage with the
presence of a coastal spine

Additional scenarios suggest that total annual premiums in the coastal Ho@sbteston area
could be reduced by 228% while still maintaining the same floodurance coverage.



Public Perceptions of Coastal Protection in Texas

Widespread public suppogxistsfor structural and norstructural mitigation to address the risk
Texas coastal communities face from natural hazavtgtiple mitigation strategis were
evaluated, ranging from levees and elevation to land use regulations, and all of them were
supported by over 70% of the respondents in each county.

There is werwhelming public support for the coastal spine or lke ikihe greaterHouston
Galveton RegionApproximately 73% of the respondents surveyed said they support the
construction of the coastal spine.

The public prefes shared responsibility for financing the coastal spifige majority of
respondents; 55%- believed that both governmerdnd port industries should be responsible
for financing the coastal barrier system. Fiiirds of respondents also supported some type of
public tax, including sales and hotel tax, to raise revenue to construct the coastal spine.

Residents believe theoadal spine will reduce risk to homes and provide job security for some.
Over 50% of Chambers and Galveston County respondents said they feel their home would be at
less at risk if the coastal spine were constructed; 47% of Harris County respondents said the
same. Additionally, about 40% of Chambers and Galveston County respondents said their job
would be more secure; 33% of Harris County respondents said the same.

Environmental concerns related to the Ike Dike rem@ner 65% of Chambers County
respondentsexpressed concern about the consequences of the ke Dike on the environment.
About 58% of Galveston County and 50% of Harris County respondents are equally concerned.
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Chapter 1Evaluating the Effects of a Coastal Spine: Naticeadl
Economic Ripple Effects of Storm Surge Events

Meri Davlasheridze and Qin Fan

Executive Summary

The 2017 North Atlantic hurricane season andehermity of the impact they brought to coastal
communities have once more heighted private and public concerns about the catastrophic future storms
and the waysda mitigate their impacts. Among many alternatives, surge suppression systems have
gained particular interest among policy makers, planners and researchers. The Galveston Bay region
(herein referred to as the bay) represents one of the most fl@dl surgeprone areas in the United

States (SURGEDAT 2017). Due to its vulnerability tiasréeen a particular interest in comprehensively
assessin@ coastal storm surge suppression system (aka coastal spine) proposed as a mitigation strategy
after 20082 Eurricane ke that broughhistoricsurge levels and impacted local economiethim

Southeast Texa3 he urgencyo address this issulgasbeenheighted aghere is a growing consensus

that surgeheightcould increase in response &m increase in hurricane intensities asellevel rise
(SLR)Some recent studiesiggest flood heights of storm surge associated with 1 in every 100 year to
become as frequent as one in every four years, and this all due to SLRgfeatK A I K SN & ¥ @i dzy OK
for future storm surges (Frumhoff et al. 2007).

Priorresearchconducted on this topibas focused on quantifying impacts of surge events on property
and industrial assets localppjtoba et al., 2018; Davlasheridze et al. 2018). Howdittde, hasbeen done

to view the problem from regionand nationalperspectivesNationally strategic assets located in the
bay such as petroleum refineries, petthemical manufacturing and the Port of Houston all bear merits
in presenting the problem in the conteof the nation.Understanding the spati@conomicspillovers of
surge impact®n the larger economgind longterm socioeconomic ramificatiorage important for
economic stability of other states as well as for the nation as a whole, and will fudhiibute to a

better understanihg of the scope of economic damagasdthe economic feasibility cd surge
suppression system.

This report presentthe results of anation-wide economicstudy of storm surge impacts on the three
counties along the GalvesidBay (Galveston, Harris and Chambers) and exploresiiieet impacts on
a specific sector(s) in the bay communities propagate througledomomy of TX as well economies of
other states and the natioas a wholen the long termwhile capturing generatquilibrium and
multiplier effects.

Economic Model

The economic impacts presented in this report are derived frd8 sector, multiyear statelevel
Computable General Equilibrium (CGE) MoBglincluding the national and global economies, and
linking hem tothe Texasconomy the model captures essential economic relationships that influence
the economic impacts of storm surge along the gulf coaSbatheastTexas

The 23 sectors included in the economic model encompass sectoraréhat great inportance to the
Texas state economy and human wellbeing. Specifically, the two-sarggtive sectors were selected (i)
residential housing (referred to as dwelling throughaautd (ii) petroleum refinery and chemical



manufacturing sectors. Beyond thesa&jor sensitive sectors, aggregation of similar sectors was guided
by model calibration and stability of the model results. Because this study examines the eeardsny
impacts of storm surge, the economic model captugeseral equilibriurhand multiplier effects of
individual sectoral responses to surge events.

Assessment Period

In this study, the impacts of surge events on the economy are considered-faain the future,

starting from theyear2016 and ending with the year 2068s an extensionye alsoincorporate surge
impacts undethe SLR using the SLR projections in 288ditional model simulations aralso

conducted for the ending year 2080. The choice of 50 year time span was guitied psmciples: (1)

human behavior, the underlying theoretical foundation of the CGE model, and the subsequent evolution
of regional economic systenase much more uncertain than is the evolution of surge events (forecast
errors in economic modeling increa rapidly with forecast length) and (2) 50 years is a typical time span
used to assess the feasibility of flood protection structures in the United Stgtéee USArmy Corps of
Engineers (USACH)e primaryfederal agency responsible fre large sca infrastructure projects

Scenarios
Selection of scenarios in this report were guided by (i) surge eM@hsolicy responseand (iii) the
duration of production cessation for major industrial plants in the area

Synthetic storms were used to gendeaexposure of assets relative to water inundation levels. Each
storm has different probability of occurrence in a given year and previaepossibility to assess the

bandwidth oflikelyA Y LJF O a (2 GKS &l (i Sssotated yilk stofhaof diffdrght t S O2 y 2

intensities The most intense and destructive stornttie 500-year storm, withan annuaprobability of
0.2%, followed byhe 10Gyear (1%) storm surgd Oyear(10%)andan Ike-like storm surge. The
selection of the latter was guided bydhhurricane Ikea category 2 hurricane thatruckSoutheast
coast ofTexas in 200&nd brought a historic amount of surge levels. i&mains the most recent
hurricane accompanied with major surge event for the bay communisisidurricane Harvey iAugust
2017 for the area waa precipitation event

1 Some economic sectossill be impacted by surge evenisdirectly because of direct impacts amore sensitive
economic sectors within the region (e.g., dwelling and petro products & chemical manufacturing sectors). Hence it
is expected the surge impacts on a specific sector(s) will also impact prices of capital, labor, materials, or other
production inputs facing producers in another economic sector. Similarly, surge impacts on one sector(s) may also
affect output prices received by producers in another sector. The price changes (both outputs and inputs) stimulate
substitution away from highepriced goods and toward lowepriced goods. These phenomena acting through
markets and prices are commonly referred to as general equilibrium effects.

2 Changes in input prices (i.e., prices of labor, capital, energy and materials) can lead to changes éh ipersuoe,

because in the CGE model individuals are assumed to be owners and suppliers of these inputs. Hence the direct
impacts on one sector can generate a chain reaction of additional rounds of indirect effects through the changes in
personal income, oén referred to as induced effects. The total impact accounts for all rounds of effects on all
economic sectors which represents some multiple of the direct impamsimonlyNE F SNNBER G2 | &
S¥T¥SOta¢o
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The surge inundationutputswere modified by factoring ia m Tc@astal spine system, as a surge
suppression mitigation strategy proposed for the region. Hence for each surge scenario, economic
impacts ae assessed with and withotte coastal spine.

Direct impacts to petroleum and chemical manufacturing seatemodeled through the lost output

value (lost sales/revenues) associated with the cessation of production operation. Without knowing
specific cases of shutdown, and relying on past reports and published data, it was assumed that plants
shut down for 18, 26 and 33 days either because surge events cause adaiha electric system or
equipment due to a power outage or plargenplyclose forprecautionary purposeg-or the sake of

brevity, in this reportresults associated with 33 day shutdown are reported. Other results were built in a
companion wekbased Atlas for visual presentatiomif://www.texascoastalatlas.com/coastalspine/

As an extension, storm surge scenarios that incorporate the SLR in 2080 were also developed without
and with the coastal spine system.

Economic Scenarios and Simulations

Economic impacts are calculated as the difference between the value of economic indicators (e.g. prices,
2dzi Lz Ay O2YS:I D5t ¢St FINBZ O2yadzylakidihewabties A y @3S
2F GKS&S AYRAOIG2NRE % 00 ¢ K2 KA dzii 6§ KSdzMEH @ NF A dBSE STT (K
NEFSNNBR (2 & GKS aolaStAaySé¢ @rftdzSa FyR.GKAA &
Economic indicators in the BAU scenario are derived by simulating the economic model forward in time

given projections of key exogenous economic variables (population, working age population, saving

rates, depreciation rates, government taxes, rates of productivity growth, and rates of improvement in

capital and labor qualityEconomic indicators withtorm surge are derived by simulating the model

forward in time with changes in selected parameters (e.g., fohigsing sectocapital endowment is

reduced by the amount of estimatgatoperty damages, for the petroleum and chemicahnufacturing

sectorstotal factor productivity growth rates are adjusted until output lossesved in the model

matches the estimatetbsesthat correspondo the different shutdown days in the petroleum and

chemical manufacturingectorg as a way to reflect the impact$ surge on underlying economic

conditions.

Two types of economic simulations are conduct®de type estimates the impacts of surge events on

individual sectors (i.ehousingand petroleum and chemical manufacturing separately). This exercise

allows ugo disentanglehe economic effects of surgeom each of thesectoss, such afousing on

others, such as petroleum and chemical manufacturing, so as to better understand theadlidect
sectoralleveleffects of surge evestIn the second type we estin@the economic impacts when storm

surge affects all surgeensitive sectors simultaneously to fully capture indirect and induced efbects
¢SEIFraQ 26y SO2y2yvyeée +a ¢Sttt | a S0O2y2hfoudhiadeayd 2 G K SNJ
labor flows acpss states

Damage tahe Housing Sector

Storm surge is projected to impatte housing {;e. dwelling) sector negatively by destroying residential
property located in inundated areas. The HAZUB model developed by the Federal Emergency
Management Agenc(FEMAas updated using parcétvel data available from the county tax
FaaSaaz2NaQ 2 exposuBeadirdcedantagesiostitittureSwhile factoring in structural
characteristics of the propertsuch agoundation type structureage, replaement cost, construction
material,andelevation. Using theupplieddamagedepth functions, the losses to individual properties
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were estimated without a coastal spine and one with the coastal spine system. Destruction of property
represents the decline afapital endowment to households in the CGE model es@oassumed town
factors of production.

Depending on the intensity of the storm, direct property damages in the three coungesestimated

in the range of $8.Billion (associated with 509ear storm), $4.6 billion (with 10§ear storm), half a

billion (10year storm), and 3 billion withké-like storm withoutthe coastalspine These figures
correspondoy SAf AIA0E S aKIFINBa (2 GKS SyuGANB yearl 6§SQa
damagesepresent only 0.5% of the total state GDP in 2016 prices, however correspond to 11% of the
aSOG2NRa G2aGF t 2 tmichadrl sphe/mitigeletie bilkbof restiéntiabldsses,

reducing estimated damagdsy four timesrelative tothe estimated damages withouhe surge
suppression system.

Petroleum and Chemical Manufacturing

Petrdeumand chemical manufacturing sectors are other sensitive sectors that are assumed to be
directly impacted by surge events in the regioas&d on published reports and data, it was assumed
that the destruction oindustrialproperty will have minimal impact on disruptisgctor production
operation. However, plants may experience substantial output (revisales los®sif they closedue

to electrical equipment and control room (including Systems and Operatiitghefar due to power
outagesWe assumd plants to be down for as little as 18 days and the maximum shutdown days
considered was 33 daySibsequent revenue lossegere calculatedor each of the shutdown
durations For the purpose of modeling economyde impacts of output losses associated with plan
shutdown, it was assumed shddgwns will affect efficiency and intensity of the inputs utilized in
production process. Thus, the imgavas model through reduction in total factor productivity (TFP)
associated with all input factors (i.e. capital, labor, energy, and material) in a corresponding sector (i.e.,
petroleumand chemical manufacturing sectors).

Total output losses associatedth different shutdown durations were estimated in the range of $4.3
$8 billion associated with the 58@ar storm surge event without a coastal spine and only %14513
million whena coastalspine was implace It should also be noted that industigsses were fully
mitigated with spine protection under 3@ear and lkdike storm evers. The resultant output loss of 33
day shutdown represents approximately 8% of the total output value of these sectoexas ir2016.

10
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Key Results when Storms Imp&avelling, Petroleum and Chemical
Manufacturing Sectors Simultaneously

500-Year Storm Surge

Findings without a Coastal Spine

Dwelling sector output iMexasin 2066 declines by nearly®8 Employment and prices in the
dwelling sector alséall by 0.66percent and 0.77 percent, respectively relative to the BAU.

Outputs in petroleum and chemical manufacturing sesttecline by 19% respectivelyTexasn

2066. The employment and prices in the petroleum sector are the most sensitive to a destructive
surge event. The number of jobs in petroleum sector will be 17% lower and prices will increase by
13 percent on petroleum products (e.g., gasoline, diesed] other) in 2066 ifTexas Chemical
manufacturing jobs will shrink by 9%, and the prices on tlgeseswill onlyincrease by 1.6% in

2066 relative to the BAU.

In terms of secondary impacts on other sectors, all aggregate sectors studied will be adversely
impacted by surge events and will experience output (revenue) ldbaewill persist in the long

term.

The most sensitive indirectly impacted sectors in tewhrevenue losses include natural resource
mining (e.g., gas, oil and coal) with 15% decline in output in 2066, electri286), heat & air
condition (9%), and water and sewage¥), among others. These are the sectors that either
directly use goodgroduced by petroleum and chemical manufacturing as inpattheir own
production processesr are seringresidential housing sectde.g., electricity)

Electricity sector pricesvill be @6higher in 2066, and the prices in other sensitive sectolsagib
increase, however marginally.

Findings with a Coastal Spine

Coastal spine mitigates bulk of detrimental impacts on Texas economy as well as on economies
of other states and the nation.

Dwelling sector output in 2066 will decline by only 2%. Empéntrand prices in the dwelling

sector will also decline but negligibly by 0.09% relative to the BAU.

Outputs in petroleum and chemical manufacturing sector decline by 3% and 5% respectively in
Texas in 2066. The number of jobs in petroleum sector willbéoiver and prices will increase

by 1% on petroleum products in 2066 in Texas. Chemical manufacturing jobs will only decline by
2%, and the prices on these products will increase by 0.37% in 2066 relative to the BAU.
Although lesser in magnitude, all otheectors will also experience decline in output value. The
most sensitive indirectly impacted sectors are still electricity, natural resource mining (e.g., gas,
oil and coal), heating and air conditioning, and water and sewage.

Electricity sector pricewill be 1.57% percent higher in 2066 and the prices in other sensitive

11



Overall Impacts

Theoverallprojectedeconomicimpact of storm surgavithout the spine systenon Texasisross State
Product (GSRjuring the assessment period is substantial. The GSP in 2066 will decrease by 8%
corresponding to $863 billion loss in GBP macroeconomic indicators except for government
expenditure irthe statewill declinein 2066, withthe value ofnet expors (exportsc imports) suffering
with the most profound declindy anestimated 13%. The social welfare will be 8% lowhile total
investment and consumption will decline by 1% and &:88pectivelylikely due tohigherpriceson
someof the important consumptiomgoods (electricity and gasoline). Total government expendituit
increase in response to surge events and will be 1% higher in 2066. Surgesiwifjadso haveadverse
socioeconomic implications natiemide in the long termhowever estimated declirseare smaller in
magnitude The US GDRs estimated tdbe 1.1% lower in 206@&orresponding to an estimatE$883
billion in decline. L& net exporswill decline by 4%, investment and household consumption will be
1.14% and 0.83% lower in 2066, and @liesocial welfare will decline by 0%2 all relative to the BAU.

The CGEodel results indicate that while some states (primarily neighbomvilyexperience positive
GSP, income and welfare growth due to potential substitution of inputs of production and labor
outmigration, 30 states, not includinftexastself, will havealower GSP in response to a surge event in
TexasIn terms of social welfareyith the excepton of ahandful of states, the majority will experience
welfare loss in 2066 if the coastal spine is not constructed in the bay

The oastal spine substantially mitigates impacts®$ E GS® Quhich is estimated to still decline in
2066but by only 2%. All macroeconomic indicators except for government expenglituifexashowa
decrease in 2066. The impact reflected on net export (exppingports) is reduced four times. Similar
mitigating effects are observed for social welfare, totevestment and consumption. Government
expenditures will increasebut only by 0.19%dmpacts on national accounts are mitigated substantially.
Although major macroeconomic indicators will still exhibit declines in 2066, the rates of dearease
relatively small For example, & GDPwill be 0.28% lower and social welfare will declineohiy 0.24%

if the 500year surge event disrupts housing and major petroleum and chemical manufacturing sectors
in the three counties along th&outheasterrGulf Coast d Texas

Ike-Like Storm Surge

Findings

- Impacts ofanlke-like stormare relatively smaller compared to the impacts generated by the 500
year storm surge event.

- The chemical manufacturing sector output will decline by 5.9% without protection and outputs
will only drop by 0.27% with coastal spine protection, relative to the BAU in 2066.

- Electricity sector output is the second most impacted, shrinking by 4.45% if no coastal protections
is provided.

- Prices also increase in storm sensitive sectors. For eeamlectricity product prices will be 2%
higher in 2066 without coastal protection, and petroleum product prices will increase by 1%.

- Coastal protection fully mitigates the impacts on petroleum and chemical manufacturing, and all
residual impacts (whiclare estimated to be minimal) on other sectors under the protection
scenario are due to the impacts on dwelling sector.

- Texas GSHill be 2.7% in 2066, welfare will drop 206, and net exportwill fall by 4% in
comparison to their projected levels in tlBAU, f no coastal protection is provided.
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- Impacts as reflected on national accounts are relatively smaller under no protection. For example,
the U.S. GDP declines by 0.29% and net exports fall by 1.12%in 2066. However, coastal protection
almost fully mitigatesmpact on the U.S economy.This ispartially becausepetroleum and
chemical manufacturing sectors do not sustain damages wheoastal spine is facted into
dired¢ damage assessment.

500-Year Storm Surge that Incorporates &ewel Rise (SLR) in 2080

Findings

- With SLR Tex@86SP decreases by 4.5% without the spine in 2080.

- Thisimpact is mitigated t60.63% with protection

- The oastal spine substantially mitigates negative impact on consumption, per capita income,
and net exports as well.

- The national impact is generaliynall without protection Net exporswill experiencethe
largest decline-8%) in a single year, compared to the BAU scenario without SLR in the year
2080.
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Introduction

In recent years, there has been a particular interest in the comprehensive assessmadastal storm

surge suppression system, also referred to as a coastal spine, which has been proposed as a mitigation
a0NFGS3e F2NJ GKS DIt @Sadtzy .lFe& NBIA2Yyd ¢KS ARSI 2
brought historic surge levels dnmpacted local economies in Southeast Texas (TAMUG 2017), and has

again received the revived interest after hurricane Harvey in 2017 (Rebuild Texas 2017).

Prior studies and efforts have focused on delineating hazard exposure of structures and industries
(Atoba et al., 2018; Burleson et &Q15)as well as quantifying the benefits of a spine realized in terms
of avoided direct damages (Davlasheridze et al., 2018). However, other seaerdmpacts of
destructive surge events and the subsequent besddita surge mitigation system have not been well
demonstrated. Large surge events nmegger a variety of indirect effects including disruption of supply
linkages and commaodity shipments, temporary cessation of production operation, and cascading
adverseeffects across interdependent economic systems. Disruption of swrtiee important and
strategic assetcated in the bay areée.qg., oil refineriespetro-chemical manufacturing, etc.) could
reverberate throughout not only the local or regional econgimyt mayalsohave significant economic
and social implicationfor other states and thaation, and may also impact their economies in the long
term (Kousky 2014; Cavallo & Noy 2011; MacKenzie, Santos, & Barker 2012; Norio et al. 2011).

Understanding tk spatialeconomicspillovers of surge impacts the larger economgind longterm
socioeconomic ramificatiorere important forthe economic stability of other states as well as for the
nation as a whole, and will furtheontribute to abetter understandhg of the scope of economic
damagesandthe economic feasibility cd surge suppression system

This study builds on and further extends previous research on this subject by developing avid¢ion
economic model using the framework of the Computable General Equilibrium Model [G8E)GE
modelallows for modelinggconomic impact at the sector lely and exploeshow direct impacts on a
specific sector(s) propagate through the economy as a whole while capturing general equilibrium and
multiplier effects. TheCGE model has a rigorous theoretical foundation and has been wisktyby
scholars and picy makerdo model economic impacts associated with policy changes at the sector
level (Bohringer et al., 2003; Bergman, 1991; Shoven and Whalley, 3982Ving 20Q%s well as the
economywide implications of extreme even{Rose and Guha, 2004; R@s# Liao, 2005; Rose,
Oladosu, & Liao, 2007; SWé¢ing, Rose and Wein, 2015) and climate chaidser et al., 20091siang et

al., 2017. The details of the model are provided in the subsequent sections.

Secondorder (indirect and induced impacts) are madeld through direct impacts on the two primary
sectors that are the most suregensitive: (i) the dwelling sector and (ii) petroleum refinery and chemical
manufacturing sectors. Direct impacts through property losses are estimated by integratjpgs

fromthe Advanced CIRCulation Model (ADQIR@t generates water inundation associated with
different intensity storms witii KS CSRSNI}I f 9YSNASy Oe& daBMHtBRadsSy d ! ISy
(HazusMiH)model. The same ADCIRC inundation outputs are also agddritify petroleum refinery

and chemical manufacturing plant hazard exposures and integrated with Chemplant data to estimate
output losses associated with production cessation due to a storm surge. As such, the modeling
framework integrateshree models ADCIRCHAZUSMIH and Computable General Equilibrium (CGE)
models along with assumptions related to plastut down durations, to estimate statendustry- and
nation-wide macroeconomic impacts of surge events effecting the Galveston Bay region inThexas
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impact scenarios are built around the intensity of storms and also factor in the mitigating effects of a
coastal spine. Hence, the impact estimates with and without a coastal spine protection are generated.

Impacted Area

Thestudy area covers Galvest, Harris and Chambecsuntieslocatedin the southeasterrpart of
TexasGulf coast, surroundinGalveston and Trinity bayseeFigure ). Thethree counties, hereafter
referred to asreferred the Houston Galveston Area (HGA) region cBy&tg square nites andis one of
the most populous regions in the U.S. According to the 2010 census, its populatpnagieately 4.42
million. The Houston metropolitan area, which is part of Harris County is the third most populated
metro area in the U.S. and accdsifior approximately 93% of total population of the HGA. The most
recent report by the HoutsoiGalveston Area Council indicates that the population will surpass 6.3
million by 2040 (HGAC, 2017).

The GalvestoBayregion, often referred to apetrochemical capital of the 8, houses onehird of the
petroleum refineries in the L& and representshe second largest petrehemical complexes in the
world. In addition to these strategic assets, the Hi&A home othe Port of Houston, whichs largest
port in the US in terms of import and export tonnage (Port of Houston 20The region contributes
approximately a quarteof the Texas Gross State Product (GSP) avitbstimated GSP value of $341
billion, and employsover 6062 ¥ (i KS &l piopulatd(®IG 2L 2).

The HGA ialsoone of themostflood- and surgeprone areas in thé&).S(SURGEDAT 2017) ad
averagegxperiencesamajor hurricane once every 15 years (Parisi and Lund 2008)S I NB | Q&
geography and local climateoupled wih population and economic exposymake this region

particularly vulnerable to damaging storms. Whilerricane Harvey in 2017 was the most damaggin
hurricanefor the region the bulk of thesedamages werelue toheavy rainfaland abnormal

precipitation The most recent surge event was generated by the @®@ricane Ike, which spurred

the initial policy discussionraundthe coastal spine systefne. Ike Dikeas a mitigatioralternative to
address surgénduced impacts regionally (TAMUG 2017). énigisioned thatthe spinewill be a

complex system connecting seawalls and fortified dunes/levees along the coastline to retractable gates
located at the mouth of Galveston Bay and San Luis Pass (see Figure 1).
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Figure 1: ImpactetStudy Area

Notes: The figure shovilse HGA region covering Galveston, Harris and Chambers Coungysanddicateshe location of the
suggested coastal spine system, which will connect the existing Galveston seawall with the proposed extensions and a
retractable gde system, covering approximately a-Bifle long barrier along the Galveston b&gpurce: Davlasheridze et al.
(2018)

Methodology Overview

The steps in this assessment of storm surge impacts on the state and national economy include (1)
assessing surge pacts on housing and petroleum refinery and chemical manufacturing sectors with
different intensity storms, with and without coastal spine protection; (2) developing a-yeati, mult

sector economic model for impact analysis; and (3) modeling surgecispa the overall economy. The
following summarizes key elements of these procedures. More details pertinent to direct loss estimation
in particular are provided in Davlasheridze et al. (2018) and Atoba et al. (2018).

Synthetic Proxy Storms

Three proxy(500-year, 100year, 10year) and Ikdike storms were generatedsing theAdvanced
CIRCulatiorADCIROmodel. ADCIRC is a coupled wave and storm surge model that sinthates
movementof water andstorm surgeforced by the effects of a hurricane (wind aanospheric
pressuregradients, andurface wind waves) (Westerink et al. 1992, Hope et al., 283} IRC outputs
(e.g., peak surgheight) were used to assess and delineate hazard exposure of residential and petro
chemical plants for the HGA region.fBi€nces in return probabilities in these proxy storms allowed us
to examine exposure and impacts at different intensity levels. Of the three proxy storms, the&03
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the strongest with a return probability of one in every 500 years, or a storm w2 @hance of
occurrence in any given year. Characteristics of the proxy stormepoeted in Table 1.

Table 1: Storm Characteristics

StormType Landfall Central Pressure  Forward Speed Rmax
10-year Proxy San Luis Pass 975 mb 6 kts 17.7¢ 25.7 n mi
100year Proxy  San Luis Pass 930 mb 11 kts 25.8¢ 37.4 n mi
500year Proxy San Luis Pass 900 mb 11 kts 21.8¢ 31.6 n mi

Source: The Coastal Hazards Center of Excellence, Jackson State University; Authors

ModelingProperty Losses

TheADCIRC adel outpuss(e.g., peak surgheight maps) werénput into the HAZUSMIH model to
generate losses tbuilding stock by block group, which were then aggregated to generate residential
property losses for the three counties. HAZUB is an engineering modeleveloped by the Federal
Emergency Management Agency (FEMAJjrfodelingimpacts from flood, hurricanes or earthquake
hazards The model generatesstimates ofeconomic losssto general building stock, lifelines, utilities
debris and the associated sokimpacts, asvell as the resultant avoided loss from mitigation

(Scawthorn et al. 2006a; 2006b; Ding et28l08). TheHAZUSMH default building inventory is based on
Census block grodigvel data containing extensive sets of information such as populatio
demographics, structural characteristics of buildings (e.g. square footage), numbers and locations of
critical infrastructure (e.g. bridges, hospitals, utility lifelines, schools, etc.). The Comprehensive Data
Management System (CDMS) permits users atg and manage default datasets utilized in HAZUS
MH analyses with more detailed and accurate data specific to a location of intEoeghis study, the
HAZUSMVIH default building inventoryas updated using parc@velinformationfor the three countis
(Galveston, Harris and Chambess)ch as building improvement year, amounts spent on improvement,
building materials, struct@al cost and square footagdRelevantwater depth-damage curves from the

U.S. Army Corps of Engineers (USACE) Gah@istaat and the Federal Insurance Administration (FIA)
were then employedo estimate the direct loss toesidentialproperty. These detailed bloegroup level
property loss estimates were then aggregated to the HGA level, to derive the most accurate proxy for
the direct impact to residential housing sector. Impacts were estimated with and without a coastal spine
system by factoring in the spine system during ADCIRC model runs. For illustration, in Figure 2 we depict
the map of loss avoidance with coastal proteatin a 506year storm surge event.
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Source: Davlasheridze et al. (2018)

Output Losses for Petroleum Refinery and Chemical Manufacturing Sectors

Toestimatedirect economic lossder eachpetroleum refinery and petrachemical plant sectors,
commonly classified by the North American Industry Classification System (NAICS}@asias,
assumptions highlighted below were mad®r largescale manufactung operationswhile property
losses may be negligibl¢here could besizeable losssassociated with plant shutdowrthie to
electrical equipment and control room (includiegstems andperating) failurg(Hydrocarbon
Publishing Company 2016) simplypower outagegU.S. Department of Ener@®09). According tdJ.S.
Department of Energy estimatgthese two causes have constituted ove86f electrial problems in
U.S. refineries during 20e8013, of which 1%were causedy inclement weather incidets (i.e.
hurricanes, winds, thunderstorms).

S5 dzNRA y3 & dzLJSNJ & (i 2 NBaywhay inNéwaJErsey riépbrtefl dchdamicclas$e s approxima$eR06
million, of which $56 million (7.9%) was the cost of damaged equipment (capital loss) and the rei®@&h@imgillion
was the output loss associated with 24 days sthotvn due to power outagéHydrocarbon Publishing Company
2016).
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Hence, rather than modeling industrial property losses, we calculated total value of production output
loss for each industrial plant and aggregated them at the sectoral level. In Appendix Table B1 we report
NAICS codes and names for all sectors aggregated inq@atcbchemicalmanufacturing sectors for CGE
modelingpurposes. In order to generate the value of production output losses as described in
Davlasheridze et al. (2018) we employed petrochemical refiaedymanufacturing planrievel data
from Chemplantsand the 2012 Census of Manufacturers. The Chemplants database reports NAICS
classifications of petroleum refinery and chemical plants and their physical street addresses and
employment, while the Censud Manufacturers gives information about the total number of
establishments%3 4number of employees¥%- 0 annual payrolls, total cost of materials, total value
of shipment and receipts for services, value added)( total capital expenditure and total output

/ 5 4for NAICS classified-@digit) industries at a zip code level.

The physical plant addresses from the Chemplant database were geocoded in ArcGIS to match them
with the NAICS relevant digits of the Cemstl Manufacturers at a zipode level. For every zipde and
relevant NAICS industries, two different types of average production output values were calculated: (a)

establishment averages (e.g., average establishment output, calculated—&sfﬁ), and (b) averages
h

per employee (e.g., average employee output, calculateel—as—'vf). It was assumed output values
h

were proportional to plant employment levels. Specifically for every diéaitif Chemplants provided
plantl employment estimates%- 0 j , the estimated output values were calculated by multiplying
the U.S. Census industry per employee averages with the number of plant employees

Agh —: %- 0  ;(b)incases where no plant elopment was available from
I KSYLX Fytaz YrAaaayd LXEIFyd tS@St AyRAOFG2NA 6SNB
averages,&&}f)—:

As an illustration, in Figures 3 and 4 we depict plant exposure for the&0proy storm without and
with coastal protection along with their respective inundation levels.

4 Available atvww.chemplants.com
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ShutDown Duration Scenarios

To create plausiblplant shutdown duration scenariosye used U.S. Department of Enefg@09)
reported plant levekhutdowns, restarting days and the number of days during which refineries were
operated at partial capacity in response to 2005 and 2008 hurricanes, respeéfielgedifferent
shutdown scenariosvere considered(1) 18 daysg corresponding to the average number of siddgwn
andrestarting days in 2005; (2) 26 daythe average nhumber of shetlown andrestarting days in the

sample; and (3) 33 dayghe average number of shudown andrestarting days in 200&a each of the

shutdown periods, relevant output value losses were calculated using the daily output value (based on

calculations described above) for all relevant firms multiplied by the total number of days plants were
assumed to be dowplIndividual plat leveloutput losses were then aggregateg@ to NAICS industry for

each county

Output losses for petroand chemicamanufacturing sectors along with residential losses (structure and
contents) to the dwelling sector in the CGE model associateddiffdrent storm surge and plant shut

down scenarios were converted to 2016 dollars using Urban Consumer Price Index (presented in Table

2).

Table 2 Residentialoss (structureand contents)and Industry Output LossesAssociated with
Different Scenarios(millions of2016dolllars).

Without With Without With Without With
protection protection Protection Protection Protection Protection
(18) (18) (26) (26) (33) (33)
Panel A: 50§ear
Chemical 1,469.72 65.55 2,122.92 94.68 2,694.48 120.18
Petro-products 2,839.14 50.61 4,100.98 73.1  5,205.08 92.79
Dwelling 8,495.92 2,469.16
Panel B: 10§ear
Chemical 173.88 4.23 251.16 6.1 318.79 7.75
Petro-products 920.8 50.61 1,330.04 73.1 1,688.13 92.79
Dwelling 4,608.76 1,404.05
Panel C: 1§ear
Chemical 5.92 0 8.55 0 10.85 0
Petro-products 24.49 0 35.37 0 44.9 0
Dwelling 558.88 110.49
Panel D: Ikdike storm
Chemical 7.12 0 128.09 0 185.01 0
Petro-products 16.41 0 295.48 0 426.80 0
Dwelling 3,148.99 143.91
Note:PSGUNBOKSYAOIFIf IyR OKSYAOIf YIydzZFlI Qldz2NAy3dI aS00G2N&

6 SNB

Numbers in parenthesis in column headings correspond to a plantskwut duration measured in days. Residential losses do
not vary by thenaumber of shudown days.

5In Appendix TablB2 we report the full list of Texas plants and corresponding shutdown/partial capacity days
experienced as a consequsmnof the 2005 and 2008 hurricanes.

61t was assumed that plants inundated at any positive flood depth would constitute to exposed plants to different

storm-surge scenarios.
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The economic impacts simulated in the CGE model are based on the losses presented in Table 2 above.
It is important to emphasize that losses to the dwelling sector dominate the total direct impacts
associated with all different sghetic storm surge events, making up more than half of damages. In the
scenario where plants only shut down for 18 days, the dwelling sector suffers more than 66% of all total
direct losses locally. Importantly, direct losses to industrial sectors dyenitigated with coastal spine

under 10year and lkdike storm, while the residential housing sector still sustains damages, albeit
substantially smaller relative to a scenario where no coastal protection is provided.

CGE Model

Model Overview

The CGE mal captures economic interactions of consumers, producers, government and the trade
sector. Consumers in this model are endowed with a supply of labor and capital. Firms employ labor and
capital as input factors of production and pay wages and profitsoffaents) respectively. These factors

are used in the production process to generate commodities that are consumed as factors of production
(i.e. intermediate input) by firms, or by households as final consumption goods. Government collects
taxes and usetax revenues to purchase goods and services. The model also covers both the domestic
(i.e. intranational) and international trade assuming domestic and importeatdgaare imperfect

substitutes.

The CGE model is based on the premise of the three governing principles of General Equilibrium theory,
namely (1) supply equals demand (i.e. all markets clear), (2) producers cannot earn excess profit (i.e.
zero profit condition) and (3) consumers exhaakincome (i.e. purchase commodities based on their
budget, which equals total income net saving®)e nodel specifiesm consumer utility function and
production function as well as elasticities of substitution among input factors and simulates economi
impacts using these three principles as guides

Consumers

Consumers (i.e. households) are endowed with a supply of labor and capital, which represent factors of
production for firms. Households receive income from firms who employ these productiorsiipit
wages are paid for labor and profits are paid for capital), and allocate this income for consumption of
goods and services and savings. Households maximize their utility that measures their level of
satisfaction through purchasing a bundle of goads services (e.g. food, housing, energy and others)
given their budget constraisf(i.e. income minus savingsh the CGE model consumer utility is modeled
using a nested constant elasticity of substitution (CES) utility funclloeCES function ales different
rates of substitutions (i.e. elasticities of substitutipacross different commaodities (i.e. a food
composite good, a housing composite good, an energy composite goodlanket nonfood, non

house and norenergy goods) within the sameilitty function. For example, the elasticity of substitution
between food and housing is different from the elasticity of substitution between food and energy
goods.

" The elasticity of substitution measures the degree of substitutability of different gdduslarger the magnitude
of the elasticity of substitution, the easier it is to substitute one good with another product.
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Producers

Producers, representing different industries, are assumed to be profit maximizers who transform factors
of production (i.e. labor, capital, energy and materials) into commodities using specified production
technologies. Similar to consumetie functionalform for production technology (a hested Cobb
Douglasconstant elasticity of substitution function is used in the CGE model) accounts for different
elasticities of substitution between factors of production within the same production function. For
example the elasticity of substitution between energy and materials can take on a different \aluoe t

that for capital and laborCommaodities produced by producers are purchased by househaldls
governmentsas final consumption goods or other firms as internage goods.

Government

Inthe CGE model, the government has two primary roles, it collects taxes and purchases commaodities
using tax revenues. Government chooses commodities produc@8 aggregated production sectors
specifiedin Table3 by maximizing utility function, and the spending is constrained by the amount of
public revenues. In the model, we use a Galuglas utility function, where the consumption shares
across commodities are derived from benchmark data.

Trade Sector

Trade is assumed taabpen both domestically as well as internationally, and the trade flows are
modeled using the Armington approach where imported goods are considered to be imperfect
substitutes for domestic good¥he model is described in detail in Appendlix

Definitionof Major Macroeconomic Indicators Generated by the CGE Model

Gross Domestic (State) Products (GDP/GSP) ($ billions)

TheGS measures the value of the goods and services produced annually in each state and in the United
States. It is an important econoniitdicator and measures how the economy is doing from one year to
another. More:https://www.bea.gov/sites/default/files/201804/GDRPEducationby-BEA.pdf

Per Capita Irmme ($)

The arerage income earned per person in a given year, imgpslages and salaries earned from
participating as laborers in production, earnings from owning a home or unincorporated business, from
the ownership of financial assets, and from goveemin(e.g, social security payments and other
government transfers) and business (interests and dividends) in the form of transfer receipts. It includes
income from domestic sources as well as from the rest of the world. Personal income, however does not
include capital gains from changes in stock prices.

Social Welfare ($ billions)

The SocialVelfare measure is grounded ¢ime theoretical notion of Hicksian Equivalent Variation (EV),

which capturesnA Y RA @A Rdzk £ Q&4 gAft Ay3aySaa G2 LIke (2 F@2AR 1L
shocks (e.g., surge event). Hicksian EV is measured by (extra/less) income required to reach the final

utility level (e.g., resultantiue to surge events) at the origah prices. In the moded utility index

representshe incomeweighted sum of individual EvVand is measured as an aggregate expenditure of

the representative agent on consumption.
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Relative Prices

Relative prices araggregatesectorcompositeprices relative to a price of a numeraire good, which is
assumed to be prices of all international goods. The numeraire is set at unity. The relative prices are also
relative to a base year, for which prices are again assumed to be Heitye the percent change in

relative price relative to BAU is the most intuitive measure to capture the price changes associated with
surge events.

Output by industry ($ billions)
Output by industry corresponds to thalue of productiorby industry in a calerat year. Alternatively,

it can be described as annual revenyegles) made by each indusplus net inventory change

Employment& millions)
Employmentepresents full and paftime annual average jobs for both employessd selfemployed
workers by ector. It does not indicate the number of hours worked per day.

Net export ($ billions)
Thenet export is the total value of exported goods net imported goods.

Total Consumption ($ billions)
tKS K2dzAaSK2tRaAaQ G2aGl f SELISyY Bkni dipBrat® opnsuditforggoddsS S E LIS
and government expenditure (money spent on taxes).

Total Government Consumption ($ billions)
The total government expenditure on domestic and imported commaodities.

Investment ($ billions)
The total annual amount of hoahkold investment measured in U.S. dollars.

The Model Calibration and Data Sources

A recursive dynamic intestate CGEnodel developed for this study is based on the modeling framework
presented in Rausch and Rutherford (2008) and Sue Wing (20@¥modeis calibrated to the IMPLAN
state-level social accounting matrices (SAMs). These SAMs are constructed using data primarily from
sources such as the Bureau of Economic Analysis (BEA), the Bureau of Labor Statistics (BLSkand the U
Censudfureau The database includes SAMs covering 536 industrial sectors for 50 states and
Washington D.C. for the year 2016. Different from an iapuiput (10) table that shows the relationship
between inputs and outputs among factors of production, consumptionegovent, investment,

export, and import, a SAM is an expanded version of an 10 table and #h®erstire monetary flow of

the economy. For example, a SAM contains detailed information about payments arising from different
sources such as ownership of @ assets, direct taxes on corporations and households, pensions, and
transfers. The basic structure of the SAM is based on the following transactions and transfers in the
economy: 1) production requires intermediate goods and factor of production suletbhass capital,

energy, and materials; 2) these factor endowments are contributed by institutions such as households,
firms, government, and foreign entities, which in turn receive factor payments (e.g., wage, rent, and
profits), calledvalueadded(VA) Therefore, a SAM shows the interrelationship between vadded

and final expenditure. A balanced SAM shows an exact correspondence between rows and columns,
which indicates the following relationship: 1) supply equals demand for all goods and factass; 2)
payments equal tax receipts; 3) zero profits in production; 4) the value of each household expenditure
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equals the value of factor income plus transfers; 5) the value of government tax revenue equals the
value of transfers.

Sector Aggregation

ThelMPLANS536 finerscalesectorswere aggregated to 23 industrial sectors (see T&blacluding the

key sectors of interest such as pd#om refineries (i.e. petro productsghemical manufacturing

(including petrochemicalsand dwellingresidential housingsectors. The IMPLAN source data presents
substantial challenges for calibrating the model due to large numbers of small coefficients in the source
data. These coefficients represent economic flows that are negligible share of overall economic activity
for some sectors, but cause significant computational burdens during matrix factorization. Thus, similar
sectors especially those with small accoumgere aggregated.

Table 3 ProductionSectors included in theViodel.

Aggregated Commoditiés 23 Industral Sectors

Food Fruits, vegetables, and nuts
Other animal production
Other agricultural products
Food related

Energy commodity Petro products
Electricity
Natural gas, oil, and coal

Housing Construction
Wood products
Furniture
Insurance
Dwelling

Others (norenergy, noAfood, and nonR Pulp and paper

housing) Water and sewage
Chemicals
Other mining
Food and tobacco
Rubber and plastics
Nonmetallic metals
Primary metals
Heat and ahconditioning
Othermanufacturing
Services

Source: Authors

8 These aggregated commodities arged inthe nested CES utility function
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Parameters, Exogenous Variables and Data Sources

Statelevel SAMs representing the flow of commodities and payments across all sectors of the state
economies correspond to a benchmark year 2A®m SAMs wderived labor and capital incomes, tax
revenue by type of tax, and expenditures on specific commodities by the household, government and
foreign sectorsTo construct compensation rates for labor and capital employed in each sector,
payments to capital athlabor were combined with employment and capital input dathe tax rates

were derived by dividing public revenues by the related denominata., value of industry output, and
capital and labor payments.

Key exogenous economic variabies the modelincludetotal population, depreciation rate, saving
rates, government taxes, rates of productivity growth, and rate of improvement in capital and labor
quality. Parameters define growth in multifactor, labor and energy productivity.

Population growth tragctorieswere taken from historical data. Savings rates are calibrated by
household and region using base year (2016) deta. assumed values of these parameters and
variables are presented in Table 4 and more details are provided in the subsectiod®v7 be

Table4. Parameters, Exogenous Variablaad Data Sourcei the CGE Model
VariableNames Parametes Data Sources
Statelevel SAMs for 2016 SAMs for 536 industries, 9  Minnesota IMPLAN group (MIG)
types of households by
income levels, governments,
and trade sectors.

Average depreciation rate for a 0.05 Bureau of Economic Analysis
type of asset (2016)

Multifactor productivity annual 0.025 U.S. Bureau of Labor Statistics
growth rate (2016)

Labor productivity growth rate  0.025 Abler et al. (2009)

Autonomous energy efficiency 0.02 Energy Information Administratiol
improvement (AEEI) annual (EIA)

growth rate (2016)

Population In milliors ofpersons U.S. CensuBureau

Economid¢mpacts of Storm Surge

SurgeSensitiveSectors

Sudden surge events will destroy physical capital (productive capital, buildings and other infrastructure).
The dvelling sector is the most sensitive to surge events as it encomptssessidential property

sector which is directly hit by damaging storms. While petrmmand chemical manufacturing sectors

may also experience egite property damages, the losses to major equipment or a system failure may
havea more pronounced impact on thsector because thse causes potentially lead to a plant closure

and loss of output, as suggested by published reports and assessments, and discussed above in
subsectior3.3.

9 Exogenous variables are variables that are not determined by the model.
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General Equilibrium Impacts

Some economic sectors are largely insulated from surge events in tdrinsir own production
processes andreyet affected indirectly by other, more sensitive economic sectors within the region
(e.g., dwelling and petro products@&emicalmanufacturingsectors) Hence it is expected the surge
impacts on a specific sectg) will also impagprices of capital, labor, materials, or other production
inputs facing producers ianother economic sectoimilarly surge impacts on one sector(s) may also
affectoutput prices received by producersanother sector. The price chges (both outputs and
inputs)stimulate substitution away from highgariced goods and toward lowgariced goods. These
phenomena acting through markets and prices are commonly referres general equilibrium effects.

Multiplier Impacts

Changes imput prices(i.e.,prices oflabor, capitalenergy and materiajscan lead to changes in
personal income, because in tiGHENnodel individuals arassumed to b@ewners and suppliers of these
inputs. Hence the direct impacts1 one sector can generate a chain reaction of additional rounds of
indirect effectsthrough the changes in personal inconodten referred to as induced effect3he total
impactaccouns forall rounds ofeffects on all economic sectonghich representsome multiple of the
direct impactqreferred to asémultiplier effectg .0

A % 4 A x

CAdINI KSNX2NBZ ¢SEIF&Q S02y2Ye, espetialywith &obnleg of SOG SR 6 A i
surrounding states and regions, and the rest of the world. The ripple effects on economies of other

states are captured through exports, imports, inflows and outflows of capital, andgration and out

migration of labor aass states. Changestime input and output prices of goods and services produced

in surgesensitive sectors in Texas, in particular in petro and chemical manufacturing sectors that

produce tradable goods, will also impact prices and inputs of differertbsein other states and will

result in changes in cost of production, productivity, input and output prices. For some states, in

particular for those relying on goods and services produced by these-sargdtive sectors, these

changes could be detriméal, while other states may benefitom surge events inékasbecause of the

substitution possibility among inputs and goods.

The impacts described above dhmsethat influence the economy through thearket mechanisms
(supply equals demand for all ttad goods and services)ence, the impacts generated by the CGE
represent themarket impacts of surge eventd/hile storm surgeandestroy valuable ecosystem
servicedhat are not traced in markets, reduceduality of life,hnuman health and more, thegre not
captured in this study. The mulgear, multisector economic modelksre best used for the purpose of
capturing economic impacts through marketdare not generally capable of nonmarket impacts
analysis.

Baseline Economic Conditions

The eonomic inpacts analysis presented in this report involves comparing economic conditions without
and with surge events. Tlezonomy without a storm surge incident is the reference economy and is
referred to as the Business As Usual (BAU) economy. Generating thee@&#¢dio requires

consideration of potential economic conditionstire future. We use 56year time span for simulation

given projections o$tate-level population andkey exogenouparameters such agnnual growthrates

of multi-factor productivityand aanual rate of improvement ikabor quality.
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Labor supply in the model is the product of working age population and labor quality. Population data
were obtained from the U.S. Census using 2016 data. In the baseline scenario, the steady population
growth rate was assumed over time based on average annual growth rate in thelTpasapture the
changes of the work force over time, in the model we adjustedabor quality parameter. The

underlying assumption is thalhe quality of the labor force changesie to education, experience and

age. Given the expectation of higher educational attainment in the future, we assumed that labor
guality grows at 2.5 percent per year initially, falling to a growth rate of 0.5 percent per year by the end
of the modeling peod.

Similarly, capital quality changes in the model. This change indicates the shift in the composition of
capital towards assets with shorter lif8imilar to labor qualitywe assumed that capital qualityill rise

by 2.5 percent per year initiallyalfing to a growth rate of 0.5 percent by the end of the modeling
period.

In addition to growth in capital stocks, population growth, and labor and capital quality improvements
over time, economic growth in the model is driven by improvements in totabfgproductivity (TFP)

An improvement in TFP implies that fewer inputs are required to produce a unit of o@ectoral TFP
improvements in the model were chosen to generate estimates of growth in output and employment
that replicate published statéevel projections by industry from sources such as the Bureau of Economic
Analysis (BEAJhe model also assumes improvements in autonomous energy efficie@gyes€entper

year over the modeling period, consistent with published forecasts. Paalm\e lists these parameters
along with data sourceginally, @ important parameter for the growth of economy is the household
savings rate, whicls calibrated by household and region using base year (2016) daia aaticonstant
over time.

Impact Scenaos

Economic indicators with storm surge events are derived by also simulating the model forward in time
with changes in selected parameters (e.g. sector productivity growth rates and endowment of capital
stock) to reflect the impacts of surge events ardarlying economic conditions.

The plant shutdown affects how efficiently and intensively the inputs are utilized in production. Thus,
we change the scaling parameter that affects total factor productivity (TFP) associated with all input
factors(i.e. capital, labor, energy, and materiad)a corresponding sector (i.e., petro and chemical
manufacturing sectorsYhe scaling parameter is adjusted to reflect the output losses as stoWable

2 above For example, the output loss the petro pralucts sectorfor the 33dayshutdown associated
with 500year surge evenwithout coastal protection igstimated at$5.2 billion.This output loss
corresponds to a decline in output value in the sector relative to the output value in the BAU scenario.
Herce,the scaling parameter associated with TFP for petro prodsextsoris adjusted until the output
loss matches thestimatedlosses as showin Table2. Similarly, we adjughe scaling parameter of TFP
associated with all input factors for chemical niarcturing sector to match thestimated direct output
loss in this sector.

Different from the impact of industrial output losses, losses to the dwelling sector directly affect a
K2dza8K2f RQa OFLIAGIE SyYR26YSyd Ay theivilé ofoitputiofie ¢ K S
dwelling sector in the CGE BAU scenario for each region is calculated using the dwelling losses reported
in Table 2 divided by the value of dwelling output in the BAU scenario. This parameter is then
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incorporated into the CGE rdel as a coefficient of capital endowment for households by region. The
impacts of storm surge on property damages are modeled as exogenous negative shocks to household
capital endowments.

The CGE Model is simulated assuming both the dwelling and petdugis and chemical

manufacturing sectors are impacted simultaneously by surge events; we also consider scenarios when
the surge impacts individual sectors such as (i) dwelling and (ii) petro and chemical manufacturing
sectors. This exercise allows us teathtangle the economic effects of storm surge from each of the
sectors, so as to better understand the sectoral level effects of storm surge.

As an extension, the scenarios from storm surge incorporating the SLR in 2080 were also developed.
Subsequentlydirect impacts were assessed assuming projected growth in housing units and production
output growth for petroleum and chemical manufacturing plants. The CGE modeling framework
discussed above were adopted to explore regional and national impacts ofesggts coupled with

the SLR in the year 2080.

CGE Model Results

Storm3urgelmpact on Texas and.8 Econones

Storm surge generates substantial economic tolls for Texas Economy as seen throughout by declines in
major economic indicators such as GSP ,gagita income, welfare, value of output for main economic
sectors, value of net export and more. Notably, adverse impacts linger over thelongwith

significant socioeconomic ramification across other states and the nation as a whole.

For the sak®f brevity and ease of exposition, we present results associated with theg&&0storm

without and with the coastal spine protection, as well as briefly preview results generated under the lke
like storm.One typeof results estimates the impacts of sergvents on individual sectors assuming the
surge does not directly affect other sectors. This exercise allows us to abstract from the economic
effects of storm surge in any one sector, such as dwelling, petro products and chemical manufacturing
sectors, 8 as to better understand the direct effects of surge events on the sector. Isettend typeof
results we estimate the economic impacts when storm surge affects all-serggitive sectors
simultaneously to fully capture indirect and induced effectdtmmeconomy as a whole. The first sets of
result are presented for the State of Texas only, while the second type of estimates are presented for
the entire country.

Impacts on Dwelling Sector Only

The damage to dwelling sector as reported in Table 2tisiated at about $8.5 billion in 2016 prices,

which corresponds to only a small fraction (0.07%) of the state GSP in 2016 and approximately 11% of

the total output value of the sector. While the share of damages to GSP is small, it generates substantial
deOf AyS Ay GKS adFisSQa YIFI22N YIONRSO2y2YAO AYRAOI
by 7.10% in 2066 if no coastal spine protection is considered, which is mitiga@204&6 (albeit still

indicating a decline) when the coastal spinéidored in damage assessment. Net export (export

import) falls substantially, initially indicating a sudden decline by 54%. While the gap reduces over time,

in 2066 the net export still remains 10% lower than the projected net export in the BAU scSuauial.

welfare also declines in the state and is estimated at approximately 7% lower without protection as
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opposed to 2% with protection, both relative to the BAU in 2@éth the total consumption and
investment will drop notably by approximately 6.59®066. Per capita personal income and

government consumption are the only two indicators experiencing positive growth in the state, however
income growth is only temporal and lasts for the first decade, after which it starts to decline and
remains 2% lowein 2066 relative to the income level in the BAU without a coastal spine. This is
consistent with findings of Deryugina et al. (2018) suggesting that New Orleans residents earn more
than those living in similar unaffected cities a few years after Hurgi¢éatrina. Income declines only
modestly (by 0.66%) with a coastal spine. Government consumption is increasing across all years
presented, indicating expanding spending on different goods and servicespitnt.

Table 5: CGResultsfor Selected Decadd®r the Texas Economybwelling Sector ImpastAssociated
with 500-Year Storm Surge Event

2017 2026 2036 2046 2056 2066

Panel ANo Protection Relativeo BAU

Per Capita Income 0.80% 0.05% -0.74% -1.34% -1.75% -2.01%
GDP -4.35% -5.03% -5.75% -6.34% -6.78% -7.10%
Real Total Consumption -443% -5.06% -5.66% -6.07% -6.30% -6.45%
Total Investment -4.46% -5.14% -5.80% -6.24% -6.48% -6.64%
Government Consumption 0.00% 0.10% 0.23% 0.37% 0.51% 0.63%
Net Export -54.02% -17.96% -12.57% -10.98% -10.49% -10.24%
Welfare -4.36% -5.05% -5.74% -6.25% -6.59% -6.83%

Panel BProtection Relativeo BAU

Per Capita Income 0.19% -0.02% -0.24% -0.41% -0.52% -0.60%
GDP -1.23% -1.43% -1.64% -1.81% -1.94% -2.04%
Real TotaConsumption -1.25% -1.44% -1.61% -1.73% -1.80% -1.84%
Total Investment -1.26% -1.46% -1.65% -1.78% -1.85% -1.90%
Government Consumption 0.00% 0.03% 0.07% 0.11% 0.15% 0.18%
Net Export -15.33% -5.12% -3.60% -3.16% -3.03% -2.96%
Welfare -1.24% -1.44% -1.64% -1.79% -1.89% -1.96%

Notes: Economiwide impacts are presented associated with the-g8@r storm surge impact on dwelling sector with and
without coastal spine protectiorfsource: Authors
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In terms of sectoral impacts in the state, the adverse shock of surge events lingers in the long term and
as seen in Table 6 negatively impacts production output in all sectors. The largest decline (15.7%) is
experienced by the chemical sector, followedthg electricity, other mining, natural gas, oil and coal
mining, petro products, and the heat and air conditioning sectors. As output shrinks, the prices rise in
these surgesensitive sectors. While chemical sector experiences largest drop in outpuf tzdugrices

in the sector rise by only 1.23%; electricity prices are the most responsive to this shock and increase by
5.8%; the prices of petro products also rise by 3% in 2066. Prices increase, albeit modestly by less than
1%, for the sectors directlylated to dwelling sector including water and sewage, heat and air
conditioning and insurance goods and services sectors (see Table 6a). In terms of employment, our
simulation results indicate reduced employment numbers in the majority of the sectorexipatrience
decline in production output. The most sensitive sectors include chemical, petro products, electricity,
other mining, and heat and air conditioning. We should also note that while in terms of output all
sectors experience decline in 2066 asstatiavith the direct impact of surge on the dwelling sector,
employment increases in some of the sectors potentially due to the shift of labor force and the
substitution effects. For example, we observe employment growth in forestry, furniture, services,
insurances and other agricultural goods relative to the BAU, along with fruits, vegetables and nuts
sectors. The coastal spine alleviates the sectoral shock and while all primary sectors grow slower than
the projected trajectories in the BAU, the declineginput are less pronounced, as seen in Table 6b.

Table 6a: Sectoral Impact of 58@ar Sorm Qurgewithout Protection vs. BAU (year 2066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -5.26% 0.95% -0.14%
Other Animal Production -8.32% -0.99% -0.01%
Forestry -0.19% 4.03% -1.48%
OtherAgriailture -4.69% 1.60% -0.89%
OtherMining -10.12% -2.02% 0.52%
Electricity -11.96% -2.42% 5.79%
Natural Gas Qil, Coal -9.90% -0.70% -0.86%
Waterand Sewage -7.56% 0.35% 1.25%
Construction 5.77% -0.12% -1.21%
Food Tobacco -8.15% -0.74% 0.25%
WoodProducts -3.11% 2.04% -0.61%
PulpPaper -6.12% 0.61% -0.12%
Petrdeum Products -9.62% -3.31% 3.07%
Chemicals -15.72% -6.41% 1.23%
RubberPlastics -8.86% -1.74% 0.36%
NonmetallicMetals -7.29% -0.17% 0.29%
PrimaryMetals -3.94% 2.40% -0.28%
Heaiing, Air-condtioning -9.26% -2.02% 0.25%
OtherManufacturing -6.70% 0.15% -0.01%
Furniture -1.40% 4.47% -0.37%
Services -5.94% 0.28% -0.65%
Insurance -7.04% 0.14% 0.39%
Dwelling -6.99% -0.28% -0.26%

Notes: In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shoeloofaurg
dwelling sectorSource: Authors
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Table 6b: Sectoral Impact of 568@ar Sorm Surge with Protection vs. BAU (yeaR066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -1.49% 0.27% -0.04%
Other Animal Production -2.38% -0.27% 0.00%
Forestry -0.06% 1.10% -0.41%
OtherAgriailture -1.32% 0.45% -0.25%
OtherMining -2.93% -0.57% 0.14%
Electricity -3.49% -0.70% 1.58%
Natural Gas Qil, Coal -2.86% -0.19% -0.24%
Waterand Sewage -2.17% 0.09% 0.34%
Construction -1.65% -0.04% -0.35%
Food Tobacco -2.33% -0.20% 0.07%
WoodProducts -0.88% 0.57% -0.17%
PulpPaper -1.74% 0.18% -0.03%
Petrdeum Products -2.78% -0.92% 0.84%
Chemicals -4.63% -1.79% 0.35%
RubberPlastics -2.55% -0.48% 0.10%
NonmetallicMetals -2.09% -0.04% 0.08%
PrimaryMetals -1.11% 0.67% -0.08%
Heaiing, Air-condtioning -2.67% -0.55% 0.07%
OtherManufacturing -1.91% 0.05% 0.00%
Furniture -0.39% 1.23% -0.10%
Services -1.69% 0.08% -0.19%
Insurance -2.01% 0.04% 0.10%
Dwelling -2.00% -0.08% -0.08%

Notes: In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shoeloafa&urg
dwelling sectorSource: Authors

In Table 7 we report macroeconomic impacts associated with thékdé&estorm surge on Tas

economy. There are noticeable differences in terms of the magnitude of effects associated with the
500year and the Ikdike storms. It is notable that impacts from the no protection scenario ofikiee

storm resembles the impacts from the protectisoenario when Texas is struck by the §@ar storm

surge. Nonetheless, the Iti#e storm produces adverse impacts on overall state economy. Texas GSP
will be 2.6% lower without a coastal spine and only 0.12% lower relative to the BAU scenario when the
spine is accounted for in 2066. The immediate effect of the storm on net exports is again pronounced,
indicating 20% decline relative to the BAU projected level of this indicator. Over decades these declines
shrink and in the year 2066 net exports are est@b3.8% lower. The coastal spine largely mitigates the
impacts of lkdike storm and while almost all economic indicators fall in 2066 relative to the BAU, the
declines are negligible
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Table 7: CGResults forSelectedDecades for Texas Economiywelling Sector Impacts Associated
with lke-like Sorm Qurge Event.

2017 2026 2036 2046 2056 2066
Panel A: Nérotection Relative to BAU

Per Capita Income 0.25% -0.03% -0.31% -0.52% -0.67% -0.76%
GDP -1.58% -1.83% -2.10% -2.32% -2.48% -2.60%
Real Total Consumption -1.60% -1.84% -2.06% -2.21% -2.30% -2.35%
Total Investment -1.62% -1.87% -2.11% -2.28% -2.37% -2.43%
Government Consumption 0.00% 0.04% 0.09% 0.14% 0.19% 0.23%
Net Export -19.60% -6.54% -4.60% -4.04% -3.86% -3.77%
Welfare -1.58% -1.84% -2.09% -2.28% -2.41% -2.50%
Panel BProtection Relativeo BAU

Per Capita Income 0.01% 0.00% -0.01% -0.02% -0.03% -0.04%
GDP -0.07% -0.08% -0.10% -0.11% -0.11% -0.12%
Real Total Consumption -0.07% -0.08% -0.09% -0.10% -0.10% -0.11%
Total Investment 0.00% 0.00% 0.00% 0.01% 0.01% 0.01%
Government Consumption -0.89% -0.30% -0.21% -0.18% -0.18% -0.17%
Net Export -0.07% -0.08% -0.09% -0.10% -0.11% -0.11%
Welfare 0.01% 0.00% -0.01% -0.02% -0.03% -0.04%

Notes: Economiwide impacts are presented associated with thelike storm surge impact on dwelling sector with and
without coastal spine protectiosource: Authors

Sectoral impact associated with tike storm impact on housing are presented in €& and 8b

without and with protection. Order of sensitive sectors is consistent with the order of they&an

storm surge. The difference is in magnitude of impactslikestorm will result in a decline of chemical
sector output by 5.9% without prottion and only by 0.27% with coastal spine protection, relative to

the BAU. The electricity sector output is the second most impacted, shrinking by 4.45% if no coastal
protection is provided. Prices also increase in these storm sensitive sectors, bigghe nelatively

small compared to the price responses to the 5@@r storm. For example, electricity product prices will
be 2% higher in 2066 without coastal protection, and petroleum product prices will increase by only 1%.
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Table 8a: Sectoral Impact of Idike Sorm Surge without Protection vs. BAU (year 2066)

Sectors Output Employment Price
Fruits Vegetables Nuts -1.90% 0.35% -0.05%
Other Animal Production -3.04% -0.34% 0.00%
Forestry -0.07% 1.41% -0.53%
OtherAgriailture -1.69% 0.57% -0.32%
OtherMining -3.74% -0.72% 0.18%
Electricity -4.45% -0.89% 2.03%
Natural Gas Qil, Coal -3.65% -0.24% -0.31%
Waterand Sewage 2.77% 0.12% 0.43%
Construction -2.11% -0.05% -0.44%
Food Tobacco -2.98% -0.25% 0.09%
WoodProducts -1.12% 0.72% -0.22%
PulpPaper -2.23% 0.23% -0.04%
Petrdeum Products -3.55% -1.18% 1.08%
Chemicals -5.90% -2.30% 0.45%
RubberPlastics -3.26% -0.61% 0.13%
NonmetallicMetals -2.67% -0.06% 0.10%
PrimaryMetals -1.42% 0.86% -0.10%
Heaiing, Air-condtioning -3.40% -0.71% 0.09%
OtherManufacturing -2.44% 0.07% -0.01%
Furniture -0.50% 1.57% -0.13%
Services -2.17% 0.10% -0.24%
Insurance -2.57% 0.05% 0.13%
Dwelling -2.56% -0.10% -0.10%

Notes In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shock ofaurge on
dwelling sectorSource Authors
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Table 8b: Sectoral Impact of Id&ke Sorm Surge with Protection vs. BAUyear 2066)

Sector Output Employment Price
Fruits Vegetables Nuts -0.09% 0.02% 0.00%
Other Animal Production -0.14% -0.02% 0.00%
Forestry 0.00% 0.06% -0.02%
OtherAgriailture -0.08% 0.03% -0.01%
OtherMining -0.17% -0.03% 0.01%
Electricity -0.20% -0.04% 0.09%
Natural Gas Qil, Coal -0.17% -0.01% -0.01%
Waterand Sewage -0.13% 0.01% 0.02%
Construction -0.10% 0.00% -0.02%
Food Tobacco -0.14% -0.01% 0.00%
WoodProducts -0.05% 0.03% -0.01%
PulpPaper -0.10% 0.01% 0.00%
Petrdeum Products -0.16% -0.05% 0.05%
Chemicals -0.27% -0.10% 0.02%
RubberPlastics -0.15% -0.03% 0.01%
NonmetallicMetals -0.12% 0.00% 0.00%
PrimaryMetals -0.06% 0.04% 0.00%
Heaiing, Air-condtioning -0.15% -0.03% 0.00%
OtherManufacturing -0.11% 0.00% 0.00%
Furniture -0.02% 0.07% -0.01%
Services -0.10% 0.00% -0.01%
Insurance -0.12% 0.00% 0.01%
Dwelling -0.12% 0.00% 0.00%

Notes In red are highlighted the top ten most sensitive sectors in terms of the indirect impacts of the direct shock ofaurge on
dwelling sectorSource Authors

Economic Impacts to Petroleum Products and Chemical Manufacturing Sectors Only

We now turn to he estimated results when major industrial sectors (petro products and chemical
manufacturing) are impacted in the region by the 5@ar storm surge. In particular, we present results
from the scenario when a storm forces-8ay shutdown of plants, trareding these shut down days

into output losses (i.e., proxying for direct losses to the sector). We should note that under this scenario
total direct loss to these sectors is $7.9 billion, 7% lower than the damages sustained in the dwelling
sector. This damage figure corresponds to approximately 8% of the total output value of these sectors in
Texas in 2016. The impacts on petroleum and chemical manufacturing sectors are relatively smaller
within the state as shown by major economic indicators in Texasttft@macroeconomic impacts seen
through the destruction of the dwelling sector. One explanation is that in the CGE model, damage to the
dwelling sector is modeled as a decline in capital endowment to households. Reduced capital affects
production output forthose sectors that are capitaitensive (e.g. manufacturing sectors) in addition to
affecting sectors directly servicing the dwelling (e.g., electricity, heating and gas). This is one of the
primary reasons we observe the largest decline in productidpuiun chemical manufacturing and
petroleum products locally as a result of housing destruction, followed by the negative output growth in
electricity as well as heat and air conditioning. We should also note that capital destruction translates
into redued wage earnings for households who are endowed with factors of production (e.g., capital).
On the contrary, output losses to these major industrial sectors are modelled through the reduced total
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factor productivity parameter related to all factors of proztion (not only to capital), while assuming
the effective capital stock is undamaged

While indirect impacts are relatively smaller in the state, all major macroeconomic indicators still decline
relative to the BAU in Texas. Specifically, GSP wilkg&4llower in 2066 relative to projected GSP in

the BAU; personal income also declines by 1%. Social welfare is 0.88% lower and net exports fall by
approximately 3% (see panel A of Table 9). These are all without factoring in the mitigating effects of a
coastal spine. Impacts are largely mitigated under the protection scenario; declines in major economic
indicators are in the range of 0.@L03% (Panel B of Table 9).

Table 9: CGResults forSlectedDecades fothe Texas Economy (50gear).

2017 2066 2036 2046 2056 2066

Panel A: NérotectionRelative to BAU

Per Capita Income -0.95%  -0.95% -0.93% -0.92% -0.94% -1.01%
GDP -0.98%  -1.00% -1.01% -1.05% -1.11% -1.20%
Total Consumption -0.61%  -0.64% -0.64% -0.60% -0.57% -0.56%
GovernmentConsumption  0.32% 0.31% 0.31% 0.33% 0.38% 0.44%
Net Export -13.07%  -4.28% -3.06% -2.86% -2.93% -2.98%
Welfare -0.90%  -0.88% -0.85% -0.83% -0.83% -0.88%
PanelB: ProtectionRelative To0BAU

Per Capita Income -0.02% -0.02% -0.02% -0.02% -0.02% -0.03%
GDP -0.02%  -0.02% -0.03% -0.03% -0.03% -0.03%
Total Consumption -0.01% -0.01% -0.01% -0.01% -0.01% -0.01%
Total Investment -0.02%  -0.02% -0.02% -0.02% -0.02% -0.02%
Government Consumptior  0.01% 0.01% 0.01% 0.01% 0.01% 0.01%
Net Export -0.31% -0.11% -0.08% -0.08% -0.08% -0.08%
Welfare -0.02%  -0.02% -0.02% -0.02% -0.02% -0.02%

Notes:Economywide impacts are presented associated with the-§8@r storm surge impact on petro and chemical
manufacturing sectors (resulting in-8&y shutdown of production operation) with and without coastal spine protection
Source: Authors

While impacts refle@d on macroeconomic indicators are negligible, sesfecific impacts in the state

of Texas indicate that outputs decline and remain low relative to BAU in chemical and petro products
sector, along with natral gas, oil and coal mining. Employment alsaliohes in these sectors. Prices are
relatively more sensitive to storm surge impacts on these sectors as well (see Table 10a). Specifically, we
observe 10% increase in composite prices of the petro products and chemicals relative to those in the
BAU. Thisncrease is three times larger than the price increase in the sector when these sectors are
indirectly impacted from the shock on the dwelling sector. Prices in all other sdatbdiie potentially

to substitution effecs and shifs in consumption pattems postsurge event The impacts are largely
mitigated with the coastal spine (Table 10b).
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Table 10a: Sectoral Impact of 58@ar Sorm Surge without Protection vs. BAU (year 2066)

Sector Output Employment Price
Fruits Vegetables Nuts 0.57% 0.90% -0.03%
Other Animal Production 0.77% 1.08% -0.01%
Forestry 0.64% 0.93% -0.14%
OtherAgriailture 0.74% 1.09% -0.10%
OtherMining -0.15% 0.33% -0.17%
Electricity 0.49% 0.98% -0.13%
Natural Gas Qil, Coal -5.97% -0.92% -2.86%
Waterand Sewage -0.32% 0.08% -0.60%
Construction -0.82% -0.41% -0.61%
Food Tobacco 0.55% 1.09% -0.14%
WoodProducts 0.40% 0.75% -0.17%
PulpPaper 0.90% 1.35% -0.09%
Petrdeum Products -10.36% -13.92% 9.56%
Chemicals -3.46% -2.25% 0.37%
RubberPlastics 0.24% 0.85% -0.03%
NonmetallicMetals -0.06% 0.46% -0.38%
PrimaryMetals 1.06% 1.47% -0.11%
Heaiing, Air-condtioning 0.37% 1.10% -0.14%
OtherManufacturing 0.61% 1.27% -0.11%
Furniture 0.61% 1.24% -0.11%
Services -0.05% 0.31% -0.51%
Insurance 0.13% 0.37% -0.41%
Dwelling -0.79% -0.40% -0.52%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdakttteshock of surge on
petro and chemical manufacturing sectors, when plants shut down for 33 Saysce Authors
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Table 10b: Sectoral Impact of 58@ar Sorm urge with Protection vs. BAU (year 2066)

Sector Output Employment Price
Fruits Vegetables Nuts 0.02% 0.02% 0.00%
Other Animal Production 0.02% 0.03% 0.00%
Forestry 0.01% 0.02% -0.01%
OtherAgriailture 0.02% 0.03% 0.00%
OtherMining -0.01% 0.01% -0.01%
Electricity 0.01% 0.02% -0.01%
Natural Gas Qil, Coal -0.12% -0.01% -0.06%
Waterand Sewage -0.01% 0.00% -0.02%
Construction -0.02% -0.01% -0.02%
Food Tobacco 0.02% 0.03% 0.00%
WoodProducts 0.01% 0.02% 0.00%
PulpPaper 0.02% 0.03% 0.00%
Petrdeum Products -0.20% -0.26% 0.16%
Chemicals -0.16% -0.12% 0.02%
RubberPlastics 0.00% 0.02% 0.00%
NonmetallicMetals 0.00% 0.01% -0.01%
PrimaryMetals 0.03% 0.04% 0.00%
Heaiing, Air-condtioning 0.01% 0.03% 0.00%
OtherManufacturing 0.02% 0.03% 0.00%
Furniture 0.02% 0.03% 0.00%
Services 0.00% 0.01% -0.01%
Insurance 0.00% 0.01% -0.01%
Dwelling -0.02% -0.01% -0.02%

Notes:Table presentmdirectsectoralimpacts of thedirect shock of surge quetro and chemical manufacturing sectors, when
plants shut down for 33 daySourceAuthors

As shown in Table 11, the Texas econamtje impacts of lkdike storm on petro and chemical
manufacturing sectors are lepronounced. The state GSP will be 0.10% lower in the year 2066, per
capita income will decline by 0.08%, and the net export value will fall by 0.24%, all relative to the BAU in
2066. In terms of sectoral impacts, reductions in output and employmentubostantially reduced. For
example, in terms of the output value, the most sensitive sectors are petroléuBb@o), natural gas,

oil, and coal mining-Q.5%) and chemical manufacturing.23%). Prices are subsequently less

responsive to such insignificachanges in production output. The coastal spine fully mitigates the
impacts of surge events on petroleum and chemical manufacturing sectors, assuming the dwelling
sector is unaffected
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Table 11: CGEesults forSlectedDecades for TexaBconomy (Ikdike).

2017 2026 2036 2046 2056 2066
Per Capita Income -0.08% -0.08% -0.08% -0.08% -0.08%  -0.08%
GDP -0.08% -0.08% -0.08% -0.09% -0.09% -0.10%
Total Consumption -0.05% -0.05% -0.05% -0.05% -0.05% -0.05%
Total Investment -0.07% -0.07% -0.06%  -0.06%  -0.05%  -0.05%
Government Consumptior 0.03% 0.02%  0.02% 0.03% 0.03% 0.04%
Net Export -1.08% -0.35% -0.25% -0.23% -0.24% -0.24%
Welfare -0.07% -0.07% -0.07% -0.07% -0.07% -0.07%

Notes:Economywide impacts are presented associated with tkeslike storm surge impact on petro and chemical
manufacturing sectors (resulting in-8f&y shutdown of production operation) with and without coastal spine protection

Source: Authors

Table 12: Sectoral Ipact of Ikelike Sorm Surge without Protection vs. BAU (year 2066)

Sectors Output Employment Price
Fruits Vegetables Nuts 0.05% 0.07% 0.00%
Other Animal Production 0.06% 0.09% 0.00%
Forestry 0.06% 0.08% -0.01%
OtherAgriailture 0.06% 0.09% -0.01%
OtherMining -0.01% 0.03% -0.01%
Electricity 0.04% 0.08% -0.01%
Natural Gas Oil, Coal -0.50% -0.08% -0.23%
Waterand Sewage -0.02% 0.01% -0.05%
Construction -0.07% -0.03% -0.05%
Food Tobacco 0.05% 0.09% -0.01%
WoodProducts 0.03% 0.06% -0.01%
PulpPaper 0.08% 0.11% -0.01%
Petrdeum Products -0.85% -1.18% 0.74%
Chemicals -0.23% -0.14% 0.02%
RubberPlastics 0.03% 0.07% 0.00%
NonmetallicMetals 0.00% 0.04% -0.03%
PrimaryMetals 0.09% 0.12% -0.01%
Heaiing, Air-condtioning 0.03% 0.09% -0.01%
OtherManufacturing 0.05% 0.10% -0.01%
Furniture 0.05% 0.10% -0.01%
Services 0.00% 0.03% -0.04%
Insurance 0.01% 0.03% -0.03%
Dwelling -0.06% -0.03% -0.04%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdoktiteshock of surge on
petro and chemical manufacturing sectors, when plants shut down for 33 Slaysce Authors
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Economic Impacts when the 50Gar Stan Surge Simultaneously Impacts Petroleum
Products, Chemical Manufacturing, and Dwelling Sectors

The scenario where dwelling, petro products and chemical manufacturing sectors are all impacted by
the storm surge event is the most realistic scenario andsshie full magnitude of changes in the
Texas state economy as well as the economies of other states and the entire U.S

¢SEF&aQ D{t gAfft 06S ILIINREAYIGSte y2 t26SNIAY Hncc
considered, and the impacdt imitigated to a 2.06% decline with a coastal protection scenario.

Furthermore, there is a substantial social welfare loss associated with storm surge, which also lingers

over the longterm, indicating a decline of 7.6% without a coastal spine as oppasadiecline by

1.97% when the coastal spine is considered, relative to BAU in 2066. Among major macroeconomic
indicators, the largest decline is observed in net export value (expgrdrt). The decline in net export

value is due to a rise in prices of gisathat are heavily traded intranationally and internationally (e.g.,

petroleum, chemical products) and further underscores the dependence of the state on these major

tradable goods (Table 13)

Table 13: CGEesults forSlectedDecades foithe Texas Economy
Total

PerCapita GDP Total . Total Government Net Social
Income Consumption Investment . Export Welfare
Consumption

Panel A: NéotectionRelative to BAU
2017 -0.17% -5.27% -5.00% -5.25% 0.31% -66.22% -5.21%
2026 -0.91% -5.96% -5.64% -5.89% 0.40% -21.90% -5.87%
2036 -1.67% -6.68% -6.24% -6.48% 0.52% -15.35% -6.52%
2046 -2.25% -7.29% -6.61% -6.85% 0.68% -13.55% -6.99%
2056 -2.66% -1.77% -6.81% -7.03% 0.86% -13.11% -7.32%
2066 -2.97% -8.16% -6.93% -7.18% 1.05% -12.90% -7.58%
Panel BProtectionRelative to BAU
2017 0.17% -1.25% -1.25% -1.28% 0.01% -15.56% -1.25%
2026 -0.04% -1.45% -1.45% -1.48% 0.04% -5.20% -1.45%
2036 -0.26% -1.66% -1.65% -1.67% 0.07% -3.66% -1.65%
2046 -0.43% -1.83% -1.80% -1.79% 0.11% -3.22% -1.80%
2056 -0.54% -1.96% -1.90% -1.86% 0.15% -3.09% -1.90%
2066 -0.62% -2.06% -1.97% -1.91% 0.19% -3.02% -1.97%

Notes:Economywide impacts are presented associated with the-§8ar storm surge impact atwelling,petroand chemical
manufacturing sectors (resulting in-8&y shutdown of production operatioa)multaneouslyvith and without coastal spine
protection Source: Authors

In terms of sectoral impacts in Texas, we should note that all aggregate sectors expedercse

shock due to the 50§ear surge events as indicated by declines in output relative to the BAU scenario
(Table 14a). The petroleum products and chemical manufacturing sectors are the most sensitive to
storm surge events, which is not surprisingegi these sectors are the primary industries and net

exporters of the state economilatural resources mining and energy sectors (e.g., electricity and

heating) are another two sectors with the largest declines in output value. While the coastal spie doe
not fully mitigate negative impacts of storm surge events in thed@mm, the magnitude of effects on

other sectors are four times less than observed if no protection was placed, all relative to the BAU (Table
14b).
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Table 14a: Sectoral Impact of 58@ar Sorm Surge without Protection vs. BAU (year 2066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -4.76% 1.80% -0.16%
Other Animal Production -7.68% -0.01% -0.01%
Forestry 0.41% 4.94% -1.61%
OtherAgriailture -4.05% 2.63% -0.99%
OtherMining -10.26% -1.72% 0.36%
Electricity -11.52% -1.51% 5.69%
Natural Gas Qil, Coal -15.28% -1.57% -3.70%
Waterand Sewage -7.83% 0.43% 0.69%
Construction -6.50% -0.50% -1.77%
Food Tobacco -7.68% 0.26% 0.12%
WoodProducts -2.74% 2.76% 0.77%
PulpPaper -5.34% 1.89% -0.20%
Petrdeum Products -19.01% -16.76% 12.81%
Chemicals -18.69% -8.63% 1.59%
RubberPlastics -8.67% -0.97% 0.33%
NonmetallicMetals -7.34% 0.25% -0.06%
PrimaryMetals -2.97% 3.81% -0.39%
Heaiing, Air-condtioning -8.95% -1.00% 0.12%
OtherManufacturing -6.18% 1.34% -0.11%
Furniture -0.83% 5.70% -0.47%
Services -5.99% 0.57% -1.12%
Insurance -6.92% 0.49% 0.01%
Dwelling -7.69% -0.66% -0.74%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdakttteshock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down for 33StayseAuthors
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Table 14b: Sectoral Impact of 58@ar Sorm urge with Protection vs. BAU (year 2066)

Sector Qutput Employment Prices
Fruits Vegetables Nuts -1.47% 0.29% -0.04%
Other Animal Production -2.36% -0.24% 0.00%
Forestry -0.05% 1.12% -0.42%
OtherAgriailture -1.31% 0.47% -0.25%
OtherMining -2.94% -0.56% 0.14%
Electricity -3.48% -0.68% 1.57%
Natural Gas Qil, Coal -2.97% -0.20% -0.30%
Waterand Sewage -2.18% 0.09% 0.32%
Construction -1.67% -0.05% -0.36%
Food Tobacco -2.32% -0.17% 0.06%
WoodProducts -0.87% 0.58% -0.17%
PulpPaper -1.72% 0.21% -0.04%
Petrdeum Products -2.97% -1.18% 1.00%
Chemicals -4.79% -1.91% 0.37%
RubberPlastics -2.55% -0.46% 0.10%
NonmetallicMetals -2.09% -0.03% 0.07%
PrimaryMetals -1.08% 0.71% -0.08%
Heaiing, Air-condtioning -2.66% -0.53% 0.06%
OtherManufacturing -1.89% 0.09% -0.01%
Furniture -0.37% 1.26% -0.11%
Services -1.70% 0.09% -0.20%
Insurance -2.01% 0.05% 0.09%
Dwelling -2.02% -0.09% -0.09%

Notes:In red are highlighted the top ten most sensitive sectors in terms of the indirect impactdakttteshock of surge on
dwelling, petro and chemical manufacturing sectors, when plants shut down for 33StayseAuthors

The direct and rippling effg through interconnected sectors and inttanter-national trade result

in about 11%loss in U.S. GDP without a coastal spine; the magnitude of impact is mitigated with
protection and the GDP decreases by 0.28% in the spine protection scenario. Seitaéws also
lowered by 0.92% relative to the BAU and 0.24% without and with protection, respectively. While
Texas experiences a decline in net exports, for the entire nation there is an increase in net exports
relative to BAU during the first decade @B2026) following a surge event both with and without

a protection, which then start to decline in the following decades (Table 15).
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Table 15: CGEesults forSlectedDecades foithe U.S Economy

C;;ai:a GDP Total _ Total GO\;I;aOr;arlnent Net Social
Gonsumption Investment . Export  Welfare
Income Gonsumption
Panel A: NérotectionRelative to BAU
2017 0.00% -0.45% -0.42% -0.57% -0.02% 2.00% -0.41%
2026 -0.07% -0.54% -0.51% -0.70% -0.02% 7.60% -0.50%
2036 -0.16% -0.67% -0.63% -0.84% -0.01% -8.58% -0.62%
2046 -0.25% -0.81% -0.72% -0.97% 0.02% -4.38% -0.73%
2056 -0.33% -0.96% -0.78% -1.07% 0.05% -3.93% -0.83%
2066 -0.39% -1.10% -0.83% -1.14% 0.09% -3.96% -0.92%
Panel BProtection Relative to BAU
2017 0.02% -0.10% -0.10% -0.14% -0.01% 0.45% -0.10%
2026 0.00% -0.13% -0.12% -0.18% -0.01% 1.76% -0.12%
2036 -0.03% -0.17% -0.16% -0.22% 0.00% -2.03% -0.16%
2046 -0.05% -0.20% -0.19% -0.25% 0.00% -1.03% -0.19%
2056 -0.07% -0.24% -0.21% -0.28% 0.01% -0.91% -0.21%
20.66 -0.08% -0.28% -0.24% -0.30% 0.02% -0.90% -0.24%

Notes:Nationwide impacts are presented associated with the-§6@r storm surge impact atwelling,petroand chemical
manufacturing sectors (resulting in-8f&y shutdown of production operatios)multaneouslyvith and without coastal spine

protection Source: Authors
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To translate thes@ercentage changanto actual dollars, iTablel6 we report nationaland TX values
for macreeconomic indicatorgn the year 2066n level terms (e.g., GDP, consumption, per capita
income, and net exposrtconsumption, investment welfare (in 2016 prigassociated withthe three
scenarios (i.e. BU, without coastal protection, and with protectiqgrgnd corresponding losses relative
to the BAU.

Table 16: Impacts in Levels foeXasandthe U.S Economy in 2066.

No . NO. Protection Protectiong
Protection Protection BAU Protection- BAU No .
BAU Protection

Texas
Per capita Income 144,389.02  147,875.12 148,804.18 (4,415.16) (929.06) 3,486.10
GDP 9,718.16 10,362.40 10,581.19 (863.03) (218.79) 644.24
Total Consumption 7,265.28 7,661.52 7,806.32 (541.04) (144.80) 396.23
Total Investment 2,107.25 2,226.72 2,270.22 (162.97) (43.51) 119.47
Government Consumption 322.09 319.37 318.76 3.33 0.62 (2.71)
Net Exports 1,081.74 1,204.28 1,241.99 (160.25) (37.71) 122.54
Welfare 6,340.30 6,724.64 6,860.45 (520.14) (135.80) 384.34
USA
PerCapita Income 144,189.94  144,634.18 144,753.54 (563.60) (119.36) 444.24
GDP 79,445.00 80,106.18 80,328.39 (883.39) (222.21) 661.18
Total Consumption 63,760.62 64,147.72 64,292.17 (531.54) (144.44) 387.10
Total Investment 14,479.15 14,601.36 14,646.07 (166.92) (44.71) 122.21
Government Consumption  4,215.74 4,212.69 4,211.88 3.86 0.82 (3.05)
Net Bxports 4,021.58 4,149.61 4,187.55 (165.97) (37.94) 128.03
Welfare 57,696.80 58,091.15 58,230.11 (533.31) (138.95) 394.36

Notes:Macroeconomiémpactsin levelsare presented associated with the 59@ar storm surge impact awelling,petro and
chemical manufacturing sectors (resulting ind8/ shutdown of production operatioa)multaneouslyvith and without
coastal spine protectigrexcept for income, othercenomic indicators are gen in billions of US Dollars; negative values are
reported in parenthesiSourceAuthors

As for the immediate and the lortgrm impacts on other states, the model results indicate that while
some states (primarily neighboringgerience positive GSP, income and welfare growth due to
potential substitution of inputs of production and labor outmigration, 30 states, not includimgsr

itself, will havealower GSP in response to a surge eventexak Immediate responses as refted in

GSP without the spine system are seen in Figure 5 and are less pronounced than the responses in the
year 2066 (Figure 6). In terms of social welfare, except for handful of states, the majority of the states
will experience welfare loss in 2066 it coastal spine is not constructed (see Figure 7). The spine
substantially attenuates effects spatially and in the long tdfigures Cg C2 inAppendixC depict
state-level GSRnd welfare in 2066 with a coastal spja@dincome responses without anditlv coastal
spineare presented in Figures C3 & G#ctoral responses (output value and prices) can be viewed in
the companion Atlas.
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Figure 5: 506/r Sorm urge without a Mastal Sine, Impacts in 2017 (GSP)
Notes: Percent change in GSPstages relative to the BAU GSP levels in 2017 without a coastal spine are shown. Source:
Authors
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Figure 6: 5068/ear Sorm Qurge without a Wastal Yine, Impacts in 2066 (GSP)
Notes: Percent change in GSP by stegtative to the BAU GSP level2066 without a coastal spinare shown Source:
Authors

Figure 7: 506/r Sorm Surge without a Wastal Yine, Impacts in 2066 (Welfare)
Notes: Percent change $ocial welfardy statesrelative to the BAldocial welfardevels in 266 without a coastal spinare
shown Source: Authors

46









































































































































































































































































































